
 

 Applications – Power train – Introduction 
 
The term power train refers to the group of components that generate power and deliver it to 
the driving wheels. It includes the energy generating engine, the clutch, the transmission, the 
various drive shafts and the differential. The driveline is the portion of a vehicle after the 
transmission which changes depending on whether the vehicle is front-wheel drive, rear-
wheel drive, or four-wheel drive. 
 

 

Power train of an automobile 

 
Most of the aluminium which is supplied today to the automotive market is used in the power 
train. On average, the power train of the cars produced in Europe contains about 80 kg 
aluminium. This corresponds to 55-60% of the average total aluminium content of the 
automobiles produced in Europe. For cars produced in North America and in Southeast Asia, 
the proportion of the aluminium applications in the power train is with 65-70% even higher.  
 
The majority of the aluminium power train components are cast parts (80-85%), produced by 
different casting technologies. The applied casting alloys typically have an alloy 
concentration of up to 20%, mostly silicon, magnesium and copper. Many aluminium casting 
alloys are produced from recycled aluminium, i.e. post-consumer aluminium scrap, often from 
end-of-life vehicles. The share of the power train components produced from wrought alloys 
is relatively small (approx. 10% rolled, approx. 5% extruded and about 1% forged 
aluminium).  
 

In different power train applications, aluminium is the material of choice and has reached 
complete market penetration. For example, aluminium has displaced copper or brass as the 
preferred heat exchanger material more than 50 years ago and is today the exclusively used 
material for these applications. Aluminium is also practically the only material used for 
pistons. For cylinder heads, transmission housings and many ancillary aggregates, full 
market penetration is approaching very fast. Lately, engine blocks have been the largest 
driver of aluminium growth, first for gasoline engines, but now for diesel engines too.   
 

The significant growth of the aluminium share in the engine occurred mainly at the expense 
of cast iron. However further growth potential in the power train is limited. In fact, there are 
applications where other lightweight solutions are starting to replace aluminium castings. 
Today the main material competitors for aluminium in power train applications are high 
performance plastics, which offer the possibility of a cost efficient part fabrication in areas not 
subjected to high temperature impacts, and cast magnesium solutions. In the future, the 
absolute volume of aluminium used in power train components (engine, transmission and 
driveline parts) may decline due a gradual shift to smaller and more fuel efficient vehicles 
using smaller power train components. 
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More detailed descriptions of aluminium applications in power train components are 
presented in the following subchapters: 

 Pistons 
 Engine blocks 
 Cylinder liners 
 Cylinder heads 
 Fuel system 
 Heat shields 
 Heat exchangers 
 Miscellaneous engine components 
 Transmission and driveline. 

 
 
Future developments 

As the automotive industry strives to reduce emissions and radically improve fuel efficiency, 
the power train is the most important component sector for development. Today the choices 
for OEMs are bewildering in technology terms as each underlying power train option 
continues development at a pace. These developments clearly influence the selection of the 
materials applied in the power train of future passenger cars and thus have a strong impact 
on the overall application of aluminium in the automotive market.  

The conventional internal combustion (IC) engine will continue to dominate the market at least 
in the near and medium terms. But apart from continuous effort to improve the efficiency of 
gasoline and diesel IC engines - which invariably increase the material requirements with 
respect to mechanical and thermal loads - different types of alternative fuels (natural gas, 
biofuels, hydrogen) are being introduced. Except for the fuel delivery components, most 
internal combustion engines that are designed for gasoline use can run on natural gas or 
liquefied petroleum gases (e.g. propane) without major modifications. Large diesels can run 
with air mixed with gases and a pilot diesel fuel ignition injection. Liquid and gaseous biofuels, 
such as ethanol and biodiesel, can also be used. Some engines with appropriate 
modifications can also run on hydrogen gas. 

In addition, battery-driven electric vehicles (plug-in versions or with fuel cells) are coming 
increasingly on the market. Of special interest are hybrid vehicles with two or more power 
sources in the drive train. Current hybrids use both an internal combustion (IC) engine and a 
battery/electric drive system to improve fuel consumption, emission, and performance. 
Hybrids are classified by the division of power between sources; two sources may operate in 
parallel to accelerate the vehicle, or the vehicle may be primarily driven by one source with 
the other only engaged during acceleration.  

This added complexity moves the industry away from long standing power train development 
trends and forces a much more expansive approach to future power train strategies. It also 
adds new or additional material requirements. However, lightweighting will continue to be an 
important driver for new developments and with continuing alloy and product development 
efforts, aluminium will defend or even increase its share in power train applications also in 
future.  
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1 Pistons 
 

1.1 Pistons for gasoline and diesel engines 
 

In an internal combustion engine, pistons convert the thermal into mechanical energy. The 
functions of the pistons are 

 to transmit the gas forces via the connecting rod to the crank shaft, 
 to seal - in conjunction with the piston rings - the combustion chamber against gas 

leakage to the crankcase and to prevent the infiltration of oil from the crankcase into 
the combustion chamber, 

 to dissipate the absorbed combustion heat to the cylinder liner and the cooling oil. 
 
Aluminium alloys are the preferred material for pistons both in gasoline and diesel engines 
due to their specific characteristics: low density, high thermal conductivity, simple net-shape 
fabrication techniques (casting and forging), easy machinability, high reliability and very good 
recycling characteristics. Proper control of the chemical composition, the processing 
conditions and the final heat treatment results in a microstructure which ensures the required 
mechanical and thermal performance, in particular the high thermal fatigue resistance. 
 
The continuing development of modern gasoline and diesel engines leads to specific 
objectives for further piston development: reduction of piston weight, increase of mechanical 
and thermal load capacity, lower friction and thus improved scuffing resistance, etc. In 
addition, the basic requirements for durability, low noise level and minimum oil consumption 
have to be taken into account. These goals are achieved by a targeted combination of high 
performance aluminium piston materials, novel piston designs and the application of 
innovative coating technologies. 
 
For future development, new aluminium materials using e.g. powder-metallurgical production 
methods or aluminium-based metal matrix composites produced by various methods as well 
as other lightweight materials such as magnesium alloys, carbon, etc., are being investigated. 
However, the ongoing improvements achieved with cast and forged aluminum alloys reveal 
that aluminium piston materials still offer great optimization potential and will continue to play 
a dominant role as piston material in the future. 
 

 

Various combustion engines with aluminium pistons 

Source: F. Rösch 
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1.2 Operating conditions 
 
Literature:  

 Röhrle, M. D.: Pistons for Internal Combustion Engines, Verlag Moderne Industrie, 
1995 

 Junker, H.and Ißler, W.J.: Kolben für hochbelastete Dieselmotoren mit 
Direkteinspritzung, Technische Information Mahle GmbH Stuttgart 

 
Pistons are subjected to high mechanical and thermal loads. The mechanical loads on the 
piston result from 

 extreme pressure cycles with peak pressures up to 200 bar in the combustion 
chamber and  

 huge forces of inertia caused the by extremely high acceleration during the 
reciprocating motion of pistons.  

These mechanical loads are superimposed by thermal stresses which are primarily generated 
by the high temperature gradients prevalent on the piston top. 
 
Ever rising demands regarding power density as well as the need for reduced emissions, low 
noise and more efficient fuel and oil consumption are the main engineering challenges for 
engines. For the pistons, these challenges translate into maximum strength requirements in 
the relevant temperature range combined with minimum weight. 
 
In gasoline engines, the thermal loads have risen significantly during the last years as a result 
of higher power demands. Also the stresses at average ignition pressure have increased as a 
consequence of the introduction of knock control, direct fuel injection and turbocharging. 
Moreover, high speed concepts have led to an increase in inertia load. The requirements for 
pistons for diesel engines are even more demanding. Modern diesel engines for passenger 
cars (equipped either with direct injection or super-charging with charge cooling) operate with 
injection pressures up to 2,000 bar, mean effective pressures over 20 bar, peak pressures of 
170 to 200 bar, and achieve specific powers of up to 80 kW per litre. But also the demand for 
ever lower exhaust gas emissions asks for significantly improved piston material 
characteristics.  
 
The different elements of the piston system are indicated in the following schematic drawing: 
 

 

Important piston terms 

Source: M. Röhrle. Mahle, 1995 

 
The thermal loads on the piston result from the combustion process with peak gas 
temperatures in the combustion chamber between 1800 and 2600°C depending on type of 
engine, fuel, gas exchange, compression, and fuel/gas ratio. Exhaust gases have 
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temperatures between 500 and 800 °C.  
 

Combustion heat is transferred to the chamber walls and piston top primarily by convection. 
The heat is then dissipated by the water cooling of the chamber walls and by the oil cooling of 
the piston. 
 
A large share of the heat absorbed by the piston top is transferred by the piston ring belt area. 
The remainder is essentially removed by the oil lubricant impinging on the underside of the 
piston.  
 
The resulting temperature profile within the piston is schematically outlined in the following 
figure: 
 

 

Operating temperatures in automotive engines under full load 

Source: M. Röhrle, Mahle GmbH, 1995 
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1.3 Piston materials 
 
Literature: 

 Aluminium Taschenbuch, 15. Auflage, Dezember 1997, Band 3, Aluminium Verlag 
Düsseldorf (ISBN 3-87017-243-6) 

 Röhrle, M. D.: Pistons for Internal Combustion Engines, Verlag Moderne Industrie, 
1995 

 
Pistons are produced from cast or forged, high-temperature resistant aluminum silicon alloys. 
There are three basic types of aluminium piston alloys. The standard piston alloy is a eutectic 
Al-12%Si alloy containing in addition approx. 1% each of Cu, Ni and Mg. Special eutectic 
alloys have been developed for improved strength at high temperatures. Hypereutectic alloys 
with 18 and 24% Si provide lower thermal expansion and wear, but have lower strength (see 
tabled property data on the following pages). In practice, the supplier of aluminium pistons 
use a wide range of further optimized alloy compositions, but generally based on these basic 
alloy types.   
 
The majority of pistons are produced by gravity die casting. Optimized alloy compositions and 
a properly controlled solidification conditions allow the production of pistons with low weight 
and high structural strength.  
 
Forged pistons from eutectic and hypereutectic alloys exhibit higher strength and are used in 
high performance engines where the pistons are subject to even high stresses. Forged 
pistons have a finer microstructure than cast pistons with the same alloy composition. The 
production process results in greater strength in the lower temperature range. A further 
advantage is the possibility to produce lower wall thicknesses - and hence reducing the piston 
weight. 
 
Also aluminium metal matrix composite materials are used in special cases. Pistons with 
Al2O3 fibre reinforced bottoms are produced by squeeze casting and used mainly in direct 
injection diesel engines. The main advantage, apart from a general improvement of the 
mechanical properties, is an improvement of the thermal fatigue behaviour. 

 

 

Source: F. Rösch 
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Mechanical properties of piston alloys at various temperatures 

Source: F. Rösch 

 

 

Physical properties of piston alloys 

Source: F. Rösch 
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Microstructure of a eutectic piston alloy 

Source: M. Röhrle, Mahle GmbH 

 

 

Microstructure of a hypereutectic piston alloy 

Source: M. Röhrle, Mahle GmbH 
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1.4 Design considerations for automotive pistons 
 
Literature: 

 Röhrle, M. D.: Pistons for Internal Combustion Engines, Verlag Moderne Industrie, 
1995 

 
In engines for passenger cars, the diameter of the aluminum pistons for both gasoline and 
diesel engines ranges typically between 65 and 110 mm. There are two basic types: 

 mono-metal aluminium pistons 
 aluminium pistons with cast-in elements. 

Steel or ceramic cast-in elements are used as local reinforcements to improve the high 
temperature mechanical properties and/or to control thermal expansion (i.e. reduce the 
effects of different thermal expansion coefficients in contact areas with other materials). 
  
Mono-metal pistons can be used in combination with cast iron engine blocks, but only in low-
performance engines due to the larger clearance needed on account of the difference in 
thermal expansion between cast iron and aluminium. In engines with an aluminium engine 
block, this effect causes no problem, but special care must be taken to properly control friction 
and wear in the tribological system "cylinder-piston-piston ring". 
 

  

Source: M. Röhrle, Mahle GmbH 

 
Pistons with cast-in control elements: 
 
When used in cast iron engine blocks, the thermal expansion of aluminium pistons is usually 
controlled by cast-in steel struts in the pin boss area. During engine operation, undesired 
thermal expansions are thereby avoided and the advantages of small clearances can be fully 
utilized. 
 

  

Source: M. Röhrle, Mahle GmbH 
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Diesel engines with pre-chamber, swirl chamber or direct injection operate under higher gas 
pressures and temperatures compared to gasoline engines. This increases the loads on the 
first ring groove, which is consequently strengthened by a cast-in stainless steel ring carrier in 
standard piston designs.  
 
The even higher thermal loads in supercharged diesel engines are reduced by efficient 
cooling through a cooling gallery, a hollow annular cooling channel filled with oil through a 
nozzle installed in the crankcase. The cooling channel is usually produced using a salt core 
technology, but other methods are also possible, in particular for squeeze cast pistons where 
the cooling gallery is used in combination with ceramic fibre reinforcements. 
 

  

Source: M. Röhrle, Mahle GmbH 

 
For improved running properties, the piston skirt is generally protected by a wear resistant 
coating to reduce friction and hence to increase the scuffing resistance. Different coating 
methods are used (chromium plating, chemical nickel deposition, etc.). 

During the last two decades, different measures allowed a reduction of the oscillating masses 
by 20 - 25 % in the system piston – connecting rod. The suitable choice of piston material 
proved to be just as crucial as an optimum production process and an appropriate design to 
achieve the ideal combination of low weight and high stability/reliability. A critical factor is also 
the application of the proper piston rings. Piston rings are produced from cast iron and steel 
and optimized in their performance with electroplated, thermal-sprayed or vapour-deposited 
coatings whether for reducing the flank wear, longer service intervals, better conformity to the 
cylinder, reducing oil consumption, or reducing friction. 
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1.5 Current examples of aluminium pistons 
 
Modern cast aluminium pistons for gasoline engines such as the ECOFORM® piston concept 
developed by MAHLE are designed for minimum weight while increasing the load-bearing 
capacity. The inclination of the box walls enables relatively large skirt widths in the lower 
region and improves the stress distribution in the support area. For the next generation of 
lightweight pistons - the EVOTEC® piston - additional changes relating to the skirt 
connection, enlarged recesses behind the ring belt on the pin axis, an asymmetrical skirt 
width as well as supporting ribs on the pin axis result in further weight reductions of up to 
10%. 
 

  

Source: MAHLE 

 
The piston skirt for gasoline engines with cast iron or steel cylinder surfaces is usually coated 
with GRAFAL®. GRAFAL® helps to reduce friction and hence increases the scuffing 
resistance. For the application in aluminum cylinder surfaces, MAHLE uses the iron particle 
reinforced synthetic resin coating FERROPRINT®. MAHLE's new FerroTec® galvanic iron 
layer is another ongoing development available on the market. These coatings are necessary 
to enable the combination of aluminum pistons with pure aluminum engine blocks and hence 
represent an essential contribution to an overall reduction in engine weight. 
 
Another piston system optimized for fuel economy and CO2 emissions is offered by KS 
Kolbenschmidt: 
 

 

Source: KS Kolbenschmidt 
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The totally harmonized piston-cylinder system consists of the LITEKS®2 “advanced” piston 
generation, the NANOFRIKS® coating, the high duty alloy KS 309TM, a low friction ring pack, a 
lightweight bushless sinter-forged conrod, and a DLC-coated piston pin. As a result, the 
system friction could be reduced by 32% and the system weight by 10%. At the same time, 
the fatigue strength was improved and an excellent balance between noise excitation and 
scuff resistance was achieved. 
 

 

Source: MAHLE 

 
Forged pistons are common in motor racing, but they are increasingly used also in series-
produced engines subject to high stresses. Forged pistons have a finer microstructure than 
cast pistons with the same alloys. The production process results in greater strength in the 
lower temperature range. A further advantage is the opportunity for producing lower wall 
thicknesses-and hence reducing the weight. 
 
Aluminium pistons for diesel engines require improved material properties with respect to the 
high temperature loads, especially a greater fatigue resistance over a wide temperature 
range. Standard features include ring carriers made from high-strength, austenitic cast iron 
(Niresist) for increasing the wear resistance of the first ring groove, salt core cooling channels 
or cooled ring carriers. For engines with especially high loads, bushings are used in the piston 
pin bores. 
 

 

Source: MAHLE 

 
In piston production for diesel engines, MAHLE utilizes the extremely heat-resistant 
aluminium alloy "M174+". In addition, MAHLE improved the casting process with its newly 
developed ADC (Advanced Diesel Casting) method. With ADC, a fine microstructure can be 
achieved in the high-stress zone of the bowl rim, which improves fatigue resistance and the 
resistance to temperature fluctuations. To improve the piston properties at critical points 
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beyond the limit of this base material and the casting process, additional parts are cast-in in 
the piston structure or inserted subsequently. 
 
In addition to the measures described earlier, such as casting-in a ring carrier and inserting 
bushings, fibres made from aluminum oxides are infiltrated for strengthening the combustion 
bowl subject to high thermal stresses. The fibre reinforcement enables an increased fatigue 
resistance, improved rigidity as well as increased thermal shock resistance. 
  
With its cooled ring carrier, MAHLE has developed a solution for high volume production 
which achieves a significant improvement in piston cooling in the critical areas of the bowl rim 
and first ring groove. The cooled ring carrier consists of a Niresist ring carrier onto which a 
thin austenitic steel sheet is welded with inlet and outlet openings. Cast-in in the piston, the 
combined insert brings the cooling oil even closer to the combustion chamber and the first 
ring groove. 
 
A critical area of high-loaded state-of-the-art diesel pistons is the combustion chamber bowl. 
Specific engine performance outputs of 70 kW/l and more result in bowl edge temperature 
exceeding 400 °C. The combination of thermal-mechanical fatigue and high frequency fatigue 
resulting from the gas forces may lead to cracking at the bowl edge or other areas of the 
bowl. In diesel pistons from KS Kolbenschmidt, the required improvement of the material 
characteristics is achieved by the newly developed alloy V4 and a process-controlled 
microstructure adapted to the specific thermal and mechanical piston loads. 
 

   
Source: KS Kolbenschmidt 

 
For especially high thermal and mechanical loads at the bowl edge, KS Kolbenschmidt has 
developed a laser re-melting technology where the zone subjected to high loads is re-melted 
under controlled conditions to produce an optimized, fine and homogeneous microstructure. 
This process improves the thermal fatigue properties of the critical zone by up to 60%. 
 

 

Source: KS Kolbenschmidt 
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1.6 Outlook 
 
Modern engines with variable valve train or different direct injection concepts require pistons 
with complex crown shapes which would often lead to a higher piston weight. Therefore in 
every new piston development, the piston geometry is optimized in particular in the ring 
belt/piston skirt area. Intensive application of numerical simulation methods enables 
significant weight reductions while increasing at the same time the load-bearing capacity. 
Newly developed alloys with better castability, but also higher fatigue resistance in the critical 
temperature and stress region, allow the realization of thinner wall structures. Improved 
casting methods enable large recesses for the ring belt and hence a considerable reduction in 
the piston weight. Boring or milling the internal areas of the pistons also helps reduce the 
weight. Improved piston cooling and the reduction of piston friction are other features which 
have to be considered. Local reinforcements with cast-in metallic or ceramic inserts offer 
further development potential. Thus the aluminium piston has not yet reached its limits. 
 
But also the use of steel pistons in diesel engines for passenger cars is discussed again and 
again. The advantages of steel pistons such as reduced installation clearances, low fuel 
consumption figures and long service life would have to be evaluated against customer 
demands such as low emission levels, lightweight, efficient cooling and a competitive price. 
But up to now, there are no definite indications that steel pistons would be a viable concept 
for mass production. 



 

Applications – Power train – Engine blocks 
 
Table of Contents 
 
2 Engine blocks ......................................................................................................................... 2 

2.1 Introduction ...................................................................................................................... 2 
2.2 Requirements for aluminium engine blocks..................................................................... 4 
2.3 Design features................................................................................................................ 6 

2.3.1 Basic engine concept ................................................................................................ 6 
2.3.2 Bolting concept.......................................................................................................... 8 
2.3.3 Open and closed deck concepts ............................................................................... 9 

2.4 Pre-cast features and add-on parts ................................................................................. 9 
2.5 Cast-in inserts ................................................................................................................ 11 
2.6 Criteria for alloy selection............................................................................................... 13 
2.7 Alloys: Composition and heat treatment ........................................................................ 14 
2.8 Applicable casting processes......................................................................................... 15 

2.8.1 High pressure die casting (HPDC) .......................................................................... 16 
2.8.2 Squeeze casting...................................................................................................... 17 
2.8.3 Gravity die casting (GDC) ....................................................................................... 18 
2.8.4 Low pressure die casting (LPDC) ........................................................................... 19 
2.8.5 Sand casting processes .......................................................................................... 20 
2.8.6 Lost foam process (LFC)......................................................................................... 22 

2.9 Outlook........................................................................................................................... 23 
 

Version 2011 © European Aluminium Association (auto@eaa.be) 1 



 

2 Engine blocks 
 

2.1 Introduction 
 
Literature: 

 Köhler, E.: Verbrennungsmotoren: Motormechanik, Berechnung und Auslegung des 
Hubkolbenmotors. Braunschweig, Wiesbaden: Vieweg, 1998. ATZ-MTZ-Fachbuch, 
ISBN 3-528-03108-5 — Chapter 4.5 

 Menne, R.J. and Rechs, M.: Optimierte Prozesse für die Großserie (Reduzierte 
Entwicklungszeiten bei Verbrennungsmotoren). Berlin: Springer, 1999 

 
The suppliers of engine blocks are constantly striving to manufacture better and lighter blocks 
in order to improve and enhance the efficiency of automobile engines. The engine block (or 
cylinder block / crankcase) is the largest and most intricate single piece of metal used in an 
internal combustion engine on to which other important engine parts are mounted. Generally 
it is produced as a near net-shape casting and selectively machined to provide the locally 
required surface quality.  
 
The engine block alone accounts for 3-4% of the total weight of the average vehicle. Thus it 
played a key role in all weight-reduction considerations. Aluminium casting alloys as a 
substitute for the traditional cast iron can mean a reduction in engine block weight of between 
40 and 55%, even if the lower strength of aluminium compared to grey cast iron is 
considered.  
 
The application of aluminium engine blocks started in gasoline engines in the late 1970s. Due 
to the more demanding technical requirements, however, substitution of cast iron was very 
limited in diesel engines until the mid 1990s. Only with the increasing numbers of diesel 
engines, the need to use lightweight design criteria was getting more and more important for 
diesel engines too. Around 2005, the market share of aluminium engine blocks reached 50% 
and its market penetration is further increasing. Today, blocks for gasoline engines are 
commonly made from aluminium and with the ongoing aluminium alloy developments, its 
application is also strongly growing in diesel engine blocks. 
 

 

Production numbers of engine blocks in Western Europe (grey iron and aluminium 
cast alloys) 
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Apart from the lightweighting potential, using aluminium casting alloys for the production of 
cylinder blocks has further benefits such as the better thermal conductivity compared to grey 
cast iron. Bearing in mind that practically all pistons and most of the cylinder heads are also 
made from aluminium, the use of a similar material also eliminates compatibility problems 
between grey cast iron and aluminium. As an example, the build-up of high thermal stresses 
during the start-up and after the stop of the engine due to the different thermal expansion can 
be avoided. 
 

  
 

 

Grey cast iron and aluminium HPDC engine blocks 

 
The use of aluminium for engine applications requires an effective system approach covering 
all the main components: the engine block, the cylinder head, the pistons and, if applicable, 
also the cylinder liners. With respect to the engine block, it is essential to adapt its design, 
the applied casting process, the selected alloy composition and heat treatment as well as the 
method used to ensure an appropriate cylinder bore surface quality (see also: Cylinder 
liners).  
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2.2 Requirements for aluminium engine blocks 
 
The application of aluminium for engine blocks poses a certain challenge, in particular with 
respect to diesel engines. The required rigidity and strength, the realisation of a reliable 
bolting concept for the cylinder head and the main bearings as well as the resulting increase 
of the crankshaft clearances and the inferior acoustics require specific solutions. On the other 
hand, an aluminium engine block benefits not only from the lower density compared to grey 
cast iron, but also from the high specific modulus of elasticity and the very good heat 
conductivity. 
 

 Thermal conductivity 
Modern aluminium engine blocks "see" temperatures of 150°C in crank-shaft 
bearings and up to 200°C in the inter-bore regions. The high thermal conductivity of 
cast aluminium alloys ensures efficient heat dissipation into the coolant. 

 
 Strength at elevated temperatures  

An adequate static strength level up to temperatures of 150°C (oil temperature) is 
required mainly in the joint face with the cylinder head due to the load of the head 
bolts and in the bearing saddles to withstand the forces coming from the crankshaft 
rotation and the thermal expansion of the engine block. 

 
 Strength / hardness at room temperature  

A minimum room temperature strength / hardness of the aluminium alloy is necessary 
to ensure good machinability (depending on the machining parameters) and for 
assembly. 

 
 Fatigue strength  

During operation of the engine, the engine block is subjected to cyclic tensile stress in 
a wide temperature region ranging from sub zero temperatures (when the engine is 
started in the winter) to elevated temperatures corresponding to the oil temperature of 
about 150°C. A most important material characteristic for engine block design is 
therefore the fatigue strength.  

 
It must be noted that in particular in case of cast components, the material properties are not 
only depending on alloy composition and heat treatment, but also on the applied casting 
process as well as on the location where the test specimen has been taken (i.e. the specific 
local solidification conditions):  
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Fatigue testing 

Samples from main bearing, R = 0.05; T = 150 °C; 50 Hz 

Source: Hydro Aluminium 
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2.3 Design features 
 
Literature: 

 Menne, R.J. and Rechs, M.: Optimierte Prozesse für die Großserie (Reduzierte 
Entwicklungszeiten bei Verbrennungsmotoren). Berlin: Springer, 1999 — Chapter 
3.1.6 

 Metzner, F., u.a.: The New W Engines from Volkswagen with 8 and 12 Cylinders, 
MTZ 62, 2001, No.4, p.280-290 

 Tielkes, U., u.a.: Die neue Ottomotoren-Generation Duratec HE von Ford, MTZ 61, 
2000, No.10, p.646-654 

 

2.3.1 Basic engine concept  
 
When looking at existing engine block solutions, a broad variety of designs can be found. 
The principal concepts can be described by the basic construction of the engine block such 
as deep-skirt, short-skirt, with and without bed-plate or ladder-frame. Another characteristic is 
the number and arrangement of the cylinders. 
 
For smaller engines up to six cylinders which are produced in high volumes, the in-line 
arrangement is the most common concept. For larger engines with eight cylinders, the V 
concept is generally used. Space restrictions may lead to the selection of the V concept also 
for the design of compact engines with four or more cylinders. In addition, for very large 
engines, e.g. twelve cylinder engines, the W concept is applied. In the W12 arrangement, the 
aluminium engine block is of a two part design with the interface between the top part of the 
cylinder block and the bottom part (“bed plate”) at the level of the crankshaft centre line. 
 

 

In-line and V arrangement of the cylinders 

Source: Metzner et al., VW/MTZ 

 
Looking at the bottom end, the simplest design consists of a short-skirt block with single 
crankshaft bearings and a steel sheet oil pan. But this variant results in a low stiffness of the 
engine block and unsatisfactory acoustic characteristics. Improvements can be achieved with 
a properly designed oil pan, often designed as an aluminium casting.  
 

If stiffness is the most important characteristic of the engine block, two-element designs are 
preferred. The stiffness of the engine block can be increased for example by using a short-
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skirt design with a bed plate or a deep-skirt design using a ladder frame. The engine block is 
horizontally split at the level of the crankshaft bearing axis. Bed plates and ladder frames are 
generally made by high pressure die casting using hypoeutectic Al-Si alloys. This solution 
offers the possibility that bearing caps made from nodular cast iron can be integrally cast-in. 
The cast iron inserts control the main bearing clearances in the operating temperature range 
(i.e. improve the acoustics) and stiffen the bulkhead system. 
 

 

Design variants bottom end 

Source: Menne, Rechs 

 

 

Ladder frame produced by high pressure die casting 

Source: Tielkes u.a. Ford/MTZ 

 

 

High pressure die cast Volvo in-line 5 cylinder diesel block with bedplate and cast-in 
grey cast iron liners (Source: KS ATAG) 
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2.3.2 Bolting concept 
 
The connection between block and head can be done either conventionally or by the 
through-bolt technique. In case of conventional bolting, the cylinder head and grey iron 
bearings are bolted directly to the block resulting in high stresses in the vicinity of the thread 
and the bolt head. This bolting concept reaches its limits in case of high loaded direct 
injection diesel engines. 
 

 

V6 gasoline engine block with grey iron bearing caps 

 
In order to prevent high tensile stresses in the engine block, the main bearings and the 
cylinder head can be connected directly by long bolts which penetrate the whole block and 
head, thus setting them under compressive stress only (through-bolt concept). The drawback 
of this solution is a more complicated assembly because bearing caps and cylinder head are 
not any more independent of each other, i.e. the final assembly of bearings and heads has to 
be carried out at the same time. This problem can be solved by screwing in the through-bolts 
so that head and bearing caps can be mounted separately while maintaining the load-bearing 
benefit of the through-bolt. 
 
As an example, the cylinder block for the VW "3 litre Lupo" was designed as closed-deck, 
deep-skirt block with a through-bolt concept, i.e. there are no threads in the block or head, but 
the two parts are held together with steel bolts going through both parts. This concept 
reduces cylinder deformations and gives an optimum force line through the cylinder head 
gasket into the cylinder head.  
 

 

Volkswagen Lupo block for the 1.2 l diesel engine, produced by gravity die casting, 
with a through-bolt concept 
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2.3.3 Open and closed deck concepts 
 
The interface between block and head, the joint face, must reliably seal the combustion 
chamber. But it also has to provide space for oil and water channels while maintaining at the 
same time sufficient stiffness against the combustion pressure and the forces coming from 
the head-block assembly. There are two basic design solutions: the open deck and the 
closed deck concept. The differentiation between these cylinder block concepts is most 
important as it determines the applicable casting process. 
 
Open deck:  
In the open deck concept, the water jacket is completely open towards the joint face. This 
design has the disadvantage of relatively low stiffness, but on the other hand, it is the only 
way to realize the water jacket in the high-pressure-die-casting process with a permanent 
and retractable steel-core. The weaker structure may lead to higher bore distortions and it 
must be compensated by increased wall thicknesses or an appropriate cylinder liner concept. 
For engines with a high specific power density, the open deck concept can only be applied 
with difficulties or its application is impossible.   
 
Closed deck:  
In this concept, the water jackets of the block and the head are only connected by sufficiently 
big openings in the joint face leading to a much higher stiffness of the structure. In this case, 
however, the casting must be produced using removable cores for the water jacket, i.e. the 
selection of the applicable casting processes is restricted to the sand casting, the gravity die-
casting or the lost foam process.  
 

 

Engine block of the Audi 1.6l gasoline engine: Open deck concept produced by high 
pressure die casting  

Source: VAW 

 

2.4 Pre-cast features and add-on parts 
 
 
Depending on the applied casting process, additional components and/or functions such as 
water pump housings and flanges can be incorporated into the main casting. Furthermore, 
bore holes for bolting and oil channels can be directly cast. 
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Oil gallery core for Ford Zetec 1.6L Block 

Source: VAW 

 

 

Oil gallery Ford Zetec 1.6L Block 

Source: VAW 

 
While pre-casting of bolt bores is a standard technique today, the casting of very tiny features 
such as oil channels is now possible with advanced casting processes, e.g. the core package 
casting (CPS® process) or the lost foam process. 
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Detail of the Ford Zetec Block 

Source: VAW 

 

 

Side view of a Ford Zetec Block with pre-cast water pump housing and oil filter flange 

Source: VAW 

 
Using high-precision sand cores, a variety of parts and flanges can be incorporated into a 
single casting. Issues like dimensional stability and accuracy of positioning have to be 
addressed. But higher costs for using an advanced casting process are easily compensated 
by savings in the area of machining and assembly. 
 
 

2.5 Cast-in inserts 
 
Engine blocks which are subject to very high loads, e.g. in case of direct injection diesel 
engines, can be reinforced in critical areas by cast-in inserts of higher strength materials. But 
cast-in inserts are often used also to provide specific functions:  
 
Cast iron inserts for bearings  
Aluminium casting alloys are generally not suitable for bearing applications for two reasons: 

 Their wear resistance is not sufficient to withstand the sliding wear of the crankshaft. 
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 The higher thermal expansion (compared to grey iron and steel) may lead to a not 
acceptable increase of the gap between the crankshaft and the bearing (which is 
strongly influencing the required oil pressure and increases the noise level).  

For these reasons, cast iron inserts are often pressed into the component after machining, 
but they can also be directly cast-in resulting in reduced costs for machining and handling. 
 

 

Ladder frame with casting grey iron bearings (high pressure die casting) 

Source: Porsche 

 
Cast-in cylinder liners  
Specific types of cylinder liners (e.g. grey cast iron cylinder liners) can also be considered as 
cast-in inserts. Again, an insufficient wear resistance, but also not suitable tribological 
characteristics are the main driving forces to introduce cylinder liners into the bores of the 
aluminium engine block. For more detail see the chapter "Cylinder liners". 
 

 

Ford Zetec Block with cast-in grey iron linings 

Source: VAW 
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2.6 Criteria for alloy selection 
 
Choosing the alloy requires the consideration of various criteria. Aluminium foundry alloys 
used in the production of such complex cast parts as engine blocks must meet a combination 
of requirements which include low cost, excellent castability, good machinability, and 
moderate strength at elevated temperatures. 
  
Strength  
The strength level of the alloy determines for example the applicable wall thicknesses and 
other design aspects. Thus it is most relevant define the alloy already in the first development 
phase of an engine block. Generally the selection of the alloy is a compromise. High strength 
casting alloys would be the preferred option, but they have also drawbacks such as higher 
cost (e.g. AlSi7Mg due to its lower limits for impurity elements), poor castability (e.g. AlCu4Ti) 
and insufficient high temperature performance. 
 
Price  
For economic and technical reasons, almost all aluminium engine blocks are produced using 
alloys based on recycled aluminium (AlSi8Cu3, AlSi6Cu4). However, new requirements for 
an increased ductility could require the use of alloys with a reduced impurity content closer to 
the composition of primary casting alloys.  
 
Castability  
Castability is generally improved with increasing silicon content. On the other hand, copper 
additions which are needed for high temperature strength have a negative effect on the 
feeding behaviour. When the high pressure die casting process is applied, alloys with a 
certain iron and/or manganese content are necessary to prevent molten metal sticking to the 
die. But iron additions also reduce the mechanical properties of the cast component.  
 
Other alloy specification aspects  
In some cases, other requirements may be more important selection criteria than cost and 
castability. In order to avoid the use of weight-increasing cast iron liners or costly coating 
solutions for the cylinder surface, some high performance engines are produced completely 
from hypereutectic alloys (AlSi17Cu4) which directly provide a wear-resistant cylinder lining. 
For racing engines, also high strength alloys (e.g. AlCu4Ti) can be considered. 
 

Version 2011 © European Aluminium Association (auto@eaa.be) 13 



 

2.7 Alloys: Composition and heat treatment 
 
 

 
 
Alloys commonly used for engines include the alloys EN AC-46200 (AlSi8Cu3) and EN AC-
45000 (AlSi6Cu4) which are similar to the American standard alloys A380.2 and A319, 
respectively. These hypoeutectic Al-Si alloys are generally produced from recycled aluminium 
and are mostly applied for engine blocks produced with gravity casting processes. The 
relatively high Cu content enables them to retain their strength at elevated temperatures and 
makes them easily machinable. The as-cast (F) condition and the T4 and T5 heat treatments 
are commonly used. The parts may be T6 tempered, but for many designs a T5 stabilizing 
temper is frequently sufficient. 
 
Almost all high pressure die cast engine blocks are produced with the very common 
secondary alloy EN AC-46000 (AlSi9Cu3(Fe)). Except for a moderate annealing for the 
reduction of residual stresses, no further heat treatment can be applied in general.  
 
Engine blocks cast from the alloys EN AC-42100 (AlSi7Mg0.3) and EN AC-42000 (AlSi7Mg) 
achieve very high strength and elongation values at room temperature when a T6 heat 
treatment is applied. Attention has to be paid to residual stresses resulting from quenching 
during T6 treatment. The higher resistance to cracking in the plastic regime offered by these 
alloys enables them to survive the much harsher thermal fatigue loading conditions 
encountered in this application. There is some sacrifice in machinability (mainly burring) and 
added cost in heat treatment since a T6 or T7 temper is usually required. Due to limited 
contents of impurity elements such as Fe, Mn, Cu, and Ni, there is also an additional cost 
compared to the secondary alloys mentioned above. 
 
Blocks from hypereutectic AlSi alloys (AlSi17Cu4Mg) are usually produced with low pressure 
die casting and are subsequently T6 treated. Also this alloy is generally more expensive 
compared to the standard secondary foundry alloys. 
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2.8 Applicable casting processes 
 
For the production of engine blocks, a multitude of casting technologies are applied. From an 
economic aspect, for mass produced engines, highly automated casting methods using sand 
moulds (“core package processes”), where the cycle time is not limited by the solidification 
conditions, are competing with die casting methods where the cycle time is limited. 
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2.8.1 High pressure die casting (HPDC) 
 
The majority of the currently produced aluminium engine blocks, in particular three- to six-
cylinder in-line engines are produced using the HPDC process for cost-effectiveness. This 
process is characterized by a high productivity, however, the production volume must be big 
enough to ensure pay-back of the fairly high tooling investment 
.  
The application of a steel mould limits the range of the applicable casting alloys. In principle, 
the HPDC technology allows only the fabrication of open deck engine block designs. But with 
a distinctly reduced water jacket depth and co-moulded cylinder bores, the realisation of an 
open deck variant with a sufficiently rigid cylinder area to meet the requirements of most in-
line engines is possible. Also purpose-built sand cores that withstand the high pressures and 
thermal stresses of the HPDC casting method could be introduced for niche applications (top 
performance engines in closed deck design), but this option is usually not considered. 
 
High pressure die castings are near net-shape parts offering fairly accurate contours and 
extremely narrow tolerances in terms of dimensions, shape and position. Due to the very 
turbulent mould filling, a certain amount of casting defects (in particular gas inclusions) is 
unavoidable. This effect can be compensated by the application of advanced vacuum 
technologies. Re-feeding possibilities are limited as a result of the early solidification of the 
gate system, however, in some cases, the local formation of shrinkage cavities can be 
countered by local squeezers.  
 
In thin wall areas, the high solidification rate of high pressure die castings leads to significant 
strength levels. Engine blocks produced by the conventional HPDC process are usually used 
in the as-cast state. Heat treatments (e.g. solution heat treatment and artificial age hardening) 
or welding operations are generally avoided since this would require the application of 
sophisticated high vacuum technologies.    
 

 

High pressure die cast deep skirt block of the Daimler A class in-line 4-cylinder engine 
with cast-in grey iron liners 

Source: KS ATAG 

The very fast filling of the mould in the HPDC process allows the realisation of extremely thin-
walled, shell-like structures. Therefore high pressure die cast engine blocks are generally 
somewhat lighter than engine blocks produced by other casting techniques. The rigidity 
deficits of aluminium are compensated by conspicuous ribs, cambering and preferably 
closed-profile elements. 
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2.8.2 Squeeze casting 
 
In contrast to the HPDC process, mould filling in squeeze casting is done rather slowly and in 
a vertical movement. The die is therefore filled without significant gas inclusions and the 
components can normally be fully heat treated and welded. Satisfactory die filling and 
avoidance of oxide inclusions can be ensured by proper process control. But the minimum 
wall thickness should be slightly higher than in the HPDC process.  
 
In practice, the squeeze casting method is mainly used for the infiltration of performs, e.g. for 
the local integration of aluminium matrix composites as cylinder liners (LOKASIL® 
technology) into engine blocks. 
 

 

PORSCHE Boxter opposed-cylinder block halves with LOKASIL® cylinder bore 
surfaces produced by squeeze casting 
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2.8.3 Gravity die casting (GDC) 
 
The permanent mold casting process makes use of a permanent steel die into which the 
aluminium melt is poured under the influence of gravity. Compared to the HPDC process, the 
complexity of the cast component can be increased by the use of sand cores to form 
undercuts and complex interior shapes in the casting. The use of water cooling and feeders 
leads to a directional solidification and hence sound castings with a low amount of defects 
can be achieved. Filling can be further improved using low pressure filling or the Rotacast® 
process. 
 
Due to the rapid process of solidification, permanent mold castings have a dense, fine-
grained structure with good strength characteristics. Together with the possibility of a T5 or 
T6 heat treatment, the resulting mechanical properties are significantly higher than those 
which can be achieved with the HPDC process. 
 
There are two variants of the permanent mold casting process, the tilting permanent mold 
process and the low-pressure process. In the tilting process, the die is tilted towards the side 
of the pouring opening, and then slowly moved back into the upright position as pouring 
progresses. In the low-pressure process, the melt is subjected to pneumatic pressure in the 
casting furnace and enters the die against the force of gravity through a rise pipe. 
 

 

Engine block produce by gravity die casting 

Source: Honsel 
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2.8.4 Low pressure die casting (LPDC) 
 
Low pressure die casting is characterised by slow mould filling and solidification under 
pressure with the solidification front moving from the most distant point of the casting to the 
heated gate. Thus the resulting quality of the cast components excels that of parts produced 
by other casting processes. 
 
Specific advantages of the LPDC process for the production of aluminium blocks for high 
performance engines are: 

 The use of sand cores, e.g. for water jackets, enables the production of structurally 
rigid closed deck cylinder blocks. 

 Low turbulence die filling and controlled cooling of the die ensures component-
specific, directional solidification and thus a uniform microstructure, low porosity and 
minimum casting defects. 

 The possibility of a controlled cooling or local chilling of the engine block from the 
casting temperature and unrestricted subsequent heat treatments of the casting allow 
an enhancement of hardness and strength, but also a volume stabilization of the 
engine block (i.e. avoid an irreversible distortion when the casting is exposed to the 
operating temperature of the engine).   

 
The LPDC process is closely linked to the ALUSIL® concept which has been developed by 
KS Aluminium-Technologie AG. The ALUSIL® technology is unique as it produces monolithic 
aluminium blocks without the need for an additional reinforcement of the cylinder bores. An 
further benefit of the ALUSIL® alloy AlSi17Cu4Mg compared to the standard hypoeutectic 
AlSi engine block alloys is a better structural rigidity due to the 12% higher Young’s modulus. 
ALUSIL® cylinder blocks in V arrangement apply the principle of controlled solidification 
directed vertically downwards towards the bearing seat or skirt/side wall areas. This means 
that all shapes should be preferentially produced in steel moulds with a minimum of sand 
cores.  
 

 

Source: KS ATAG 

 

Version 2011 © European Aluminium Association (auto@eaa.be) 19 



 

2.8.5 Sand casting processes 
 
In sand casting processes, the moulds and cores can be used only once. The metal enters 
the cavity either by means of gravity or low pressure. For larger production series, the moulds 
and cores are manufactured using moulding and core-forming machines. The moulding 
material is compacted by vibrating and/or pressing or by shooting or by pressure-wave 
impulse. The cores are generally blown or shot. 
 

 

Engine block for the Ford Mustang Shelby GT500 car produced by Honsel in its 
patented low-pressure sand casting and a new, innovative cylinder bore coating 

process 
Source: Honsel 

 
The highest degree of complexity can be achieved with advanced sand casting processes 
(e.g. the Core Package System or CPS). By this means, water pump housing, oil filter flanges 
and oil galleries can be integrated. Directional solidification and mechanical properties can be 
enhanced by using cooling chills. In the CPS process, the first main section concerns the 
production of so-called sand-cores. The sand is held together by the use of an organic binder. 
These binders act like glue between individual sand grains. In general the tools to form the 
moulds are either heated (called ‘hot box’ procedure) or cool (“cold box” procedure). Most 
producers currently use the cold box method because of the much lower energy consumption. 
When pressed into shape, the sand mould itself mirrors all the parts and openings of the final 
engine block. Once the mould is treated and cooled off, it moves on to the second section 
where the liquid aluminium flows into the mould. The block is then cooled before entering the 
third section where the mould and cast component are heat treated. This is important for 
tempering the casting as well as for burning off the organic binder which held together the 
sand core. Once the binder is burned off, the sand grains let go of the casting and fall onto a 
conveyor belt. About 98% of the sand can afterwards used again for producing the next 
mould. 
 
The Ford Zetec block shown below, designed as closed-deck and deep-skirt block, is the first 
high volume engine block production using the CPS® (core package system), where the 
whole mould consists of cold-box cores. The casting is filled upside-down using the contact 
pouring process and later, after roll-over, fed via the joint face with no additional cooling 
applied. The grey iron liners are assembled into the mould, then preheated and cast-in, the 
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positioning range being ± 0.3 mm. De-coring and T5 heat treatment take place 
simultaneously. 
 

 

Ford Zetec SE 1.25 l engine block produced by the Core Package Process 

Source: VAW alucast GmbH 
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2.8.6 Lost foam process (LFC) 
 
The lost foam process allows also the realization of very complex geometries while cast-in 
liners, additional chilling and porosity problems are not yet solved issues. Porosity problems 
can be, however, largely solved by pressurized LFC. The lost foam casting process uses an 
expanded polystyrene replica of the part being cast and includes the following steps: 

 The coated replica/pattern is placed in a flask and loose sand is placed around the 
pattern and shaken into its voids. 

 Molten aluminum is then poured through a foam funnel, into the sand where the hot 
metal melts and displaces the foam of the pattern. 

 The metal cools in the shape of the part. 
 

  

Engine block production using the Lost Foam Casting Process 

Source: Teksid Aluminium) 
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2.9 Outlook 
 
The strength potential of aluminium has been hardly exploited in gasoline engines today. An 
optimisation of the common AlSiCu and AlSiMg casting alloys, the available casting 
processes and of subsequent heat treatments still offers significant growth potential for 
hardness and strength. Also for diesel engine blocks, the maximum lightweighting potential of 
aluminium has not yet been reached. The remaining potential in the areas of component 
design, alloy development and process improvements, but in particular also cylinder surface 
treatment technologies like plasma sprayed coatings suggest that aluminium will continue its 
advance in diesel engines. 
 
On the other hand, in view of the increasing component loads due to the significantly higher 
firing pressures in future diesel engines, cast iron in the form of compacted graphite iron 
(CGI) is again competing with aluminium. Compared to the conventional lamellar graphite 
cast iron, CGI enables the realisation of smaller cross sections. The nodularity and tensile 
strength of the material also increases as wall-section decreases. The thermal and damping 
characteristics of CGI are midway between ductile and gray iron. It is five times more fatigue 
resistant than aluminium at elevated temperatures, and twice as resistant to metal fatigue as 
gray iron. Theoretically, a CGI engine block can be fabricated lighter than an aluminum block 
for equal power densities. Therefore CGI engine blocks are now gaining ground in high 
performance diesel engines, in particular in V-engines as there is a lot of flexing in the V-area 
between the cylinders when it is under power. CGI strengthens this physical area 
considerably. 
 
Compared to all-aluminium engine blocks, additional lightweighting can be realized with a 
composite magnesium-aluminium alloy engine block as produced at BMW’s Landshut plant. 
The new magnesium-aluminum alloy crankcase for six-cylinder in-line gasoline engines is 
24% lighter than a conventional aluminium block. A specific magnesium alloy system and a 
high pressure die casting (HPDC) process were developed together with the engine’s design. 
Aluminium inserts incorporating cylinder liners and coolant ducts are used in the engine block. 
As the magnesium housing shrinks around the aluminium insert, the thermally complex 
casting process ensures that both components heat up and cool down at precisely the right 
time during production. The magnesium alloy engine shell never comes into direct contact 
with coolant water, since the water only flows inside the aluminum cylinder inserts. 
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3 Cylinder linings 
 

3.1 Introduction 
 

 
Hypereutectic AlSi liner (SILITEC®) 

Source: PEAK 
 
The reduction of friction losses in automotive engines offers big potential when looking for 
possibilities to cut down fuel consumption. In the engine block, the inner wall of the cylinder 
bore forms the sliding surface for the piston / piston rings assembly. Thus the specification of 
the cylinder bore material as well as the topography and the quality of the running surface in 
the cylinder bore play a crucial role in the optimization process of the tribological system 
"Cylinder-Piston-Piston ring".  
 
Grey cast iron provides itself a good tribological behaviour for the "Cylinder-Piston-Piston 
ring" system. However, the ongoing substitution of cast iron in engine blocks by aluminium 
casting alloys requires the development of a new “tribological system”. Aluminium casting 
alloys - except for the hypereutectic AlSi alloy variants - are not sufficiently wear resistant for 
this application.  Different solutions have been developed over the years ranging from the 
introduction of cylinder liners consisting of suitable materials as pressed-in or cast-in parts, 
the application of properly adapted surface treatment or coating technologies to the 
development of special aluminium alloys. This chapter will cover all applicable concepts, but 
focus in particular on separate cylinder liners. 
  
 

 
V6 aluminium engine block (Daimler) with cast-in SILITEC® liners  

Source: PEAK 
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3.2 Requirements on the cylinder inner wall / cylinder liners 
 
Mechanical and thermodynamic losses, wear, and the emissions caused by lubricating oil 
combustion are principally influenced by the tribological behaviour of the cylinder / piston 
system. The current trend towards compact engines with high power densities and increased 
thermomechanical loads increases the importance of this tribological system and requires 
new approaches in the area of cylinder working surfaces. Consequently, the cylinder inner 
walls have to withstand higher ignition pressures and higher piston speeds. Furthermore, the 
precise matching of the cylinder bores with the pistons and piston rings leads to improved 
engine performance. It has been also shown that a better tribological behaviour can be 
achieved for properly structured liner surface topographies (i.e. laser-structured liner 
surfaces) than for conventional plateau-honed surfaces leading to lower fuel consumption and 
less wear. 
 
Friction and wear 
 
The most important function of the cylinder bore surface is to act as an excellent sliding 
partner for the piston / piston rings: 

 Minimum wear of the cylinder inner walls / cylinder liners 
 Minimum wear of the sliding partner (piston ring) 
 Minimum consumption of lubricants 
 No tendency for galling. 

 
In order to reduce oil consumption and to ensure low friction and good wear resistance, the 
interaction of the liner and the piston ring (grey cast iron or steel, but today usually coated) 
must be optimized in a total system approach. 
  
An important aspect is also the operability without lubrication. In general, an oil film supplied 
from the oil sump ensures sufficient lubrication for the tribological system. However, in case of 
lack of oil supply, a minimum oil film has to be maintained by the liner to guarantee the engine 
operation for a certain time period. 
 
Another relevant aspect is the good corrosion resistance of the cylinder bore surface. 
 
The following aspects are relevant if cylinder liners are introduced as separate components 
(heterogeneous solutions): 
 
Heat extraction 
 
A good thermal conductivity is needed in order to extract the combustion heat and to keep 
the temperature of the inner surface of the liner sufficiently low. However, heat extraction can 
only work if a proper thermal contact between the liner and the surrounding engine block 
material is achieved. The optimum case is a metallic bonding between the liner and the 
engine block. However, if only mechanical bonding can be realised, at least a small, stable 
and constant gap must be achieved. 
 
Wall thickness 
 
Regarding the trend towards steadily decreasing inter-bore distances (target < 5mm), the 
thickness of cast-in or pressed-in cylinder liners becomes increasingly critical. Consequently, 
solutions where the bulk material is surface treated or coated with a special liner material are 
getting more important. 
 
Compatibility 
 
Another point to consider is the compatibility of the thermal expansion of the liner and the 
piston material. It is most important to limit the gap between the piston rings and the liner and 
hence the blow-by and the oil consumption of the engine to a minimum.  
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Other targets which have to be considered in the development of cylinder linings are: 

 low weight, 
 environmental-friendly production, 
 good recycling capability and 
 low cost. 

 
 

3.3 Applicable Technologies – Overview 
 
Grey cast iron engine blocks are mainly produced in monolithic form where grey cast iron 
itself ensures the proper functioning of the tribological system. Another requirement is the 
creation of optimum surface characteristics that contribute to lower oil consumption and blow-
by, produce fewer wear particles and allow shorter running-in times and consequently a long 
service life. 
 
An obvious solution for aluminium engine blocks is to use the well-known grey cast iron as a 
liner material. The grey cast iron cylinder liners are either cast-in or pressed-in into the 
aluminium engine block which can be produced from a low cost casting alloy. The drawbacks 
of this heterogeneous concept are a higher weight (in particular for engines with a high 
number of cylinders), the lower thermal conductivity and the lack of compatibility and metallic 
bonding with the surrounding cast aluminium alloy. These problems associated with a 
heterogeneous material combination are addressed by the use of monolithic or quasi-
monolithic concepts based on aluminium.  
 
But cast-in grey cast iron cylinder liners still remain the standard solution, in particular for 
diesel engines. The application of newly developed cast iron materials, i.e. compacted 
graphite iron, enables the production of very thin-walled cylinder liners, specifically adapted 
to the pressure distribution in the engine. Such developments are also important to counter 
the increasing loads resulting from the use of higher ignition pressures and the higher risk of 
cavitation. 
 
Transferred to aluminium, the monolithic concept only works with hypereutectic AlSi alloys 
which, by means of primary silicon particles, provide a comparable wear resistant surface. 
The disadvantage is that engine blocks made from hypereutectic AlSi alloys are relatively 
expensive. 
 
Another possibility is to exploit the tribological advantages of the hypereutectic AlSi 
microstructure in the form of cast-in cylinder liners in an engine block made from another 
aluminium casting alloy, i.e. an aluminium-based heterogeneous concept. A most convenient 
aluminium solution would be a quasi-monolithic block with a running surface which is locally 
created by a suitable coating or surface treatment. New developments like plasma coating 
and the local surface enrichment with primary silicon are aiming in this direction. 
 
Only monolithic and quasi-monolithic concepts fulfil the request for cylinder units of maximum 
compactness or, respectively, a cylinder bore as large as possible at a given distance 
between the cylinders. 
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Cylinder lining technologies for aluminium engine blocks 

Source: Kolbenschmidt 

 

3.3.1 Heterogeneous concept: Grey cast iron liners as cast-in parts 
 
Grey cast iron has excellent tribological properties due to its microstructure consisting of 
ferrite and lamellar graphite, the latter being a good dry lubricant. Grey cast iron liner can be 
pressed-in after pre-machining of the engine block. But the lowest cost option is the 
aluminium engine block with directly cast-in liners. This solution presents two problems: 
 

 Contact quality:  
Cast-in grey cast iron liners show no metallic bonding between the liner material and 
the surrounding cast aluminium alloy, but only a mechanical contact. The quality of 
the mechanical bond depends on the casting conditions and the surface topography 
of the cast-in liner, a mechanical clamping with e.g. a suitably machined surfaces is 
advantageous.  
  

 Gap formation:  
The size of the always existing gap between the grey cast iron liner and the 
surrounding casting alloy may be optimized by a subsequent heat treatment. But the 
operation of the engine at high temperatures will still lead to a local variation of the 
heat transfer which is difficult to predict. The smallest gap between the liner and the 
engine block is achieved in combination with high pressure die casting, but also 
other casting processes are applicable. Nevertheless substantial development efforts 
and extensive thermal and stress calculations are necessary in the design phase of 
the engine block to avoid potential functional problems, in particular in long-term 
operation. 

 

Version 2011 © European Aluminium Association (auto@eaa.be) 5 



 

 
Conventional cast iron cylinder liner with a machined surface for high pressure die 

casting application (left) and cross section of a cylinder with cast-in grey cast iron liner 
(right) 

Source: KS ATAG 

 
The use of grey cast iron cylinder liners with rough as-cast outer surfaces is another option to 
achieve a better mechanical contact when the liner is cast-in. No metallic bonding is 
achieved, but an improved mechanical contact due to the undercuts at the interface grey 
iron/cast aluminium alloy.  
 
 

 
Grey cast iron liners with rough outer surfaces using either directly the as-cast surface 
(left) or a subsequent surface treatment (aluminium spraying) (right) ensure improved 

mechanical bonding 

Source: KS ATAG 
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Micrograph demonstrating mechanical bonding between the cast aluminium alloy and 

the grey iron liner with a rough surface 

Source: VAW 

 
Another option to ensure a good basis for the cast-in operation is to use a thin-walled grey 
iron tube which is pre-coated with a thermally sprayed aluminium layer for improved bonding.  
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3.3.2 Monolithic aluminium concept (ALUSIL®) 
 
Hypereutectic AlSi alloys (AlSi17Cu4Mg, e.g. ALUSIL®) can be used to produce monolithic 
aluminium engine blocks. During solidification, primary Si particles are precipitated which – 
after an appropriate machining and honing procedure – protect the cylinder bore surfaces in 
the form of small wear resistant grains and directly provide the required tribological surface 
characteristics for a proper operation of the engine.  
 
The advantages of this solution are: 

 Low weight (no grey cast iron cylinder liners necessary) 
 Compact cylinder block design (no liners, minimum spacing between bores: 4 mm) 
 High thermal conductivity (no gap) 
 Low distortion (minimum residual stresses) 
 Small assembly tolerances for pistons (similar thermal expansion coefficient as piston 

material) 
 Easy recycling (no extraneous material). 

 
However, according to the present state-of-the-art, this alloy can only be cast using the LPDC 
(Low Pressure Die Casting) process due to the following limitations: 

 High pouring temperature 
 Large solidification interval 
 Segregation and inhomogeneous distribution of primary silicon particles. 

Hypereutectic AlSi alloys ask for relatively low impurity element limits and are therefore 
mainly used for high performance gasoline engines, but much less in the mass market of in-
line four cylinder engines. 
 

 
V8 gasoline engine (BMW M5) made from ALUSIL® 

Source: Kolbenschmidt 

 

 
W12 gasoline engine (VW) made from ALUSIL® 

Source: Kolbenschmidt 
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3.3.3 Heterogeneous concept: Cast-in aluminium cylinder liners 
(SILITEC® and ALBOND®) 

 
Wear-resistant cylinder liners which consist of a hypereutectic AlSi alloy were developed by 
PEAK Werkstoff GmbH as a lightweight alternative to the considerably heavier cast iron 
cylinder liners, but also as an alternative to the relatively expensive monolithic engine block 
made from the hypereutectic primary AlSi17Cu4Mg (ALUSIL®) casting alloy. The cylinder 
liners can then be cast-in, preferentially using the high pressure die casting process with a 
lower cost (secondary) AlSiCu casting alloy. 
 
The SILITEC® hypereutectic liner materials are produced by spray compaction; the spray-
compacted ingots are subsequently extruded. The high solidification rate of the spray 
compaction process leads to significantly smaller primary silicon particles than in standard 
casting processes and ensures excellent tribological properties of the liner surface after the 
special honing process. Since the same base material is used, metallic bonding between the 
liner and the engine block is achieved over more than 50% of the contact surface. The result 
is an engine block showing low distortion and high dimensional stability. 
 
Aluminium-based cylinder liners are most suitable for high pressure die casting where 
melting-through is avoided because the thermal energy of the molten aluminum is removed 
rapidly through the metal die. Other casting processes such as sand, semi-permanent mold 
and low-pressure die casting have longer solidification times, leading to the transfer of 
additional thermal energy to the aluminium liners. This additional energy may result in 
localized melting and deformation of the liner. Thus, in order to use aluminium cylinder liners 
in casting processes other than HPDC, it becomes necessary to develop alloys that are more 
resistant to residual heat in the casting process.  
 

 
Ultrasonic scan showing areas of good (blue) and bad (red) metallic contact 

Source: PEAK/Daimler 
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Micrograph showing as-cast microstructure of hypereutectic AlSi17Cu4Mg alloy  

 

 
V6 gasoline engine block (Daimler) with SILITEC® liners 

Source: PEAK 

 

 
Micrograph showing interface between SILITEC® liner and the cast engine block 

Source: PEAK 
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ALBOND® (developed by MAHLE) is another solution particularly suited as a cast-in material 
for aluminium die cast engine blocks. Cylinder liner compounds are separately cast using 
hypereutectic AlSi alloys and later cast-in into the engine block. The distance between the 
cylinders can be reduced, a more compact engine design is made possible, and, depending 
on the design of the cylinder liners, the weight can be reduced by up to 400 grams per 
cylinder compared to cast iron liners. The specially roughened exterior surface ensures an 
even form-fitting bond when the aluminum alloy of the engine block is cast around the cylinder 
liners. 
 
The improved bond of the rough ALBOND® surface contributes to more effective and uniform 
cooling of the cylinders during engine operation, i.e. reduced cylinder distortion, lower oil 
consumption, and minimized frictional losses. Engine blocks manufactured with ALBOND® 
are also noted for improved recyclability because separation of the cylinder liners from the 
engine block is no longer required. A special honing process results in a finer surface and a 
greater wear resistance. 
 

 
ALBOND® aluminum rough cast cylinder liner compound 

Source: Mahle 
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3.3.4 Quasi-monolithic concept: Infiltrated pre-forms (LOKASIL®) 
 
In order to avoid the disadvantages arising from the use of hypereutectic alloys for the entire 
engine block (leading to additional material and processing cost), the LOKASIL® concept was 
developed which provides an appropriate microstructure where it is locally needed (quasi-
monolithic concept).  
 
The gapless insertion of the composite material is achieved by the infiltration of highly porous, 
hollow cylindrical pre-forms made of ceramic fibres and silicon particles (LOKASIL® I) or only 
silicon particles (LOKASIL® II) with an aluminium alloy during the engine block casting 
process. Different types of ceramic fibres can be used in case of extreme operating conditions 
(e.g. minimum distance between the cylinders and/or elevated component temperatures). 
 
Generally applied today is the LOKASIL® II variant which satisfies all technical requirements. 
The porous pre-forms with 25 vol. % of Si particles (30 – 70 µm) are produced by gel-freeze-
casting, subsequently sintered and then infiltrated with a hypoeutectic casting alloy made 
from recycled aluminium. The squeeze casting process is used to produce the engine block 
as it provides both, slow mould filling and high pressure for proper infiltration. The holistic 
development approach included the application of a special finish honing process to produce 
the tribologically optimised surface. 
 

 
LOKASIL® (I + II): pre-form and composite structure 

Source: KS ATAG 
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LOKASIL® technology: Silicon perform (left) and local silicon enrichment of the 

cylinder bore surface (right) 

Source: KS ATAG  

 
Attempts are currently made to achieve good infiltration with the highly productive HPDC 
(High Pressure Die Casting) process as well. 
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3.3.5 Heterogeneous concept: Thermally sprayed inserts 
(GOEDEL®) 

 
The idea of this concept is to keep the well-known tribological properties of grey iron and – at 
the same time – to solve the existing technical issues lack of contact and gap formation, 
which lead to problems with heat extraction and dimensional stability, of the traditional grey 
iron liner solution.  
 
In the GOEDEL® concept, an iron layer is thermally sprayed onto a cylindrical base geometry 
followed by a layer of an appropriate AlSi alloy, creating a well defined and gap-free 
transition from iron to aluminium. The micro-roughness of the outer aluminium surface 
ensures a good metallic bonding during casting-in of the liner, especially when the HPDC 
process is applied. 
 
The benefit of the metallic bond is a better heat flow and a higher stiffness (+30%) of the 
liner-block compound resulting in a lower distortion of the cylinder bore and thus in lower 
blow-by, oil consumption and wear. The multi-layer can also be tailored according to the 
specific needs of tribology and castability.  
 
 

 
Micrograph of the transition zone between the thermal sprayed multi-layer and the 

aluminium casting alloy  

Source: Federal Mogul 
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3.3.6 Quasi-Monolithic Concept: TRIBOSIL® 
 
The ideal solution would be a monolithic all-aluminium block made of easy-to-cast, cost-
efficient aluminium alloys, whereby the high stability and good heat dissipation in the inter-
bore area is achieved in a second process step. Such a solution is offered by the TRIBOSIL® 
concept where required liner surfaces are created by means of laser alloying of the original 
gravity cast engine blocks made from conventional secondary casting alloys. The original cast 
aluminium matrix of the cylinder bores is locally enriched with homogeneously distributed, fine 
silicon particles (diameter < 10 µm) to create a “hypereutectic” surface structure. 
 
In the laser alloying process, a moving laser beam locally melts the cylinder surface. 
Simultaneously, silicon powder is injected into the melt pool which describes a helical 
movement. Layers with a thickness of about 600 µm are achieved revealing an optimum 
structure and distribution of primary silicon particles resulting in high hardness and excellent 
tribological properties after appropriate honing. The TRIBOSIL® liner surfaces offer good 
thermal conduction and the ability to realize engine blocks with small inter-bore distances.  
 
The disadvantage of this process is the relatively long treatment time of 3 – 6 min, which is 
significantly higher than the standard cycle time of a typical engine production line. 
 

 
Laser alloying of a cylinder bore (schematic) 

Source: VAW 
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Cut through the wall of a laser alloyed cylinder 

Source: VAW 

 

 
Hypereutectic layer with gap-free transition zone towards the matrix alloy (AlSi9Cu3) 

Source: VAW 

 

 
Structure of the laser-alloyed surface after recessing of the matrix by means of honing  

Source: VAW 
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3.3.7 Cylinder liner solutions with surface coatings 
 
Today, a wide range of surface coating technologies is available and there are many different 
wear-resistant materials or material combinations which are valid candidates for surface 
coating. Consequently, lots of methods have been examined or are actually applied for the 
surface treatment of aluminium cylinder bores. Some examples are: 
 
NIKASIL® and GALNICAL®  
 
These designations refer to galvanic coating processes which result in a Ni-SiC dispersion 
layer (containing about 10% SiC particles with a diameter of 1-3 µm embedded in a nickel 
matrix). Galvanic deposition is a proven technology, however, it requires a very low porosity in 
the as-cast surface. Both NIKASIL® and GALNICAL® are used in series production. However, 
environmental issues due to the presence of nickel and problems with corrosion of the 
galvanic layer due to sulphur-containing fuels have significantly limited their application.   
 
Plasma coating (ROTAPLASMA®)  
 
The atmospheric plasma spray process can apply by far the widest variety of coating 
materials of any thermal spray process. The flexibility of the plasma spray process is based 
on its ability to develop sufficient energy to melt almost any coating feedstock material in 
powder form. The feedstock material is injected into the hot plasma plume, where it is melted 
and propelled towards the target substrate to form the coating. 
 

 
Spraying of engine block cylinder bores 

Source: Sulzer Metco 

 
The development of this process has advanced so far that gasoline and diesel engines are 
now in series production with atmospheric plasma coated cylinder surfaces. Good results 
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were achieved using Fe as a coating material. Furthermore, FeO and Fe3O4 can be dispersed 
in the layer acting as a solid lubricant such as graphite in grey iron 
 

 
Micrograph showing Ni-SiC dispersion layer 

Source: Kolbenschmidt 

 

 
Micrograph showing plasma coating layer 

Source: Sulzer-Metco 

 
Other applicable methods include laser coating of an AlSi alloy, physical (PVD) and chemical 
vapour deposition (CVD), etc., using materials such as diamond-like carbon (DLC), chromium 
nitride, titanium nitride, i.e. many different surface coating structures and chemistries. 

Version 2011 © European Aluminium Association (auto@eaa.be) 18 



 

3.3.8 Honing of hypereutectic AlSi surfaces 
 
The various cylinder liner manufacturing technologies based on hypereutectic AlSi alloy 
compositions (ALUSIL®, SILITEC®, etc.) rely on the presence of a dense distribution of hard, 
primary silicon particles which act as the tribological partners for piston and piston rings. The 
technical requirements like low friction, high stability and good lubrication under dry sliding 
conditions can only be met by the presence of an appropriate surface topography. This 
structure is created by a special honing process which is different from the conventional 
honing of grey cast iron. Honing of hypereutectic AlSi surfaces usually requires the following 
steps: 

 A pre-honing step corrects the cylinder shape and removes most of the damaged 
surface layer resulting from pre-machining. 

 In the following base-honing step, the final surface shape of the primary silicon 
particles is created. 

 Subsequently, a recessing of the aluminium matrix and an exposure of the silicon 
particles is carried out providing both hard particles to withstand the sliding wear of 
the piston and to provide oil reservoirs for good distribution of the lubricant. For this 
honing step special tools are used with the abrasive particles being smaller than the 
Si particles and embedded in a soft matrix.  

Compared to recessing by etching, this technique provides smooth particle edges which 
prevent break-outs. 
 

 

 
Honing steps for hypereutectic AlSi cylinder surfaces 

Source: Nagel 
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SEM-Micrograph showing the final surface after honing with recessed Al matrix and 

exposed Si particles 

Source: Gehring 

 

 
Image from white light interference microscope showing the topography of the final 

cylinder surface 

Source: VAW 
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3.4 Outlook 
 
Further optimization of cylinder linings in aluminium engine blocks requires a holistic 
approach. Significant development steps are foreseen in particular with respect to optimised 
surface treatment/coating technologies. Other development topics include technologies to: 
 

 Produce the “perfect” engine bore: Traditionally, cylinder bores are machined and 
honed in a cold cylinder block with no stresses or thermal loads. Once assembled, 
operating and hot, engine bores are far from being a true cylinder in most cases. 
Efforts are now underway to produce the perfect engine bore by designing and 
machining a non-cylindrical bore at the machining stage that becomes perfectly 
cylindrical when the engine is assembled and running at normal operating 
temperatures. 

 
 Laser-etch liner surfaces: A proper control of the micro-topography of the sliding 

surfaces helps the surfaces retain the lubricant and allow even lower viscosity 
lubricants to be employed. 

 
Furthermore, lubricants were originally designed for cast iron engines and steel components. 
The expectation that a lubricant developed for ferrous surfaces will operate just as effectively 
on nonferrous surfaces may well be wrong. While sulphur levels in fuels have been reduced 
dramatically, reports from the field suggest that some of the new nonferrous aluminium-silicon 
engine materials are exhibiting different kinds of wear issues in some circumstances.  
 
Another topic is the detrimental effect of ethanol blends and FAME (fatty acid methyl ester) 
based biofuels. Biodiesel components are not as stable as the lubricant and will eventually 
deteriorate through oxidation, creating gums and deposits and changing the viscosity profile 
of the oil. The incompatibilities between biofuels and engine materials can cause leaching or 
corrosive wear of the metal surfaces. Ethanol also increases water solubility in oil, which can 
lead to internal corrosion of some engine components. In addition, as the ethanol oxidizes in 
a high-temperature environment, aggressive chemicals such as aldehydes and acids can 
occur and then act as powerful corrosives on engine components. 
 
These examples show that the substitution of a material by another material in a complex 
system such as an internal combustion engine is not a simple task but requires a close review 
and redefinition of the whole system.  
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4 Cylinder heads 
 

   

Source: Nemak 

 

4.1 Introduction 
 
The cylinder head is an integral component of internal combustion engines. It conveys air and 
gasoline to the combustion chamber and serves as a cover for the cylinders. The main function of the 
cylinder head is to help the head gasket seal the cylinders properly so that they are able to build 
enough compression for engine operation. In the vast majority of four stroke engines, the cylinder 
head mounts the entire valve gear and provides the basic framework for housing the gas-exchange 
valves as well as the spark plugs and injectors. It also supports the different parts of cooling system.  
 
The cylinder head must be strong and rigid to distribute the gas forces acting on the head as uniformly 
as possible through the engine block. The combustion gas, the coolant and the lubricating oil flow 
independently in the cylinder head and follow complex three dimensional routes. Thus cylinder heads 
are generally produced by gravity or low-pressure die casting. In Europe, grey cast iron cylinder heads 
have been almost completely replaced by cast aluminium alloys during the past 20 years. Aluminium 
has the advantages of light weight, high thermal conductivity, and ease of production to close 
tolerances. 
 
Depending on the engine type, the introduction of an aluminium cylinder block results in a weight 
reduction of 10 to 20 kg (i.e. at least 50%). But even if the engine block is cast iron, the cylinder head 
is normally made of aluminium as it allows a more rapid extraction of the combustion heat compared 
to grey iron. The differing rate of thermal expansion between aluminium and iron creates significant 
stress levels in the interface region between the block and the head, but this problem can be solved by 
suitable bolting concepts. Furthermore, compatibility problems with the block become more and more 
obsolete as the market share of aluminium blocks is steadily growing.  
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4.2 Design features 
 
The development and production of engine blocks and cylinder heads is often considered to be a core 
competence of the car manufacturers. With the ongoing substitution of iron by aluminium, the heads 
and blocks market segment has grown, but there are nevertheless only a limited number of 
independent competitors besides the OEMs. The reasons are the strong entry barriers that exist for 
potential competitors.  
 
Engine type  
 
Conventional engines with an „in-line" array of the cylinders have one cylinder head. V-engines 
generally need two cylinder heads, which may have identical or differing geometry. Provided that the 
angle between the two cylinder axis planes is not too big (<= 15°), V-engines can also be equipped 
with only one cylinder head. In this case, the cylinder axis is not perpendicular to the joint face. 
  
Integration of valves 
 
The cylinder head holds the intake and exhaust valves, thus there may be many designs according to 
the number and positioning of the valves and the form of combustion chamber. In general, two valves 
are adequate for engines developing up to 35 kW/l, but above this level of power density, more valves 
are desirable. The increased number of valves offers distinct advantages: 

 The spark plug can be more easily positioned close to the centre of the chamber, i.e. the flame 
path is short and complete combustion is easier to attain. Also the ignition timing can be 
retarded so that the dwell of the gases at high temperature in the cylinder is reduced. 

 The interaction of the two incoming streams of gas can greatly improve mixing, again leading 
to more complete combustion. 

 With two exhaust valves instead of one, the ratio of seat length to area exposed to the hot 
gases is higher and, therefore, the rate of cooling by conduction through the seats is also 
higher. 

 
Thus, in modern cylinder heads for high performance engines, three, four or even five valves and 
possibly two spark plugs have to find place in the flame deck resulting in a continuously decreasing 
space between the valves. This area also sees the highest temperatures and is exposed to severe 
thermal fatigue effects when the engine warms up or cools down. In addition, pressed-in valve seat 
inserts - generally made from sintered powder metal - are essential for aluminium cylinder heads. 
Consequently, special care has to be taken to avoid local failure due to fatigue cracking. The geometry 
of the flame deck and the inserted valve seats as well as the surface condition and porosity of the 
aluminium material play a crucial role regarding crack initiation within that area. 
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Cylinder head with individual throttle bodies and exhaust manifolds 

Source: BMW AG  

 
Type of engine 
  
Cylinder head design should help to improve the swirl or turbulence of the air fuel mixture and prevent 
fuel droplets to set onto the piston surface or the cylinder wall. Combustion must always take place 
within a turbulent flow field since turbulence increases the mixing process and enhances combustion.  
 
The shape of the flame deck depends very much on the type of engine. Gasoline cylinder heads have 
bowl shaped cavities in the flame deck, whereas direct injection diesel heads usually have a flat and 
machined surface which is beneficial when looking at thermal fatigue crack initiation.  

 

 

Cylinder head of the diesel engine of the Mercedes Benz A class 

Source: Daimler AG 
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Camshaft bearings  
 
The seats for the camshaft bearings may be incorporated into the cylinder head casting. For specially 
designed heads the camshaft bearings may be incorporated also as a second component produced by 
high pressure die casting.  
 

 

Cylinder head with camshafts and intake trumpets 

Source: BMW AG 

 
In order to reduce fuel consumption, recent research activities have concentrated on variable valve 
actuation. The BMW Valvetronic technology, for example, replaces the conventional throttle butterfly 
with an electrical mechanism that controls the amount of lift of the individual intake valves on each 
cylinder. FEV's patented Electromechanical Variable Valve Timing System (EMVT) allows fully variable 
operation of the intake and exhaust valves with minimal changes to the cylinder heads of gasoline 
engines. As a result, the conventional camshaft is not anymore necessary for the control of the valves. 
 
New technical developments 
 
As a consequence of the current engine development trends, in particular the tendency to downsize 
the engines, the cylinder head must meet additional requirements: 

 Enable further weight reduction 
 Permit increased power densities; future expected performance values are up to 65 kW/l for 

direct injection diesel engines and up to 75 kW/l for boosted gasoline direct injection engines 
 Allow the introduction of advanced combustion systems for both spark (SI) and compression 

(CI) ignition engines. 
Thus the specifications for aluminium cylinder head castings are becoming more and more severe: 

 Higher operating temperatures (due to the high power density) 
 Increased combustion pressures, meaning higher mechanical stresses (static and dynamic) 

on the material that combined with thermal cycles may cause significant reduction in fatigue 
life of the component; 

 Designs with multi-port layouts and application of advanced combustion systems, leading to 
very complex geometries and thin cooling water passages. 

In the next generation engines, the combustion pressure is expected to rise to the 180-200 bar range 
for CI engines and to 100-120 bar range for boosted SI engines, while the maximum combustion 
chamber wall temperatures, usually found at the bridge between the exhaust valves, might rise well 
over 250°C and even approach 300°C. 
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4.3 Material requirements 
 
As a result of the permanent increase of combustion pressures and temperatures, the potential of the 
common aluminium cylinder head alloys is almost fully exploited. In order to satisfy all the product 
requirements, optimised casting alloys and a proper control of the as-cast microstructure by the 
application of sophisticated casting processes are generally necessary.  
 
 
Strength 
 
The applied aluminium alloys have to offer sufficient strength and hardness at room temperature for 
machining and assembly. Furthermore, high strength at elevated temperatures (up to 250°C) is crucial 
to ensure that the engine block-cylinder head assembly can withstand the combustion forces and the 
forces resulting from thermal expansion and contraction during service cycles without losing tightness 
of the cylinder head gasket. Creep strength is required in particular for the head gasket area. 
 
 
Thermal conductivity 
 
The cylinder head can support the high combustion temperatures only due to an efficient cooling. A 
decisive characteristic for the cylinder head material is therefore a high thermal conductivity. On the 
other hand, any addition of alloying elements to aluminium for the purpose of increasing strength or 
creep resistance results in a decrease of the thermal conductivity. Hence, a compromise between the 
two counteracting targets has to be found. 
 
 
Surface quality  
 
An unimpeded flow of the incoming gas is of major importance for the combustion process. Thus, high 
demands are made on the smoothness of the surface of inlet and outlet channels. The roughness of 
the flame deck surface should be minimized as well, because any notches can lead to the initiation of 
fatigue cracks (see below). 
 
 
High- and low-cycle fatigue 
 
Cylinder heads are exposed to high-cycle fatigue (HCF) due to the combustion cycles and to low-cycle 
fatigue (LCF) resulting from thermal expansion and contraction during start-up and stop of the engine.  
Critical HCF areas are on the water jacket side of the flame deck wall because of the prevailing cyclic 
tensile stresses, while LCF may primarily cause cracks in the thin-walled valve bridge areas which are 
at the same time exposed to the highest temperatures within the cylinder head.  
 
LCF strength is partly related to the static strength at high temperatures which in turn is strongly 
influenced by the alloy composition. However, HCF strength can only be slightly influenced by the alloy 
composition. In this case, the cast microstructure, the presence of casting defects (in particular 
porosity) and the surface quality are the dominating parameters. The application of an alloy with 
defined ductility seems to be advantageous since some studies indicate that better low cycle fatigue 
behaviour is related to a higher ductility when small material plastifications are allowed.  
 

Version 2011 © European Aluminium Association (auto@eaa.be) 6 



 

 

Fatigue properties at 250 °C for different types of cylinder heads and alloys 

Source: Hydro, former VAW 

 
 
Castability  
 
The castability of an alloy is generally improved with increased Si content, while Cu additions, which 
are required for high temperature strength, have a negative effect on the feeding behaviour. 
Insufficient feeding could lead to defects in the as-cast structure, in particular porosity. The presence of 
such defects would be critical in those regions of the cylinder head which are exposed to high cycle 
fatigue, i.e. the area between the valves in the flame deck or the walls between the flame deck and the 
water jacket. 
 

 

Cylinder head for a 3 cylinder engine, gravity die casting 

Source: Hydro, former VAW 
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4.4 Alloy composition and heat treatment 
 
The alloy selection for cylinder head castings requires the consideration of various criteria, some of 
them similar to those used in case of engine blocks. Many cylinder head castings undergo a heat 
treatment with a subsequent aging. In this case, potential aging effects during operation of the engine 
over a long period have to be considered too. 
 
The best combinations of strength and ductility are offered by casting alloys with low iron content such 
as AlSi7Mg0.3 (A356). Therefore, in the past, most cylinder heads were made from primary aluminium 
alloys. But also alloys which can be produced using recycled aluminium (i.e. with a slightly increased 
impurity content) such as AlSi10Mg or AlSi7Mg still provide sufficient ductility. Due to the poor high 
temperature performance of this type of alloys, new Cu- or Ni-containing alloys have been developed 
specifically for high performance diesel cylinder heads (e.g. AlSi7MgCu0.5, AlSi9Cu1Mg and 
AlSi7MgCuFeNi). They provide higher strength at elevated temperatures while maintaining ductility 
and fatigue performance. Cylinder heads produced with these alloys are usually applied in the T6 
condition. 
 
For moderately loaded cylinder heads of gasoline engines, also foundry alloys like AlSi8Cu3 or 
AlSi6Cu4 (similar to A380.2 and A319, respectively) can be considered. They are widely used for 
cylinder heads produced in the gravity casting processes. The T4 and T5 conditions are favoured 
whereas the as-cast (F) condition may cause problems due to insufficient dimensional stability and 
hardness, the latter being most important for ease of machining. 
 

 
 
In practice, the applied alloy composition is optimized depending on the specific cylinder head design 
and casting conditions. It is important to find a compromise between high temperature strength, 
ductility and fatigue performance while maintaining reasonable material cost by tolerating certain 
levels of impurities.  
 
The performance requirements of highly loaded cylinder heads have pushed the suppliers of 
aluminium castings to develop new process solutions with the aim of increasing the quality of the cast 
components, minimizing the number of casting defects (porosity, inclusions etc.) and improving the 
microstructure of the material (dendritic arm spacing). Nevertheless, the current engine development 
trends leading to higher operating temperatures and increased combustion pressures ask for new 
alloy developments. Although the performance of the standard Al-Si casting alloys could be 
significantly improved by the addition of Cu (and other alloying elements) to obtain better resistance at 
high temperatures (up to 250°C), these improvements might not be enough to meet future engine 
performance targets. The application of alternative aluminium alloy systems with better high 
temperature properties (e.g. Al-Cu alloys) will have to be considered, although their applicability is 
limited by their poor castability which makes it difficult to manufacture complex castings, like cylinder 
heads, at high production rates. 
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4.5 Applicable casting processes 
 
Different casting processes using sand moulds or, preferentially, metal dies are applied for the 
production of aluminium cylinder heads, each offering advantages and disadvantages. The channels 
for the combustion gas, the coolant and the lubricating oil are cast hollow using sand cores installed in 
the holder mould. For this reason, the high-pressure die casting cannot be used because the sand 
cores are fragile and would not endure the high injection pressure of molten aluminium. 
 

 

Sand cores with inorganic binders increase dimensional conformity and jointing quality of 
technically complex castings 

Source: Honsel 

 
Gravity die casting is worldwide the traditional casting process for cylinder heads. Depending on the 
position of the casting in the mould, the process enables to achieve a high solidification rate in the 
flame deck region resulting in a fine microstructure with low porosity, and hence good mechanical 
properties. With the application of sand cores, a very sophisticated cooling water-jacket with a 
complex geometry of can be realised. 
 

 

HDI diesel cylinder head produced by gravity die casting, alloy EN-AC-AlSi7Mg0.3, T6 temper 

Source: PSA 

 
The Rotacast® process, a variant of the gravity die casting method, provides even higher cooling rates 
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in the flame deck area and at the same time a higher productivity due to a smaller volume of feeders 
and runners.  
 

 

Isuzu diesel 4-cylinder head produced with the Rotacast® process, alloy EN-AC-AlSi7Mg / T6 
temper 

Source: Hydro, former VAW  

 
Low pressure die casting provides similar benefits as the conventional gravity die casting process. 
Additionally there is nearly no process scrap (feeder, etc.). However, due to the fact that the machinery 
is blocked during the entire solidification time, the total cycle time is relatively high, which in turn 
decreases productivity.  
 
The lost foam casting process is predestined for castings with very complicated and complex 
geometries which is in fact the case for water jackets in cylinder heads. But apart from the need of 
perfect mastering of the process, the safe avoidance of porosity in important areas (e.g. flame deck) 
can be a problem, because the implementation of local cooling in the lost foam process is difficult. 
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4.6 Future developments 
 
Application-specific optimizations of aluminium alloys and casting processes, including an improved 
control of the local solidification conditions, are ongoing and will enable continuous improvements of 
the performance characteristics of the cylinder head.  
 
Another approach looks for an improvement of the quality of the casting by the subsequent elimination 
of defects. Hot Isostatic Pressing (HIP) is a well known method that employs high pressure and high 
temperature to “heal” porosity and other casting defects. In the conventional HIP process the 
pressurizing medium is typically a gas and the process is carried out at elevated temperatures for 
specific time periods (normally several hours per cycle). Another possibility is Liquid Hot Isostatic 
Pressing (LHIP) where the medium used to apply the isostatic pressure is a liquid (molten salt bath). 
 
A further idea is to split the cylinder head into two parts, each one made by using the best combination 
of material and manufacturing process. The lower part of the cylinder head facing the combustion 
chambers could preferably be realized with a high temperatures resistant alloy. Without the necessity 
to use sand core, a high performance alloy such as AlCu4TiMg, which is not easily castable in 
complex forms, could be used. For the upper part of the head, it is then possible to use an aluminium 
alloy with excellent castability. In comparison to a traditional single casting, it would also be possible to 
simplify and strengthen the sand core that make the passages in the upper part of the head and to 
draw passages for the cooling fluid that optimizes the cooling in the critical zones (for instance 
between the valves).  
 
Considering the many advantages offered by aluminium in cylinder head applications, a substitution of 
aluminium by other materials is not likely for the moment. 
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5 Fuel System 
 

5.1 Introduction 
 
The function of the fuel system is to store and supply fuel to the cylinder chamber where it can be mixed 
with air, vaporized, and burned to produce energy. The fuel, which can be either gasoline or diesel is stored 
in a fuel tank. A fuel pump draws the fuel from the fuel tank through fuel lines and delivers it through a fuel 
filter to either a carburetor or fuel injector and finally  to the cylinder chamber for combustion. 
  
Tank location and design (shape, volume) always depend on the available space. Most automobiles have a 
single tank located in the rear of the vehicle. Today’s fuel tanks have internal baffles to prevent the fuel from 
sloshing back and forth. All tanks have a fuel filler pipe, a fuel outlet line to the engine and a vent system. 
 
Two types of fuel pumps are used in automobiles; mechanical and electric. As engines moved away from 
carburettors and towards fuel injection, mechanical fuel pumps were replaced with electric fuel pumps, 
because fuel injection systems operate more efficiently at higher fuel pressures than mechanical pumps can 
generate. Electric fuel pumps are generally located within the fuel tank, in order to use the fuel in the tank to 
cool the pump and to ensure a steady supply of fuel.  
 
The fuel filter is the key to a properly functioning fuel delivery system, in particular with fuel injection 
systems which are more susceptible to damage from dirt because of their close dimensional tolerances. 
Most cars use two filters. One filter is located inside the fuel tank and one is integrated into the line to the 
fuel injectors or the carburettor. 
 
Due to its excellent corrosion resistance against gasoline, diesel and also biofuels at room temperature, 
aluminium is a suitable construction material for the different components of the fuel system. Care must be 
taken in high temperature applications (> 70 °C), in particular when biofuels are used. Corrosion effects 
have been observed sporadically in the sump of aluminium fuel tanks, specifically at welded joints. The 
reasons for the corrosion attack are in this case contaminations of the fuel (water, chlorides, etc.).   
 
The application of aluminium in the fuel system offers significant weight savings compared to steel (50 – 70 
%). Most interesting compared to plastics would be the tightness for HC emissions as well as the high 
electrical conductivity, which is important to avoid static electricity and thus sparking. Nevertheless, 
aluminium has found up to now very little applications in the fuel system of passenger cars. 
 
This is in contrast to commercial (heavy trucks and busses) and special vehicles where aluminium tanks 
gained wide application and have reached a large market share. Lightweight aluminium solutions have 
been developed for fuel, hydraulic and urea tanks including support and special attachment elements for 
the truck body. The reliability of aluminium tanks has been proven over long terms. Furthermore the lack of 
corrosion results in less service and maintenance requirements, which means lower lifetime costs. 
 
An additional aluminium application in the fuel system is covered in the chapter “Heat exchangers” (see 
7.4.6 Diesel fuel cooling). With the growing application of high-speed diesel engines and the increasingly 
stringent emissions standards, this application will get more and more attention. 
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5.2 Fuel filler pipe 
 

 

Fuel Filler Pipe 

Source: Kronert 

 
Aluminium fuel filler tube are manufactured from an extruded tube which is then bent and formed in order to 
increase their ability to flex and bend without leakage in case of car crash. The standard alloy used in this 
application is EN-AW 6063, an AlMgSi alloy which is a highly formable and can be extruded with thin walls.  
 
Typical Dimensions 
 
Diameter:  36…70 mm  
Wall thickness:                     1.5 mm  
 
Examples of aluminium fuel filler pipe are described below, other applications in European cars included the 
Audi A8 and Mercedes A-class models. 
  
Another solution for aluminium fuel filler tubes is offered by the application of Permeaflex tubes, a flexible 
aluminium tube concept developed by Hydro Aluminium Precision Tubing, which is vibration absorbent and 
permeation tight for low pressure liquid and gas lines. The advantages include: 
 

 Permeation tight 
 Flexible assembly 
 One material throughout the entire tube 
 Elimination of connections 
 Increased crash integrity 
 Vibration absorbent 
 Cooling properties 
 Recycling friendly 

 
In addition, Hydro's flexible aluminium tube concept facilitates the assembly of components especially in 
tight spaces. 
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5.2.1 Example - Volvo V70/S80/S60/XC90 Fuel Filler Pipe 
 
Specifications: 
 
Fuel filler pipe with air pipe and pipe-integrated thread for the filler cap  
Length:  700…800 mm  
Diameter: 36…57 mm  
Wall thickness: 1.5 mm  
Alloy:   EN AW-6063 
 
Manufacturing process: 
 

 Extrusion of the main pipe and the air pipe, 
 Rotary draw bending, 
 End forming, 
 TIG welding of air venting pipe, epoxy-powder coating, 
 Leak testing (use of positive pressure or vacuum), 
 Restrictor mounting by electromagnetic forming 

 

 

Fuel Filler Pipe, Volvo P2X 

Source: Kronert 
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5.2.2 Example - Porsche 911/Boxster Fuel Filler Pipe 
 
Specifications:  
 
Fuel filler pipe with thread for filler cap integrated in plastic restrictor  
Length:  650 mm  
Diameter: 36…70 mm  
Wall thickness: 1.5 mm  
Alloy:  EN AW-6063 
 
Manufacturing process 
 

 Extrusion of main pipe and air pipe, 
 Rotary draw bending, 
 End forming, 
 Forming of bellows, 
 Mounting (Restrictor mechanically fixed), 
 Leak Testing  

 

 

Fuel Filler Pipe, Porsche 9X6 

Source: Kronert 
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5.3 Fuel tubing 
 

 

HYCOT™/® precision drawn aluminium tubes coated with PA 12 for fuel lines  

Source: Hydro Aluminium Precision Tubing 

Liquid lines, in particular fuel lines, can be produced from different products: 
 Precision drawn tubes (bare) 
 Permeaflex - flexible aluminium tube (see above, bare or coated with PA 12) 
 Hycot™/® tubes 

 
Hycot™/® tubes are porthole extruded and precision drawn aluminium tubes with a PA 12 coating 
characterized by the following properties: 

 Low weight 
 Easily bent and formed 
 Excellent corrosion resistance 
 High strength welding of plastic parts to coating 
 Narrow tolerances 
 High surface quality 
 Stone impact resistance 
 Internal cleanliness 
 Full traceability 

 
The Hycot™/® tubes will not chip, peel or flake under the wide range of exposures and service conditions 
found in the modern automotive industry. The inner side of the Hycot™/® tube is unique as well, since it is 
100% free of particles. A unique feature of the coating is the easy welding to plastic parts, e.g. brackets, 
connectors or protection hoses. This allows for designing very cost effective systems based on simple and 
clean processes, without any need for further corrosion protection. Typical welding methods are ultrasonic, 
spin friction and induction welding. 
 

 
 
Within this range there are certain limits depending on the alloy and the ratio between OD and WT. 
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Alloy Designation 
 

Surface Conditions 
 

According to EN 573-3  
Hydro Aluminium Internal 

designation Numerical Chemical 

 
Uncoated 

tubes 

 
Hycot™/® PA-12 coated 

tubes 

3103 EN AW-3103 AlMn 1 YES YES 

5049 EN AW-5049 AlMg2Mn0.8 YES YES 

HA 9048 Long life alloy YES YES 

 

External Diameter Wall thickness 

8 - 40 mm 0.7 - 2 mm 
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5.4 Fuel rails 
 

 
 
 
 

 

Fuel distribution pipes for Volvo 

Source: Sapa 

 
Common rail direct fuel injection is a modern variant of the direct fuel injection system for petrol and diesel 
engines. The common rail system takes its name from the shared high-pressure line which supplies all 
cylinders with fuel and serves as a pressure accumulator. By contrast with other injection systems, pressure 
generation and injection are separate from each other in common rail technology. 
 
The primary pump supplies fuel to a high-pressure reservoir, the fuel rail, where the fuel is stored at the 
optimal pressure for the engine's instantaneous operating conditions in preparation for subsequent injection. 
Each of the engine's cylinders is equipped with an injector featuring an integral solenoid valve. This 
solenoid valve opens and closes to define the starting point and mass of the injection process. Today, for 
injection, newly-developed piezo injectors are more and more used instead of conventional solenoid valves. 

Version 2011 © European Aluminium Association (auto@eaa.be) 8 



 

The common rail system helps reduce exhaust emissions, makes fuel cleaner and more efficient, lessens 
engine noise, and is more powerful than the injector systems they replace. 
 
The common rail injector system is used in gasoline direct injection for modern two and four-stroke 
gasoline-run engines, but is more popularly used in diesel engines. In the manufacturing of common rails, 
aluminium is used for its light weight, its mechanical stability, corrosion resistance and the easy 
machinability. 
 
The common rail injector system must fulfil some challenging market requirements regarding:  

 Evaporative emissions 

The fuel rail application shall fulfil the PZEV requirements. The allowed evaporative emissions due 
to permeation and micro leakage are max 0.005 g HC / HS+D (Hot Soak + Diurnal tests) for the 
engine mounted parts of the fuel system. The big challenge is to find a system with a low number of 
sealings using materials like rubber or plastic and to find methods to decrease the evaporative 
emission in the sealings.  

 High pressure 

Fuel rails work at ever increasing high pressures. However, a combination of proper product design 
and intensive testing enables to meet these demands with both O-ring seals and without O-ring 
seals. For the moment, aluminium fuel rails systems are able to withstand 700 bar pressure without 
leakages or any damages on the tested rails.   

 

Source: Sapa 
 

 Aggressive fuels 

Biofuels like for example E85, an alcohol fuel mixture of fuel ethanol and gasoline, can corrode 
metal and rubber parts in engines which are designed for use with gasoline. The hydroxyl group on 
the ethanol molecule is an extremely weak acid, but it still can enhance corrosion.  To avoid such 
effects, a protective coating must be applied that can withstand these aggressive fuels. Corrosion 
tests with different types of surface treatments were carried out in special test chambers with 
temperatures up to 120°C for up to 1050 h. These tests showed that properly surface treated 
aluminium components may be used in fuel injection systems also in combination with E85 if there 
are not any couplings with cast iron or stainless steel.   
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 Confined spaces and additional functions 

The space in the engine compartment becomes tighter and tighter. Thus, the integration of several 
additional functions into a component such as channels, flanges forming, anchor points, heat sinks 
etc. provides an advantage, which can easily be done with an aluminium extrusion. 
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5.5 Fuel tank 
 
For each new vehicle a specific fuel system is developed in order to optimize the use of the available space. 
Moreover, for one car model, different fuel system architectures are developed, depending on the type of 
the car, the type of fuel (gasoline or diesel), nozzle models and region. 
 
Two technologies are used to make fuel tanks for automobiles: 

 High Density Polyethylene (HDPE) plastic fuel tanks made by blow moulding. This technology is 
increasingly used as it now shows its capacity to obtain very low emissions of fuel. HDPE can also 
take complex shapes, allowing the tank to be mounted directly over the rear axle, saving space and 
improving crash safety. Initially there were concerns over the low fracture toughness of HDPE, 
when compared to steel or aluminium. Such concern for safety and long term ability to function 
must be considered and monitored, but presented no major problems up to now. 

 Metallic fuel tanks welded from stamped sheets. Although this technology is very good in limiting 
fuel emissions, it tends to be less competitive and thus it has not been able to enter the market for 
series production. Steel and in particular the significantly lighter aluminium fuel tanks are only used 
for specialty cars (niche vehicles). 
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5.5.1 Technical requirements 
 
As listed in the figure below, the tank shell has to meet several technical requirements beyond the fuel 
emission limits, which drastically limit the choice of materials. The specific characteristics of aluminium 
promise to meet all the requirements for application in passenger car fuel tanks. As a matter of fact, 
aluminium offers big potential as a lightweight future zero emission fuel tank material. 
 

 

Source: Hydro Aluminium (former VAW) 

 
Consequently, significant development efforts have been spent on the various tasks necessary to exploit 
the advantages of aluminium fuel tanks for passenger cars: 
 

 Selection of an adequate alloy  
◦ Corrosion resistance 

◦ Formability  

◦  
 Forming technology 

◦ Meeting package constraints  

◦  
 Joining technology 

◦ Tightness 

◦ Automatic operation 

◦ Reliability 
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All the development goals could be reached: 
 

  

Source: Hydro Aluminium (former VAW) 
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5.5.2 Technical feasibility 
 
Corrosion resistance: 
Using the aluminium sheet alloy AlMg3 in the soft temper (EN-AW 5754-0), the required corrosion 
resistance could be demonstrated: 
 

 Corrosion tests with water contamination: 

◦ Eurosuper + 3 % water 

◦ Biodiesel + 0.3 % water 

◦ E22 + 3 % water  

◦  
 Test condition: liquid phase, half wetted and gas phase 

 
 Test temperatures: -5°C, 25°C, 50°C 

 
 Test results after 80 days: 

◦ Layer degradation products of the fuel 

◦ No corrosion visible. 
 
Fabrication concept:  
A two shell concept, where the two shells were joined after forming, was evaluated:  
 

 Application of conventional deep drawing or other sheet metal forming processes.  
 

 Possibility of mounting of system assemblies, slosh baffles, tubes and system assemblies before 
joining.  

 
 Possibility of three-dimensional shaped flange 

 

 

Source: Allgaier, IFU Stuttgart, Hydro Aluminium (former VAW) 

 
Forming by conventional deep drawing: 

 Application of a series production tool for a steel fuel tank 
 Adaptation of deep drawing parameters to aluminium by simulation 
 Prototyping of tank shells with AlMg3 (EN-AW 5754-O), thickness 1.2 mm 

 
MIG – welding of flange: 

 Joint configuration: edge weld 
 One side of fusion flange bent, other side of flange flat 
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 Welding wire: AlMg4.5Mn, 1.2 mm 
 Use of Argon as (low cost) shielding gas 
 Welding speed up to 3 m/min 
 Bridging of 0.8 mm gaps possible without adapting welding parameters 
 Stable welding process 

 
 
Prototype production 
 

 

Prototype of shell concept fuel tank 

 

 

Pressure test with modified tank of a series production car (burst pressure 2.5 bar) 
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6 Heat shields 
 

6.1 Introduction 
 
Heat shields are designed to shield a component from absorbing excessive heat either by 
dissipating, reflecting or simply absorbing the heat. In an automobile powered by an internal 
combustion engine, the exhaust system from the engine exhaust manifold to the tailpipe is the 
biggest producer of heat after the engine itself. The surfaces of the parts that actually carry 
the exhaust gases can reach temperatures up to about 900°C. Since exhausts often pass 
near important (and thermally sensitive) components, it is especially important to protect the 
sensitive parts and modules from heat soak, but also to prevent local overheating of the car 
body. 
 
The installation of a heat shield is one of the most widely used heat management option due 
to its cost-effectiveness and ease to fit. In the past, heat shields have usually been made out 
of aluminized steel. However, nowadays aluminium sheets and foils are generally used, often 
combined with ceramic thermal barrier coatings or mats of insulating materials. Aluminum 
heat shields in single-sheet or multi-layer construction are able to protect against quite high 
temperatures. Aluminized steel sheets are only required for heat shielding in the highest 
temperature range. 
 

 

Exhaust heat shield 

Source: Novelis (former Alusuisse) 
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6.1.1 Aluminium – the material of choice  
 
The physical properties of aluminium - reflectivity and emissivity, thermal conductivity and 
specific heat capacity - make it to the ideal material for the fabrication of heat shields. 

 The high reflectivity and low emissivity of the aluminium surface (even when covered 
with the natural aluminium oxide film) ensure that aluminium both absorbs and re-
emits little infrared radiation. 

 The high thermal conductivity of aluminium ensures that heat is quickly conducted 
away from potential hot spots in the heat shield. 

 Aluminium has also a high specific heat capacity. This means that the temperature 
increase after absorbing a given amount of heat energy is lower than for many other 
materials. 

 
The favourable physical properties mean that as a rule of thumb, 70 % of the heat 
management tasks in the car can be handled by the aluminium surface alone. The remaining 
30 % have to be dealt with by an appropriate design of the heat shield and, if necessary, 
additional measures. 
 
Aluminium sheets and foils are well suited to satisfy the various manufacturing and service 
requirements of automotive heat shields. A most important requirement is a good formability 
in order to meet the extreme package restrictions. Heat shields have to cover the hot 
component as far as possible and as close as possible. Space is limited, in particular in the 
engine compartment and the underbody area, thus heat shields have normally fairly complex 
shapes to fit tightly between the different components. Typically, heat shields are positioned 
15 - 25mm from the car underbody, 10 - 15mm from the fuel tank and 25 - 50mm from the 
exhaust pipe. 
 

 

Heat shield design asks for an extremely formable material 

Source: Novelis (former Alusuisse) 
 
A
temperatures, relevant environmental factors for heat shields, strongly promote corrosion 
effects. In addition, the majority of the heat shields are directly exposed to contamination fr
the road. Contaminants such as salt water, liquid asphalt, street dirt and mud must not, during 
the car's lifetime, lead to unacceptable corrosion of the heat shield. A different, but most 
important issue is the avoidance of galvanic corrosion. Aluminium heat sheets are often 

nother important requirement is an excellent corrosion resistance. Humidity and elevated 

om 



 

attached to steel components, i.e. proper assembly methods (see below) must be used to 
ensure that heat shields do not suffer from unacceptable corrosion attack in service. 
 
In addition, the heat shield material must offer sufficient resistance to fracture. Stone chipping 
and slight ground contacts may result in severe local deformations of underbody heat shields 
which should not lead to the formation of cracks. Moreover, in case of a rear crash, the heat 
shield must protect the plastic fuel tank against rupture and other damages from hot exhaust 
parts. 
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6.1.2 Aluminium alloy selection 
 
Today, the standard heat shield material is the aluminium alloy EN AW-1050A in the soft 
temper. Its properties - among others excellent corrosion resistance, good cold formability, 
adequate tensile strength, excellent energy absorption before rupture (stone impact, car 
crash) - make it the preferred material regarding both ease of fabrication and performance in 
service. 
 
Apart from EN AW-1050A, higher strength alloys such as EN AW-3003, EN AW-5052 and EN 
AW-5182 are also used. Heat shields made from higher strength alloys may be more 
damage-tolerant (in particular in underbody applications) or they can be made from thinner 
gauge sheets. However, the lower cold formability of these alloys limits their application due 
to complex geometry of many types of heat shields. 
 

 

Embossed heat shield (BMW 7 series), produced by SEVEX AG 

Source: Hydro Aluminium 

 

 

Embossed heat shield 

Source: Hydro Aluminium 
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6.2 Design of heat shields 
 
With regular driving conditions, heat shields need to protect parts from nearby heat sources 
with surface temperatures up to 650°C. But also significantly higher temperature may occur, 
e.g. spark plug failures (misfire conditions) may cause overheating of catalytic converter and, 
consequently, downstream parts of the exhaust system will also reach abnormally high 
temperatures. The higher the temperature and the closer the distance between the heat 
source and the car component, the more complicated design is required of the heat shield. 
 
There are basically three types of heat shields: 
 

 Single shell heat shields (not insulated) 
 Single shell heat shields are used for protection against heat sources of relatively low 
 temperature, specifically when there is sufficient available space.   
 

 Double shell heat shields (not insulated) 
 These heat shields made of two aluminium sheets are used for moderate 
 temperatures and limited package restrictions. 
 

For single and double shell heat shields, aluminium sheets of 0.3 - 1.0 mm thickness are 
used. The sheets may be also embossed for increased stiffness. 
 

 

Single shell heat shield 

 
 Sandwich heat shields (insulated)  

 For protection against the highest temperatures and in cases of severe space 
 limitations, heat shields in sandwich designs are being used. Sandwich heat shields 
 usually consist of a single carrier sheet (0.3 - 1.0 mm thick aluminium), an insulating 
 core and a cover (0.03 to 0.1 mm aluminium foil or 0.2 to 0.5 mm aluminium sheet). 
 The core can be built up from several layers of embossed aluminium foils (0.03 - 0.05 
 mm thick), which are sandwiched together. It can also be an insulating mat (ceramic 
 felt or glass fibre mat). Depending on the temperature range, other types of fibres 
 (plastic, cotton, wood, etc.) can be used too.  
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Applicability of the different types of heat shields 

Source: Autoneum 

 
In the design of heat shields, specific care must be taken with respect to the configuration of 
the edges. The geometry of the edges of aluminium heat shields has to be selected to 
minimise the injury risk during handling (manufacturing, assembly and maintenance/repair of 
the car).  
 
Apart from thermal management, sandwich type heat shields are also useful for noise 
management in the car and to reduce noise emissions to the environment. 
 
Noise absorbing sandwich heat shields consist of: 

 Carrier sheet with partial perforation, backed up by a 
 Membrane foil, aluminium 0.03 - 0.05 mm thick, followed by an 
 Insulation core and cover sheet (see description above).  

 

 

Noise absorbing carrier shell with partial perforation 
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Another possible solution for a noise absorbing heat shield consists of two-layer sheet metal 
design with a viscoelastic core optimised for sound dampening. 
 

 

Sound absorbing heat shield with viscoelastic layer 
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6.3 Heat shield applications 
 
The most important functions of thermal management in motor vehicles are to protect 
sensitive vehicle components from the effect of heat and to provide optimal thermal comfort 
for the occupants. Heat shielding products are custom designed to effectively manage 
radiant, convective and conductive heat from the front to the back of a vehicle. The number of 
heat shields per car varies considerably. Small, low-power vehicles may need only as many 
as two heat shields, whereas high-powered luxury cars may have up to thirty.  
 
For a long time, heat shields were mainly used for heat management in the engine 
compartment, specifically to protect against "hot spots" like exhaust manifolds. Their design 
was fairly straightforward, in general they consisted of double aluminium shells with an 
intermediate rock wool layer. More powerful engines, the introduction of catalytic converters 
and the trend towards closed engine compartments (for reduced noise emissions) has 
strongly contributed to the increased use of heat shields. 
 
Major application areas are: 

 Exhaust manifold heat shields 
 Catalytic converter heat shields 
 Turbocharger heat shields 
 Starter motor heat shields 

 
Heat shields are also useful to reduce the under-bonnet temperatures allowing for lower air 
intake temperatures and thus enabling increased power output. They can also keep more 
heat in the exhaust therefore reducing exhaust back-pressure. Heat shields for the dashboard 
often have an additional sound dampening function. 
 

 
 

 

Heat shields in the engine compartment  
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The centre and rear underbody have to be protected against heat from the front and rear 
silencers and the catalytic converter. Moreover, thermally sensitive parts such as the lambda 
probe, the fuel and hydraulic lines, the electric wiring and the fuel tank itself have to be 
protected. Lately, car designers tend to place the exhaust system closer to the underbody in 
order to reduce aero-dynamic drag. This development made heat management more difficult, 
the hot surfaces are not only closer to the underbody, also the slipstream also has less 
cooling effect. 
 
Furthermore, off-road vehicles are equipped with "fire shields", which are fixed under the 
exhaust system. These heat shields help avoid igniting dry grass and scrub when driving in 
grassland or open woodland. 
 

 
 

 
 

Heat shield in underbody applications 
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6.4 Assembly techniques 
 
The assembly technique has to be chosen to satisfy the requirements of 

 stiffness and strength, 
 feasibility for disassembly (maintenance, repair) and 
 life time performance (corrosion resistance). 

 
Apart from the use of rivets and screws (electrolytically galvanised for corrosion protection), 
aluminium heat shields are generally attached to the (steel) car body with nuts and sacrificial 
washers.  
 

 
 
At the attaching points, a sacrificial washer (aluminium disk with a thickness of about 2 mm) is 
integrated into in the heat shield. The heat shield is then fastened with nuts on screw bolts 
which are stud-welded to the car body. The sacrificial washer is pressed by a spring to the 
(steel) body and corrodes over the car's service life, hence the term "sacrificial". This system 
avoids corrosion of the heat shield where the mounting points contact the car body (see 
following figure). Typically, the spring and nut have a galvanised surface. 
 

 

Attachment of the heat shield with nut and washer to a welded stud bolt 
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6.5 Ongoing developments 
 
Today, heat protection (or thermal management) is not seen anymore as an isolated issue. In 
a total system approach, the applied heat shields are increasingly integrated into 
multifunctional components. Aluminium heat shields will be more and more integrated into 
innovative solutions for: 

 Engine encapsulations to reduce fuel consumption and polluting emissions while 
treating noise at its source 

 Combined heat protection and sound management solutions for the engine and 
exhaust line 

 Thermal comfort in light vehicle passenger compartments.  
 
Acoustic heat shields combine effective thermal protection with a clear reduction in external 
noise. Underbody heat shields can also be considered as an integral component of the 
underbody system itself and even contribute to an improvement of the underbody 
aerodynamics.  
 
An example is the newly developed aluminium foil technology of Autoneum which integrates 
the heat protection properties of the aluminium foil into plastic composite parts of the 
underbody, thus eliminating the need for separate heat shields, i.e. a cost and weight saving 
measure ideal for underbody panels exposed to low to medium heat levels. The aluminium 
foil is directly pressed onto the long-fibre (glass or natural fibres) thermoplastic composite 
carrier in the compounding and moulding process.  
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 7  Heat exchangers 
 

 7.1  General aspects 
 
Today’s heat exchangers must meet a variety of highly demanding requirements. In terms of 
performance, they have to ensure maximum heat transfer while keeping size to a minimum. 
Furthermore, the durability of heat exchangers must be extremely high, providing trouble-free 
performance throughout its service life at low manufacturing costs. Aluminium, in its various 
forms, offers clear possibilities to achieve these goals and is also well positioned to meet the 
challenges of the increasing market demands for cost effective, energy-efficient products and 
new customized, innovative applications. This is made possible by the large variety of 
aluminium-based materials and product forms that empower system designers and 
manufacturers with multiple options for significant design improvement and cost reduction. 
 

 

Oil cooler 
Source: Behr GmbH & Co. KG 
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 7.1.1  Brief history 
 

 As early as 1950, aluminium heat exchangers made moderate inroad into the 
automotive industry. 

 With the introduction of the vacuum brazing technique, large scale production of 
aluminium-based heat exchangers began to flourish. 

 Significant growth in the use of aluminium heat exchangers resulted from advantages of 
the controlled atmosphere brazing process (Nocolok brazing process introduced by 
ALCAN). 

 Introduction of “long life” (highly corrosion resistant) alloys further improved 
performance of aluminium heat exchangers. 

 Additional demands for aluminium heat exchangers resulted primarily from the growth 
of automobile air-conditioning systems and new applications due to the increasing 
engine performance.  

 

 7.1.2  Applications of heat exchangers  
 
Aluminium heat exchangers are used in one of the following main application categories: 
 

 Engine cooling (radiators) 
 Oil cooling (oil of the engine main lubrication circuit, the manual and automatic 

transmission, the power steering, etc.) 
 Condensers and evaporators for air-conditioning systems 
 Heaters 
 Charge air, exhaust gas and fuel cooling.  
 

In each application, the heat exchanger must fulfil specific performance requirements asking for 
different design and manufacturing concepts as well as material characteristics. On the other 
hand, due to intensifying demands on compactness combined with light weight, heat 
exchangers are increasingly being produced as modules. The combination of up to four heat 
exchangers in a vehicle’s front structure is currently state-of-the-art, significantly reducing the 
overall volume, weight and cost of the total cooling system. 
 

 7.1.3  Advantages of aluminium in the design of heat exchangers  
 
The business case for aluminium heat exchangers is based on two components, the cost 
savings realized by substituting an expensive raw material, copper, with a less expensive raw 
material, aluminium, and, the cost savings that are made possible by implementing higher 
performance products and more efficient fabrication processes. Aluminium offers a number of 
advantageous material characteristics for heat exchangers: 
 

 Significant potential for lightweight design 
 Highly automated, reliable manufacturing process (brazing) 
 High thermal conductivity, also when joined by brazing 
 Excellent corrosion resistance 
 Good formability 
 Adequate strength to resist temperature and pressure cycles 
 Easy recyclability, i.e. an environmentally friendly solution 
 Commercial availability of a wide range of aluminium alloys and product forms to meet 

different design options. 
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 7.2  Design and manufacturing of aluminium heat exchangers 
 
Although a wide variety of design concepts for aluminium heat exchangers exist, they invariably 
fall into one of the following categories: 

 Tube / fin 
 Plate-fin 
 Plate-bar 
 Extrusion / fin. 

 
The majority of the heat exchangers used in today’s automobiles are based on tube / fin 
designs. In special applications, however, conceptual designs based on other aluminium 
product forms may well show clear advantages. 
 

 

Charge air cooler in a tube / fin design  

Source: Behr GmbH & Co. KG 

 
There are three types of tubes for heat exchanger applications: 

 Welded tubes  
 Folded tubes  
 Extruded tubes, and these can be round tubes (RT) or multiport extrusions (MPE).  

 
Round extruded tubes can be subjected to a drawing operation for further reduction of the wall 
thickness and a closer control of the geometrical tolerances. MPE tubes are flat tubes with 
multiple small channels running the length of the tube, i.e. they could be described as one large 
tube split into multiple smaller parallel ports. The flat geometry of MPE tubes results in reduced 
aerodynamic drag and an advantageous development of the heat transfer boundary layer 
leading to larger heat transfer coefficients on the air-side. The enhanced heat transfer of MPE 
tubes results from the increased ratio of the heat transfer area to the internal volume, and a 
favourable impact on the coolant flow regime and the dominant heat transfer mechanism.  
 
Two distinct assembly techniques are used for the manufacturing of tube / fin aluminium heat 
exchangers: 

 Mechanical assembly and 
 Brazing. 

 
The fabrication of these two types of heat exchangers requires different processes, equipment 
and often different alloys. The primary advantage of mechanically assembled heat exchangers 
compared to brazed heat exchangers is the lower investment cost. But brazed heat exchangers 
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have a better thermal performance rating in comparison to mechanically assembled ones. 
Consequently, brazing is today the dominating assembly method for aluminium heat 
exchangers. In specific cases, also other joining technologies can be applied in the production 
of heat exchanger components, e.g. adhesive bonding or mechanical joining methods such as 
clinching, self-piercing riveting, etc. 
 
The preferred design and manufacturing approach for aluminium evaporators and condensers 
is to combine the use of multiport extrusions with the brazing process. The considerably 
improved performance of these heat exchangers offers the potential for a substantial reduction 
in system cost through reduction of weight and size, reduced fan power requirements, 
increased durability, etc. Heat exchangers for single-phase liquid coolants or oils are preferably 
designed using round tubes as the application of multiport extrusions results in a too high 
pressure drop.  
  

 
 

Welded round tubes can be used in mechanically assembled heat exchangers as liquid 
lines or as header pipes, e.g. in brazed condensers 

 
Source: Sapa 

 

 
 

Example of a tube design combining longitudinal seam welding and folding which is 
normally used in e.g. heaters and radiators 

 
Source: Sapa 

Version 2011 © European Aluminium Association (auto@eaa.be) 5 



 

 7.2.1  Mechanically assembled heat exchangers 
 
A mechanically assembled heat exchanger of the round tube plate fin (RTPF) design typically 
consists of extruded and sometimes drawn aluminium alloy tubes and fins stamped from rolled 
aluminium material. The inner surface of the tubes may be smooth or may have an enhanced 
surface. The enhancements can have a variety of geometrical shapes. Likewise, a great deal of 
effort has gone into improving air-side heat transfer using plate fins in a variety of geometries 
and degrees of complexity, e.g. the use of interrupted surfaces to reduce the resistance in the 
boundary layer.  
 
The two components are assembled by inserting (“lacing”) the tubes into the formed fin collars. 
At this point, the tube outer diameter is slightly undersize with respect to the fin collars, making 
the lacing process easy. The next step is to expand the tube diameter by inserting a mandrel 
and rod assembly into the tube that is larger than the tube’s inner diameter. The result is a 
mechanical “joint” between tube and fin that provides the conduction path for heat transfer from 
the refrigerant to the tube wall, to the fin and finally to the air.  
 
Mechanically expanded RTPF heat exchangers have some inherent weaknesses. Although the 
mechanical bond between tube and fin provides good contact, there is still a significant amount 
of contact resistance that reduces the effective heat conductivity. This contact resistance is may 
be due to oxides and/or other contaminants present in the interface between the outer tube 
surface and the fin collar, but also any geometrical irregularity which results in a less than 
perfect contact during the tube expansion process. The contact resistance will generally 
increase during service, further deteriorating heat transfer performance over time. The primary 
problem is that corrosion will result in the growth of oxides and other corrosion products that act 
as insulators at the fin/tube interface.  
 

 

Mechanically assembled aluminium radiator  
Source: Behr GmbH & Co., KG 
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 7.2.2  Brazed aluminium heat exchangers 
 
Brazed aluminium heat exchangers show a metallurgical bond between tube and fin which has 
a positive impact on several performance measures. Most important is the elimination of the 
contact resistance between tube and fin leading to significantly improved heat conduction. 
Different brazing processes have been used commercially to manufacture aluminium heat 
exchangers: 

 Controlled atmosphere brazing 
 Vacuum brazing 
 Salt bath brazing 
 Neitz process 
 Ni brazing.  

However, aluminium heat exchangers for automotive applications are today generally produced 
by controlled atmosphere brazing (dominating method) and vacuum brazing. Ni brazing of 
automotive heat exchangers is executed today only by one major company. Salt bath brazing is 
still used, but only for small volume production. 
 
The manufacturing of brazed heat exchangers using tube and fin components is well 
established within the automotive heat exchanger industry. Highly-automated assembly and 
brazing processes suitable for high volume production provide both high throughput and 
excellent quality leading to heat exchangers comprised of joints made with 100% metallurgical 
bonding.  
 
Aluminium producers, brazing flux producers and furnace builders actively work together to 
improve and further develop the brazing processes for better economy and environmental 
friendliness. A wide range of heat-treatable and non heat-treatable aluminium alloys are 
available both for tubes and fins. Suitable aluminium materials for brazing applications (coils, 
sheets and tubes) can be delivered in a large variety of alloy combinations, clad ratios, sheet 
thicknesses and widths according to customer specifications. 
 

 

Brazed oil cooler 
Source: Novelis 
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 7.3  Material requirements and functions 
 
Aluminium alloys are now well established materials for the manufacture of automotive heat 
exchangers. They offer properties that can be favourably utilised in various components: 

 High thermal conductivity 
 Low density 
 Adequate strength (also at elevated temperatures) 
 Good formability 
 Excellent corrosion resistance.  

Proper selection of aluminium alloys and product forms offers the possibility to develop and 
produce the various types of heat exchangers used in modern automobiles and to respond to 
the ever increasing market demands with respect to improved heat transfer performance, but 
also reduction of weight, size and cost.   
 
For heat exchangers, different types of rolled as well as extruded aluminium products are used: 
 

 Flat rolled materials, e.g.: 

◦ Unclad fin stock for radiators, charge air coolers, heaters, etc. 

◦ Clad fin stock for condensers 

◦ Clad header plates and side plates for various types of heat exchangers 

◦ Clad strip for welded or folded tubes for radiators, charge air cooler, heaters, etc. 

◦ Clad plates for evaporators and oil coolers. 
 

 Extruded material, e.g.: 

◦ Extruded tubes for evaporators, radiators, condensers, etc. 

◦ Extruded and drawn tubes for radiators, heater cores, evaporators and condensers 

◦ Multiport extrusion tubes (MPE) for evaporators, condensers, charge air coolers, 
etc. 

◦ Extruded shapes. 
 

The specific characteristics of aluminium heat exchanger materials differ depending on the 
product form and the envisaged application. Consequently, several aluminium alloy systems are 
used in heat exchangers and there are numerous alloy variants which have been developed for 
optimum performance during assembly (in particular depending on the applied brazing method: 
vacuum brazing or controlled atmosphere brazing utilizing potassium aluminofluorate fluxes) 
and in service (i.e. excellent corrosion resistance).  
 
Non heat treatable (NHT) and heat treatable (HT) aluminium alloys can be selected for the 
different heat exchanger components. In pure aluminium and NHT alloys, strain hardening by 
cold deformation increases the basic strength achieved through solid solution and dispersion 
hardening. Recovery and recrystallization processes during brazing, however, will eliminate any 
strength increase by strain hardening. HT alloys are strengthened by cold deformation as well, 
but offer in addition the possibility of precipitation hardening. Brazing processes carried out at 
approx. 600°C are ideal to dissolve the soluble alloying elements. Subsequent fast cooling will 
retain these elements in supersaturated solution. Precipitation hardening, i.e. the nucleation and 
growth of fine precipitates in HT alloys can then lead to a significant strength increase, both at 
room temperature (natural hardening) or by ageing in the temperature range 150-200°C either 
in a separate heat treatment step or – immediately after brazing - by controlled fast cooling and 
holding of the brazed component in the critical temperature range for a certain time.  
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 7.3.1  Fin material 
 
Fins require a high thermal conductivity, an advantageous strength-to-weight ratio and good 
corrosion resistance. Most important is also the ability of aluminium alloys to be formed into 
complex fin geometries. In mechanically joined heat exchangers, high formability is essential to 
the trouble-free production of collar fins. Typically, alloys like EN AW-1050, EN AW-1100, EN 
AW-1200, EN-AW 8006 or EN AW-8079 are used, the production of which is tailored to meet 
this highly exacting requirement in fin forming. 
 
In brazed heat exchangers, fin materials are typically based on the alloy EN AW-3003, but in 
general slightly modified compositions are used for optimum performance. Small additions of Cu 
and/or Mg (if allowed by the applied brazing technique) are made for increases strength. Other 
alloy variants contain higher amounts of Mn and sometimes also Si to ensure a higher strength 
after brazing, and a good sagging resistance during brazing. These alloy compositions favour 
the formation of large grains during brazing, which is beneficial for the sagging behaviour and 
hinders braze metal penetration into the core. Also low alloyed heat treatable alloy of the 
AlMgSi system (6xxx series alloys) are sometimes used (e.g. EN AW-6060 or EN AW-6063).  
 
Additionally, fin stock alloys can be tailored for the cathodic protection of tubes or header alloys 
against corrosion by adding zinc in different levels (up to 2.5 % Zn). The range of the applied fin 
stock materials is further increased by clad fin variants where the clad composition is adapted to 
the composition of the core ally and to whether it is intended for vacuum brazing or brazing in 
controlled atmosphere with or without flux.  
 
Over the years, extensive alloy development activities and product-specific process optimization 
efforts have allowed a significant downgauging of the aluminium heat exchanger materials, 
enabling a considerable reduction of weight and cost. 
 

 

Source: Aleris 
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 7.3.2  Bare and clad rolled materials for headers, plates, 
longitudinally welded tubes, etc. 

 
The alloys (core alloys for clad variants) used for rolled strips and sheets for headers, side 
supports, tubes, etc., have essentially the same compositions as those listed above for fins 
(with the exception of the Zn-containing variants). For brazing applications, the core is clad with 
Al-Si alloy layers which act as the source for the filler metal during the brazing process. The 
thickness of the brazing clad layer is generally 5 - 20 % of the sheet thickness for one side clad 
variants, and 5 – 15 % if both sides are clad. Typical clad alloys for controlled atmosphere 
brazing are EN AW-4343 and EN AW-4045, for vacuum brazing EN AW-4004, EN AW-4045 
and EN AW-4047. But there are also numerous modifications of these basic compositions in 
use.  
 
Aluminium brazing sheet is a highly engineered material consisting of multilayer composite 
materials of varying complexity. Depending on the requirements of the specific application, 
these materials can comprise 2, 3, 4 and even 5 layers. Each layer either serves a specific 
purpose during the production process or is used to meet a heat exchanger functional 
requirement while in service. For example, a 3XXX core alloy layer for post-braze strength can 
be clad with a modified 3XXX alloy layer for corrosion protection and a 4XXX alloy layer to 
provide the filler metal needed for the brazing process. Even more complicated version may be 
necessary for controlled atmosphere brazing (CAB). Magnesium additions significantly improve 
the mechanical properties of aluminium alloys. Unfortunately, magnesium interferes with the 
activity of many commercial fluxes. Nevertheless, multiple cladding layers can still permit the 
use of higher strength magnesium-bearing core alloys for CAB applications. Magnesium-free 
intermediate claddings serve as barriers to the diffusion of magnesium from the higher strength 
magnesium-bearing core alloy, and thereby reduce or eliminate any “poisoning” of the flux.  
 

  
 

 

Welded aluminium tubes for heat exchangers, offered predominantly as clad aluminium 
products 

Source: Hydro Aluminium Precision Tubing 

 
Clad aluminium tubes for brazing applications, adapted to the different brazing processes, are 
produced on roll forming lines from flat rolled strips in flat oval, rectangular and round profiles by 
longitudinal welding (generally using the high frequency welding process). Mostly, only a 2-layer 
composite consisting of the core alloy (typically EN AW-3003 or a modification of this alloy) and 
the brazing layer at the outer surface is used. If necessary, the core alloy can be covered on the 
other (inner) side for corrosion protection, e.g. with EN AW-1145 or EN AW-7072. 
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Examples of welded tubes for brazed heat exchangers  
Left: Double side braze clad tube with an unclad inserted inner fin (“stuffed tube”) 

Middle: Thick gauge, punched header pipe for condensers  
Right: Tube combining longitudinal seam welding and folding, e.g. for radiators and 

heaters 
 

Source: Sapa. 
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7.3.3 Extruded tubes 
 
Extruded tubes are available in various shapes, sizes and alloys. Apart from simpe extruded 
tubes, heat exchanger tubes include in particular round or oval precision drawn tubes as well as 
multi-port extrusion (MPE) tubes. Although extruded aluminium tubes do not have the same 
performance characteristics as precision drawn tube, they can present a cost-efficient 
alternative in less demanding applications.  
 

 
 

Extruded tubes in a variety of designs and complexity for heat exchangers, both brazed 
and mechanically assembled, and for liquid lines 

 
Source: Sapa 

 
 
Round tubes are often smooth walled, but their performance may be also enhanced with axial, 
straight or helical micro-fins on the inner diameter surface to improve the refrigerant-side heat 
transfer by increasing the surface area. In case of precision drawn tubes, the calibration 
process ensures a high outer surface quality as well as narrow geometrical tolerances. 
Furthermore, precision drawn tubes offer highest quality and excellent processing capabilities 
for operations as bending, end forming, expanding, etc. Typically, aluminium alloys like EN AW-
1050, EN AW-3003, EN AW-5049 and EN AW-6106 and modifications of these compositions 
are used both for extruded and precision drawn heat exchanger tubes. Long life (high corrosion 
resistant) alloys can also be used. 
 
Round tubes are found as header pipes in automotive heat exchangers such as condensers 
and as fluid lines in e.g. AC systems. 
 
MPE tubes are manufactured to meet specific requirements with respect to alloy, outside 
dimensions, wall and web thickness, hydraulic diameter, and other attributes. With their large 
internal surface area, the MPE profiles (or micro-channel tubes) achieve a more efficient heat 
transfer and are therefore ideal for use in highly effective heat exchangers. The tube material 
must have adequate strength (high pressure resistance) and fatigue resistance together with 
good air-side and waterside corrosion resistance. As more and more complex tube designs are 
used, the formability of the tube alloys becomes of greater importance. Thus MPE tubes are 
typically made from the alloys EN AW-1050, EN AW-3003 and modifications of these alloys. 
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Depending on the envisaged application, two kinds of MPE tubes can be differentiated: 
 

 The aluminium micro MPE profile with a height of 1.2 – 3 mm and a width of 12 – 30 
mm is primarily used for: 

◦ Condensers 

◦ Evaporators 

◦ Oil coolers 

◦ Radiators 

◦ Heater cores. 

◦  
 The aluminium macro MPE profile with a height of 2 –8 mm and a width of 80 –120 mm 

is primarily used for the following applications: 

◦ Charge air coolers 

◦ Oil coolers 

◦ Fuel coolers. 
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 7.4  Applications 
 

 7.4.1  Engine cooling system (radiators) 
 
Radiators are required for the cooling of internal combustion engines. They operate by passing 
a liquid coolant through the engine block, where it is heated, then through the radiator where it 
loses the heat to the atmosphere. The coolant is generally water (with some additives, e.g. anti-
freezing agents, corrosion inhibitors, etc.). Usually the coolant is circulated by means of a pump 
and a fan is used to blow air through the radiator. 
 

 

Configuration of a radiator (schematic) 

 

  

Key detail elements of the radiator 
Source: Valeo (photo) 
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In general, the radiator consists of the aluminium radiator core and two header tanks that cover 
the ends of the radiator and all of the required connections and fastening elements. The header 
tanks allow for the appropriate coolant volume to be circulated through the tubes. The radiator 
core is usually made of flattened aluminium tubes (although multiport extrusions can also be 
used) and aluminium fins that zigzag between the tubes. These fins transfer the heat in the 
tubes into the air stream to be carried away from the vehicle. 
 
On most modern radiators, the tubes run horizontally with the header tanks on either side. But 
the tubes may also run vertically with the tanks on top and bottom. There are gaskets between 
the aluminium core and the header tanks to seal the system and to keep the coolant from 
leaking out. The header tanks are generally made of plastic (e.g. fibre glass-reinforced 
polyamide), but there are also all-aluminium radiators. All-aluminium radiators are lighter than 
the versions with plastic tanks, have a much smaller packaging depth, and are fully recyclable. 

 
Simple brazed aluminium radiator with plastic tanks 

 
Source: Sapa 

 

 

Engine cooling module of the Mercedes-Benz E-Class 

Source: Behr GmbH & Co. KG 
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All-aluminium radiator of the BMW 7 series 

Source: Behr GmbH & Co. KG 

 
On older vehicles, the radiator core was made of copper and the tanks were brass. The brass 
tanks were brazed to the copper core in order to seal the radiator. The modern aluminium 
radiator systems are much more efficient and durable, not to mention cheaper to produce. 
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Engine cooling system – Air side corrosion 

 
Over the years, a strong down-gauging trend has been observed for the various automotive 
radiator materials answering the continuing pressure for weight and cost reduction. Down-
gauging, on the other hand, requires an improvement of the corrosion resistance of both tube 
and fin stock alloys. Historically, air-side corrosion resistance has been ensured by the 
application of suitable pre-treatment and corrosion protection systems. But with the introduction 
of highly corrosion resistant (“long-life”) alloys for tube stock products with optimized 
compositions e.g. based on EN AW-3110 or EN AW-3005, it has been possible to eliminate 
these costly and sometimes environmentally hazardous surface treatments.  
 
Additional protection of the external surface of the tube can be achieved by using fin stock 
alloys that preferentially corrode in contact with the tube alloy (i.e. the fins act as sacrificial 
anodes). For this reason, the fin alloy must be more electronegative than the tube alloy. The 
preferred option for achieving a fin that protects the tube against corrosion is the addition of 
zinc, typically in the range of 1.0 to 2.5 wt. % Zn. However, in vacuum brazing, the low vapour 
pressure of Zn means that a significant proportion evaporates and the remaining Zn level in the 
fin is difficult to control. Thus for vacuum brazed radiators, the use of alloying elements with a 
high vapour pressure like tin or indium is sometimes preferred to lower the electrochemical 
potential.  
 
The low melting point Al-Si alloys which are used to clad the tube stock are – in the brazed 
condition – already slightly electronegative to most of the Al-Mn based tube alloys, i.e. the 
addition of Zn to the clad alloy is often not necessary.  
 

  

Electrochemical protection of a tube – fin system based on alloys of the type EN AW-
3003 for long “life tube” (highly corrosion resistant) alloys, the addition of Zn to the fin 

alloy and the internal clad of the tube is optional). 
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Engine cooling system – Water-side corrosion 

 
Together with other additives, engine coolants generally contain chemical anti-corrosion agents. 
However, the anti-corrosion agents remain only effective as long as the recommended levels 
are constantly maintained. Therefore, some radiator manufacturers favour water-side cladding 
alloys for improved corrosion protection. It has been shown that the optimum Zn level for 
internal clad alloys is about 1% (depending on core alloy).  
 
In practice, heat exchanger materials are subjected to customer-specific qualification tests. 
There are a number of qualification test procedures in use to evaluate the resistance of radiator 
materials to water-side corrosion: 
 

 simulated service test as described in ASTM D2570 and 
 immersion tests in a specified test solution for an extended period at elevated 

temperature, typically 80 to 95°C. Examples of such test solution are shown below (all 
composition values are in ppm): 

 

 
 

 

Relative corrosivity of the three test solutions 

Source: Ando et al., SAE 870180 

 
In some of these qualification tests, the "long life" (highly corrosion resistant) tube alloys have 
shown adequate corrosion resistance even without internal cladding. 
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 7.4.2  Oil coolers 
 
Oil coolers (and warming systems) are necessary to keep the temperature of the oil, needed for 
the functioning of the engine and other automotive systems under control. In highly stressed 
engines the engine oil has to be cooled. Vehicles with automatic transmissions and highly 
stressed manual transmissions require transmission oil coolers. In fact there may be also heat 
exchangers for cooling the oil of the power steering, the hydraulic components for brakes and 
absorbing systems for improving the driving comfort, etc., in a car. Oil cooling raises the 
viscosity and hence the oil lubricating power. Thus the oil change intervals are prolonged and 
the protection of the mechanical parts against wear, etc., is improved.  
 
Oil cooling can be accomplished by air-cooled heat exchangers or coolant-based oil coolers (i.e. 
the coolant in the engine cooling circuit). The latter involves simplified oil circuits and lower cost 
if compared to the oil-air solutions which offer higher performances and do not lead to an 
additional thermal load for the radiator. Air-cooled oil cooler are generally positioned in the 
cooling air flow in cars and equipped with an additional fan. Coolant-cooled oil coolers can be 
incorporated in the coolant tank or engine block, or fitted externally on the engine, transmission, 
cooling module, or oil filter housing, as required.  
 
Oil coolers are produced in a large variety of designs. Due to the typical service conditions in 
terms of pressure (up to 15 bar) and temperature (up to 150 °C), they cannot be mechanically 
assembled, but must be brazed. The main material requirements are pressure resistance (i.e. 
strength, also at elevated temperature) and corrosion resistance. 
 

 
 

 
Brazed liquid-to-liquid oil cooler 

 
Source: Sapa 
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Power steering oil cooler 

Source: Behr GmbH & Co. KG 

 
Other interesting design solutions for oil coolers are presented below: 
 

 

Air cooled transmission oil cooler 
Source: Behr / Photo: Hydro Aluminium Precision Tubing  

 
The vacuum brazed transmission oil cooler (positioned in front of radiator in the cooling air flow) 
shown above is extremely flat and compact. It is an extreme lightweight design with header 
tanks consisting of hydroformed aluminium tubes. The pressure valve with the oil connections is 
brazed to the header tank. 
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Engine oil cooler with attached oil filter housing 
Source: Behr / Photo: Hydro Aluminium Precision Tubing  

 
A special requirement of the shown oil cooler is its optical appearance due to its visibility when 
the bonnet is open. With its stacked plate design for operation with the water based engine 
coolant, it is an extremely compact unit. It is produced by vacuum brazing, the plate stock is 
clad with a braze liner on both sides. The extruded tubes are also brazed to the cooler. The oil 
filter housing is made by die casting and bolted onto the cooler. 
 

 

Engine oil cooler with welded oil circuit connection 
Source: AKG 

 
The oil cooler shown above has been designed for high performance V8 engines. It is an oil 
cooler in a plate & bar design to be used with water based coolant and equipped with internal 
turbulators to increase the turbulence of the fluid. The oil cooler is attached to the cylinder block 
between the V-shaped arranged cylinders with a cast plate which serves also as a sealing for 
the coolant. Both the cast plate and the connections for the oil are welded to the salt brazed 
cooler. 
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Transmission oil cooler and its assembly in radiator water tank 
Source: AKG 

 
This transmission oil cooler in a drawn cup & plate design, equipped with internal turbulators fits 
into the radiators water tank. The oil cooler was produced by salt bath brazing, the connectors 
with the oil circuit are brazed to the cooler. 
 

 

Power steering cooler 
Source: Source: Hydro Aluminium Precision Tubing  

 
The concept of this power steering cooler consists of a U-bended tube with 0.3 mm AA4017 
H14 fins. The tube and fins are connected in a press fit. The placement of the fins, the size, the 
tube dimension, the bending radius and the length are all parameters decided by the customer, 
a concept which offers high flexibility and ensures a robust production process at the same 
time. 
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 7.4.3  Heater cores 
 
The hot engine coolant is used to provide heat to the interior of the vehicle when needed. This 
is a simple and straight forward system that includes a heater core which is connected to the 
cooling system with a pair of rubber hoses. One hose brings hot coolant from the water pump to 
the heater core and the other hose returns the coolant to the top of the engine. 
 

 

All-aluminium heater core 
Source: Sapa 

 
The heater core is a small radiator like device which is usually mounted under the dash board or 
- if the car is equipped with an air conditioning system - in the HVAC housing. The coolant flow 
through the heater core is controlled by a heater control valve. A fan blows outside air through 
the heater core and directs the heat into the inside of the automobile. The temperature of the 
heated air is regulated by a blend door that mixes cool outside air. In an air conditioning system, 
the heater core reheats a portion of the air cooled by the evaporator by exchanging heat with 
engine-cooling water. The reheated air is then mixed with the remaining evaporator-cooled air 
and the mixed air is blown into the vehicle cabin. 
 
 

 

 
 

Different examples of heater cores 
Source: Valeo - Alcan 

 
 
 
Design and manufacturing 
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Schematic drawing of a typical heater core assembly  

 
The heater core consists of an assembly of tubes and fins with tanks on both sides. One of the 
tanks, made either from aluminium or plastic, is fitted with inlet and outlet tubes. The heater 
cores are today mainly brazed (generally by controlled atmosphere brazing), but could also be 
mechanically assembled. Subsequently the tanks are crimped to the headers.  
 
The tubes are produced from clad aluminium strips with the braze filler on one side. In addition, 
the other side may be clad with a more corrosion resistant alloy for better corrosion 
performance. The fins are generally unclad aluminium alloys. The header and side supports are 
stamped from rolled clad aluminium alloy stocks. Header materials are two side clad whereas 
the side supports are one side clad aluminium alloys.  
 
The operating conditions of heater cores are quite moderate (pressure 1.0-1.5 bar, temperature 
100-120°C). The main material requirements are an adequate strength, excellent resistance 
against external and internal corrosion and good brazing performance.  
  
New design developments are typically aimed at achieving a more uniformity coolant flow 
between the inlet and the outlet tanks, the reduction of the size and the weight of the heater 
core. Consequently, brazed heater cores are preferred due to their generally better thermal 
performance compared to mechanically assembled cores. Most important is also the trend 
towards thinner tubes (diameter as small as 1.3 mm) and smaller fin heights for improved heat 
exchange efficiency. Also a zinc diffusion layer can be applied onto the tubes to improve their 
corrosion resistance, resulting in a very thin tube plate thickness (0.2mm). 
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 7.4.4  Air conditioning 
 
The air conditioning system is used for the following purposes: 

 temperature control 
 air circulation control 
 humidity control 
 air purification.  

If the car is equipped with air conditioning, the heater core is integrated with the air conditioning 
system into a single-unit.  
 
General considerations 
 
Automotive air conditioning is similar to stationary air conditioning in the sense that it also 
requires the cyclic flow of the refrigerant through an evaporator to absorb the heat and 
dissipating that in the condenser. However, automotive air conditioning faces several additional 
challenges: 
 

 temperature parameters involved with the evaporator and condenser 
 variable air flow characteristics within the system 
 variable compressor speed (depending on engine speed) 
 variable air flow through the condenser (related to the vehicle speed).  

 
The last two variables not only differentiate vehicle air conditioning from stationary types of air 
conditioning, but are also very demanding requirements. Package limitations, high demands on 
fuel efficiency and pollution control place additional stringent requirements on the design of air 
conditioning systems. 
 
A blower unit, a heating unit and a cooling unit are the main components of automobile air 
conditioning system. The cooling unit in turn consists of an evaporator, compressor, condenser 
and an expansion valve and the attached control systems. The heating unit consists of a heater 
core and the associated control mechanisms.  
 

 

Refrigerant circuit of an automotive air conditioning system 

Source: Behr GmbH & Co. KG 
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In the cooling unit, a suitable refrigerant enters the evaporator, picks up the heat from the air 
and becomes vapour. The vapour is then compressed by the compressor and the compressed 
vapour enters into the condenser where the hot compressed vapour is cooled and further 
condensed, i.e. the vapour to liquid phase transformation takes place. The excess heat is 
transferred by the condenser to the outside air. The liquid refrigerant passes through an 
expansion valve before it is returned into the evaporator.  
 
Refrigerants 
 
Until concerns about depletion of the ozone layer arose in the 1980s, the most widely used 
refrigerant in automobile air conditioning was the chlorofluorocarbon (CFC) R-12. Today, the 
hydrofluorocarbon R-134a and certain blends have totally replaced chlorinated compounds. 
However, following the ban on CFCs and HCFCs, substances such as FCs and HFCs which are 
used as substitute refrigerants have also come under criticism because of their global warming 
potential.  
 
In 2006, the European Union adopted a regulation on fluorinated greenhouse gases which 
makes stipulations regarding the use of FCs and HFCs with the intention of reducing their 
emissions. This regulation plans to eliminate auto air conditioning refrigerants with GWP’s 
higher than 150 between 2011 and 2017. A similar regulation has been established in California 
with the same 2017 deadline. 
 
New refrigerants which will meet European Union’s 2011 mobile air conditioning (MAC) directive 
are currently evaluated by the automotive industry, e.g. CO2 (R-744), HFC-152a and  
hydrofluoro-olefin (HFO)-1234yf. However, there are still many controversial opinions within the 
industry.  
 
In particular HFO-1234yf shows the potential to replace hydrofluorocarbon (HFC)-134a in MAC 
systems globally: 

 Lower total greenhouse gas emissions versus current HFC-134a and other candidates, 
as a result of good energy efficiency, low global warming potential with a GWP of 4 (the 
GWP of CO2 is 1) and good cooling performance in hot and moderately hot climates. 

 Lower operating pressures than CO2 systems. 
 Compatibility with existing technology, enabling a cost-effective transition away from 

HFC-134a, higher reliability and lower warranty costs. 
HFO-1234yf  is already introduce in some 2011 North American car models. 
 
In Europe, new refrigerant systems based on CO2 (R-744) are generally favoured. But at the 
moment, these systems are not yet ready for introduction into a car, partly owing to the 
engineering challenges posed by CO2. One of these challenges is the high pressure required in 
the system, up to 10 times that of fluorocarbon-based systems. Another is the inefficiency of 
operating transcritically, or above the refrigerant’s critical temperature (Tc) (CO2 has a very low 
Tc of 31°C). 
 
A third alternative would be to use the fluorocarbon R-152a. R-152a has a GWP of 140; 
however, because it is flammable, it cannot be used in systems now found in cars. Instead, the 
air conditioning unit must be equipped with an isolating secondary loop to protect passengers, 
meaning added weight and expense. 
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Condenser 

 
If the car has air conditioning, there is an additional heat exchanger called the air conditioner 
condenser, which also needs to be cooled by the air flow entering the engine compartment. Its 
location is usually in front of the radiator, but in some cases, due to aerodynamic improvements 
to the body of a vehicle, its location may differ. Condensers must have good air flow anytime the 
system is in operation.  
 
By exchanging heat with air, the condenser cools the high-temperature, high-pressure gas 
refrigerant sent from the compressor and condenses it into liquid refrigerant. This heat 
exchange allows the air conditioning system to emit the heat absorbed by the evaporator from 
inside the vehicle to the outside. 
 

 

Condenser in the Mercedes-Benz C-Class 
Source: Behr GmbH & Co. KG 

 
In the condenser, the refrigerant (today R-134a) is circulating with a high-pressure range 
(maximum about 20 bar). The normal operating temperature ranges from room temperature up 
to 35 – 40 °C. The main tube material requirements are: 
 

 Pressure resistance (i.e. adequate strength) 
 Sag resistance (stability during brazing) 
 Corrosion resistance. 

 
As for all heat exchangers, in terms of performance, condensers must ensure maximum heat 
transfer while keeping size to a minimum. Furthermore, condensers must be of an extremely 
high quality, providing trouble-free performance throughout its service life at low manufacturing 
costs. 
 
Typically air conditioning condensers are of either of the parallel flow or of the serpentine type 
design. A very small fraction of condenser designs are based on mechanically assembled 
solutions. Practically all condensers are produced by brazing (in general using the controlled 
atmosphere brazing method). 
 
Serpentine condensers consist of a refrigerant tube bent in the form of a "serpentine". The 
refrigerant tube is normally an extruded or precision drawn tube. Clad fins are brazed to the 
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tube. This design is quite robust, but characterised by a high refrigerant pressure drop. 
Consequently, this type of design is very rarely encountered today. 
 
In the parallel flow design, a pair of parallel vertical header tanks distributes the refrigerant to 
horizontally aligned tubes which in turn are connected to fins. Extruded multi-port tubes are 
mostly used for the refrigerant tubes. Aluminium multi-port extrusions offer favourable heat 
transfer area to volume ratio, which makes these extrusions ideal for heat exchangers with high 
performance requirements. The headers, end caps, baffles, brackets and side supports are 
produced from rolled aluminium alloy stocks. Depending on the specific design, the header 
stock can be clad on one or two sides with a braze liner.  
 

 

Brazed and painted condenser 
Source: Sapa  

 
Parallel flow designs are thermally more efficient than the serpentine type condensers. New  
developments in condenser design are typically aimed at providing an increased heat transfer 
area and reducing the pressure drop on the refrigerant side. 
 

 

Parallel flow condenser with multiport aluminium extrusions 
Source: Valeo – Alcan 
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Evaporator 

 
Located inside the vehicle, the evaporator serves as the heat absorption component. The 
evaporator provides several functions. Its primary duty is to remove heat from the inside of the 
vehicle. The refrigerant enters the bottom of the evaporator as a low pressure fluid, almost 
always as a mixture of liquid and gas. The warm air passing through the evaporator fins causes 
the refrigerant to boil, i.e. the refrigerant absorbs heat. This heat is then carried off with the 
refrigerant to the compressor and finally to the condenser. 
 
A secondary benefit is dehumidification. As warmer air travels through the aluminium fins of the 
cooler evaporator, the moisture contained in the air condenses on its surface. Dust and pollen 
passing through stick to its wet surfaces and drain off to the outside. 
 

 

Drawn cup plate evaporator 
Source: Visteon 

 
In the design of the evaporator, it is most important to achieve maximum heat transfer, but to 
limit its weight and size to a minimum. In the evaporator, the refrigerant (i.e. R-134a) is 
circulating through with a low-pressure range (max. ~ 6 bar) and with temperatures in a range 
around -10°C to +30°C. But the pressure can get much higher when the AC is not operating. 
Thus the main material requirements are an adequate strength (pressure resistance), excellent 
external corrosion resistance, formability and brazing performance. Any improvement of the 
material characteristics is immediately exploited to enable further downgauging for weight and 
cost reduction.  
 

 

Source: Aleris 
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Evaporators for automobile air conditioning are primarily of the drawn cup plate type. The 
application of evaporators of the less efficient serpentine design has declined. An alternative 
design involves the use of extruded micro-channel tubes. Further developments in evaporator 
design are typically aimed at reducing the size of the evaporator, achieving a more even 
distribution of the refrigerant and the proper adaption of the arrangements of inlet and outlet 
connections. 
 

 

Schematic of a drawn cup plate type evaporator, plate and fin assembly before brazing 
Source: Valeo-Alcan 

 
Drawn cup plate evaporators are produced by brazing aligned pairs of properly shaped stamped 
plates which results in the integral flow tubes and header pipes. Although some evaporators are 
still produced by vacuum brazing, controlled atmosphere brazing is today the dominating 
manufacturing technique. Since both internal (turbulators formed by opposing ribs) and external 
(header pipes) brazing requirements must be met, the material for core plates are clad on both 
sides with braze liner. In general, long life (highly corrosion resistant) aluminium brazing alloys 
are used for producing the evaporator core plates. Extruded tubes are used for the manifolds 
and are joined for example by induction/plasma brazing. 
 
As a consequence of their specific design, the drawn cup plate type evaporators do not facilitate 
a smooth drainage of the water condensed on the surfaces of plate tubes and interposed fins. 
Therefore, a hydrophilic/anti-bacterial coating is applied to allow the smooth drainage of 
condensed water collected on the surface of core plate tubes and fins. Newly developed, highly 
corrosion resistant alloys eliminated the need for a special corrosion protection, i.e. the earlier 
used chromate coating is today obsolete. 
 

 

Flat tube evaporator used in R134a refrigerant circuits 
Source: Behr GmbH & Co. KG 

 

Version 2011 © European Aluminium Association (auto@eaa.be) 30 



 

In 2002, the flat-tube type evaporator was first introduced into serial production. In comparison 
with the plate/fin evaporators previously used, flat-tube evaporators take up less room for the 
same performance. Evaporators are usually coated to ensure optimum water drainage and 
prevent odours from microorganism deposits. Such environmentally friendly coatings (e.g. 
BehrOxal®) also provide for better corrosion protection without the use of chrome (VI) and thus 
comply with the guidelines of the EU Directive on End-of-Life Vehicle.  
 
 
Air conditioning liquid lines 
 
Apart from the application of aluminium in condensers and evaporators, air conditioning liquid 
lines are also an important application for aluminium tubes.  
 
 
CO2 air conditioning systems - future developments 
 
The introduction of new refrigerants for mobile air conditioning, in particular the change to CO2 
(R-744) with its highly challenging technical operating conditions, asks for new aluminium 
solutions. The condenser which is used in current air conditioning systems based on R-134a will 
be replaced by a CO2 (R-744) gas cooler replaces. In the gas cooler, the hot R744 supplied by 
the compressor is cooled down and condensed as a function of the outside temperature. 
 

 

R-744 gas cooler which replaces the condenser used in current R-134a-based A/C 
systems 

Source: Behr GmbH & Co. KG 
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Evaporator used in R744 A/C circuits 
Source: Behr GmbH & Co. KG 

 
A newly developed aluminium internal heat exchanger concept, which can be used in a variety 
of air-conditioning applications, is shown below.  The co-axial design is specifically optimized for 
the use in R-744 (CO2) mobile air conditioning system. The "CO2AX" system features a low 
weight of below 240 g/m, a compact design of only 16 mm outer diameter, and a narrow 
bending radius of less than 15 mm. Moreover, it ensures a safe and efficient operation of any 
R744 A/C system due to its high burst pressure and a low pressure drop.  
 

 

Internal heat exchanger for R-744 (CO2) air conditioning systems 

Source: Hydro Aluminium Precision Tubing 

 
Another design concept (Piflex®) includes a tube which is able to absorb large torsional 
movements and is flexible under high pressures. It also offers narrow bending radii and other 
significant advantages. 
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Piflex®, a new high-pressure flexible all-aluminium tube solution for automotive CO2 air 
conditioning systems 

Source: Hydro Aluminium Precision Tubing) 
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 7.4.5  Charge air coolers 
 
An engine charge air cooler (CAC), also called an intercooler, is a heat exchanger used to cool 
the charge air of an internal combustion engine after it has been compressed by an exhaust 
driven turbo charger, an engine driven turbo charger, or a mechanically or electrically driven 
blower. Feeding the engine with compressed air increases its power as extra oxygen is added 
to the combustion process. During compression, the air tends to warm up and its density is 
reduced. This partly thwarts the effect of compression itself. Thus, a charge air cooler is used to 
reduce the temperature of the compressed air in order to fully exploit the supercharging effect.  
 
There are different heat exchanger designs for charge air cooling, all providing improved engine 
volumetric efficiency for a specified engine performance. Typical cooling media include the 
engine's coolant, ambient air, or another external coolant source. Air-cooled charge air coolers 
can be packaged in the engine-cooling module along with radiators and condensers, below 
engine-cooling modules, or in wheel wells for performance-vehicle applications. With indirect 
charge air cooling, the charge air cooler is placed very close to the engine rather than in the 
front end. The additional low-temperature radiator needed for indirect charge air cooling is an 
integral part of the cooling module. Due to the smaller depth of the low-temperature radiator 
compared to a conventional charge air cooler, more space is available in the front end, which 
can then be used for pedestrian protection, for example. The location close to the engine allows 
shorter charge air lines, cutting the pressure loss by about 50%. The dominant solution in 
today’s market is direct charge-air-cooling with air using chassis mounted systems in various 
locations. But there is also a trend towards indirect charge air cooling which is preferable in 
terms of packaging size and dynamic response.  
 
Figure 1: A box type CAC fitted on the engine close to turbo charger to have low pressure drop. 
However, ambient air supply is insufficient, particularly at low vehicle speeds. 
 

  
 
Figure 2: A box type CAC fitted in the wheel housing or beside the radiator. Ambient air supply 
is good, but inlet and outlet ducts are long, pressure drops are high. 
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Figure 3: A full face CAC is located in front of the radiator and takes full advantage of the 
dynamic and forced ventilation. Thermal efficiency is generally high, but ducts to the engine are 
long. A further drawback for this location is the overcrowded front space already occupied by 
the radiator, the air conditioning condenser and electric fans. 
 

 
 
The charge air cooler (CAC) is a slightly different heat exchanger as the fluid is air. Its operating 
conditions are: 
 

 Air inlet temperature 150-240°C 
 Air input pressure  2 – 6 bar 
 Output air temperature < 70°C.  

 
The critical material requirement is sufficient strength at elevated temperatures. Due to the low 
heat transfer coefficient between air and surface, a large internal surface is needed in the tubes. 
Generally, welded aluminium tubes (large rectangular or flat-oval tubes) with inserts or large 
multi port extruded tubes with internal webs are used for this type of heat exchanger.  
 
The specific design of a CAC is determined by factors such as package size, price, weight, 
location in the vehicle and the availability of an appropriate cooling medium. The most important 
technical aspect is the balance between high heat transfer performance and low charge air 
energy (i.e. pressure) loss. The selection of the type of charge air-cooling, either coolant or air 
cooled, depends on the temperatures which must be attained.  

 
Charge air cooler in a tube/fin design 

 
Source: Sapa 
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Air-to-air solutions 

 
The competitive advantage of aluminium in CAC heat exchangers is the combination of low 
density and good thermal properties in comparison to copper or steel solutions. A potential 
disadvantage of aluminium has been corrosion resistance and strength at elevated 
temperatures. These aspects have been well addressed during the recent years which have 
brought several new high performing alloys to the market. 
 
The most critical failure locations of aluminium CACs are the tube to the header joints. The 
determining factor for the life time of CAC tubes is their response to a combination of axial 
compression and bending stresses which are induced by the cyclic temperature changes. The 
resulting phenomenon of lateral thermal expansion is called "thermal breathing". This is a 
descriptive term that describes the tendency of the core to "belly up" in the centre with the tube 
ends pinned to the header, increasing with tube length and number of tubes. Proper design 
solutions must reduce the stress build-up at the joints.  
 

  

Cores of charge air coolers (without tank) 
Source: Valeo 

 
For the assembly of CAC heat exchangers, the same joining technologies are used as for other 
automotive heat exchangers (i.e. controlled atmosphere brazing and vacuum brazing). The core 
is usually completed with plastic end-tanks and acrylic gaskets. 
 

 

Figure 1: Flat front-mounted (full face) charge air cooler  
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Figure 2: Air-to-air charge air cooler for a box type configuration with a vacuum brazed 
core (with plastic end-tanks and acrylic gaskets).  

 
In a full face type configuration, the depth of the CAC heat exchanger is typically about 30 mm 
for passenger cars. In a box type configuration, the depth is typically in the range of 40–85 mm. 
 
The following figures 1 – 3 show examples of typical tube/fin designs applied in CAC heat 
exchangers: 
 

 
 
The most common type is the standard tube design with fins (Fig. 1). Alternatively, the welded 
standard tubes can be substituted by extruded tubes (typical width 28 - 34 mm, height 5 - 8 
mm). The application of extruded tubes offers more flexibility in performance and strength 
because the wall thickness may be increased (e.g. for heavy duty applications) and/or 
enhancements can be introduced for improved heat transfer Fig. 2).  
 

 
 
Another option for significantly improved cooling efficiency is the additional insertion of fins into 
a standard tube design (Fig. 3). 
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Air-to-coolant cooler 
 
Charge air cooling can also be done with a liquid coolant, but requires a relatively low coolant 
temperature (below 45°C). In this case, two heat exchangers are needed, one for the air-to-
water cooling and one for the water-to-air cooling. The coolant (usually water) must first 
circulate through an auxiliary "low temperature" radiator and then through a water-to-air cooler. 
The water cooled charge air cooler provides considerably reduced pressure losses compared 
with air-to-air cooling. It can be located in the engine’s intake manifold, eliminating the need for 
hoses between the engine and the front-end of the vehicle. The reduced volume between the 
compressor outlet and inlet valves also improves acceleration response time significantly. ,  
 
The charge air cooler’s coolant circuit is totally independent of the engine’s cooling circuit. The 
coolant is cooled by a small radiator and fed by small diameter (approximately 20mm) coolant 
hoses. The flow is driven by a low-powered electric pump. The air-to-coolant cooling would be 
carried out in a small radiator of a standard design concept, located either next to the main 
radiator or in front of the main radiator. The coolant-to-air heat exchanger is based on 
conventional cores for water cooling enveloped by a housing ensuring controlled air flow. Air-to-
water CAC systems also offer the possibility to cool other fluids such as engine oil, power 
steering fluid, etc., at the same time.  
 

  

Indirect charge air coolers for passenger cars 
Source: Behr GmbH & Co. KG 
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 7.4.6  Diesel fuel cooling 
 
In some fuel system, mainly for diesel engines, not all fuel is burned. The remaining diesel must 
be transported back into the fuel tank. High injection pressure provides many benefits, but one 
side effect is a large increase in the fuel temperature (from approximately 80°C to 110°C) when 
the fuel is depressurized and sent back to the tank via the return line. The extremely hot return 
fuel may exceed the limitations of the fuel tank (which is often plastic) and the fuel-injection 
equipment. To counter this effect, a variety of fuel-cooling designs have been developed. The 
fuel coolers are designed for easy integration into the existing fuel system, with numerous ways 
to bend and to add bracket for assembly. Most of these coolers are designed for underbody 
mounting (where the fuel is cooled by ambient air), but engine-mounted, liquid-cooled solutions 
are possible as well. Their design is optimised for maximum heat rejection performance and 
miniumum space requirement.  
 

 

Aluminium diesel fuel cooler to reduce the fuel temperature in the return line  
Source: Hydro Aluminium Precision Tubing 

 
The aluminium cooler profiles are extruded and shaped in one piece, which eliminates potential 
leaks and aggressive corrosion in joints. The standard alloy used for the coolers is a “long life” 
(corrosion resistant) alloy, thus no further surface protection has to be added. The brackets 
used for the coolers are typically manufactured in PA66 plastic, which safely withstands the 
harsh car underbody environments, where the fuel cooler usually is located. 
 
Other types of diesel fuel coolers are shown below: 
 

 

Diesel-air-coolers in a special flat design for special mounting requirements under the 
chassis 

Source: Valeo-Alcan 

 

Version 2011 © European Aluminium Association (auto@eaa.be) 39 



 

 

“Fin plate pair” diesel fuel cooler 
Source: DANA Thermal Products France 

 

 

Plate & fin type suitable for applications in which fresh ambient air can be channelled 
into the cooling system. 
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 7.4.7  Exhaust gas heat exchangers  
 
The new emission standards for diesel-powered cars can no longer be met with adjustments to 
the engines alone. An ideal way to comply with the new limits is cooled exhaust gas 
recirculation. This involves removing a portion of the main exhaust flow between the engine 
outlet and the turbine, cooling it in a special heat exchanger, and mixing it back into the inlet 
suction air after the charge air cooler. This lowers the combustion temperature in the engine, 
thus reducing the formation of nitrogen oxides (Nox). 
 

 

Exhaust gas heat exchanger module 
Source: Behr GmbH & Co. KG 
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 7.4.8  Parking heaters 
 

 

Parking heater 
Source: Webasto 

 
The basic principle on which a parking heater is based on is the heating of the element from 
within the device. The initial energy (usually electric energy) is provided from an outside source 
and starts to heat. At the same time, a pump causes a small amount of fuel to be directed from 
the fuel tank and into the heating chamber, alongside with air from the outside of the car. Just 
as it happens in the combustion chamber of an engine, the air-fuel mix explodes once the 
heated element creates the proper temperature for that explosion. After that, the coolant fluid 
that circulates around the device is slowly being warmed. It first reaches the car's heat 
exchanger, from which the warm air is being redirected towards the inner section of the car via 
the ventilation system, and after that the actual engine compartment. The next and last step of 
the cycle is the liquid being headed back to the parking heater device, from which this action will 
repeat itself for as long as it is necessary in order to reach the desired temperature inside the 
vehicle. 
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 7.4.9  Cooling modules 
 
Due to intensifying demands on compactness combined with lightweight, heat exchangers are 
increasingly being produced as modules. The combination of up to four heat exchangers in a 
vehicle’s front structure is currently state-of-the-art, reducing the total volume of the cooling 
system. 
 
Cooling module systems are made up of two thermal loops, one cold and one hot, each feeding 
different heat exchangers located as close as possible to the unit requiring cooling or heating. 
The cold loop feeds the charge air heat exchanger located at the cylinder head intake, the fuel 
cooler and the air conditioning condenser. The hot loop is responsible for cooling the engine 
and the engine or transmission oil, and heating the cabin. The exhaust gas recirculation (EGR) 
system cooler and other additional systems may be connected to one or the other of the loops. 
The cold loop may also provide efficient cooling for the electronics and electric motors of hybrid 
and fuel cell vehicles, with an engine cooling radiator, air to oil cooler, a charge air heat 
exchanger and an air conditioning heat exchanger.  
 
The cooling module of the Opel Insignia shown below is a typical example of a cooling module for a 
current mid-range vehicle powered by an internal combustion engine. It consists of the following 
elements: 

 Condenser frame 
 Full face air conditioning condenser 
 Power steering oil cooler loop 
 Charge air cooler 
 Full face radiator with an in-tank transmission oil cooler 
 Fan shroud with dual fans. 

 

 

Opel Insignia cooling module 
Source: Behr GmbH & Co. KG 
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 7.5  Future perspectives  
 
The application of aluminium alloys in automotive heat exchangers has been a success story. 
Full market penetration has been achieved for aluminium in radiators for engine cooling, for 
heater cores, air condenser and evaporators. Only in specific application (e.g. oil coolers), 
aluminium faces serious competition from other materials, in particular stainless steel.  
 
On the other hand, this also means that the potential for further growth of aluminium 
applications in the traditional heat exchanger market is limited. There will be still some 
additional demand for air conditioning in automobiles, but market saturation will be reached 
soon because of the already high market share of air conditioning systems in European car 
models. Some additional demand may arise because the amount of heat to be dissipated by the 
engine cooling system is increasing due the use of higher engine speeds, increasing engine 
power output and the use of turbo-charged diesel engines. In addition, items like power steering 
and other driven units will increase the amount of heat to be dissipated to the environment. 
However, economical and environmental consideration will continue to push both aluminium 
suppliers and manufacturers of heat exchangers to improve the applied materials, the 
manufacturing processes and the design and performance of heat exchangers. Heat 
exchangers will be more and more integrated into modules to improve their overall efficiency, to 
save weight and to meet the tightening packaging restrictions. As a result, more demanding 
functionalities will be achieved with even less material! 
 
But there are other developments which will have an even more important impact on the future 
heat exchanger market: 
 

 The need for more environmentally friendly refrigerants in mobile air conditioning 
systems leads to new heat exchanger designs which ask for different material 
characteristics. 

 The introduction of alternative powertrain systems (i.e. hybrid electric vehicles, plug-in 
electric vehicles, fuel cell technology, etc.) will ask for new functionalities either for the 
cooling of powertrain components and/or maintaining the accustomed comfort in the 
passenger compartment. 

  
At the moment, no definite statements may be given. But with its outstanding thermal material 
characteristics, aluminium will maintain important applications also in the thermal management 
solutions for the future.  
 
Aluminium solutions for new in mobile air conditioning systems based on CO2 refrigerants have 
been described already in chapter 4.4. New vehicle designs with alternative powertrains, 
however, present entirely new challenges for air conditioning technology. In hybrid vehicles, the 
electric powertrain emits very little waste heat. Consequently, the heat flows in the coolant of 
the smaller internal combustion engine will have to be better controlled and it may be necessary 
to use the energy available in the exhaust gas as an additional source of power. Thus air 
conditioning systems will have to be designed much more efficiently to ensure a high level of 
cabin comfort. In electric vehicles, air conditioning comfort can directly affect the potential 
driving range. Accordingly, energy must also be saved where possible in air conditioning, e.g. 
through more efficient systems, new designs, and additional functionality such as cabin air 
conditioning before driving off. 
 
Electric (hybrid and plug-in) vehicles with high driving ranges have two heat sources that both 
need to be cooled, the “under-the-hood” electronics and the Li-ion batteries. That means that 
the engine cooling module may need to include two radiators. 
 
When continuous power exceeds a few kW, liquid cooling of heat dissipating “under-the-hood” 
electronic components becomes mandatory to maintain sufficiently low junction temperature of 
the power devices.  
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To avoid premature aging of the temperature-sensitive lithium-ion cells, the cells must be kept 
below approx. 40°C in all operating conditions. At operating temperatures of 40°C and above, 
the battery life span is reduced. Momentary peak loads, e.g. when braking (recuperation of 
brake energy) and accelerating (assisted acceleration), generate powerful electrical currents 
and cause significant warming of the Li-ion cells due to internal resistance. Coupled with the 
fact that in particular in warmer climates, the temperature of the vehicle interior can easily rise 
above 40°C, operating Li-ion batteries without cooling is not an option. At low temperatures 
(below -10°C), the battery performance declines and efficiency drops markedly. Finally, 
temperature gradients within a battery must be kept very small. 
 
There are three different approaches to cooling a Li-ion battery: 
 

 Using cooled air. This is usually air conditioned air taken from the vehicle cabin or 
generated using an air conditioning unit installed specifically for the battery. 

 Using a supplementary evaporator in the form of a cooling plate installed within the 
battery. The battery cells are assembled on the cooling plate which contains channels in 
which refrigerant from the refrigerant circuit of the air conditioning system evaporates. 

 A heat exchanger transfers the low temperature produced by the evaporated refrigerant 
to a second circuit that cools the cells in the battery. 
 

 

 

Cooling module concept for an extended range electric vehicle 

Source: Behr GmbH & Co. KG 

 
The cooling module for an extended range hybrid electric vehicle would actually include four 
heat exchangers instead of the characteristic three of a vehicle with a conventional internal 
combustion engine: 
 

 At the front of the module: a low temperature battery cooler with a large surface area 
designed to keep the lithium-ion battery at temperatures around 30°C. 
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 The second component in line is a full face condenser to maintain a comfortable 
temperature for the vehicle occupants. 

 The third component is a radiator for the hybrid drive’s power electronics unit. 
 The fourth component is a high temperature radiator optimized for the downsized 

internal combustion engine. 
 Finally, a dual fan and the sealed cooling module frame ensure that the air flow through 

and around the cooling module can be controlled. 
 

A closer examination reveals that this is much more complex than the cooling circuit of an 
automobile with a traditional powertrain.  
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8 Miscellaneous engine components 
 

8.1 Introduction 
 
Many engine (under-the-bonnet) components are today made from aluminium (generally in 
the form of aluminium casting alloys). The dominating applications are housings for different 
aggregates, but there are also aluminium applications in individual parts of the various 
aggregates. In the past, cast iron parts (and sometimes zinc die castings) were used for the 
housings, whereas the functional components of the aggregates were made from different 
materials. Today, cast iron and zinc housings have been largely replaced by aluminium.  
 
But the application of aluminium in some of these components, in particular housings, is 
nowadays threatened by new lightweight solutions. Further lightweighting requirements have 
led in some cases to the substitution of aluminium high pressure die castings by magnesium 
high pressure die castings. Furthermore, temperature resistant high performance plastics and 
composites are increasingly considered to reduce the cost and weight of these components. 
The cost competitiveness of high performance plastic components is mainly achieved through 
the possibility to produce increasingly complex shapes allowing sophisticated integrated 
designs.  
 
Nevertheless, parts integration and the integration of additional functions into a single 
component is also a strength of the aluminium high pressure die casting technology. 
Therefore appropriate aluminium solutions will remain also in future, in particular for 
components where exposure to higher temperatures is a determining factor (improved 
strength and dimensional stability in the temperature range 150 °C and above). 
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8.2 Cylinder head covers 
 
The cylinder head covers seal the oil-pressurized camshaft space externally. Other main 
functions include the protection of the valve train and to cover peripheral parts from the 
increasingly higher engine temperatures. The reduction of structure-borne noise is a further 
requirement. Oil filler nozzles, sensors, and cable harness fixations may be integrated too. 
Newer developments also integrate other functions such as valve train bearings, crankcase 
ventilation and effective oil mist separation for the blow-by gas into the cylinder head covers, 
resulting in space savings and hence an increase of the overall rigidity. 
 
 

 
 

 

Aluminium cylinder head cover produced by high pressure die casting 

Source: BDW 
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8.3 Oil pans 
 
From a technical point of view, there are many parallels between oil pans and cylinder head 
covers. The main requirements of both components are tightness, strength, improved 
acoustic properties, weight reduction and the possible integration of additional functions. As a 
result of its being fitted in a partially exposed position, the oil pan may be subject to stone 
strikes. Thus, oil pans must also be able to resist stone strikes and grounding. Furthermore, 
the oil pan in a passenger vehicle is frequently also used to reinforce the engine-gearbox unit. 
 

 
 

 

Aluminium oil pan produced by high pressure die casting 

Source: BDW 
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8.4 Pumps 
 
Pump housings and various other components for the different types of pumps used in the 
automobile are a preferred application for aluminium. Aluminium pump housings are generally 
produced by high pressure die casting, functional pump components can be made either from 
wrought or cast aluminium alloys. 
 

8.4.1 Oil pumps 
 
Today’s engines require disproportionally large oil flows. Since conventional unregulated oil 
pumps do not fulfil these requirements under all engine operating conditions, new 
developments were necessary. The aim is to supply pumps that fulfil all functional 
requirements while maintaining maximum efficiency and achieving the slightest possible 
losses. For this purpose, fully variable-flow vane pumps for constant oil pressure and 
automatic adjustment of oil flow across the engine's entire speed and load range have been 
developed. 
 

 

Oil pumps with different aluminium housings 

Source: Pierburg Pump Technology AG 

 
The controlled pendulum-slider oil pump, for example, enables the demand-based supply of 
oil pressure and volume which translates to a potential CO2 reduction in the New European 
Driving Cycle (NEDC) of up to two percent compared with a conventional oil pump. 
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Pendulum-slider oil pump with a die cast aluminium housing 

Source: Mahle AG 

 

8.4.2 Water circulation and coolant pump 
 
In contrast to oil pumps, coolant pumps operate on the turbo machine principle. The 
conventional water pump consists of a body and an impeller mounted on a spinning shaft with 
a pulley attached to the shaft on the outside of the pump body. In future, however, electrically 
operated controlled pumps will be more and more used to convey coolant. Because of the 
controlled operation and minimal mechanical wear of this type of coolant pump, the optimized 
coolant circuit another contributing factor to reduced CO2 emissions in the driving cycle. 
 

 

Mechanical coolant pumps 

Source: Pierburg Pump Technology GmbH 

 
Electrically operated pumps deliver coolant independently of the engine and only when really 
needed. Additionally, these type of pumps do an indispensable cooling job on turbochargers, 
power electronic and exhaust gas recirculation systems. 
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Electrically operated controlled coolant pump 

Source: Mahle AG 

 
Additional aluminium housings may be used in the oil filter module/system which contains 
multi-functional components such as integrated oil-water-heat exchangers, crankcase 
ventilation, oil pressure switches, sensors or compact valves that fulfil further essential 
functions in addition to filtration. 
 

8.4.3 Vacuum pumps 
 
Nowadays, more and more vehicles depend on pumps that generate the vacuum necessary 
for boosting brake performance to increase brake reliability and ease of handling. For diesel 
engines and increasingly also for or gasoline engines, specifically those with direct injection, 
vacuum pumps are used for supplying servo valves with vacuum for controlling exhaust gas 
recirculation systems and turbo chargers, for example. 
 

 

Single-vane vacuum pump for Audi TSI 

Source: Pierburg Pump Technology AG 
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8.5 Air intake management 
 
Apart from the actual engine block, the intake manifold assembly ranks among the biggest 
individual parts of the engine. The complete air intake system comprises the air filters and 
intake manifolds, but also dirty air, clean air and turbo ducts, silencers, intake air preheating 
boxes, heating pipes, control valves, design covers, fuel supply rail, oil mist separators and 
rocker covers. Therefore, lightweight design and lightweight materials are absolutely essential 
and a prime reason to opt for magnesium and aluminium as intake manifold materials, in 
particular on large engines. Today’s intake manifolds cover a multitude of functions reaching 
beyond the mere routing air flow; they include dynamic supercharging, swirl and tumble 
control and positive crankcase ventilation. Integrated components of such systems nowadays 
are exhaust gas recirculation (EGR) subsystems comprising EGR valves, EGR coolers, 
bypass systems and the related electric or electro-pneumatic actuators. The advantages of 
aluminium are thin walls yet high strength; mechanical, thermal and chemical resistance to 
exhaust gases; plus the possibility of complex packaging solutions together with a host of 
integrated solutions.   
 

8.5.1 Manifolds 
 
In an internal combustion engine, the intake manifold is the part of the engine that supplies 
the  fuel/air mixture to the cylinders. Its main purpose is to evenly distribute the combustion 
mixture - or just air in a direct injection engine - to each intake port in the cylinder head. An 
even distribution is important to optimize the efficiency and performance of the engine. It may 
also serve as a mount for the carburetor, throttle body, fuel injectors and other components of 
the engine. 
 
The performance and torque of combustion engines have been significantly improved through 
the development of variable air intake manifolds which can switch between different runner 
lengths. A short runner optimizes performance at higher speeds, whilst a long runner provides 
favourable torque in the lower and medium speed ranges. As well as the throttle body, further 
components such as an air mass meter, sensors, EGR ducts, fuel rail and injection valves are 
integrated into the unit. 
 
Historically, the intake manifold has been manufactured from cast iron and aluminium, but the 
use of composite plastic materials is gaining popularity too. Aluminium manifolds are usually 
designed as high pressure die castings, a technology which allows the production of thin-
walled components in a highly complex shape as well as the integration of additional 
functions (e.g. attachment points). But there are also designs based on wrought aluminium 
products (aluminium sheet stampings, extruded tubes which are subsequently bent or 
hydroformed into the desired shape). 
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Audi 8-cylinder TDI intake manifold with integrated air cooler/EGR cooler, throttle body 
and two EGR valves (hybrid design consisting of an aluminium pressure die casting 

and an aluminium gravity die cast part) 

Source: Pierburg GmbH 

 

 

VW 6-cylinder intake manifold (aluminium die casting) 

Source: Pierburg GmbH 
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8.5.2 Turbochargers 
 
In a naturally aspirated engine, the combustion air is drawn directly into the cylinder during 
the intake stroke. In turbocharged engines, the combustion air is already pre-compressed 
before being supplied to the engine. Consequently, more fuel can be burnt, so that the 
engine's power output increases. Any device that pressurizes the intake air to above 
atmospheric pressure is called a supercharger. In fact, the term "turbocharger" is a shortened 
version of "turbo-supercharger". 
 
The difference between a supercharger and a turbocharger is their source of energy. 
Turbochargers are powered by the mass-flow of exhaust gases driving a turbine. 
Superchargers are powered mechanically by belt- or chain-drive from the engine's crankshaft. 
Therefore, fuel consumption is higher when compared with a naturally aspirated engine with 
the same power output. In exhaust gas turbocharging, some of the exhaust gas energy, which 
would normally be wasted, is used to drive a turbine. The compressor is mounted on the 
same shaft as the turbine, there is no mechanical coupling to the engine. 
 
As the air is compressed, it gets hotter, which means that it loses its density and cannot 
expand as much during the explosion. For a supercharger to work at peak efficiency, the 
compressed air exiting the discharge unit must be cooled before it enters the intake manifold. 
The intercooler is responsible for this cooling process. Intercoolers come in two basic 
designs: air-to-air intercoolers and air-to-water intercoolers ( Heat exchangers). The 
reduction in air temperature increases the density of the air, which makes for a denser charge 
entering the combustion chamber. 
 

 

Supercharger 

Source: Vortech  
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Honeywell GT22 VNT Turbocharger 

Source: Honeywell 

 
A key element of both devices is the impeller which is generally made from aluminium. The 
high technical requirements of this part ask for a top quality products, i.e. aluminium impellers 
are generally produced using sophisticated casting methods such as investment casting, 
semi-solid casting, etc.  
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8.5.3 Exhaust gas recirculation 
 
The tighter future emission limits call for a closed-circuit exhaust gas recirculation (EGR) 
system. The effect of exhaust gas recirculation is based on a reduction of the combustion 
temperature for both diesel and gasoline engines. The lower combustion temperature leads to 
a reduced nitrogen oxide content. In gasoline engines, this also leads to a throttling of the 
engine under part-load conditions and hence to fuel consumption reduction. 
 
In combination with aluminium coolers and exhaust gas flaps, EGR valves control the 
pressure difference for a further significant abatement in nitrogen oxides. Because of the 
stricter emission standards, both diesel and turbocharged (lean-mixture) gasoline engines will 
be inconceivable without EGR cooling. The newly developed die-cast aluminium cooler that, 
versus the stainless steel variety used hitherto, represents a low-cost and weight-saving 
alternative while exploiting the superior thermal conductivity of aluminium. 
 

 

EGR unit 

Source: Pierburg GmbH 

 

Version 2011 © European Aluminium Association (auto@eaa.be) 12 



 

8.6 Engine bearings 
 
The essential tasks of a bearing consist of supporting the moving parts as well as absorbing 
and transmitting the resulting forces. However, in today's engine designs, increasing attention 
must be paid to other objectives, such as improving the load resistance, wear reduction, NVH 
optimization, as well as increased conformability of the bearing material to the shaft or the 
shaft deformation respectively. 
 
Three different families of sliding materials are available. The first group consists of the 
classical aluminum-tin sliding material and the innovative aluminum-zinc-bismuth alloy in 
which bismuth replaces lead. From the strands continuously cast on site, strip is generated in 
defined and coordinated rolling and annealing operations for subsequent cladding. The 
various steel-aluminum composites are finally produced by roll bonding. These are used as 
so-called bimetal bearings for connecting rods and crankshafts in internal combustion 
engines. 
 
In the second sliding material family, the new sintered bronze, lead is again replaced by 
bismuth. This group contains outstanding connecting rod and bushing materials.  
Bronze and brass continuously cast onto steel strip make up the third material family. These 
materials are distinguished by their extreme dynamic load-bearing capacity coupled with 
sufficient tenacity, making them ideal for use in connecting rod bearing shells and connecting 
rod bushings for high-performance diesel engines. 
 
However, it is not only the sliding material and the geometry-generating processes that affect 
plain bearing function, innovative coatings also ensure optimal running-in behaviour and low-
wear continuous running. The spectrum of possible surface coatings at KS Gleitlager extends 
from galvanic films deposited electrochemically, thermal spray layers and sputter layers 
applied in a high vacuum, to synthetic antifriction coatings. 
 

 

Bearings and bushings 
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Lead-free steel-aluminium composite material for main bearings KS R20 

Source: KS Gleitlager GmbH 

 

  

High load, lead-free steel-aluminium composite material for main bearings and 
connecting rod bearings KS R45 

Source: KS Gleitlager GmbH 
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 9  Transmission and driveline 
 
Significant amounts of aluminium are not only applied in the engine, but also in the rest of the 
powertrain, i.e. in the transmission and the various driveline components. Most important aluminium 
applications are the various housings, but aluminium is also used for different functional components 
(e.g. hydraulic components of automatic transmissions, drive shafts, etc.). 
 
Aluminium is mainly chosen for its lightweighting effect. Further decisive factors are its excellent heat 
dissipation characteristics, the very good machinability of aluminium alloys as well as the feasibility to 
efficiently produce highly complex, thin-walled components. Most aluminium housings for applications 
in transmission and driveline are produced by high pressure die casting, but also other sophisticated 
casting techniques can be applied. 
 
An important competitor of aluminium for lightweight housings is magnesium. Magnesium alloys are 
highly suited to manufacture thin-walled parts in very complex geometries by high pressure die 
casting. Thus, for housing applications, magnesium offers a weight reduction over aluminium of about 
one third. Magnesium has all the mechanical and physical properties needed for this application. Apart 
from cost issues, the big remaining problem is the corrosion resistance which requires the selection of 
specific magnesium alloys with a closely controlled impurity content. On the other hand, aluminium 
screws are necessary to ensure that housing sections, brackets and stiffeners made from magnesium 
can be securely fitted and assembled (see section “Aluminium fasteners” below). 
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9.1 Driveline concepts 
 
The driveline of a motor vehicle consists of the parts of the powertrain excluding the engine and the 
transmission. The configuration of the driveline, i.e. the portion of the powertrain after the 
transmission, depends on the various choices of wheels to be powered by the engine: front-wheel 
drive, rear-wheel drive and all-wheel drive. 
 
In a vehicle with a front-wheel drive system, the engine, the transmission and the drivetrain are all 
located in the front and thus, there is more passenger space in the cabin. This type of driveline has a 
reduced complexity since all components are close to each other leading to a more compact design. 
On the other hand, it means that the vehicle's major weight is concentrated in the front. Rear-wheel 
drive vehicles usually offer a better balanced weight distribution and therefore superior braking and 
handling performance.  
 
The all-wheel drive is the most sophisticated driveline available today. Modern all-wheel drive systems 
have fluid-filled differentials and advanced electronics which enable to send power equally to all four 
wheels or to transfer torque into the wheels with most traction. The all-wheel drive configuration can 
also be designed with a bias to either the front or rear wheels. As a result, the driving dynamics are 
very much improved. It must be differentiated by full time and part time all-wheel drive. A part-time all-
wheel drive vehicle is essentially a two-wheel drive. Once there is a loss of traction, the power is sent 
to all the four wheels by a hydraulic, mechanical or electrical switching system.  
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9.2 Transmission 
 
The transmission (gearbox) is one of the central components of every vehicle. It adapts the output of 
the internal combustion engine to the drive wheels and allows the vehicle to accelerate from rest to 
high speed by changing gears while the engine operates within its most effective range. The 
transmission is generally connected to the crankshaft of the engine through the clutch. The clutch is 
needed to disconnect the engine when the car is stopped and to smoothly engage the spinning engine 
to a non-spinning transmission. The output of the transmission is transmitted via the driveshaft to one 
or more differentials, which in turn drive the wheels. 
 

  

Manual 6-speed transmission for front wheel drive cars (left) and all-wheel drive cars (right) 

Source: Getrag 

 
There are two primary options: manual and automatic transmissions. Whereas in case of manual 
transmissions, the application of aluminium is usually limited to the gearbox (transmission housing), 
automatic transmissions offer additional application potential. Automatic transmissions use hydraulics 
to select gears and rather than using a clutch, i.e. a fluid flywheel or torque converter is placed 
between the engine and the transmission. Furthermore, modern automatic transmissions use 
sophisticated electronic control systems. 
 

  

Six-speed dual clutch automatic transmission for high torque front-transverse transaxle 
applications (left) and seven-speed in-line variant 

Source: Getrag 

 
The high functional density of modern automatic transmission systems, whose size is virtually limited 
by existing packaging restrictions, means that the individual components have to fulfill more functions. 
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This causes high demands on the development of the housing and the other components as well as 
on the planning of the entire production process. 
 
As an example, in case of the ZF 8 HP gearbox housing shown below, all production steps – from 
casting to mechanical machining, from deburring to inspection of the finished part – take place in a 
fully automated production line. The oil ducts in the ditch plate and valve body must meet very high 
tolerance requirements in order to achieve the short shifting times and high shifting precision of the 
transmission. The gearbox housing has to be provided with cast oil ducts through which hydraulic oil 
flows when it is in operation. To avoid expensive drilling on the unfinished component, concealed steel 
tubes are cast into the housing as oil pipes. Depending on the transmission version, robots locate one 
or two tubes automatically in the die before the melt flows in. 
 

 

Gearbox housing for the ZF 8 HP automatic transmission 

Source: Honsel 

 

 

Mechatronics module for automatic transmissions 

Source: ZF 

Version 2011 © European Aluminium Association (auto@eaa.be) 5 



 

 
The mechatronics module combines the electronic transmission control unit and the hydraulic shifting 
device as a single unit within the transmission. The electronic transmission control unit uses data 
regarding the driving conditions and behavior which are collected by sensors to ascertain when the 
driver would like to shift gears, to determine which gears are needed and when would be the best 
moment to change gears. The hydraulic shifting device is then responsible for implementing those 
changes. 
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9.3 Housings for driveline components 
 
There are several components within the driveline where aluminium is used, again preferentially for 
housings. Most important are the housings for the differential, i.e. the device that splits the engine 
torque two ways, allowing each driven wheel to spin at a different speed. All-wheel drive vehicles need 
a differential between each set of drive wheels, but they need one between the front and the back 
wheels as well, because the front wheels travel a different distance through a turn than the rear 
wheels. 
 

 

Front axle drive unit for use in SUVs 

Source: ZF 

 
The front axle drive unit is mounted on the subframe via an integral rubber support and is located 
offset sideways adjacent to the internal combustion engine. The support tube fitted at the side is used 
on one hand for mounting the front axle drive unit and on the other hand facilitates arrangement of the 
driveshaft interface to suit the available installation space. 
 

 

Front axle drive unit for use in all-wheel drive vehicles 

Source: ZF 
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The shown front axle drive unit achieves a small installation width by the longitudinal partition of the 
aluminium housing. The drive unit is mounted to the side on the internal combustion engine. 
 

 

Power take-off unit 

Source: ZF 

 
In an all-wheel drive vehicle with front transverse drive and transmission, the power take-off unit 
transfers the torque to the rear axle. It is responsible for delivering maximum performance in a very 
tight space. 
 

 

Rear axle drive unit for passenger cars with standard driveline 

Source: ZF 

 
The rear axle drive unit with integral mounting brackets and rubber support for a standard drive line 
consists of an aluminium housing with a transverse split line which has been specially designed to fit 
the available installation space.  
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Rear axle drive unit for passenger cars with permanent all-wheel drive 

Source: ZF 

 
In all-wheel drive vehicles, it is possible to design the rear axle drive unit in an appropriately small size 
due to the distribution of the torque between the front and rear axles. In conjunction with the 
aluminium housing, this leads to a very low weight. 
 

 

Vector Drive rear axle drive unit 

Source: ZF  

 
For improved driving dynamics, the Vector Drive rear axle drive allows a controlled uneven torque 
distribution between the two drive shafts by the electromechanically actuated multi-disk brake of the 
modulation transmission. The right- and left-hand wheels then accelerate at different speeds and the 
vehicle is given additional steering. This “screwing motion” lends support to the vehicle steering and 
stabilizes the car during sudden swerving without having to apply any of the wheel brakes. 
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9.4 Aluminium drive shafts 
 
The drive shaft (propeller shaft) transfers the power produced by the engine from the transmission to 
the rear axle or front axle. The drive shaft is an assembly of one or more tubular shafts connected by 
cardan joints, constant velocity joints or flexible joints. The number of tubular pieces and joints 
depends on the distance between the gearbox and the axle and/or the presence of under-body 
features (e.g. exhaust pipes) that need to be negotiated. 
 
On some four-wheel drive vehicles, one drive shaft is used to power the rear wheels (as in a rear-
wheel drive) and a second drive shaft is used to power the front wheels. In this case, the second drive 
shaft is placed between a transfer gearbox and the front axle. 
 

 

Aluminium drive shaft, evaluated for BMW 5 series models 

 
Drive shafts are made from steel, aluminium or composite tubes connected by steel or aluminium 
links. The application of aluminium in drive shafts is most interesting for rear wheel or all-wheel drive 
cars, both for the tubes as well as for the cardan links. The reason for using lightweight materials in 
drive shafts is the reduction of inertia forces as well as vibration damping. The fact that all parts have 
rotational symmetry and that friction welding permits joints between aluminium and steel has resulted 
in drive shafts consisting of seam-welded aluminium tubes and forged steel (or aluminium) cardan 
joints. The slightly increased diameter of aluminium drive shafts leads to their preferred application in 
SUVs and other type of vehicles where sufficient under-body space is available and package 
restrictions are not as severe as in standard passenger cars. Both extruded and longitudinally welded 
aluminium tubes can be used. Cardan joints are generally forged aluminium components. 
 

 

Forged aluminium cardan joint 

Source: Otto Fuchs 
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Drive shafts are available in one-, two- and three-piece designs with various options for intermediate 
bearings, slip devices, crash optimisation, vibration damping and plunge capacity. 
 

 

One-piece front drive shaft 

Source: GKN  

 
This type of drive shaft is typically used in four-wheel drive vehicles, usually light trucks and SUVs, to 
deliver torque from the transfer case to the front differential. 
 

 

One-piece aluminium rear drive shaft 

Source: GKN 

 
Rear-wheel drive vehicles require a longer drive shaft from the transmission to the rear differential. 
The aluminium tube, welded to steel stub shafts, is used in order to keep weight to a minimum. The 
benefits of a one-piece drive shaft include the elimination of a center bearing and the associated 
hardware. Noise, vibration and harshness are all improved, manufacturing and assembly are less 
complicated and the reliability is improved. 
 

 

Two-piece rear drive shaft 

Source: GKN 
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This is the most popular rear drive shaft configuration for rear-wheel and all-wheel drive vehicles. It 
incorporates a bearing and support in the centre and can be designed to include a variety of crash 
features. The three joints used in this type of drive shaft are selected specifically to suit the plunge, 
angle, NVH and crash requirements of the vehicle. 
 

 

Three-piece drive shaft 

Source: GKN 

 
Three-piece drive shafts are increasingly used in sophisticated rear-wheel and all-wheel drive vehicles 
where the highest levels of NVH refinement are required and where the drive shaft has to fit within a 
complex vehicle under-body layout.  
 

 

Crash optimised drive shaft 

Source: GKN 

 
The crash optimised shaft embodies a predictable progressive fracture behaviour on impact, thus 
reducing the risk of injury and damage to critical vehicle safety features. Crash optimisation is 
accomplished by designing the drive shaft to meet all requirements from low load/low energy 
absorption to high load/high energy absorption. In particular, drive shafts in aluminium and composite 
fibre can be produced to provide the specific energy absorbing characteristics.  
 
Drive shafts for special applications are made from aluminium Metal Matrix Composite MMC) material, 
e.g. an aluminium matrix reinforced with boron carbide. The use of aluminium MMCs allows to raise 
the critical speed of the drive shaft by further reducing the inertia. Other possibilities are offered by 
composite drive shafts based on aluminium tubes, e.g. a graphite/fibreglass/aluminium tube. Such 
concepts are developed as a response to the industry demands for greater performance and 
efficiency.  
 
Today, the majority of the drive shafts are still made from steel. Aluminium and aluminium composite 
drive shafts are used when their specific advantages, in particular their lower weight (inertia), can be 
fully exploited and their installation does not present any additional problems.  
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Composite drive shaft 

Source: Strongwell 

 
The lightweight, one-piece driveshaft featuring fibreglass/carbon fiber reinforced vinyl ester pultruded 
over an aluminium tube was applied on General Motors 1988 model GMT-400 pickup trucks.  
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9.5 Aluminium fasteners 
 
In certain automotive applications, the use of magnesium instead of heavier materials is an 
established lightweighting measure. Magnesium is generally used for die cast components, in 
particular for housings, but also structural parts. Thus there is a need for fasteners and screw 
fasteners to join magnesium parts together, but also with aluminium and/or steel parts. 
 
Magnesium elements place special challenges on screw fastening. When steel screws are used, the 
low rigidity values of the backing run and the nut thread require deep penetration depths or large head 
support surfaces. This creates screw lengths than can rapidly counter the weight advantage gained 
from the material. The very differing heat expansion characteristics of the combined materials can also 
quickly result in loss of clamp force, putting the functional properties in jeopardy. Contact corrosion 
places a further burden on the quality of the fastening. Furthermore, relaxation processes can lead to 
loss of clamp load, particularly where the location of the fasteners is subjected to a high temperature 
loading. This is caused by the higher expansion coefficients of magnesium against steel. Magnesium 
applications in engines and gear boxes are subjected to temperature changes between -30°C and 
150°C. Thus when steel screws are used, the screw fastening is subjected to a thermally induced 
additional load, which then normally results in a relaxation process in the magnesium part creating a 
drop in clamp load at higher operating temperatures. 
 
For applications with magnesium, aluminium alloys fasteners offer definite advantages over steel 
screws. These include substantial weight savings, high connection strength, lower loss of clamp load 
when subjected to temperature cycles, avoidance of galvanic corrosion and appreciable potential for 
saving costs. In contrast to steel screws, additional corrosion and surface protection measures are 
mostly unnecessary. 
 

 

Aluminium screw in a magnesium part 

Source: Ribe 

 
Aluminium screws are approx. 65 % lighter than steel screws of the same design. The smaller length 
of thread engagement of the screw reduces the amount of material used for the connection, which 
also offers extra weight advantages. For example, the use of aluminium screws in a magnesium 
gearbox can save up to 500 g in weight. 
 
Aluminium screws are generally made from Cu-containing AlMgSi alloys, e.g. EN-AW 6056. An 
optimum heat treatment process combines high mechanical strength with good ductility and high 
corrosion resistance. Ultra-high strength AlZnMgCu alloys have also been tested successfully, but are 
not yet applied in practice.  
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Applications – Chassis & Suspension  
 
 
Introduction 

 
The chassis is considered to be one of the significant structures of an automobile. It is the frame which 
holds both the car body and the power train. Various mechanical parts like the engine and the drive 
train, the axle assemblies including the wheels, the suspension parts, the brakes, the steering 
components, etc., are bolted onto the chassis. The chassis provides the strength needed for 
supporting the different vehicular components as well as the payload and helps to keep the 
automobile rigid and stiff. Consequently, the chassis is also an important component of the overall 
safety system. Furthermore, it ensures low levels of noise, vibrations and harshness throughout the 
automobile. 
 
Suspension is the term given to the system of springs, shock absorbers and linkages that connects the 
vehicle to its wheels. The suspension system serves a dual purpose. It contributes to the car's road 
performance, the braking characteristics for good active safety and the driving pleasure. It also keeps 
the vehicle occupants comfortable and reasonably well isolated from road noise, bumps, and 
vibrations. 
 
 
Chassis design concepts 
 
Originally, automobile designs used the body-on-frame construction where a load-bearing chassis 
consisting of a ladder frame, the powertrain, and the suspension formed the base vehicle which then 
supported a non-load-bearing body. In the beginning used on almost all vehicles, the ladder frame has 
been gradually phased out on passenger cars around the 1940s in favor of perimeter frames. In the 
second half of the last century, the frame chassis design was more and more displaced by monocoque 
constructions, integrating the body and chassis into a single unit. Today, the monocoque concept is 
more or less standard for passenger cars. The traditional body-on-frame concept is nowadays mainly 
used for heavy trucks and buses. 
 
The lightweighting potential of aluminium can be exploited in all the different automobile chassis types:  
 
Frame Chassis: The ladder frame with two straight longitudinal beams interlinked by several cross 
members is the oldest and simplest forms of all automotive chassis designs. In the perimeter frame, 
the middle section of the longitudinal beams was displaced outboard of the front and rear rails. This 
design allows for a lower floor pan, and therefore a lower overall vehicle height. A perimeter frame 
design offers more comfortable seating positions and higher safety in case of a side impact. On the 
other hand, the transition areas from front to center and center to rear reduce the beam and torsion 
stiffness of the chassis. The perimeter frame is still used today on full frame cars, i.e. many SUVs.  
 
Backbone Chassis: The backbone chassis has a rectangular tube like a backbone that is used to join 
the front and rear axle. This type of automotive chassis is easy to make and cost effective, but lacks 
the required stiffness and asks for specific precautions regarding passenger protection. Nevertheless, 
it is still strong and powerful enough to provide support for small sports cars. 
 
Monocoque Chassis: The monocoque chassis is a one-piece structure which prescribes the overall 
shape of the vehicle. This type of automotive chassis is manufactured by joining the floor pan and the 
other body components together to form a “unibody” structure. Compared to the older vehicle designs 
where the body is bolted to a frame, a properly designed monocoque car is lighter, more rigid, and 
offers better occupant protection in a crash. Since the monocoque structure is cost effective and 
suitable for robotised production, most of today’s vehicles make use of this design concept. 
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Subframes: Subframes are boxed frame sections that are attached to a monocoque car body. 
Subframes are primarily used on the front end of the car, but sometimes also in the rear. Most 
prominent are axle subframes which are used to attach the wheels and suspension to the vehicle. 
Subframes may also contain the engine and the transmission. Subframes or partial subframes are 
typically employed in otherwise monocoque constructions as a way of isolating the vibration and noise 
of power train or suspension components from the rest of the vehicle. 
 
 
Suspension design concepts 
 
The main purpose of the suspension is to keep the wheels as much as possible in contact with the 
road surface. A close road contact is most important since all forces which have an influence on the 
vehicle act through the contact area of the tires. On the other hand, the suspension must also provide 
a comfortable ride and protect the vehicle from damage and wear. These goals are generally at odds, 
i.e. the proper design and fine tuning of the suspension involves finding the right compromise. In 
general, the design of the front and rear suspension of a car will be different. 
 
Springs and shock absorbers: Most conventional suspensions use passive springs to absorb more 
severe road impacts and shock absorbers to control the spring motions. The shock absorbers damp 
out the otherwise resonant up and down motions of the vehicle on its springs. They must also damp 
out much of the wheel bounce when the unsprung weight of a wheel, hub, axle and brakes bounces 
up and down on the springiness of a tire. 
 
Today, externally controlled suspensions are applied more and more. Semi-active suspensions 
include devices such as air springs and switchable shock absorbers, various self-levelling solutions, 
etc. Fully active suspension systems monitor the vehicle conditions electronically in order to, coupled 
with the means to impact vehicle suspension and behaviour in real time, directly control the motion of 
the car. With the help of such control systems, semi-active and active suspensions enable the 
realization of an improved compromise among different vibrations modes of the vehicle. 
 
Suspension geometry: Suspension systems can be broadly classified into two subgroups – 
dependent and independent suspensions. A dependent suspension normally has a stiff beam or a 
driven axle that holds the wheels parallel to each other and perpendicular to the axle. An independent 
suspension allows the wheels to rise and fall on their own without affecting the opposite wheel. 

Dependent front suspensions are not used anymore today. Dependent rear suspensions may be used 
in a front engine, rear drive vehicle. In this case, the dependent rear suspension is either a "live axle" 
or a “de Dion” axle, depending on whether or not the differential is carried on the axle. A driven axle - 
where the differential is carried on the axle - is simpler, but the higher unsprung weight contributes to 
the wheel bounce. A de Dion suspension includes universal joints at both the wheel hubs and the 
differential and uses a solid tubular beam to hold the opposite wheels in parallel. Nevertheless, 
compared to a fully independent rear suspension, the ability to refine the dynamic response of the 
vehicle is somewhat limited. 

In a semi-independent suspension, the wheels of an axle are able to move relative to one another as 
in an independent suspension, but the position of one wheel has an effect on the position and attitude 
of the other wheel. Semi-independent axles are often used on rear suspensions of front wheel drive 
vehicles. The most common type of semi-independent suspension is the twist beam axle. A horizontal 
beam connects the two rear wheels. The beam can twist to reduce the effect of one wheel's motion on 
the other wheel, but their motion is still inter-linked to a greater extent than in an independent rear 
suspension. On the other hand, a twist-beam axle is less expensive than a fully independent 
suspension and also more compact. 

 The variety of independent suspension systems - which allow each wheel on the same axle to move 
vertically independently of each other - is even greater. Most modern cars have an independent front 
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suspension and more and more vehicles have also an independent rear suspension. Independent 
suspensions on all wheels typically offer a better ride quality and improved handling characteristics. 
This is due to lower unsprung weight and the ability of each wheel to address the road undisturbed by 
activities of the other wheels. However, independent rear suspensions require also additional 
engineering efforts and development expenses compared to a beam or live axle arrangement and can 
result in higher manufacturing costs. 

Because the wheels are not constrained to remain perpendicular to a flat road surface during turning, 
braking and under varying load conditions, the control of the wheel camber is an important issue. 
Some early independent suspension systems used swing axles. Modern cars use mostly Chapman or 
MacPherson struts, trailing arms, multi-link or wishbone suspensions. The term Chapman strut 
designates strut devices used on the rear wheels, while the very similar MacPherson strut is used in 
the front. Struts are designed to act as both a shock absorber (with an integrated coil spring) and a 
wheel location device. Wishbone and multi-link offer more control over the suspension geometry than 
the other suspension designs, however, the cost and space requirements may be greater. 
 
The MacPherson strut is the dominating suspension design used for front wheel applications. Double 
wishbones are usually considered to have superior dynamic characteristics as well as load-handling 
capabilities, and are often found on higher performance vehicles. Trailing-arm and multi-link 
suspension designs are much more commonly used for the rear wheels of a vehicle where they can 
allow for a flatter floor and more cargo room. Many small, front-wheel drive vehicles feature a 
MacPherson strut front suspension and trailing-arm rear axle. 
 
 
Aluminium in chassis and suspension 
 
On average, European produced cars contain 40 – 45 kg aluminium in chassis and suspension (about 
30% of the total average aluminium content). For cars produced in North American and Southeast 
Asia, this fraction is slightly smaller (25 – 30%). However, the aluminium content in chassis and 
suspension applications varies strongly between different models. With more than 50%, the 
dominating contribution to the overall aluminium content in chassis and suspension is made alone by 
the wheels. 
 
Cast parts contribute with more than 80% to the overall aluminium content. With about 10%, the share 
of the forged components is quite significant whereas rolled and extruded aluminium alloys only 
contribute a relatively small amount.  
 
The application of aluminium in chassis and suspension will grow also in future as a consequence of 
the general lightweighting trend. Significant growth potential is still foreseen for aluminium wheels, in 
particular also because of their improved aesthetic appeal. Another important driver for the application 
of lightweight aluminium components in suspension systems is the possibility to reduce the unsprung 
mass and thereby to contribute to smoother driving performance and fuel economy.  
 
On the other hand, chassis and suspension components are top priority safety parts. Wheels and 
suspension parts are subjected to high dynamic loads, aggressive environments, and - at the same 
time - they have to resist misuse. Therefore it is essential to use only high quality aluminium 
components made from carefully selected alloys using properly controlled fabrication procedures and 
to maintain strict quality control standards in production.  
 
The design of chassis and suspension components is characterised by the co-existence of many 
different solutions. The wide variety of possible design concepts with highly differing material 
requirements must be taken into account when evaluating the substitution of components made from 
cast iron and steel by lightweight aluminium solutions. This section provides examples of current 
production parts and components in all major areas of the chassis: 

 Subframes (in particular front and rear axle subframes) 
 Suspension parts (control arm, struts, knuckles) 
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 Wheels 
 Steering system 
 Braking system. 

 
Some lightweight aluminium solutions for frames and subframes will be also covered in the Car Body 
section due to the similarity of the applied design and manufacturing concepts. 
 
 
Future developments 
 
The basic design and functionalities of the structural chassis and suspension components will not 
significantly change in future vehicle concepts. But further lightweighting of these components will 
remain a most important challenge. Therefore, additional lightweight aluminium solutions will be 
intensively evaluated. But aluminium applications will also be challenged by new lightweighting 
solutions based on carbon fibre reinforced composites which offer the possibility to adapt the design 
even better to the predominant load paths. Carbon fibre reinforced composites already find 
applications in chassis and suspension for upper class niche models despite their higher cost. On the 
other hand, in very cost-conscious markets, also new high strength steel grades offer interesting 
lightweighting possibilities. 
 
Other new developments in automotive design and in particular in the design of automotive stability 
control systems may influence future aluminium applications to a bigger amount. Such topics may 
include in particular the more extensive introduction of existing and the development of new vehicle 
stability control systems, active suspension systems and adjustable shock absorbers, electronically 
controlled active steering and braking systems, brake energy recovery systems, all-electric steer by-
wire, and other x by-wire systems. With the introduction of electric power trains, also the integration of 
electric motors into the single wheels will be an option, which might develop to a decisive factor in the 
selection of the optimum wheel material. 
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 1  Axle subframes 

 1.1  Introduction 

Subframes are structural modules which are designed to carry specific automotive 
components such as the engine or the axle and suspension. The purpose of using a 
subframe in an automobile is to distribute high local loads over a wider area of the body 
structure (most relevant in thin-walled monocoque body designs) and to isolate vibration and 
harshness from the rest of the body. The subframes are bolted or welded to the vehicle body. 
Bolted subframes are sometimes equipped with rubber bushings or springs to dampen noise 
and vibrations. An additional benefit is that subframes can be separately assembled and 
integrated into the vehicle on an automated assembly line when required. 

As a natural development from a car with a full chassis, separate front and rear axle 
subframes are used in modern vehicle designs to reduce the overall weight and cost. Axle 
subframes can have various forms and fulfill different functions:  

o subframes for rear and front axles  
o perimeter frames which carry both the axle and the engine (possibly including the 

transmission and the full suspension).  

Simple axle subframes usually carry the axle, the lower control arms and, in case of the front 
axle, the steering rack. Subframes which also support the engine and possibly other 
components (e.g. transmission) would be particularly useful on front wheel drive cars. Such 
more complex, but also more expensive designs would result in better road isolation and less 
harshness since these components are not anymore directly connected to the main body 
structure. However, no specific examples can be shown. 

 

BMW 5 series model with aluminium front and rear axle subframes 
 

Source: BMW 
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Axle subframes must be stable to ensure excellent road contact, but also light to guarantee 
high occupant comfort regardless of surface unevenness. Therefore, they are most interesting 
components for the application of aluminium: 
 

o Properly designed aluminium modules show the required strength and stiffness for 
axle subframes.  

o In addition to the general lightweighting benefit, lightweighting of unsprung masses 
reduces the vibration forces and offers a smoother ride. 

o The structural functionalities of axle subframes ask for fairly complex geometrical 
shapes and the need to integrate different attachment points. Consequently, the 
potential of the aluminium extrusion technology and the various high quality 
aluminium casting methods for the integration of additional functions into a structural 
part can be fully exploited. 

o Depending on the production volume, the fabrication cost of aluminium subframes 
can be reduced by the application of properly designed high quality aluminium 
castings (reduction of assembly cost by part integration). Furthermore, the 
elimination/reduction of assembly joints improves the overall performance of the 
subframe. 

o The possibility to assemble the aluminium subframe separately from the rest of the 
vehicle facilitates its integration into a steel or mixed material body.  
 

Therefore, many different lightweight subframe designs have been developed using the 
various aluminium product forms, i.e. sheets, extrusions and castings. In the following, some 
aluminium axle subframes currently in series application will be presented. But also a variety 
of other aluminium designs which have been used in the past or have been developed up to 
the prototype scale are shown.  
 
The market share of aluminium in this application is today still small. With the development 
and market introduction of dual phase steel grades and other advanced high strength steels, 
some promising aluminium projects for axle subframes and engine cradles have been 
stopped or delayed. Nevertheless, there is still significant growth potential for aluminium in 
axle subframes and engine cradles. The increasing demand for lightweighting, combined with 
the benefits of reduced unsprung masses, will clearly serve as a driver for future market 
growth.  
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 1.2  Rear axle subframes  
 
Aluminium rear axle subframes are particularly prominent for rear wheel drive cars with high 
demands on driving dynamics and comfort. The axle must hold the wheels on the road in 
order to ensure constant and even traction of the drive wheels. Thus it is important to create a 
structural module of especially low weight and high stiffness. In addition, severe package 
restrictions and the quality requirements of a safety functional chassis part represent further 
criteria to be considered. The complexity and size of the subframe combined with the high 
level of requirements represent a new dimension in the design of aluminium chassis parts for 
series application.  
 
 

 
 

Rear axle of the Porsche Panamera  
Source: Porsche 
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 1.2.1  Rear subframe as a one-piece casting 
 
An obvious solution for a lightweight aluminium rear axle subframe is a one-piece hollow 
casting. An early example (start of production 1998) is shown below. The relatively large 
casting (length 700 mm, width 1200 mm, height 250 mm) and a finished part weight of 16.7 
kg has been produced by the Vacuum Riserless Casting (VRC) / Pressure Riserless Casting 
(PRC) technology developed by Alcoa. The wall thickness of the cast subframe varies 
between 5 and 25 mm, the A356 alloy is used in the as-cast state. The substitution of the 
original steel stamping by a cast aluminium subframe enabled a weight reduction of nearly 
40%. 
 
 

 
 

Rear axle subframe as a one-piece hollow casting produced by the VRC/PRC 
technology  

Source: Alcoa 
 
A more recent example, produced by Farsund Aluminium Casting AS using the low pressure 
die casting process (VRC/PRC), is the Porsche Panamera rear subframe. The rather small 
number of annual production units requires a production process which is economic for lower 
volumes. In order to limit cost, but maintain light weight, the subframe was designed as a one-
piece casting with a high degree of functional integration. The selection of a casting technique 
offering maximum part performance enabled not only a complete hollow design with thin 
walls, but also to meet the high strength and stiffness demands of a highly stressed chassis 
part. With dimensions of 1200 by 710 by 335 mm, a nominal wall thickness of 3.9 mm and a 
weight of only 16 kg, the subframe component consolidates about 30 individual parts of the 
usual sheet panel design into one single casting.  
 

Version 2011 © European Aluminium Association (auto@eaa.be) 5 

http://www.xwomm.com/datagrip/datagrip/pictures/gross/abab_5b_36.jpg�


 

 
 

Rear axle subframe of the Porsche Panamera, produced as a one-piece hollow casting 
by low pressure die casting (VRC/PRC)  

Source: Porsche 
 
But also other high quality casting methods such as aluminium sand casting can be used for 
the production of rear axle subframes. 
 

 
 

Prototype of a hollow aluminium rear axle subframe produced by sand casting in the 
alloy AlSi7Mg (final weight 17.1 kg)  

Source: GF Automotive 
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 1.2.2   Rear axle subframe in aluminium sheet design 
 

Non heat-treatable AlMgMn alloys are applied in large quantities as hot and cold rolled sheets 
due to their good formability which can always be re-established by interannealing during 
complex forming operations. They are highly suitable for the assembly of relatively complex 
chassis parts such as axle subframes because of their formability and strength, weldability 
and the fact that there is no need for quenching for age hardening (which would be 
detrimental for the required consistent geometrical tolerances).  

A well established AlMg alloy for high strength and excellent formability is EN AW-5182 
(AA5182). However, in 5xxx alloys containing > 3% Mg, the precipitation of β - Mg5Al8 
particles at grain boundaries during long term exposure at temperatures > 80°C can result in 
a susceptibility to intergranular corrosion cracking. Thus, AlMg alloys with a higher Mg content 
must be used with caution in applications where exposure to elevated temperature cannot be 
excluded. The material of choice for chassis parts are therefore the medium strength alloys of 
the type AlMg3Mn (EN AW-5754) and AlMg3.5Mn (EN AW-5454).  

 

 
 

Aluminium rear axles produced from AlMgMn aluminium alloy sheets   
Source: Hydro Aluminium Rolled Products 

 
The rear axle subframe of the BMW 5 series models is a compact structural module 
consisting of hydroformed tubes and deep-drawn sheets which is assembled by MIG welding. 
With a weight of approx. 11.5 kg, it offers a weight reduction of about 40% compared to a 
steel solution. The hollow supporting tubes guarantee a high flexural and torsional stiffness 
which minimises the negative impact of the lower elastic modulus of aluminium on the 
vehicle's driving dynamics. Longitudinally seam-welded tubes (produced by HF welding) 
make up approx. 70 % of the subframe with the remaining 30 % comprised of cold-rolled and 
deep drawn sheets. The complex shape of the tubes in the required narrow tolerances is 
achieved by 3D-bending, suitable pre-forming and final hydroforming. The bearing bushes for 
fixing the plastic bearings are made from extrusions (cut-to-length) while the brackets for 
attaching the control arms are sheet-metal constructions. The wall thickness of the tubes and 
the sheet stampings is 3.5 – 4 mm, of the extrusions 3 – 6 mm. The EN AW-5454 
(AlMg3.5Mn) alloy is used for the tubes and the sheet stampings, the extrusions are made of 
the alloy EN AW-6060 (Al MgSi0.5).   
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Mechanical properties: Rp0,2 Rm

[MPa] [MPa]

Tubes (0/H111): > 105 > 240

Sheets (H24): > 190 > 270

Extrusions (T4): > 60 > 120

Elongation

[%]

A5 > 18

A5 > 8

A10 > 13  
 
 

 
 

Rear axle subframe for BMW 5 series models  
Source: Hydro Aluminium Rolled Products 

 

 
 

Pre-fabricated tube parts for the BMW 5 series rear axle subframe  
Source: Hydro Aluminium Rolled Products 
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Another fabrication method has been chosen for the aluminium subframe of the Mercedes S 
class. In this case, the rear axle subframe is a MIG welded assembly whose components are 
mainly made from deep-drawn aluminium sheet and a few cut-to-length extrusions. The 
respective longitudinal members and rear cross member consist of hollow structures which 
are manufactured by fitting half-shells together; the front cross member and brackets are of 
open sheet-metal design. The bearing bushes for fixing the plastic bearings are formed during 
the deep-drawing process. With a weight of 12.5 kg, the achieved weight reduction compared 
to a steel solution is also approx. 40%. Hot-rolled sheets of the alloy with a thickness of 2.5 – 
3.5 mm of the alloy EN AW-5754 (AlMg3Mn) and extrusions with 3.5 mm wall thickness of the 
alloy EN AW-6060 (AlMgSi0.5) are applied. 
 

Mechanical properties: Rp0,2 Rm

[MPa] [MPa]

Sheets (H0/111): > 85 > 215

Extrusions (T4): > 60 > 120

Elongation

[%]

A5   > 17

A10 > 13 
 

 
 

 
 

Rear axle subframe of the Mercedes S class  
Source: Hydro Aluminium Rolled Products 

 
 

 1.2.3  Rear axle subframes assembled from different aluminium 
products 

 
Whereas one-piece castings are primarily of interest for relatively small production volumes, 
the assembly of rear axle subframes from sheet stampings is rather a cost-effective solution 
for large series. Assemblies using different aluminium product forms (sheet stampings, pre-
formed and/or machined extrusions and castings) may well be considered for medium 
production volumes. 

The aluminium rear axle subframe of the BMW 7-series is a combination of hydroformed 
longitudinally welded tubes and cast components with a total weight of only 14.1 kg. The 
subframe is joined by MIG welding. 



 

 
 

Aluminium rear axle subframe of the BMW 7 series  
Source: Hydro Aluminium Rolled Products 

 
 
A combination of a sheet stamping with a casting was also used for a prototype rear axle 
subframe which was designed for an upper class passenger car: 
 

- Dimensions: (L / W / H in mm):  1130 / 675 / 265  
- Finished part weight (in kg):  13  
 

 

 
 

Aluminium rear axle subframe prototype consisting of a sheet stamping and a single 
casting (below, bottom view) 

Source: Hydro Aluminium Rolled Products 
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The estimated weight benefit compared to the existing steel solution, which includes several 
stamped parts joined by numerous arc welded joints, was approx. 35 %. The choice of the 
aluminium solution mixing a cast part and a stamped sheet was guided by the wish to limit the 
number of joints. The proposed design allows to reduce the assembly cost and to balance the 
relatively poor fatigue behaviour of welded aluminium joints. The selection of a single cast 
part offers the possibility to integrate additional functions and to avoid several attachments. 
The weld has been placed near to the neutral axis of the part in order to reduce stress in 
welded area. 
 
The thickness of the applied aluminium sheet was 3 mm, the alloy EN AW-6061 – T4. The 
wall thickness of the casting varied between 4 and 7 mm, alloy Calypso 61S (AlSi10Mg) – F. 
Low pressure die casting was foreseen for series production, the prototypes were made by 
sand casting. The casting alloy AlSi10Mg has been preferred over AlSi7Mg since it is more 
appropriate for large and thin parts. An AlMgSi (6xxx series) alloy has been chosen for 
welding compatibility with the casting alloy AlSi10Mg. It is used without any thermal treatment 
in order to avoid distortions that could occur during quenching and to avoid loss of mechanical 
properties during welding with the filler wire AA 4043. 
 
An assembled rear axle subframe consisting of extruded profiles (wall thickness 5 – 10 mm) 
and thixo-cast parts has been used in the Alfa Romeo Spider: 
 

- Dimensions: (L / W / H in mm):  1270 / 630 / 280  
- Finished part weight (in kg):  17.8  

 
The straight extruded sections of the alloy EN AW-6061 in the T6 temper were only slightly 
machined. The thixo-cast component (Althix 67S1 (AlSi7Mg0.6) – T5) was produced by 
Stampal SPA. Thixo-casting was selected to manufacture the shaped component because it 
provides near net shape parts reducing the final machining needs and thus minimisation of 
cost. The components were joined by MIG welding. 
 

 
 

Rear axle subframe made from straight extrusions and thixo-cast components, 
produced for the Alfa Romeo Spider 

Source: Constellium 
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Thixo-cast arm (bottom view) 
Source: Constellium 

 
 

 
Also the rear axle subframe of the Citroën C5 was an assembly of aluminium extrusions and 
castings: 
 

- Dimensions: (L / W / H in mm):  1260 / 570 / 220  
- Finished part weight (in kg):  11.7. 

  
Compared to the former solution, a steel tube and two cast iron parts joined by machining and 
force fitting, the aluminium solution offered a weight reduction of 45%.  
 

 
 

Rear axle subframe of the Citroën C5 
Source: Constellium 

 
 
The wall thickness of the extruded section was 2.5 mm (alloy EN AW-6005A – T6), 
subsequent fabrication included cutting and piercing. The cast components with wall 
thicknesses between 4 and 15 mm were produced by permanent mould gravity casting using 
the alloy Calypso 67B (AlSi7Mg) – T6. The parts were then joined by press fitting and MIG 
welding. The joint is a butt weld on a natural support provided by the cast part (see photo 
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below). The assembly cost could be reduced compared to the earlier solution due to the 
elimination of the machining step which was necessary for force fitting of the steel tube onto 
the cast iron parts. The aluminium extrusion is just press fitted onto the cast parts and then 
welded. 
 
 
 

 
 

 
 

Detail of the rear axle subframe of the Citroën C5 
Source: Constellium 

 
A similar solution consisting of two castings and an extrusion was chosen for the rear 
suspension crossmember of the Chrysler Concorde/Dodge Intrepid. Compared to the former 
steel solution, the aluminium design with a finished part weight of 5.8 kg offers a 30 – 35% 
lower mass, but doubles the lateral stiffness and even triples the torsional stiffness.  
 

  
 

Rear suspension cross member of the Chrysler Concorde/Dodge Intrepid 
Source: Alcan 
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 1.3  Front axle subframes 

Lightweighting is also a strong driver for the application of aluminium in the front axle 
subframe. An excellent example is the BMW double-joint spring-strut front axle which is 
constructed of aluminium. The use of aluminium leads to a weight reduction of 30% compared 
to a similar axle made of steel, minimising the unsprung mass of the vehicle. The application 
of aluminium delivers immediate results in the responsiveness of the suspension and steering 
systems. The lower the weight that has to be moved, the easier it is to control. 
At the same time, the aluminium structure is so stable that the front wheels always have 
optimum traction on the road surface, thanks to the highly rigid diagonal front axle subframe 
which also carries the steering gears, track control arms and push bars, as well as the anti-roll 
bar. 

 
 

Aluminium front axle  
Source: BMW 

 
 
A different example is the front-axle subframe which was used for the lightweight version of 
the Volkswagen Lupo (“3 litre Lupo”). In this case, a very simple design consisting of a one-
piece, folded sheet-metal structure has been used. Following a multistage deep-drawing and 
stamping process, the aluminium sheet is folded to give a hollow transverse member. The 
overlapping sheet ends are joined together by MIG welding. Collateral squeeze-cast 
aluminium brackets and forged control arms are attached to the transverse member. 
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Front axle subframe of the Volkswagen “3 litre” Lupo  
Source: Hydro Aluminium Rolled Products 

 
With a final weight of approx. 2.6 kg, the resulting weight reduction compared to a steel 
solution was approx. 45%. A hot rolled aluminium sheet of the alloy EN AW-5454 (AlMg3Mn) 
with a thickness of 3.5 mm was used. The mechanical properties are: 
 

Mechanical properties: Rp0,2 Rm

[MPa] [MPa]

Sheets (H0/111): > 85 > 215

Elongation

[%]

A5   > 17
 

 

 

Intermediate fabrication steps  
Source: Hydro Aluminium Rolled Products 
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The fabrication of the subframe includes the following steps: 
 Two-stage deep-drawing  
 Two-stage stamping  
 Folding to a hollow structure  
 Joining of the overlapping sheet ends by MIG-welding.  
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2 Suspension parts 
 
The suspension includes the system of springs, shock absorbers and linkages which connect 
a vehicle to its wheels. The suspension supports the weight of the vehicle body and also 
protects the vehicle and any cargo from damage and wear. The purpose of an automobile's 
suspension system is two-fold: passenger comfort and vehicle control, i.e. the suspension 
system is the determining factor for active safety and driving pleasure. Comfort is provided by 
isolating the vehicle's passenger cabin from road bumps, vibrations, road noise, etc. Control 
is achieved by keeping the car body from excessively rolling and pitching, and maintaining 
good contact between the tyre and the road surface. These goals are generally at odds, so 
the tuning of the suspension system involves finding the right compromise. 
 
Apart from the linkages, the fundamental components of any suspension are springs, 
dampers and stabilizer (also called anti-roll) bars. Some aluminium components are found in 
springs and dampers, but the most important aluminium applications are the structural 
suspension parts, i.e. knuckles (wheel carriers) and control arms. For unsprung masses such 
as knuckles and control arms, lightweighting presents additional advantages. Thus a 
reduction of the weight of the unsprung masses will also remain a most important driver for 
future developments. 
 
 

2.1 Stabilizers 
 
A stabilizer is usually a torsion spring that resists body roll motions. Its purpose is to prevent 
the car's body from "rolling" in a sharp turn. A stabilizer is generally constructed out of a U-
shaped piece of steel that connects to the body at two points, and at the left and right sides of 
the suspension. If the left and right wheels move together, the bar just rotates about its 
mounting points and does not bend. If the wheels move relative to each other, the bar is 
subjected to torsion and forced to twist. Some high-priced cars have also begun to use 
"active" anti-roll bars that can be automatically adjusted by a suspension-control computer. 
The result is a reduced leaning of the body in turns while the rough-road ride quality of the 
vehicle is significantly improved. With respect to stabilizers, no specific aluminium 
applications are known or can be foreseen today. 
 
 

2.2 Springs 
 
Today's automotive spring systems are based on one of four basic designs: 

 Coil springs 
 Leaf springs (seldom used today) 
 Torsion bars  
 Air springs  

Torsion bar systems are most often found in the automobile. Torsion bars use the twisting 
properties of a steel bar to provide a coil spring-like performance. One end of the torsion bar 
is attached to the frame of the vehicle, the other end to a wishbone, which acts like a lever 
that moves perpendicular to the torsion bar.  
 
Air springs consist of a cylindrical air chamber that is positioned between the wheel and the 
car body. Air suspension systems, which are typically found in the premium car segment, use 
compressed air as a spring. The air is pressurized by an engine-driven or electric air 
compressor. In terms of present and potential future aluminium applications, only air 
suspension systems have to be considered in more details. 
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Air suspension systems 
 
The air suspension replaces the conventional steel spring system. Air suspension systems 
are able to automatically adapt the damping and spring characteristics of the suspension 
according to the preferences of the driver as well as to adjust the body level of the vehicle to 
changing driving conditions and loads. Due to their many advantages, air suspensions 
systems are more and more specified for future platforms. This is an important development 
trend as car manufacturers strive to improve gas mileage by weight reduction and thus utilize 
active suspension technology to maximize the car performance. 
 

 

Electronically controlled air suspension system with electrically actuated valves and 
integrated height and pressure sensors 

Source: ContiTech 

 
Apart from different components in the control unit, aluminium applications in air suspension 
systems include the air reservoirs which make the compressed air centrally available, but also 
various connection pipes with integrated flanges. The currently applied pressure in air 
suspension systems ranges from 10 bar to 25 bar, but the components achieve bursting 
pressures of up to 100 bar. Aluminium air cells offer top functionality, high gas tightness, 
excellent corrosion resistance and low weight. Tight space requirements can be fulfilled by 
the customer-specific development and fabrication of air cells in highly complex geometrical 
shapes. A unique example for an innovative optimisation of the installation space is the 
triangular air cell of the Audi A6 which is installed behind the back seat. 
 

  

Air cells for VW Phaeton (left) and Mercedes (right) 
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Source: SAG Motion AG 

 

 

Air cell for the air suspension system of the Audi A6 (SAG Motion AG) 

 
 

2.3 Dampers 
 
Unless there is a dampening structure, mechanical springs would release the absorbed 
energy at an uncontrolled rate. In practice, the unwanted spring motion is dampened by shock 
absorbers which slow down and reduce the magnitude of the vibratory motions by absorbing 
or dissipating the kinetic energy of the suspension movement. Rubber bushings then absorb 
the rest of the vibrations. The sole purpose of the damper in any suspension system is to 
control the oscillations of the springs, the weight of the vehicle is supported by the spring 
system. 
 
There are many types of shock absorber, but the most commonly used is the twin tube design 
which works with a hydraulic fluid (oil). It can be adapted to all types of suspension. The 
upper mount of the shock absorber connects to the frame of the car (i.e. the sprung weight), 
while the lower mount connects to the axle, near the wheel (i.e. the unsprung weight). The 
energy of the spring is transferred to the shock absorber through the upper mount into a 
piston which sits in the inner (pressure) tube filled with hydraulic fluid. Boreholes through the 
piston allow the fluid to leak through a series of compression valves as the piston moves up 
and down in the pressure tube. Since this process requires considerable force, there is a 
natural resistance to any rapid movement and the bouncing movement of the springs is 
dampened.The outer (reserve) tube stores excess hydraulic fluid. 
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Lightweight shock absorbers with tubular aluminium housings 

Source: Aleris – ZFSachs 

 
 
An automotive suspension strut combines the primary function of a shock absorber with the 
ability to support sideways loads not along its axis of compression, thus eliminating the need 
for an upper suspension arm. The most common suspension strut in an automobile is the 
McPherson strut (see next chapter). Each wheel is attached to the car body by a McPherson 
strut which combines a shock absorber and a spring in a single unit. Such an integrated 
shock-and-spring module offers better suspension tuning abilities and a lower vehicle step-in 
height because of the altered suspension geometry. This means that a strut must have a 
more rugged design, with mounting points near its middle for attachment of such loads. The 
substitution of steel by aluminium in the shock absorbers, which increasingly occurs in 
particular on car models with McPherson struts, saves 20-30% of the weight of the shock 
absorber. 
 
Premium cars with air spring systems are fitted with electronically assisted pneumatic shock 
absorbers which allow the air spring pneumatic pressure to automatically optimize the 
damping action under varying load conditions. In addition to providing improved vehicle 
handling and driving comfort for different load conditions, this system isolates the chassis 
from the road and thus reduces the possibility of vibration damage. 

2.4 Suspension control arms 
 
The typical design elements of any modern suspension system – be it of the McPherson strut, 
trailing arm, multi-link or wishbone type - are the suspension control arms. The number of 
control arms in a vehicle depends on the type of suspension.  
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The McPherson suspension system, for example, consists of a wishbone (or a lower control 
arm stabilized by a secondary link) which provides a bottom mounting point for the hub of the 
wheel. This lower arm system controls both the lateral and longitudinal location of the wheel. 
The upper part of the hub carrier (or steering knuckle) is rigidly fixed to the strut. The strut 
suspension includes also a steering arm which connects to the knuckle. The whole assembly 
is very simple and, since it eliminates the upper control arm, also allows for more width in the 
engine compartment. Another common type of a front independent suspension is the double-
wishbone suspension. While there are several different possible configurations, this design 
typically uses two wishbone-shaped arms to locate the wheel. Each wishbone, which has two 
mounting positions to the frame and one at the knuckle, bears a shock absorber and a coil 
spring to absorb vibrations. Double-wishbone suspensions allow for more control over the 
motion of the wheel. Because of these characteristics, the double-wishbone suspension is 
common on the front wheels of larger cars. 
 
Suspension control arms are important safety-critical parts. Conventionally, these parts were 
made of steel. In comparison with a steel control arm, the mass reduction of an aluminium 
control arm may be up to 50 % and/or the structural rigidity and strength can be improved as 
well. Such a weight reduction potential is a strong driver for the application of aluminium, in 
particular because any reduction of the un-sprung masses offers significant additional 
advantages. Hence, suspension parts are a strongly growing market for aluminium. 
 
The high quality requirements and the specific mechanical property of load-bearing control 
arms are best satisfied with aluminium forgings where the benefits of a fibrous microstructure 
oriented along the loading path can be exploited in addition. Highly automated forging 
processes starting from extruded or cast performs allow cost-effective large series production. 
Consequently, load-bearing control arms are the most important application of aluminium 
forgings in the automobile. 
 

   

 

Forged control arms are produced in a variety of shapes 

Source: Otto Fuchs 

 
A wider range of aluminium processing technologies is available for the production of non-
load bearing (guiding) control arms. Apart from forgings, also high quality cast parts (sand 
castings, squeeze castings, high pressure die castings, etc.), components produced using 
sophisticated semi-solid (thixotropic) processing methods and solutions based on sheets 
and/or extrusions are possible as well. 
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2.4.1 Forged control arms 
 

Example 1 

 

 

Source: Constellium 

Production of this part started already in 1996, the current annual production volume is 
400’000 parts (maximum annual production volume was 2 mio. parts). It is still used for some 
medium and premium VW/Audi car models.  
 
Specifications:  
Dimensions: (L / W / H in mm):     450 x 80 x 30  
Finished part weight (in kg):     1.1  
Weight benefit compared to a steel solution (in %): 30%  
Replaced / Substituted steel parts:   steel forging  
 
Material selection  
Forging:  EN-AW 6082 - T6 
Wall thickness:  10 to 30 mm 
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Example 2  

 

 

Source: Constellium 

 
This control arm is used for the front suspension of premium Mercedes car models (start of 
production: 2006, annual volume: 160’000 parts). 
 
Specifications:  
Dimensions: (L / W / H in mm):     500 x 100 x 100 
Finished part weight (in kg):     1.7  
Weight benefit compared to a steel solution (in %): 50%  
 
Material selection  
Forging:  EN-AW 6066 - T6 
Wall thickness:  15 to 40 mm 
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Example 3 

  

 

Source: Constellium 

 
This control arm – shown in different manufacturing stages - is used for the rear suspension 
of premium Mercedes car models (start of production: 2006, the annual volume: 160’000 
parts). 
 
Specifications:  
Dimensions: (L / W / H in mm):     450 x 120 x 20 
Finished part weight (in kg):     0.6 
Weight benefit compared to a steel solution (in %): 40 %  
 
Material Selection  
Forging:  EN AW-6082, T6 
Wall thickness:  5 to 20 mm 
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Example 4  

 

 

Source: Constellium 

 
Production of this part started in 2004, the current annual production volume is 400’000. It is 
used for the front suspension of medium and premium VW/Audi car models manufactured in 
Europe and China.  
 
Specifications:  
Dimensions: (L / W / H in mm):     450 x 90 x 80 
Finished part weight (in kg):     1.4 
Weight benefit compared to a steel solution (in %): 50 %  
 
Material Selection  
Forging:  EN AW-6082 - T6 
Wall thickness:  15 to 40 mm 
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Example 5 

 

 

Source: Constellium 

 
The start of production of the shown front control arm (annual production volume: 60’000) for 
BMW premium models (produced in Europe and in the US) was 2005. 
 
Specifications:  
Dimensions: (L / W / H in mm):     500 x 120 x 50 
Finished part weight (in kg):     1.6 
Weight benefit compared to a steel solution (in %): 30 %  
Substituted part:             steel forging 
 
Material selection  
Forging:  EN AW-6082 - T6 
Wall thickness:  15 to 50 mm 
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Example 6  

 

 

Source: Constellium 

 
The start of production of the shown front control arm (annual production volume: 300’000) for 
BMW premium models (produced in Europe and in the US) was 2006. 
 
Specifications:  
Dimensions: (L / W / H in mm):     300 x 300 x 50 
Finished part weight (in kg):     0.9 
Weight benefit compared to a steel solution (in %): 40 %  
 
Material selection  
Forging:  EN AW-6082, T6 
Wall thickness:  5 to 40 mm 
 
 

2.4.2 Control arms produced by semi-solid processing  
 
Suspension parts have been a key market targeted by the various semi-solid processing 
technologies known under the terms rheocasting, thixo-casting, thixo-forging, etc. Semi-solid 
processing techniques make use of the specific properties of aluminium alloys at 
temperatures between the solidus and liquidus. They allow the production of net-shape or 
near net-shape components which approach the mechanical property levels of forged 
components using a shorter processing route (rather similar to that of cast components).  
There are different examples of suspension parts which have been produced using these 
processing methods. However, a real breakthrough has not yet been achieved for economical 
and technical reasons.   
 
The following example shows a front axle upper wish bone which was produced by thixo-
casting for series application. However, this production technology was later abandoned. 
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Source: Constellium 

 
This part was produced by semi-solid forming (thixo-casting) for the Mercedes S class (SOP 
1998) as a net shape component ready for assembly of the ball joint and the bushings, i.e. no 
additional machining operation. 
 
Specifications:  
Dimensions: (L / W / H in mm):  350 x 260 x 70  
Finished part weight (in kg):  0.960  
Weight benefit vs. steel solution (in %): 30-40 (estimated)  
 
Material Selection:  SSM: A356–as cast  
 
Wall thickness:  5 to 10 mm  
 
 

2.4.3 Control arms produced by different casting methods 
 

Example 1  

 

 

Source: Constellium 
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The rear suspension arm shown above was produced as a permanent mould gravity casting 
for the Citroën XM model. The cost of the cast aluminium part was lower than the steel 
version because of its monolithic aspect compared to an assembly of numerous stamped 
steel parts. 
 
Specifications:  
Dimensions: (L / W / H in mm):   550x180x170  
Finished part weight (in kg):   3.8  
Weight benefit vs. steel solution (in %):  44  
Replaced / Substituted steel parts:  Stamped steel assembly by welding  
 
Material Selection: 
Casting:  Calypso 67N – T6  
Wall thickness:  5 to 10mm 
 
 

Version 2011 © European Aluminium Association (auto@eaa.be) 14 



 

Example 2 

 

 

Source: GF Automotive 

 
This sand cast rear control arm with a weight of only 2.6 kg is used in the Audi models A4, 
A5, Q5 and A8 (alloy: AlSi7Mg). The thin-walled aluminium sand casting offers an extremely 
lightweight solution. Fabrication steps: Casting, trimming, heat treatment, machining, 
assembly. 
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Example 3 

 

 

Source: GF Automotive 

 
The control arm shown above for the Porsche Panamera is produced by permanent mould 
casting 
(alloy: AlSi7Mg). The fabrication operation includes the following steps: casting, trimming, 
heat treatment, machining and assembly. 
 
 

2.4.4 Control arms produced from extruded sections 
 
The specific characteristics of the aluminium extrusion technology also offer the potential for 
the cost-efficient production of control arms. An obvious solution is to simply cut appropriate 
slices from an extruded profile with a properly designed cross section. Extruded profiles which 
are subjected to little or no mechanical deformation (cold forming), have been used since the 
1990ies in different car models. These extruded profiles can be both open or chamber 
sections, depending on the specific type of load, the applied alloy and the dimensions of the 
part. While this solution is clearly highly cost-efficient, it must be kept in mind that the 
determining mechanical characteristics are the mechanical properties in the transverse 
direction. 
 
Some examples of such profiles are given below. 
 

  

Extruded control arms (hollow profiles) 

Source: Aleris 
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Left: 
 Dimensions: (L / W / H in mm):  530 x 120 x 50 
 Material: EN AW 6008 

 
Right: 

 Dimensions: (L / W / H in mm):  342 x 63 x 16 
     165 x 63 x 24 

 Material: EN AW 6082 
 

  

 

Extruded control arms are produced in open sections 

Source: Aleris 

 
Left: 

 Dimensions: (L / W / H in mm):    486 x 52 x 15 
 Material: EN AW 6082 

 
Middle: 

 Dimensions: (L / W / H in mm):    457 x 60 x 21 
 Material: EN AW 6082 

 
Right: 

 Dimensions: (L / W / H in mm):    325 x 63 x 24 
 Material: EN AW 6082 

 
Another possibility is to subject a longitudinal segment of a specifically designed extruded 
section to an appropriate forming operation (see below). 
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Source: Raufoss Technology 

 
The rear control arm shown above is produced in high volumes from an extruded section in 
an in-line process consisting of stretch bending cold forming, stamping, heat treatment and 
assembly. This innovative combination produces optimal lightweight solutions, setting new 
standards for weight reduction (weight: 1584 g, including all components, 40 – 50 % lighter 
than steel equivalent). 
 

2.4.5 Control arms produced from rolled sheet 
 

 

 

Transverse control arm in aluminium sheet design 

Source: Hydro Aluminium Rolled Products 

 
The transverse control arm shown above was designed for an upper class model as a deep 
drawn part. The minimum deep-drawing radius is around 12 mm (two times wall thickness) 
while the drawing depth is ~90 mm. The mounting points for the axle subframe, the wheel 
carrier and the fixture for the pneumatic suspension are integrated into the component. With a 
final weight of approx. 1.5 kg, a weight reduction of about 35% compared to the steel solution 
was achieved. 
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The starting material was a hot-rolled aluminium sheet of the alloy EN AW-5454 (AlMg3Mn), 
the sheet thickness was 6.0 mm. 
 
Mechanical properties: Rp0,2  Rm  Elongation A5 
    [MPa]  [MPa]  [%]  
Sheets (H0/111):  > 85  > 215  > 17  
 
 

2.4.6 Assembled control arms  
 
A further possibility is to assemble the control arm from different aluminium product forms, 
e.g. stamped sheets and cit-to-length extrusions. 
 

 

Trapezoidal wishbone as a welded aluminium module 

Source: Hydro Aluminium Rolled Products 

 
The trapezoidal control arm for an upper medium class model consists of three longitudinally 
seam-welded tubes and two extruded bearing bushes. The hollow structure of the 
components guarantees a high stiffness. It is therefore able to withstand the high bending and 
torsional moments, caused by braking and traction, without significant elastic deformation.  
 
The weight of the assembled control arm is approx. 2.4 kg, representing a weight reduction of 
about 35 % compared to the steel solution. The longitudinally seam-welded tubes (HF 
welding) have a wall thickness of 4.0 mm, the alloy is EN AW-5754 – HO/111 (AlMg3.5Mn). 
The wall thickness of the extrusions is 4.0 – 6.0 mm, the alloy is EN AW-6060 - T4 (Al 
MgSi0.5). The fabrication process of the tubes includes machining, 2D-bending and forming, 
the extrusions are just cut-to-length. The applied joining method is MIG welding. 
 
Mechanical properties: Rp0,2 [MPa] Rm [MPa] Elongation  
Tubes (0/H111):  > 105  > 240  A5 > 18%  
Extrusions (T4):   > 60  > 120  A10 > 13% 
 
 
 

2.5 Knuckles (wheel/hub carriers) 
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Aluminium knuckles produced by the Counter Pressure Casting technique 

Source: KSM Castings 

 
The knuckle attaches the wheel end braking components to the suspension. Knuckles are 
typically custom designed for each application per customer vehicle and loading 
requirements. The knuckle attaches to the suspension points, such as upper and lower 
control arms (via ball joints or pinch bolts), struts, and/or tie rod ball joints. The bearing and 
caliper are typically bolted to the knuckle. As a result of their relatively complex geometry, 
knuckles are generally cast and subsequently machined components. High quality aluminium 
casting methods must be applied in order to meet the stringent mechanical requirements. 
 
 

2.5.1 Example 1 - Rear arm and hub carrier assembly 
 

 

Source: Constellium 

 
Rear arm /hub carrier assembly for the Peugeot 406 Coupé: The suspension arm, an 
aluminium permanent mould casting, was produced in high volumes (used for all 406 
models). The aluminium hub carrier was a CobapressTM cast forging (produced by Saint Jean 
Industries): 
 
Specifications:   
Dimensions: (L / W / H in mm):   620x250x120  
Finished part weight (in kg):   3.2  
Weight benefit vs. steel solution (in %):  50  
Stiffness benefit vs. a steel solution (in %): 30  
Replaced / Substituted steel parts: Hub carrier:  cast iron 
     Suspension arm: steel tube + stamped steel 
parts  
 
Material:  
Casting:  AlSi7Mg – T6 
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Wall thickness:  4 to 20 mm  
 
The CobapressTM technology provides near net shape parts, allowing reduced machining and 
minimisation of costs. The forging operation during Cobapress process improves the fatigue 
behaviour of parts compared to standard gravity cast components. 
 
 

2.5.2 Example 2 - Front knuckle produced by permanent mould 
casting 

 

 

Source: GF Automotive 

 
The shown front knuckle of the Porsche Panamera is an AlSi7Mg low pressure permanent 
mould casting (weight 4.2 kg). The fabrication operation includes casting, trimming, heat 
treatment, machining and assembly. 
 
 

2.5.3 Example 3 – Permanent mould cast rear knuckle 
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Source: GF Automotive 

 
The rear knuckle of the Porsche Panamera shown above is an AlSi7Mg permanent mould 
casting. The fabrication operation includes casting, trimming, heat treatment, machining and 
assembly. In spite of using the low pressure permanent mould casting process, a sand core is 
used to shape the hollow areas of the component. 
 
 

2.5.4 Example 4 – Permanent mould cast knuckle 
 

 

Source: GF Automotive 
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Permanent mould aluminium knuckle for the Audi A8 model (alloy: AlSi7Mg). The process 
chain includes beside of the pouring additional production steps such as trimming and heat 
treatment. Low pressure permanent mould cast aluminium components combine high 
strength and exceptional elongation. Both properties are crucial for lightweight safety 
components in the suspension. 
 
 

2.5.5 Example 5 – Axle support machined from an extrusion 
 

 

Source: Honsel 

 
Axle supports can be cost-efficiently produced starting from a properly designed extruded 
aluminium section. The fabrication of the axle support shown above (applied in the 
Volkswagen Golf platform) just includes cutting to length and some machining. The alloy EN 
AW-6082 is applied. 
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3 Wheels 
 

3.1 Introduction 
 
The three basic elements of a wheel are the hub, the spokes and the rim. Sometimes these 
components will be one piece, sometimes two or three. The hub is the centre portion of the 
wheel and is the part where the wheel is attached to the suspension through the wheel carrier 
(or knuckle). The spokes radiate out from the hub and attach to the rim. The rim is the outer 
part of the wheel that holds the tyre.  
 
Steel wheels are usually pressed from sheet metal and then welded together. They are still 
found on many cars since they are inexpensive, durable and flexible, but also heavy. In the 
beginning, aluminium wheels were generally marketed as optional add-ons or as part of a 
more expensive trim package. Today, however, aluminium wheels are found on more and 
more car models as standard equipment.  
 
The use of aluminium wheels on passenger cars did not start primarily as a lightweighting 
measure. Aluminium wheels were introduced for styling reasons, to give upper class or 
flagships models a distinctive personal touch. The forged aluminium wheel was invented by 
ALCOA in 1948. In Europe, the success story of the aluminium wheel began with the 
development of the Porsche 911 in 1962. Porsche looked for a special wheel which should 
have outstanding qualities and present new dimensions, also visually. The forged aluminium 
wheel from OTTO FUCHS offered an attractive appearance. In addition, its low weight and 
thus the resulting reduction in the unsprung mass ensured also a superior ride quality. In the 
1970s, cast aluminium wheels started to be factory-fitted to mass-produced cars. 
 
Aluminium penetration in wheels was in the year 2000 for European vehicles about 30 to 
35%, compared to largely more than 50% in USA and Japan. Today, about 50% of the 
vehicles produced on a worldwide basis use aluminium wheels, i.e. wheels are representing 
nearly 15% of the average aluminium content in passenger cars and light trucks. Some car 
manufacturers furnish over 80% of their production with aluminium wheels. In North America, 
the market penetration of aluminium wheels approaches 70%, in Japan about 60% and in 
Europe about 50%. Nowadays, the growth rate of the aluminium wheel market has slowed 
down, but the market volume is still increasing. The development of new, high strength steel 
grades and sophisticated manufacturing methods have enabled significant weight reductions 
for steel wheels and also allowed to meet the intricate aluminium wheel designs. 
 
Wheels have to provide critical safety functions and must meet high standards of design, 
engineering and workmanship. Almost all modern aluminium wheels are made by one of two 
processes: casting and forging. Their performance is a direct result of the employed 
manufacturing technique. Whereas styling has been the main motivation for cast solutions, 
forged wheels are usually lighter and stronger, but also more expensive than cast wheels. 
Nevertheless, with proper attention to material quality and process control, cast aluminium 
wheels can be made to a high standard and provide many years of good service. 
 
Today, cast aluminium wheels are most common with a market share of more than 80% in 
North America, more than 90% in Europe and close to 100% in Japan. In North America, the 
share of forged wheels is about 15%, in Europe only 5%. Increasing weight reduction 
requirements present a good chance for the further growth of forged aluminium wheels, 
despite their higher price. On the other hand, the lightweighting trend has also led to the 
development and application of more sophisticated casting methods as well as the 
consideration of fabricated solutions made using sheets and/or extrusions. Many new 
developments are on the way to further reduce the weight of present aluminium wheels 
without sacrificing the styling advantages. An attractive compromise could consist of cast or 
forged central discs and subsequently assembled (mainly by welding) to extruded or rolled 
rims. 
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Aluminium wheels produced by different technologies: 

a) cast wheel (Source: Montupet), b) forged wheel (Source: Otto Fuchs), c) 2-piece 
sheet wheel (Source: Kronprinz), d) 3-piece with an extruded rim and a cast hub 

(Source: Speedline SpA) 

 
 

3.2 Requirements 
 
Car producers ask from their wheel suppliers a high quality product that meets all the 
requirements of standard driving conditions, but is also able to withstand severe misuse. The 
most important characteristics of aluminium wheels are styling flexibility and cosmetic 
appearance, even after long term use. Another important factor is the generally reduced 
weight and thus the related low rotary moment of inertia, although there are specific 
aluminium wheel styles which are not significantly lighter than steel wheels. Lighter wheels 
improve car handling and riding comfort through the reduction of the unsprung mass, allowing 
the suspension to follow the terrain more closely and thus improve grip. The reduction of the 
overall vehicle mass also helps to reduce fuel consumption. Furthermore, the better heat 
conduction of aluminium leads to a faster dissipation of the heat from the brakes, which 
improves braking performance in highly demanding driving conditions and reduces the 
chance of brake failure due to overheating. 
 
In the design phase of an aluminium wheel, the following characteristics must be considered: 
 

 Stiffness  
The structural stiffness is the basic engineering parameter to be examined when 
designing an aluminium wheel which offers at least the same vehicle performance as 
an equivalent steel wheel. The structural stiffness is determined by the final shape of 
the wheel; the material stiffness (Young's modulus) is more or less given and little 
depending on alloy and temper. 

 
 Static performance (strength)  

In order to avoid any deformation under maximal axial (accelerations and braking) 
and radial stresses (turning), the yield strength of the material must be considered. 
Misuse cases have to be evaluated in relation to the tensile strength. Yield tests 
under pressure are also conducted to check this behaviour. An additional, important 
factor is the temperature resistance, i.e. the wheel must be able to tolerate 
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temporarily 200°C due to the proximity of the brakes and temperatures around 100°C 
over longer periods. 

 
 Fatigue behaviour  

The fatigue performance is the most important parameter for wheel dimensioning. 
Numerical simulation methods are systematically used during design. Service 
stresses, including also multi-axial stresses are considered. Rotary bending and rim 
rolling tests are used to verify these calculations. 

 
 Crash worthiness  

Numerical simulation methods are more and more used for the design of wheels for 
crashworthiness. However, impact tests are still systematically carried out to check 
the resistance to accidental collisions, such as pavements impacts. 
 

Apart from the mechanical characteristics, there are also other important design 
considerations: 

 
 Thermal aspects  

Whatever type of wheel (cast, forged, mixed wrought-cast…) is used, aluminium 
dissipates heat more quickly than steel. Furthermore, aluminium wheels act as a very 
efficient heat sink. This results in a significantly improved braking efficiency, and a 
reduced risk of tyre overheating. 

 
 Style and weight saving potential  

The reduction of the weight of the unsprung mass of vehicles is a key priority in any 
design consideration. On the other hand, styling aspects are generally a decisive 
factor for choosing an aluminium wheel. Thus, a compromise has to be accepted if 
the styling requirements dictate the selection of specific production technologies and 
therefore the realization of less than the maximum achievable weight reduction 
potential.  

 
 Dimensional tolerances 

A perfect mass balance is a key parameter to avoid significant vibrations of the 
wheel. As a result, both cast and forged aluminium wheels are finally machined. 
Compared to steel wheels, the lower weight of aluminium sheet wheels also reduces 
the intensity of vibrations. 
 

 Corrosion resistance 
There are various surface treatment options for aluminium wheels offering different 
qualities and benefits. Wheel appearance, durability and maintenance requirements 
must be considered when choosing a wheel surface. More details can be found in the 
section “Surface treatment”. Galvanic corrosion effects present generally no 
problems. Even at the uncoated iron/aluminium hub interface, no significant corrosion 
has ever been noticed. 
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Reference wheel: 6J x 15 ET45, load = 550 kg 

Source: Otto-Fuchs Metallwerke, Meinerzhagen, 1996 

 
 

3.3 Cast aluminium wheels 
 
The main advantage of cast aluminium wheels is the high styling versatility. Cast wheels also 
offer a high dimensional accuracy (i.e. homogeneous mass distribution) and adequate static 
and dynamic mechanical characteristics. An important reason for choosing cast aluminium 
wheels is their attractive visual appearance. The weight reduction potential compared to steel 
wheels is a benefit, but often not the major objective. Thus, in some cases, the weight of cast 
aluminium wheels is equal or only slightly less than a standard steel wheel without any 
styling. 
 

 

Competition cast wheel 

Source: Speedline Spa 
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3.3.1 Casting processes  
 
Different aluminium casting technologies are suitable for wheel production. High productivity 
casting methods are primarily applied for the production of aluminium wheels to be used for 
factory production cars (supply to the OEM market). On the other hand, the aftermarket is 
looking for more versatile designs, but relatively small series, i.e. specialty casting processes 
are more useful. However, depending on the applied casting process, also the quality of the 
cast aluminium wheels varies. The selection of the specific casting methods largely 
determines the quality of the as-cast microstructure (e.g. porosity) and influences the choice 
of the applicable types of alloys and heat treatments. Thus, it determines not only the strength 
and durability of the wheel, but also affects the quality level which can be achieved in the 
various surface preparation steps and thus the final appearance. Consequently, the selection 
of the optimum casting methods depends on many different factors.  
 
The main casting processes used for the production of aluminium wheels are: 

 low-pressure die casting (mainly) 
 gravity permanent mould casting (less used) 
 squeeze-casting process (marginally used) 

 
In addition, a few other casting processes have been or are used: 

 counter pressure die casting 
 casting-forging (Cobapress) 
 thixocasting. 

 
In general, pressure casting, where the metal is pumped into the mould, is preferable to just 
pouring. However, gravity permanent mould casting is still a relevant casting process for 
aluminium wheels. Gravity casting offers reasonable production cost and is a good method for 
casting designs that are more visually oriented or when the reduction of the wheel weight is 
not a primary concern. Since the process relies only on gravity to fill the mould, the cast 
structure usually shows more defects (porosity, etc.) than that produced by some other 
casting processes. Consequently, gravity cast wheels will generally have a higher weight to 
achieve the required strength. 
 
Most cast aluminium wheels are produced by low pressure die casting using a multi-part 
mould. Low pressure die casting is the standard process approved for aluminium wheels sold 
to the OEM market, but it offers a good value for the aftermarket as well. Low pressure die 
casting uses a relatively low pressure (around 2 bar) to achieve a fast mould filling and to 
produce a dense microstructure resulting in a finished product that has improved mechanical 
properties compared to a gravity cast wheel. On the other hand, it results also in slightly 
higher production cost than gravity casting.  
 
Apart from the conventional low pressure die casting, there are numerous process variants 
optimized for the production of wheels with special designs or improved performance. As an 
example, even lighter and stronger wheels are produced when using special casting 
equipment and applying a higher pressure.  Another variation of the manufacturing process 
leads to cast wheels with undercuts for weight reduction. This casting process is similar to 
standard low pressure die casting, but the design of the mould is modified and the 
solidification conditions must be specifically controlled.  
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Low pressure die cast wheel 

Source: BBS 

 

 

Low pressure die casting scheme 

Source: TALAT 

 

 

Low pressure die casting machines 

Source: Montupet S.A. 

 
An interesting new development is the patented “air-inside technology” of BBS. The basic 
idea is the utilization of hollow chambers and spokes instead of solid material in the 
construction of the wheels. The result is a significantly lighter wheel offering better driving 
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dynamics and comfort. In production, the wheels are first cast with a flange in the middle of 
the rim. The inner and outer shoulders are then shaped into hollow chambers by flow-forming 
and sealed by laser welding. The spokes are hollow cast using hydraulically actuated inserts. 
With such a design, the stability of the wheel is increased by up to 60 %. At the same time, 
the wheel weight is significantly compared to the conventional low pressure die cast wheel. 
 

 

Wheel produced using the BBS Air-Inside technology 

Source: BBS  

 
 

3.3.2 Flow-formed cast wheels 
 
The flow forming or rim rolling technology is a specialized wheel production process that 
begins with a low pressure die casting and uses a special machine that spins the initial cast 
blank while heating its outer portion to a temperature between 300 and 350 °C and then uses 
steel rollers pressed against the rim area to pull the rim to its final width and shape. The 
combination of the heat, pressure and spinning creates a thinner rim wall with mechanical 
characteristics close to that of a forged wheel, but without the high cost of the forging. Some 
special wheels produced for the OEMs high performance or limited production vehicles utilize 
this type of technology resulting in a light and strong wheel at a reasonable cost. The cast 
wheel centre offers interesting design possibilities whereas the flow-formed rim affords the 
realization of reduced wall-thicknesses and, thus, a lower wheel weight. But even highly 
sophisticated cast wheels with undercuts and flow-formed rims cannot reach the weight 
saving potential of forged wheels. Forged wheels are lighter and, in large production 
quantities, also more economical. 
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Low pressure die cast wheel with a flow-formed rim 

Source: BBS 

 
 

3.3.3 Finishing and inspection 
 
After casting, the cast wheels are 100% X-ray inspected (a) and then eventually heat-treated 
prior to machining. This step is followed by a pressure tightness testing before drilling valves 
and bold nut holes. 
 

 

X-ray inspection facility 

Source: Hayes-Lemmerz 

 
After an additional visual inspection, the wheels are surface finished (e.g. painted or 
varnished (b), this operation including an appropriate pre-treatment). 3D dimensional controls 
(c), dynamic balance checking, (d) bending and rim roll fatigue as well as (e) impact tests are 
statistically performed. 
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Painting line for wheels, 3D dimensional measuring facility, Bending fatigue testing, 
Impact testing machine 

Source: Hayes-Lemmerz 

 

3.3.4 Casting alloys and heat treatments 
 
The alloys employed have to meet a range of sometimes conflicting requirements: 

 Good casting characteristics whille using metal moulds (excellent mould filling, no 
adherence to mould, little susceptibility to hot tearing and shrinkage) 

 Strong ability to withstand physical impact (crash worthiness, ductility, impact 
strength) 

 Excellent corrosion resistance (in normal and saline atmospheres) 
 High fatigue resistance  

These requirements have led to the widespread use of hypoeutectic Al-Si casting alloys with 
a silicon content of 7 to 12%, varying levels of magnesium (to achieve a good strength-
elongation compromise) as well as low iron and other minor impurity concentrations. 
 

 

AlSi11Mg cast wheel, not heat treated 

Source: Borbet 

 
Up to the 1980s, non-heat treatable, near eutectic AlSi11Mg alloys with 11 – 12 % Si were 
used in particular in Germany and Italy. These alloy types show very good casting 
characteristics, specifically with respect to mould filling and shrinkage behaviour. On the other 
hand, it is an alloy composition which is less favourable in terms of strength and fatigue limit. 
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Today, AlSi7Mg0.3 (A 356) modified with Sr is the standard aluminium casting alloy used for 
wheels. In the beginning, non-heat-treated wheels were produced with this alloy in France. 
The advantage of the alloy AlSi7Mg0.3 is, however, its heat treatability and thus the ability to 
fulfil the increasing technical requirements on wheels. In North America and Japan, this alloy 
was used exclusively from the beginning in the heat treated T6 temper. Also in Europe, cast 
aluminium wheels are now more and more heat treated. 
 
 

3.3.5 Mechanical characteristics of heat treated wheels 
 
The following graph shows the static mechanical properties and the fatigue strength for the 
AlSi7Mg primary alloy in the T6 temper and various Mg contents. The material characteristics 
were measured on representative permanent mould (P.M.) test specimens. In every case, 
the alloy was modified with Na. The results clearly show that the AlSi7Mg0.3 alloy offers the 
best compromise between fatigue strength and elongation. An increase in magnesium 
content does not clearly improve fatigue strength, but significantly reduces elongation. The 
same investigation has been carried out with different silicon contents. It was clearly 
demonstrated that an increase in Si content has an adverse effect on ductility, particularly at 
low rates of solidification (thick hubs). Nevertheless, alloys with 9-11% Si are still acceptable 
if better castability is required. 
 

 

Static strength, fatigue and elongation properties as a function of the Mg content for an 
AlSi7Mg-T6 primary casting alloy 

 
In addition, the fatigue limit was measured for permanent mould (P.M.) cast test specimens 
(rotating bending tests). The alloy was a Na-modified, heat-treated AlSi7Mg0.3. Micrographic 
examinations indicated a close correlation between the fatigue limit and the maximum pore 
size in the test specimens.  
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Fatigue limit as a function of pore size for an AlSi7Mg-T6 primary casting alloy 

 

3.3.6 Mechanical characteristics of non-heat-treated wheels 
 

 

''Rial'' cast wheel 

Source: Villingen 

 
The following graphs compare the mechanical properties of the primary casting alloys 
AlSi7Mg (modified with Sb) and AlSi11Mg (modified with Sr). The tensile strength and the 
yield strength vary almost in parallel with the increasing magnesium content over the range of 
0 to 0.3% Mg. 
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U.T.S. and Y.S. as a function of the Mg content for the AlSi7MgSb and AlSi11MgSr 
primary casting alloys 

 
The elongation varies inversely with tensile strength and yield strength, and clearly proves the 
superiority of AlSi7Mg modified with Sb. 
 

 

Elongation as a function of the Mg content for the AlSi7MgSb and AlSi11MgSr primary 
casting alloys 

 
The fatigue characteristics reflect the same trend. An increase of the magnesium content 
significantly enhances the fatigue strength and the AlSi7MgSb alloys exhibits clearly higher 
fatigue values than the AlSi11MgSr alloy. 
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Fatigue limit as a function of the Mg content for the AlSi7MgSb and AlSi11MgSr 
primary casting alloys 

3.4 Forged wheels 
 
Forged aluminium wheels are one-piece wheels formed from a single block of metal by hot 
forging, followed by hot or cold spinning and the necessary machining operations. The forging 
process permits flexibility in design of the styled disk, almost similar to cast wheels. One-
piece forging is considered superior to other forms of wheel manufacturing in providing 
ultimate strength while reducing weight compared to cast and multi-piece aluminium wheels 
(and of course steel wheels). 
 

 Forged wheels are typically around 25% lighter than cast wheels (and potentially 
even more). 

 While casting may be a less expensive process, cast wheels exhibit significantly 
lower mechanical properties than forged wheels. 

 Multi-piece wheels are formed from two or more pieces which are fixed together by 
some sort of joining system. Some multi-piece wheels use fasteners while others use 
welds or other adhesives. The joints of multi-piece wheels act as stress concentrators 
and thus fatigue cracks can start. Fasteners can also develop vibrations and often 
fail.  
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Forged aluminium wheels for high performance applications 

Source: Alcoa  

 
Forged wheels outperform cast aluminum wheels in particular with respect to impact and 
fatigue performance. Generally forged wheels do not fail in impact tests whereas complying 
with the impact test requirements may be a tougher problem for cast wheel designers. The 
impact test is not only representative for hitting curbs, but also for pot holes in roads. Cars 
with low profile tyres are most at danger as there is less side wall to protect the wheel. Pot 
holes can create a large impact which can create cracks, resulting in tyre leaks, or even 
worse. Forged wheels offer far more protection from impact and thus keep the driver safer. 
Regarding fatigue performance, some OEMs have moved towards a biaxial fatigue test 
(although this test does not suit all applications). The improved fatigue characteristics allow 
for a lighter forged wheel to achieve the same level of test performance as a cast wheel. 
 
 

3.4.1 General characteristics and examples 
 
The forging process enables the full exploitation of the material properties in terms of: 

 mechanical properties 
 toughness 
 fatigue strength. 

The manufacturing process permits a maximum brake calliper room in combination with tight 
dimensional tolerances and a low weight. Forged wheels are free of porosity and cavities, 
which means higher safety. They also offer a greater variety of applicable surface finishes 
than cast wheels.  
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Forged wheels offer a variety of design variants 

Photos: Otto Fuchs 

 
 

3.4.2 Materials aspects 
 
The standard alloys used for forged aluminium wheels are the heat treatable wrought alloys of 
the AlMgSi system, in particular: 

 EN AW-AlSi1MgMn (6082) in Europe, 
 AA 6061(AlSiMgCu) in North America. 

 
Forging aligns the microstructure of the aluminium metal along the direction of the flow of the 
material, thereby permitting the full exploitation of the strength and toughness characteristics 
of the alloy.   
 

 

Forging aligns the grain structure of aluminium with the shape of the wheel 

Source: Alcoa 

 
While cast wheels are performing according to the same load and durability specifications as 
forged wheels, the latter are more damage tolerant with respect to overloads and misuse. 
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Compared to cast aluminium wheels, forged components exhibit also a higher fatigue 
resistance due to absence of porosity and the presence of a fine, homogeneous 
microstructure. In addition, the dense wrought microstructure permits high gloss diamond 
machining and polishing of the decorative hub faces. 
 

 

Fatigue life curves of forged AlSi1MgMn -T6 and LPDC AlSi7Mg0.3-T6 

Source: Otto Fuchs 

3.4.3 Manufacturing process 
 
The traditional wheel forging concept included several forging operations, rough machining, 
splitting, flow turning, heat treatment, final machining and numerous additional finishing steps, 
depending on design requirements. As a result, styling dominates weight and costs are 
considerable. On the other hand, if low weight and low cost are the primary targets, then 
fabrication technologies must dictate the styling limits.  
 
The production concept "Light Forged Wheel" developed and introduced originally in 1995 by 
Otto Fuchs includes the following steps: 
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Production steps for light weight forged wheel 

Source: Otto Fuchs 

 
The wheel is forged as a disk with a centre and a flange of metal around the outside, which is 
then split and rolled outward to form the rim halves. This step is similar to the flow forming 
(rim rolling) process used for cast wheels (see above). The centre is formed by coining and 
piercing in line with the forging process. The formed wheel is then solution heat treated and 
aged. Finishing steps include machining, drilling, deburing, optionally diamond turning and 
finally surface pre-treating and painting. 
 
The Alcoa forging process starts with AA 6061 extrusions in the T6 temper, optimized for 
wheel design and production. The aluminium billet is prepared and subjected to large forging 
presses, ranging up to 50,000 tons and extensive heat treatment and curing processes for 
optimal wheel strength. 
 

3.5 Surface finishing 
 
Cast and forged wheels are often painted or polished and lacquered with a clear coat after a 
chemical conversion surface treatment. But in particular forged wheels can be subjected to a 
wide range of alternative surface treatments. Extreme care is taken in the machining and 
finishing processes resulting in a complete wheel that is not only optimally balanced and 
strong but also superior in appearance and more durable. 
 
Examples of specific surface options are outlined below: 
 

 Dura-Bright® technology  
Alcoa’s proprietary Dura-Bright® technology surface treatment has been offered in 
the commercial vehicle market since 2003. More recently it was brought to the 
automotive OEM market. Traditional aluminium wheels rely on lacquer as a finish and 
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protection against the elements. During heat cycling, brake dust and grime can 
penetrate the lacquer to create a yellow discoloration or black specks that cannot be 
removed. In contrast, the Dura-Bright® technology penetrates the surface of the 
wheel to become an integral part of the aluminium itself. It resists peeling, cracking 
and corrosion while offering a premium finish. 

 
 Chrome wheel finish  

A chrome finish provides a mirror-like appearance to complement the look of many of 
today’s vehicles. Chrome finish also offers maintenance benefits with some ease of 
washing. However, special care should be given to durability in off-road or winter 
driving conditions. 

 
 Polished clear coat wheel finish  

A two-step surface finishing process is used to develop polished clear coat wheels. 
First, the forged wheel is polished to a smooth and attractive appearance. Then a 
premium clear coat is applied to protect the aluminium. Polished clear coat wheels 
provide additional durability and ease of maintenance. A clear coat wheel offers a 
similar appearance to a polished aluminium wheel without the need to polish the 
aluminium. 

 
 Polished wheel finish  

A polished aluminium wheel offers a brilliant shine that is durable for rugged use. 
 
 

3.6 Fabricated wheels 
 

 

Toyota mixed wheel (cast hub, laminated rim) 

 
Fabricated wheels utilize two or three components assembled together to produce a finished 
wheel. Multi-piece wheels can use many different methods of manufacturing. Centres can be 
either cast (using various methods) or forged. 
 
 

3.6.1 Three piece wheels 
 
Three-piece aluminium wheels (or composite wheels) were first developed for racing 
application. In the 1970s, they were introduced for street use and reached their peak of 
application in the 1980s. In the beginning, they provided several benefits. At that time, forged 
one-piece wheels were very expensive. In comparison, the smaller one-piece centres could 
be forged and then bolted to rims produced by other methods at a significantly lower cost, but 
still providing a strong, lightweight wheel. The rim sections for three-piece wheels are spun 
from aluminium disks. The rim sections are bolted to the centre and normally a sealant is 
applied in or on the assembly area to seal the wheel. Generally, spun rim sections offer the 
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ability to custom-tailor wheels for special applications that would not be available otherwise. 
Rims can be built for nearly any width or offset and a damaged rim can be replaced 
separately. On the other hand, manufacturing a composite wheel is extremely labour 
intensive. A one-piece forged wheel requires comparatively higher tooling cost, but the 
manufacturing process is simpler and faster. Furthermore, in a one-piece forging, all the 
material serves a structural purpose. Thus, a one-piece wheel will always be somewhat 
lighter than an equivalent three-piece fabricated wheel. 
 
 

3.6.2 Two piece wheels 
 
Today, there are different options for two-piece wheels in the market. The two-piece wheel 
design does not offer such a wide range of application as the three-piece wheel, however, 
two-piece wheels are generally cheaper. Some two-piece wheels have the centre bolted into 
a cast or cast and spun rim section. Other manufacturers press cast or forged centres into 
spun rim sections and weld the unit together. When BBS developed a new two-piece wheel to 
replace the previous three-piece street wheel, they used the special rim-rolling technology to 
give the rim section the weight and strength advantages similar to a forged rim. On the high-
end of the two-piece wheel market, there are wheels using forged rims and forged centres. 
.  
 

 

Two piece forged wheel with Ti bolts 

Source: BBS 

 
A special type of a two-piece wheel is the sheet wheel, see below. Sheet wheels belong to 
the lightest types of aluminium wheels. Other aluminium wheel variants have been examined 
too, for example using rims formed from extruded sections 

3.7 Aluminium sheet wheel 
 
The first lightweight aluminium alloy sheet wheels were used in Daimler-Benz and Auto-Union 
racing cars in the 1930s. In the 1960s, Porsche began the batch production of sheet wheels, 
which consisted of a wheel rim and a hub. The first high-volume production of sheet wheels in 
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Europe started in 1979 for Daimler-Benz cars destined for export to the US. Further 
developments of the production process for both the wheel rims and hubs enabled a 
significant reduction of the manufacturing costs so that an aluminium sheet wheel has been 
produced in large volumes for the BMW 5 series starting in 1995. Compared to the 6.5Jx15” 
steel wheel with a weight of 8.7 kg, the weight of the similar aluminium sheet wheel was only 
5.7 kg allowing a total weight reduction of 15 kg per car. 
 

 

Aluminium sheet wheel 

Source: Michelin Kronprinz Werke GmbH 

 
Materials 
 
The good mechanical properties and corrosion resistance of aluminium sheet wheels are 
ensured by the use of established rolled materials. Rim and disc are fabricated from hot rolled 
AlMgMn alloy sheet stock. This alloy has a stable microstructure resisting thermal effects 
during service. The typical as-received materials properties are listed in the table below. 
 

 
Manufacturing process 
 
The manufacturing process for two-piece sheet wheels is based on the use of well-known 
technologies: 

 A strip of sheet metal, cut to the required length, is formed to a circle with the ends 
butt welded together using a pressure welding machine. After removal of the weld 
flash, the rims are shaped by a series of rolling operations. 
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 The wheel nave is formed in several steps on a transfer press using a deep drawing 
process or stamped on a forging machine. 

 Joining the rim to the nave is done by means of a pulsed MIG process. After joining, 
the wheels are surface treated, i.e. pre-treatment to produce a conversion coating 
followed by an electro-dip coating.  

 

 

Configuration of the two-piece aluminium sheet wheel 

Source: Michelin Kronprinz Werke GmbH, Solingen, Germany 

 
Most interesting is the also the so-called “split wheel” concept. The starting point is a circle cut 
from a rolled sheet. First the wheel disc is formed by stamping. Then the edge is split and the 
rim is formed by a rolling process similar to the flow forming of forged wheels. The applied 
materials were heat treatable alloys of the type EN-AW 6082. But up to now, all fabricated 
aluminium wheel variants showed little success in the market. 
 
 

3.8 Future developments 
 
Cast and forged one-piece aluminium wheels have reached today a high technical 
development level. However, there is still some potential for further improvement. This is 
demonstrated for example by the recent introduction of the “air-inside technology” developed 
by BBS. In addition, the future potential of fabricated multi-piece aluminium wheel designs 
should not be ignored although at the moment, they play only a negligible role in the 
marketplace. 
 
Magnesium alloy wheels are sometimes used on special cars (sports cars, upper class 
models) for better performance instead of heavier steel or aluminium wheels. These wheels 
are produced by hot forging or casting from magnesium alloys such as ZK60, AZ31 or AZ91. 
Their typical mass is about 5–9 kg (depending on size). But apart from the high price, 
magnesium wheels have also additional disadvantages for normal road use (flammability, 
corrosion resistance). 
 
Steel wheels are mainly of interest when cost considerations are top priority. Nevertheless, 
the introduction of improved steel grades with significantly higher strength levels and the 
development of more attractive steel wheel designs could initiate a certain comeback of steel 
wheels. New steels including micro-alloyed HSLA, dual-phase, and bainitic steels allow the 
manufacturing of lighter steel wheels. Also new steel wheel designs are feasible which 
include large ventilation openings that mimic the thin-spoke appearance of some aluminium 
wheels. 
 
Nevertheless, the future looks bright for aluminium wheels! 
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 4  Steering system 
 

 4.1  Introduction 
 
The steering system is the key interface between the driver and the vehicle. The main 
requirement is that the steering should be precise, with no play. In addition, the steering 
system should be smooth, compact and light. It must also provide the driver with a perfect feel 
for the road surface and help the wheels return to the straight-ahead position.  
 
The standard steering arrangement is to turn the front wheels using a hand-operated steering 
wheel via the steering column. The steering column may contain several joints to allow it to 
deviate somewhat from a straight line. These joints may also be part of the collapsible 
steering column design to protect the driver in frontal crash situations.  
 

 4.1.1  Operating mechanisms 
 
There are two basic steering mechanisms: 

- Rack and pinion steering 
- Recirculating ball steering. 

Most modern cars use the rack and pinion steering mechanism. The recirculating ball 
mechanism has the advantage of a much greater torque multiplication, thus it was originally 
used on larger, heavier vehicles while the rack and pinion was limited to smaller and lighter 
cars. But with the almost universal adoption of power steering, this is no longer an important 
advantage, leading to the increasing use of the rack and pinion mechanism on new cars. 
However, power-assisted recirculating ball steering systems are still applied today in dynamic 
sports cars, upper class cars, off-road vehicles and vans. Despite the ability to safely transmit 
high torques, the recirculating ball system is characterized by low system friction, high 
efficiency and good noise performance. 
 
In the rack and pinion system, a pinion gear is attached to the steering shaft, i.e. turning the 
steering wheel turns the pinion gear which then moves the rack. The rack and pinion gear is 
enclosed in a metal tube, with each end of the rack protruding from the tube. It does two 
things: 

 It converts the rotational motion of the steering wheel into the linear motion needed to 
turn the wheels. 

 It provides a gear reduction, making it easier to turn the wheels. 
 
A tie rod at each end of the rack connects via the swivel ball joint to the steering arm which 
finally moves the wheel. The specific advantage of the rack and pinion design is a good 
feedback and a direct steering "feel". 
 
In a recirculating ball steering box, a box is clamped over a worm drive that contains dozens 
of ball bearings. The ball bearings loop around the worm drive and then out into a 
recirculating channel where they are fed back into the worm drive again. As the steering 
wheel is turned, the worm drive turns and forces the ball bearings to press against the 
channel inside the nut. This forces the nut to move along the worm drive. The nut itself has a 
couple of gear teeth cast into the outside of it and these mesh with the teeth on a sector gear 
which is attached to the cross shaft. 
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 4.1.2  Power steering systems 
 

 

1.  Electronic speedometer in the 
vehicle  
2.  Electronic control unit (ECU) 
3.  Electro-hydraulic transducer 
4.  Rack and pinion power steering gear 
5.  Engine-driven steering pump  
6.  Oil reservoir with fine filter  
7.  Anti-vibration expansible hose 

Configuration of a modern hydraulic steering system  (Photo: ZF Lenksysteme) 

 
As vehicles have become heavier and switched to front wheel drive, along with an increase in 
tire width and diameter, the effort needed to manually turn the steering wheel has increased. 
Therefore power steering (or rather power-assisted steering) was introduced to assist the 
driver. A specific advantage of power steering is speed adjustable steering, where the 
steering is heavily assisted at low speed and lightly assisted at high speed. This feature is 
gradually becoming commonplace across all new vehicles. 
 
There are two types of power steering systems - hydraulic and electric/electronic. Also 
hydraulic-electric hybrid systems are possible. 
 
The dominating steering solution for today’s vehicles is rack and pinion hydraulic steering. In 
a hydraulic power steering system, a part of the rack contains a cylinder with a piston in the 
middle. The piston is connected to the rack. Supplying a higher pressure fluid to one side of 
the piston forces the piston to move, which in turn moves the rack. The hydraulic power 
steering system uses hydraulic pressure supplied by an engine-driven pump to assist the 
turning motion of the steering wheel. This system offers good value and functionality, a high 
level of reliability, and has a proven safety record. Major components, aside from the rack and 
pinion, include the pump providing the hydraulic pressure, the valve assembly, the rack tube 
housing as well as flexible bellows and pressure lines. 
 

 

Hydraulic power steering system 

Source: ZF Lenksysteme) 
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Hydraulic-electric hybrid systems allow a conventional hydraulic steering system to run 
without an engine-driven hydraulic pump. The hydraulic pressure is supplied instead by an 
electric motor pump unit independent of the engine. This concept is particularly useful in 
vehicle platforms that utilize conventional hydraulic steering as a base technology, but are 
also offered for hybrid electric vehicle variants. 
 

 

Electrically powered hydraulic steering system 

Source: TRW Automotive 

 
Nowadays, however, electrically assisted power steering is gaining more and more market 
share. Electric power steering works by using an electronically controlled electric motor which 
replaces the conventional hydraulic system.  It is superior to conventional hydraulic power 
steering in many respects. The ride characteristics of the car are considerably enhanced 
because the electrical control perfectly responds to vehicle dynamics and handling. It is also 
more efficient than the hydraulic power steering, since the electric power steering motor only 
provides assistance when the steering wheel is turned, whereas the hydraulic pump runs 
constantly. Thus the introduction of electric power steering allows a fuel saving of 3 – 4 %.  
 
In electrically assisted steering, the assist level is easily tunable to the vehicle type, road 
speed, and even driver preference. An additional benefit is the elimination of potential 
environmental hazards posed by leakage and disposal of hydraulic power steering fluid. Also 
in the event of the engine cutting out, steering assist will not be lost - whereas hydraulic will 
stop working, making the steering doubly heavy as the driver has to turn the power-assist 
mechanism on top of the steering system itself. Furthermore, apart from the servo unit, there 
are no additional components: steering valve, steering pump, oil reservoir and high-pressure 
hoses are unnecessary. This saves weight and facilitates installation in the vehicle. Finally, 
electronically controlled electric steering systems also work in tandem with other driver 
assistance systems and thus make an active safety contribution.   
 
Depending on the vehicle class, there are three basic types of electric power steering 
systems. The servo unit is either mounted: 

 on the steering column, 
 on a second pinion 
 or in parallel to the steering rack, 

 
depending on the available installation space, the vehicle power supply and the required 
steering rack force. 
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For small to medium cars, where the steering efforts are relatively low, the servo unit and its 
electronic control unit are integrated in the steering column. They are connected to the 
mechanical rack and pinion steering gear via the intermediate shaft with universal joints. The 
torque produced by the electric motor is converted, via a worm gear, into an assistance 
torque and transmitted to the intermediate shaft. The result is an extremely lightweight design 
that requires very little space. The location of the servo unit and the electronic control unit in 
the passenger compartment saves space in the closely packed engine compartment and 
enables reduced temperature as well as sealing requirements compared with systems 
situated under the hood. 
 

 

Electric power steering system with the servo unit on the steering column 

Source: ZF Lenksysteme 

 
Electric power steering systems with the servo unit on a second pinion are designed for mid-
size or upper midsize cars. The assist power is applied directly to the rack. This design allows 
for lower inertia, lower friction and more direct steering feel, as well as superior response. The 
physical separation of the sensor and the drive unit offers the opportunity for a performance-
optimized configuration and improved crash safety thanks to optimum use of the available 
installation space.  
 

 

Electric power steering system with the servo unit on a second pinion 

Source: ZF Lenksysteme 

 
Electric power steering systems with paraxial drive are designed for high performance 
applications. They are characterized by low system friction and high efficiency.  Due to the 
combination of recirculating ball gear and toothed belt drive, systems with paraxial drive are 
ideally suited for differing high performance requirements. The wide range of positioning 
possibilities of the servo unit allows optimum use of the installation space on the vehicle and 
helps to meet the highly demanding crash safety requirements of the automotive industry. 
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Electric power steering system with paraxial drive (Photo: ZF Lenksysteme) 

 
In the past fifty years, car steering systems haven't changed much. But there will be 
significant advances in car steering in the next decades. Of particular interest is the 
introduction of "steer-by-wire" or "drive-by-wire" systems. Such systems completely eliminate 
the mechanical connection between the steering wheel and the steering mechanism at the 
wheel, replacing it with a purely electronic control system. The steering wheel will essentially 
only contain sensors that tell the car what the driver is doing, whereas some motors in the 
steering wheel will provide the driver with feedback on what the car is doing. The output of the 
sensors will be used to control a motorized steering system. “Steer-by-wire” will reduce the 
vehicle weight, free up space in the engine compartment by eliminating the steering shaft and 
also reduce vibration inside the car. 
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 4.2  Aluminium components of the steering system 
 
Safety and driving comfort are the characteristic requirements for the mechanical components 
of the steering system. Materials selection and product design are determined by the 
requirements regarding inertia forces, vibration damping, strength and crashworthiness of the 
components. 
 
The steering system has all along been an area for the application of different aluminium 
alloys and manufacturing technologies, including both cast as well as wrought alloy 
components. In particular, the aluminium steering column has been the domain of innovative 
technologies such as impact extrusion (followed by secondary forming operations) or rotary 
swaging of aluminium tubes. Aluminium components within the steering system offer 
excellent examples for the potential of massive forming methods for the production of safety-
critical lightweight components. 
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 4.2.1  Steering wheel 
 
Steering wheels for passenger cars are generally circular, and mounted to the steering 
column by a hub connected to the outer ring by one or more spokes. The steering wheel is 
also the usual location for a button to activate the horn. In addition, the driver airbag is 
integrated into the steering wheel. Furthermore, electronics capabilities are becoming 
increasingly important.  Thus more and more electronic buttons and features are integrated 
within the steering wheel. Newer developments include fixed hub steering wheels that offer 
major advantages to the traditional steering wheel. Because the hub is fixed, it can contain an 
asymmetric airbag to give the driver improved protection. It can also hold a large number of 
controls which are more visible and easily accessible to the driver. 
 
Steering wheels are generally manufactured as a single unit. Aluminium (or magnesium) die 
castings are normally used for the frame. The die cast frame is then over-molded with flexible 
polyurethane foam. Additional production processes include leather and wood processes, one 
shot and two shot plastic injection (for plastic parts like airbag covers) and electronic 
component assembly. 
 
But metallic steering wheel frames are today strongly challenged by high performance 
plastics, e.g. glass-filled polycarbonate-siloxane copolymer resins. Reported benefits of high 
performance plastics claim up to 20% system cost reduction and a 40% reduction in mass 
compared to a magnesium or aluminium alloy steering wheel. 
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 4.2.2  Steering column 
 
Steering columns are usually standardized assemblies that can be installed in a variety of 
vehicles. Their main function is: 

 to flawlessly transform steering movements through the lifetime of the car, and 
 to protect at any time the driver in case of an accident.  

 
In terms of design, the steering column has to be light and stable, but also readily collapsible 
to minimize the risk of injury in the event of a crash. 
 
Nowadays, fixed, non-adjustable steering columns are found relatively seldom. The ability to 
adjust the steering wheel for height and reach is today a standard comfort requirement of the 
driver. Therefore fixed steering columns have been largely replaced by electrically or 
mechanically adjustable steering columns. 

 

 
 

 

Fixed, non-adjustable steering column (above) and steering column which is 
electrically adjustable for height and/or reach (below) 

Source: ThyssenKrupp Presta 

 
Adjustable steering columns require a relatively complex console. The parts of the console 
which serve as a sled for the steering shaft are often designed as aluminium high pressure 
die castings. The application of the aluminium high pressure die casting technology ensures a 
low weight, high stability and good collapsibility, factors that reduce the overall weight of the 
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vehicle and maximize passive safety. But it also offers a cost-effective solution for the 
production of the intricately shaped component. 
 

 
 

 

Manually adjustable steering column with a continuously variable clamping 
mechanism (above) and an electric variant (below) with memory function 

Source: ZF Lenksysteme)  

 
Traditionally, the steering shaft, i.e. the inner shaft of the steering column which conveys the 
torsional moment, has been produced from thin-walled steel tubes. However, today, 
lightweight solutions made from wrought aluminium alloys are more and more used too. The 
individual parts of the steering shaft are characterized by relatively complex geometries due 
to the different joints and other features necessary because of the different functional 
requirements, the geometrical boundary conditions and the safety considerations. 
 

 

Steering shaft elements are produced in different variants including for example also 
vibration damping elements 

Source: ThyssenKrupp Presta  
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A specific manufacturing option for steering columns is cold rotary swaging of aluminium 
tubes. Rotary swaging is a technology highly suitable to produce the characteristic elements 
of steering shafts such as closely controlled variations of the outer diameter or the 
introduction of internal gears. 
 

 
 

 

Figure 1: Characteristic elements formed by rotary swaging of aluminium tubes 

Source: HMP 

 

 

Figure 2: Steering column element produced by rotary swaging 

Source: HMP 

 
Impact extrusion is another forming process that is particularly suitable for the fabrication of 
near-net-shape or net-shape cylindrical parts. In general, the cold impact extrusion 
technology is applied to form complex aluminium shapes with close dimensional tolerances, 
although, in particular for larger parts, also warm impact extrusion is possible. As impact 
extrusions leaves the fibre orientation undisturbed and results in a non-porous microstructure, 
it is a manufacturing method ideally suited for the production of safety-critical components. 
The geometrical shape of typically impact extruded components has generally a rotational 
symmetry. But to a certain extent, also attachment geometries like yokes, etc., are possible. 
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Through successive cold processing steps, also convolutions and splined sections can be 
realized.  
 
Figure 3 shows some steering shaft components, figure 4 an example of a one-piece 
aluminium tube with convolutions, compared to a four-piece assembly in steel. The 
convolutions help the tube to meet the requirements on compressible forces and to bend, but 
the part will still keep its integrity in a crash situation. 
 

 
 

 
 
In order to avoid tensile stresses when forming such complex extremities by cold impact 
extrusion, the material must be put under high compression forces. High capacity presses are 
necessary to keep the work pieces under pressure. The extreme forces also ask for the 
development of special tool designs, which can withstand the high impact forces in large 
series production.  
 
The alloy EN-AW 6082 is mainly used for its good overall performance. The alloys EN-AW 
7108 and EN-AW 7021 are used where high strength is required, i.e. in steering shafts. The 
products are used in the engine compartment without surface protection.  
 
Figure 5 shows some other steering shaft components of various geometries, of particular 
interest are the inner splines and the fork legs. The specific benefit of impact extruding is the 
excellent grain-flow combined with the smallest possible overall dimensions. 
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Impact extruded steering shaft components of different geometry 

 
Also a range of linkage products, including the control rod of the steering gear, the track rod 
ends, the control arms, etc., are possible aluminium components. 
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 4.2.3  Components of the power steering system 
 
Further aluminium applications can be found in power-assisted steering systems. In hydraulic 
power steering systems, the hydraulic components such as the steering pump and the 
hydraulic tubes are preferred aluminium applications offering an excellent balance between 
minimum weight and maximum performance. 
 

 

Steering pump for hydraulic power steering system 

Source: ZF Lenksysteme  

 
 
The electric power steering system requires an electric drive consisting of motor and control 
unit. These components can be integrated into a module (“PowerPack”) which needs little 
installation space and has a high power density. The housing shown below made from an 
aluminium extrusion with a specifically designed cross section is an excellent example for an 
optimized lightweight solution. 
 

 

PowerPack for an electric power steering system 

Source: ZF Lenksysteme 

 

Version 2011 © European Aluminium Association (auto@eaa.be) 14 



 

Version 2011 © European Aluminium Association (auto@eaa.be

Further aluminium parts are found in the rack and pinion power steering gear, where 
aluminium high pressure die castings provide cost-effective possibilities. 
 

 

Rack and pinion power steering gear, an aluminium die casting 

Source: ZF Lenksysteme  
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5 Brake system 
 

5.1 Introduction 
 
Automotive brake systems have been refined for over 100 years and have become extremely 
dependable and efficient. The brake system constitutes an integral part of an automobile. It 
allows the driver to slow or stop the vehicle and prevents a stationary vehicle from moving. 
Failure of the automobile brake system can lead to accidents, property damage, physical 
injuries or even death of an individual. 
 
In recent years, brake systems have undergone tremendous changes in terms of 
performance, technology, design and safety. Today, anti-lock braking systems (ABS) are 
more or less standard. Modern ABS versions not only prevent wheel lock under braking, but 
also electronically control the front-to-rear brake bias. This function, depending on its specific 
capabilities and implementation, is known as electronic brake force distribution (EBD), traction 
control, emergency brake assist or electronic stability control system. A further technological 
step change can be expected with the emergence of the brake-by-wire technology. 
 
Originally, most brake systems used mechanically actuated drum brakes with internally 
expanding shoes; i.e. the foot pressure exerted on the brake pedal was carried directly to 
semicircular brake shoes by a system of flexible cables. The mechanical brakes, however, 
were difficult to keep adjusted so that equal braking force was applied at each wheel. 
Furthermore, as vehicle weights and speeds increased, more and more effort on the brake 
pedal was demanded of the driver. 
 
Consequently, mechanical brakes were replaced by hydraulic brake systems. The hydraulic 
brake system used in the automobile is a multiple piston system. The brake pedal is 
connected to a plunger in the master cylinder, which forces hydraulic oil through a series of 
tubes and hoses to the braking unit at each wheel. In a disk brake, the brake fluid from the 
master cylinder is forced into a calliper where it presses against a piston. The piston 
squeezes two brake pads against the brake disk, which is attached to the wheel, forcing it to 
slow down or stop. With drum brakes, the brake fluid is forced into the wheel cylinder, which 
pushes the brake shoes (or pads) outwards so that the friction linings are pressed against the 
drum. In either case, the friction surfaces of the brake pads convert the kinetic energy of the 
vehicle into heat. 
 
For increased safety, modern car brake systems are broken into two circuits, i.e. a typical 
master cylinder includes actually two completely separate master cylinders in a single 
housing, each servicing two wheels. In order to better control the braking process, additional 
valves are necessary. Many cars are equipped with drum brakes on the rear wheels and disc 
brakes on the front. Drum brakes have more parts than disc brakes and are harder to service, 
but they are less expensive to manufacture, and they easily incorporate an emergency brake 
mechanism. Normally the disc brakes would engage before the drum brakes when the brake 
pedal is actuated. The metering valve compensates this effect and ensures that the drum 
brakes engage just before the disc brakes. Furthermore, regardless of brake type, the rear 
brakes require less force than the front brakes. For this reason, a proportioning valve reduces 
the pressure to the rear brakes. Modern cars use the anti-lock brake (ABS) hardware and the 
onboard computer to replace these proportioning valve systems with an electronic brake force 
distribution system in order to distribute the exact amount of pressure at each wheel to ensure 
a balanced braking operation. 
 
Furthermore, a vacuum booster (or servo unit) is used in most hydraulic brake systems to 
provide assistance to the driver by decreasing the necessary braking effort. The vacuum 
booster is attached between the master cylinder and the brake pedal and multiplies the 
braking force applied by the driver. In gasoline engines, the manifold vacuum is used, 
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whereas in diesel engines (and vehicles with an electric powertrain), a separate vacuum 
pump is necessary. 
 
A new development is the introduction of regenerative braking technologies. Regenerative 
braking is used on all hybrid and electric vehicles to recoup some of the energy lost during 
stopping. This energy is saved in the storage battery and used later to power the motor 
whenever the car is in the electric mode. While hybrid and electric vehicles automobiles still 
use conventional brakes at highway speeds, the electric motor helps the car brake at lower 
speeds, i.e. during stop-and-go driving. As the driver applies the brakes through a 
conventional pedal, the electric motor reverses direction and becomes an electric generator. 
The torque created by this reversal counteracts the forward momentum and eventually stops 
the car.   
 
A similar approach can also be used in cars with internal combustion engines. In conventional 
systems, the generator (also known as the alternator) - which converts the engine's power 
output into electricity and charges the battery - is permanently driven by a belt connected to 
the engine. In BMW's Brake Energy Regeneration system, the generator is activated only 
when the foot is taken from the accelerator or the the brake is applied. The kinetic energy that 
would otherwise be wasted is now converted into electricity by the generator and stored in the 
battery. The result is a fuel saving of up to 3%. 
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5.2 Aluminium in the braking system 
 
The typical brake system consists of disk brakes in front and either disk or drum brakes in the 
rear connected by a system of tubes and hoses that link the brake at each wheel to the 
master cylinder. Other systems that are connected with the brake system include the parking 
brake, electronic control systems like the ABS or the EPD system, etc. The major 
components of a vehicle’s brake system are callipers, rotors, drum brakes, master cylinder 
and hydraulic boost units, electronic systems controlling the operation of the brakes, brake 
pedal, park brake lever/pedal, cables, pipes, hoses, sensors. 
 

 

The brake system includes a wide range of components 

Source: Bosch 

 
For years, the brake system has included several aluminium components, in particular within 
the hydraulic system, e.g. the brake booster, valves, distributors, ABS system components, 
and brake pistons. The main reason for using aluminium for these components is its corrosion 
resistance, i.e. the prevention of clogging of the sensitive hydraulic system with corrosion 
products. The other important reason is the lightweighting potential of aluminium which is 
specifically important for those components of the brake system which are connected to the 
wheel, i.e. the unsprung masses. Aluminium has been used in various forms, such as sheet 
stampings, extruded sections and impact extruded parts as well as forgings and castings, 
depending on the type of component and the preferences of the car manufacturer. Examples 
of these brake system components will be shown under "3.3.Components of the braking 
system", demonstrating the versatility of the aluminium materials technologies.  
 
Most of these aluminium applications will stay and probably even grow in future. The need for 
lightweighting remains, there is a clear trend for increased driver assistance by the 
introduction of electronic control units and new developments such as regenerative braking 
further increase the number of components in the braking system. On the other hand, the 
eventual introduction of the brake-by-wire technology will eliminate the need for some of 
these components. 
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A potential area for new aluminium applications are brake disks and drums. Disk and drum 
brakes work on the same principle: A pad (or shoe) presses against a spinning surface and 
converts the kinetic energy to heat. In general, automotive brake disks and drums are today 
made of cast iron or steel. Except for its relatively low wear resistance, aluminium would be a 
preferred material for these applications. Aluminium alloys are relatively strong and offer 
excellent fracture toughness. Aluminium disks and drums are also lighter than iron drums, 
which would lead to a significant weight reduction which is even more interesting since it 
affects the unsprung mass and the rotary mass of the vehicle. Furthermore, aluminium 
conducts heat much better which improves heat dissipation and reduces fade. The improved 
heat conduction will also prevent extreme heat accumulation on the disc or drum surface, 
where it can seriously damage the pads or prevent the brakes from working correctly. 
 
In some cases, aluminium brake drums have been used, in particular for front-wheel 
applications. In order to avoid preliminary failure because of excessive wear, aluminium brake 
drums have an iron or steel liner on the inner surface of the drum, bonded or riveted to the 
aluminium outer shell. A similar approach could be used for disk brakes, where the friction 
ring could be created out of aluminium composite casting which embodies tough and hard 
materials. Newer developments include the use of particle-reinforced aluminium matrix 
composite materials, which - due to their special property characteristics - are eminently 
promising for applications in brake discs and drums. These developments are described in 
detail under "3.4. Discs and drums". But for the moment, this technology has not yet 
achieved any noticeable market penetration. 
 
One reason is the existence of different competing technologies for high performance braking. 
Recently, carbon-ceramic and carbon-carbon composite brakes have been introduced in 
racing and sport cars. Carbon-carbon brake discs are composed of carbon fibres within a 
carbon matrix. However, moisture can reduce the braking power of carbon-carbon brakes. 
Additionally, carbon-carbon pads do not fully perform until they reach temperatures of about 
300 °C. But above 500 °C, the carbon will react with the air and burn. Even at normal braking 
temperatures, some burning of the outer layers may occur and must be minimized by coating 
the rotor. Carbon-ceramic brake discs are composed of carbon fibres within a silicon carbide 
matrix (C/SiC). Carbon ceramic brake rotors are lightweight and can withstand over 1600 °C. 
On the other hand, they are very expensive and require special pads, delegating them for use 
mostly on high end applications. 
 
 

Version 2011 © European Aluminium Association (auto@eaa.be) 5 



 

5.3 Components of the braking system 
 
As stated above, aluminium components are often found in the hydraulic system. These 
components have to satisfy highest safety requirements. Therefore in general, only wrought 
aluminium alloys and the respective product forms are used, for example forged or impact 
extruded parts. Often, components are also machined from extruded profiles with properly 
designed cross sections. 
 

 

Extruded AlSi1MgMn profile specifically designed for the production of ABS housings 

Source: OTTO FUCHS 

 

 

Bosch ABS 8 – exploded view 

Source: Bosch 

However, also high quality casting techniques can be applied, e.g. for the production of 
master cylinders. 
 

 

Cast aluminium master cylinders  

Source: TRW Automotive 
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Co-operative regenerative braking systems for hybrid and electric vehicles 

Source: Bosch 

 
 
Aluminium components in the actual braking units at the wheels reduce the unsprung mass, 
but due to their corrosion resistance also ensure problem-free long term operation. 
 

  

Drum brake with integrated parking brake function 

Source: Bosch 

 
In case of the disk brake, the brake calliper – the assembly which houses the brake pads and 
pistons - is the most important aluminium application. Most common calliper designs use a 
single hydraulically actuated piston within a cylinder, although high performance brakes use 
as many as twelve. 
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Brake calliper with an integrated mechanism for a parking brake function 

Source: Bosch 

 

 

Electric Park Brake which functions as a hydraulic brake for standard applications and 
an electric brake for parking (the traditional parking brake pedal or lever is replaced by 

a compact actuator switch) 

Source: TRW Automotive 

 
Additional aluminium application potential can be found in the brake lines. The brake fluid 
travels from the master cylinder to the wheels through a series of hydraulic tubes and 
reinforced rubber hoses. The rubber hoses are used only in places that require flexibility, such 
as at the front wheels, which move up and down as well as steer. 
 

 

HYCOT™/® aluminium PA 12 coated precision drawn tubes ensuring excellent 
corrosion and stone impact resistance 

Source:  Hydro Aluminium Precision Tubing 
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5.4 Disc and drums 
 
The use of aluminium as the basic material for brake rotors or drums presents a big 
challenge, but also a large potential for vehicle weight reduction. The resulting weight 
reduction is in this case even more interesting since it affects the unsprung mass and the 
rotary mass of the vehicle.  
 
In the past, test applications of standard aluminium materials have revealed the shortcomings 
of lightweight aluminium rotors/drums in term of insufficient strength, thermal and wear 
resistance. The development of aluminium metal matrix composites (Al-MMC), however, 
resulted in a lightweight material with considerable improvements compared to standard 
aluminium in these areas. Brake rotor applications have focused on ceramic particulate 
reinforced aluminium alloy formulations because of their cost, availability, isotropy, and 
appropriate thermo-physical, mechanical, friction, and wear properties. 
 

 
 

 

Aluminium Metal Matrix Composite brake discs and drums 

 

Aluminium Metal Matrix Composite (Al-MMC) materials combine the light weight and strength 
of aluminium with the wear resistance and stiffness of ceramic reinforcements to create a 
durable, light weight alternative to Grey Cast Iron (GCI) for brake disks & drums. Compared to 
grey cast iron, Al-MMC materials offer distinct advantages, i.e.: 

 superior thermal properties 
 low noise susceptibility 
 high wear resistance 
 lower mass 
 excellent corrosion resistance.  

 

 

Microstructure of an aluminium metal matrix composite with 20 vol.-% SiC 
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These specific material characteristics can be transformed to distinct product advantages: 
 

 
 
More details can be found in the following diagrams: 
 

1. Thermal diffusivity 
 
Thermal diffusivity is the ratio of the tendency of the material to conduct heat energy to the 
tendency to store heat energy, i.e. the most important thermal property for brake applications. 
The following diagram compares the thermal diffusivity of GCI with a 20 vol-% Al-SiC MMC 
over a relevant temperature range. 
 

 
 
It demonstrates a larger difference in the balance of heat absorption and conduction between 
the two materials than the ratio of thermal conductivity alone would suggest. 
 

2. Wear resistance 
 
The excellent wear resistance of Al-MMC reduces the roughness generation and thus leads 
to a reduction in rotor thickness variation. Therefore the introduction of Al-MMC might offer 
the possibility of a lifetime rotor or drum. 
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3. Noise generation 
 
A comparison of the modal density shows that Al-MMC's have a lower propensity for noise 
generation than grey cast iron. 
 

 
 
This corresponds to an advantageous NVH rating (SAE). The figure below shows typical rear 
NVH ratings for Al-MMC brake discs as a function of vehicle test miles: 
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The following factors contribute to the lower noise of Al-MMC brakes: 
 lower running temperatures 
 stick / slip friction ratio closer to unity 
 lower modal density 
 lower specific gravity 
 lower acceleration levels 
 higher frequencies. 

 
4. Durability and corrosion resistance 

 
Compared to GCI, Al-MMC shows the following benefits: 

 maintains cooling capacity 
 maintains structural integrity 
 avoids damage to the braking surface 
 eliminates cosmetic issues 
 eliminates corrosion related judder. 

 

 
 
 
On the other hand, Al-MMC brake discs and drums also require the consideration of specific 
design recommendations and manufacturing techniques. A big problem is in particular the 
machinability of these materials. 

 

) 12 
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Applications – Car Body  

Introduction 
The Body in White (BIW), seen as a single component, is the heaviest part of a conventional 
car with a share between 25 and 30% of the complete vehicle weight, depending on the size 
of the engine, the installed options, and the integrated safety features. In the European 
market, the dominating car body design concept is the monocoque design. Less than 5 % of 
the light vehicles built in Europe use a body-on-frame design.  
The car body − comprising the body-in-white, the closures, the bumpers and different interior 
parts − is today still a domain of steel sheet materials. However, the substitution of steel by 
aluminium in the car body presents most interesting lightweighting possibilities. Moreover, the 
options for lightweighting with aluminium are not limited to material substitution, but the 
different aluminium product forms offer in addition the potential for lightweighting by design 
and – to a limited amount – also lightweighting by using new fabrication technologies. It has 
been demonstrated that substitution of conventional steel car body designs by proper 
aluminium designs offers a weight reduction potential of the order of 40%. 
 

Short history  

Historically, aluminium applications in automobile bodies have been around for a long time. A 
small sports car with an aluminum body was already shown at the international motor car 
exhibition in Berlin in 1899. In the beginning, aluminium body components were produced by 
casting. As an example, in the model Great Arrow introduced in 1904 by Pierce-Arrow, large 
aluminium castings were used for body parts such as the side walls, the doors and the wall 
separating the engine from the passenger compartment. .  
 

 
Pierce-Arrow Great Arrow (1904) with cast aluminium body panels 

In the 1920ies, cast aluminium body panels were partly replaced by aluminium sheet panels, 
although window mouldings, firewalls, and other parts remained aluminium castings. Also 
other vehicles from the 1930ies used aluminium in the body, e.g. the bonnet of the Model T 
Ford was made of aluminium. 

However, as a consequence of the rapid progress in engine technology, the vehicle weight 
did not remain a top priority issue for automotive engineers. Car manufacturers soon 
preferred steel for the economic mass production of vehicle bodies. Steel sheets were 
available in large quantities and offered, apart from the cost benefit, the advantage of long-
term experience in processing and service performance. But for technically challenging high-
speed vehicles such as the famous Mercedes Silver Arrows or for luxury cars, aluminium 
body structures were never out of use. 
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Mercedes-Benz W 25 racing car (1936) with a hand-formed aluminium sheet body 

Aluminium car body sheets were again applied in large series production in the post-war 
period. Starting in 1948, Land Rover used aluminium sheets in different models. The first 
production car to use aluminium as a structural material for its body shell was the Panhard 
Dyna Z (1953). The spot welded aluminium body sat on an aluminium sheet floor which was 
reinforced with steel tubes and side sills. The applied sheet alloy was similar to EN AW-5754.  

 
Panhard Dyna Z, the first series production car with an aluminium sheet body structure 
But starting in 1956, the aluminium sheets in the Panhard Dyna were again gradually 
replaced by steel. In 1958, aluminium was only used for the bumpers, except for some 
aluminium components in the engine and driveline.  
The broader market introduction of aluminium sheets for bonnets, fenders, doors, hard-tops 
or tailgates only followed in the eighties of the last century as a consequence of the first oil 
crisis in order to save weight and thus reduces fuel consumption.  

 
Mercedes-Benz 450 SLC 5.0 (1977) with aluminium bonnet, boot lid and bumpers 

 
As an example, the weight of the Mercedes-Benz 450 SLC top model could be reduced by 
more than 80 kg using aluminium bonnets and deck lids, front and rear bumpers as well as 
aluminium wheels.  
The continuing lightweighting trend in the nineties of the last century led to the development 
of several sheet-intensive all-aluminium concepts. Some sheet-based all-aluminium models 
were also produced in small volumes, e.g. the electrically driven General Motors EV1 model 
or the Honda Acura NSX sports car, both presented in 1992.  
The final impetus for the introduction of all-aluminium car bodies was the development of the 
Audi Space Frame®, first for the Audi A8 (1994) and then the Audi A2 (1998). The 
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advancement of the sheet-intensive Ford P2000 concept car led in 2003 to the first series 
application of a complete aluminium monocoque car body design with the Jaguar XJ. 
 

Purpose and scope of this section 

Steel sheets in various grades, from highly deep-drawable qualities to ultra high strength 
steels, are today still the dominating material in automotive body design. In the course of time, 
the car manufacturers developed an enormous wealth of experience regarding design, 
manufacturing and use of car bodies made from steel sheets. Thus, a material substitution is 
not easily decided, but requires intensive development activities and asks for extensive 
adjustments in design and engineering, production planning and manufacturing.  

The partial or complete substitution of steel by lighter aluminium solutions takes place  

- in the form of individual hang-on parts or structural modules integrated in a predominantly 
steel body, preferentially where the reduced weight allows also the realisation of 
additional advantages or 

- by a consistent aluminium lightweight design of the car body structure (either as an all-
aluminium design or in the form of large structural modules, e.g. an all-aluminium front 
section).  

The requirements of the car producers with respect to materials properties, manufacturing 
productivity, fabrication cost and need for investments have led to the development of various 
aluminium design concepts and to significant advancements in aluminium material and 
manufacturing technologies. Apart from the intensified use of aluminium in hang-on parts, 
more and more aluminium components with structural functions are integrated into steel 
bodies. The extent of such a mixed material body design can vary considerably and reach 
from individual aluminium components in a steel body to an all-aluminium body with a few 
steel parts. An interesting example offers the aluminium/steel hybrid body of the BMW 5xx 
series (E60) where aluminium was used for the front of the car and steel for the passenger 
cabin and the rear, thus ensuring a 50:50 weight balance. 

 
BMW 5xx model E60 with an aluminium front section built from 2003 to 2010 

(Photo: BMW) 

Today we are observing a significant growth of aluminium in closures and body applications, 
in particular in upper class models (E class), sports cars and luxury SUVs.  However, the 
application of an all-aluminium car body will be limited also in future to specific upper class 
models and sports cars, in particular for niche applications and small to medium production 
series. For mass production, mixed material constructions will generally dominate, i.e. body 
design concept where steel provides the strength and the stiffness of the body structure and 
aluminium is the preferred material for closure parts and selected structural modules.  
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Aluminium content (kg) of the average European car in closure and body applications 

(Source: Ducker, 2012) 
 
The purpose of this section is to illustrate a variety of aluminium body components and all-
aluminium body design concepts which have been successfully developed for low, medium 
and high production volume cars. The different examples demonstrate that lightweight 
aluminium solutions are available for practically all car body applications (structural and non-
structural).  
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1 Body structure 
 
The core element of any car is the body structure. The car body connects all the different 
components; it houses the drive train and most importantly carries and protects passengers 
and cargo. The body structure needs to be rigid to support weight and stress and to securely 
tie together all the components. Furthermore, it must resist and soften the impact of a crash to 
safely protect the occupants. In addition, it needs to be as light as possible to optimize fuel 
economy and performance. Over the years, various designs have been used and each of 
them has its benefits and drawbacks.  
 

1.1 Body design concepts 
  
The oldest structural vehicle design is the body-on-frame concept. The frame typically 
consists of two parallel, connected rails (“ladder frame”) which the suspension and power 
train are attached to. The rest of the body, or the shell, sits on the frame.  
 

 

The ladder frame design (left) as exemplified by the Chevrolet Corvette C3 (right) 

 
The body-on-frame concept was used until the early 1960s by nearly all cars in the world. The 
original frames were made of wood (commonly ash), but steel ladder frames became 
common in the 1930s. Today, the frame design is only employed for light trucks and full-size 
SUVs. The frame looks like a ladder, two longitudinal rails connected by several lateral and 
cross braces. The longitude members are the main stress member. They deal with the load 
and the longitudinal forces caused by acceleration and braking. The lateral and cross 
members provide resistance to lateral forces and increase the torsional rigidity.  
Frames are used on trucks because of their overall strength and ability to sustain weight. The 
disadvantage of the frame design is that it is usually heavy and – since it is a two-dimensional 
structure − the torsional body stiffness needs to be improved. Also, the frame tends to take up 
a lot of valuable space and forces the centre of gravity to go up. Safety is also compromised 
in a body-on-frame vehicle because the rails do not deform under impact; i.e. more impact 
energy is passed into the cabin and to the other vehicle.  
Most small car models switched to the monocoque construction in the 1960s, but the trend 
already started in the 1930s with cars like the Opel Olympia. Today, the monocoque design is 
by far the dominating body concept. The Ford Crown Victoria (discontinued in 2011) was the 
last passenger car using the body-on-frame concept. 
The monocoque design is a construction technique that utilises the external skin to support 
some or most of the load (in contrast to the body-on-frame concept where the frame is merely 
covered with “cosmetic” body panels). In this case, the integral floor pan serves as the main 
structural element to which all the mechanical components are attached. But there are also 
“semi-monocoque” variants, e.g. the Volkswagen platform concept which includes a 
lightweight, separate chassis made from pressed sheet panels. In this case, both the chassis 
as well as the body shell are used to provide the necessary structural strength.  
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The monocoque construction is a one-piece structure which defines the overall shape of the 
car and incorporates the chassis into the body. In fact, the "one-piece" chassis and body are 
made by welding many stamped sheet panels together. The monocoque body structure offers 
good crash protection as crumple zones can be built into the structure. Another advantage is 
space efficiency since the whole structure is actually an outer shell. Obviously, this is very 
attractive to mass production cars. But while the monocoque structure is highly suitable for 
mass production by robots, high tooling costs hinder its application for small-scale production. 
Also the pure monocoque structure is relatively heavy. The rigidity-to-weight ratio is fairly low 
as the shell is shaped to benefit space efficiency rather than strength and the pressed sheet 
panels are not as stiff as structures made from tubes or other closed sections and/or three-
dimensional components.  

Consequently most modern car bodies are not true monocoque designs; instead today’s cars 
use a unitary construction which is also known as unibody design. This uses a system of box 
sections, bulkheads and tubes to provide most of the strength of the vehicle, to which the 
stressed skin adds relatively little strength or stiffness.  

 

Unibody design concept 

 
The unibody design allows a significant weight reduction of the car body and enables a more 
compact, yet spacious vehicle configuration. Also safety is increased because energy-
absorbing deformation zones can be engineered into the unibody. The rigidity of the car body 
is somewhat compromised because the basic monocoque assembly is made of sheet panels 
which are – at least in case of steel designs – generally spot welded, i.e. only locally 
connected. However, it is easily possible to increase the stiffness of the unibody by using 
continuous joints (e.g. adhesive bonding or laser welding) or by the addition of tubes, closed 
sections or other stiffening components. On the other hand, when a vehicle with a unibody 
design is involved in a serious crash, it may be more difficult to repair than a full frame 
vehicle.  
 

Suspension components, as well as the power train, are directly mounted to the unibody. In 
many cases, subframes are used as strong mounting interfaces. Additional important 
structural parts are the firewall (located between the passengers and the engine 
compartment) and, sometimes, also the wall behind the back seats. This is also the case for 
the body panels which serve as the skin of the car and give the vehicle its overall shape and 
appearance. Elaborate monocoque design is so sophisticated that windshield and rear 
window glass make an important contribution to the designed structural strength of the 
automobile too. 
For niche applications, there are two additional body design concepts: the tubular space 
frame and the backbone chassis. As the ladder chassis is not strong enough for high 
performance sports cars and racing applications, motor racing engineers developed a three-
dimensional design. The tubular space frame chassis employs dozens of tubes or other rod-
shaped components, positioned in different directions to provide the required mechanical 
strength against forces from anywhere. The result is a very complex welded structure. Since 
the mid 60s, many high-end sports cars also adopted the tubular space frame design to 
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enhance the rigidity / weight ratio. However, many of them actually used space frames only 
for the front and rear structure and used a monocoque cabin for cost reasons.  
 

 
Tubular space frame design of the Mercedes-Benz 300SLR racing car 

 
The backbone chassis is very simple. It consists of a strong tubular backbone (usually with a 
rectangular cross section) which connects the front and rear axle and provides nearly all the 
mechanical strength. The whole drivetrain, the engine and the suspensions are connected to 
both ends of the backbone. The backbone chassis is strong enough for small sports cars, but 
not suitable for high performance sports cars. Also it does not provide any protection against 
side impact and off-set crash.  

.  
Backbone chassis of the Lotus Elan 

(Photo: Lotus) 
 

 

1.2 Car body design with aluminium 
Steel car bodies have been traditionally fabricated from stamped sheet parts joined by 
resistance spot welding. Newer developments included the introduction of the hydroforming 
technology and the laser beam welding technique. Together with the market introduction of 
new high and ultra high strength steel grades, it was thus possible to improve the stiffness 
and crash worthiness and/or reduce the weight of the steel car bodies at no or little additional 
cost. Laser welded, continuous joints significantly increase the rigidity of the monocoque body 
structure and structural components and subframes manufactured from thin, hydroformed 
steel tubes enable further improvements of the body strength and stiffness.  
Similar design and manufacturing principles as used for steel body structures can be applied 
to realize an all-aluminium car body. However, simple material substitution leads not always 
to cost efficient solutions. It is essential to take a holistic approach and to consider the total 
system consisting of the construction material, appropriate design concepts and applicable 
fabrication methods. Technically and economically promising aluminium car body concepts 
are the result of aluminium-oriented design concepts and properly adapted fabrication 
technologies. With its different product forms (sheets, extrusions, castings, etc.), aluminium 
offers a wide variety of design options. Therefore an appropriate substitution of steel by 
aluminium in the body structure enables not only a significant weight reduction, but influences 
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the cost efficiency too. The selection of the most appropriate product form − depending on the 
type of car and the planned production volume – also allows the optimisation of the technical 
performance under the given economical and ecological boundary conditions. 
The main elements of a self-supporting car body structure (“unibody”) are: 

 - load-carrying profiles 
 - stiffening sheets 
 
and the required joining elements (nodes). The profile structure provides the basis for the 
required high bending and torsion stiffness of the car body within certain package restrictions. 
The basic body frame given by profiles and nodes is further stiffened by the addition of sheets 
which are also used to form the overall body enclosure. An additional design requirement is 
an excellent crash worthiness of the car body (high energy absorption capability by 
deformation without crack initiation and fracture). 
A most important advantage of aluminium compared to steel is the additional availability of 
extruded, single- or multi-hole profiles with complicated cross sections and thin-walled, 
intricately shaped castings with excellent mechanical properties. These components cannot 
be only beneficially used for load-carrying and/or stiffening functions, but may also serve as 
joining elements. The proper use of extruded (and formed) or die cast products enables the 
development of new, innovative structural design solutions and, consequently, significant 
weight and cost savings by parts integration and the incorporation of additional functions. 
Aluminium sheets show similar denting and bending stiffness as steel sheets when their 
thickness is increased by 40 %, i.e. the weight reduction resulting from a material substitution 
reaches up to 50 %. In case of the profiles, the substitution of steel by aluminium offers in 
particular potential for weight reduction when the profile geometry (cross section) can be 
varied, e.g. by changing from an open to a closed profile or by the introduction of multi-
chamber profiles. Furthermore, there is a clear potential for the beneficial application of 
extruded aluminium profiles when the profile diameter can be increased. 
The decisive factor in the selection of the most effective aluminium body design concept is the 
envisaged production volume. High volume production looks for minimum material (part) cost 
and low assembly cost, but can afford relatively high capital investments (both in tools and 
manufacturing equipment). In contrast, low volume production asks for minimum capital 
expenditures whereas component and assembly costs play a less important role.  

 
Cost of different aluminium structural body components (schematic) 

 
The cost relations shown above for ready-to-assemble structural car body parts give only a 
rough indication. In practice, the actual cost of aluminium body components will vary 
significantly. The shapes of the components, the required geometrical tolerances and 
mechanical properties, etc., are most relevant parameters. The cost of extruded aluminium 
components differ significantly depending on the necessary additional forming and machining 
steps. 3D-bending and hydroforming operations are particular cost-intensive. In case of 
structural die castings, a most important cost factor is the (part-specific) tool lifetime. 
Furthermore, the assembly costs can show large differences depending on the application-
specific requirements and the geometrical tolerances of the single components. But also the 
cost of surface preparation and corrosion protection can be significant. Thus, a detailed 
analysis of all the various factors influencing the overall cost will be generally necessary.  
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Depending on the planned production volume, the various product forms − sheets, extrusions 
and structural die castings − can be used in varying proportions for the car body structure. 
Mixed material designs, i.e. the combination with other material components (steel, 
magnesium, fibre reinforced composites, etc.) add further possibilities. For aluminium-
intensive car body structures, however, only three basic car body design concepts are used 
today: 

 Extrusion-intensive frame structures (straight and 2D-bent extrusions)  

 Spaceframe structures including formed extrusions and large, thin-walled castings 

 Sheet-intensive unibody structures. 
 

 
Aluminium-intensive car body design concepts 

 
 

1.3 Sheet-intensive aluminium body structures 

1.3.1 Early developments 

Sheet designs are primarily directed towards higher production volumes because of the high 
investments in stamping tools and presses. On the other hand, sheets are a relatively 
inexpensive product form. Sheet-intensive body design concept are established and proven 
for steel car bodies. They can be also realised with aluminium sheets. The Panhard Z1 model 
can be mentioned as a first example. Series production started in 1953 with the use of EN 
AW-5754 (AlMg3) alloy sheets. 

In the early eighties, several aluminium concept cars were produced, in general just by the 
substitution of steel sheets by aluminium alloy sheets in existing car models. As an example, 
a Porsche 928 sports car with an all-aluminium body was exhibited 1981 at the IAA Frankfurt. 
The aluminium body was a joint development with Alusuisse, it was built using Anticorodal®-
120 (EN AW-6016) alloy sheets (thickness 1.2 mm for the closures, 2.5 mm for the structure). 
The weight of the aluminium body was 161 kg, representing a weight reduction of 106 kg 
compared to the steel body. Soon afterwards, Audi began to study aluminium intensively 

again; in due course, an aluminium body based on the Audi 100 was developed.  
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Aluminium sheet concept car based on the Audi 100 (1985) 

(Photo: Audi) 

 
The first production car with an all-aluminium body was the Honda Acura NSX, introduced in 
1989. The Honda Acura NSX, a high performance, two-seater sports car, was assembled by 
hand in very small numbers. It featured an all-aluminium monocoque body with a weight of 
163 kg, incorporating some extruded aluminium profiles in the frame and the suspension. The 
application of aluminium in the body alone saved nearly 200 kg in weight over the steel 
equivalent while the aluminium suspension saved an additional 20 kg. The exterior had a 
dedicated paint process, including an aircraft type chromate coating designed for chemically 
protecting the aluminium bodywork.  The body structure utilized high-strength aluminium 
alloys and special construction techniques, making it stronger than a comparable steel body, 
yet 40 % lighter. A combination of spot and MIG spot welding was used to join the structure 
together.  
In addition, the NSX-T offered a removable, aluminum roof panel. This panel was designed to 
be lightweight, yet durable, and has its own storage compartment under the rear glass hatch.  
 

  
Honda Acura NSX the first production car with an all-aluminium monocoque body 

 
In the early 1990s, Alcan Aluminum Ltd. partnered with Ford to develop an aluminium-
intensive vehicle. Ford then built a test fleet of 40 vehicles based on the design and 
mechanical components of its Taurus volume production midsized sedan. The P2000 
features a stamped aluminium unibody similar to a conventional steel body, but it uses 
advanced design and fabrication technologies to achieve a stiff and safe structure. The front 
shock towers, for example, are aluminium castings, eliminating the need for a heavier, 
complex and costly three-piece stamped aluminium assembly. The P2000 also features 
epoxy adhesive weld bonding to improve rigidity. The resulting body-in-white has a mass of 
182 kg, compared with 398 kg for a conventional steel version. Overall, the P2000 is made of 
about 332 kg of aluminium as well as significant amounts of magnesium and plastics, 
contributing to a total car weight of about 907 kg (compared to 1505kg of the steel production 
Taurus model). 
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Ford P2000 prototype car (1998) produced using Alcan’s Aluminium Vehicle 
Technology  

 
The Ford P2000 was developed as a purpose-designed aluminium-intensive mid-sized sedan 
where Ford took full advantage of the primary weight saving from the aluminum body-in-white 
structure to reduce the weight of all the vehicle’s secondary systems. The aluminium body-in-
white was built using Al-3%Mg structural sheet material (EN AW-5754, 0 temper). The 
construction benefited from the application of Alcan’s Aluminum Vehicle Technology (AVT) 
structural bonding system. Structural bonding (combined with resistance spot welding) 
significantly increases the stiffness of the body structure, particularly the torsional stiffness. 
This enables an increase of the weight saving compared to steel to over 50%, thereby 
improving the economics for using aluminium. Compared to spot welded steel, the AVT 
system also improves the fatigue endurance and the impact energy absorption capacity. The 
AVT system was first used in a production vehicle for the front longitudinal crash energy 
management beams for the Jaguar Sport XJ220, a limited production, high performance 
sports car produced in the years 1992-1994. 
The body structure technology used in the P2000 program was transferred later to the 
platform of the prototype hybrid electric vehicle (HEV) Ford Prodigy family sedan. The 
Prodigy's total mass was 1083 kg, approximately 454 kg less than an average family sedan.  
The AVT structural bonding system (adhesive bonding plus spot welding) was also applied for 
the production of the frame of the General Motors EV1 electric vehicle. The GM EV1 was the 
first mass-produced sedan purpose-designed for electric propulsion. It was produced and 
leased by GM from 1996 to 1999. The car's body panels were made of plastic rather than 
aluminium for improved dent resistance. The body-in-white was an adhesively bonded and 
resistance spot welded aluminum structure and weighed only 132 kg, a savings of about 40 
percent over the steel equivalent. The bonding used an aerospace-grade structural adhesive, 
a first for a production vehicle 
 

 

General Motors EV1 with an AVT body structure 

 
A low-risk test bed for aluminium materials was the Plymouth Prowler (built in 1997 and 1999-
2002). In 2001, the car was branded as a Chrysler vehicle. The Prowler contained more than 
400 kg aluminium (including body, chassis frame and suspension parts).  The aluminium 
chassis frame consisted of 42 extrusions and 8 castings which were joined by automated MIG 
welding. The body panels (AlMgSi outers, AlMg inners) were joined by self-piercing rivets and 
epoxy adhesive. The rivets hold the panels in place while the epoxy cures in the primer paint 
oven. Thixo-casting was used for the production of the control arms in the front and rear 
suspension.   
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Aluminium body components and chassis of the Prowler 
(Photos: Plymouth) 

 

1.3.2 Joining technology – the key to success 

The realisation of a sheet-intensive (“monocoque” or “unibody”) structure requires a very large 
amount of joining. As a consequence, the properties of the joints have a significant effect on 
the overall properties of the whole structure including global stiffness, NVH (noise, vibration, 
harshness) and crashworthiness. The most important difference between aluminium and steel 
designs is the prevailing joining technique. Compared to steel, aluminium alloys show a high 
electrical and thermal conductivity and − correspondingly − low electrical resistance. When 
the resistance spot welding technique, traditionally used with steel, is applied to aluminium, 
the welding current must be significantly higher. Consequently, conventional resistance spot 
welding of aluminium proves to be energy-intensive, unreliable and costly (need for special 
welding equipment, sheet surface preparation prior to welding, frequent electrode cleaning, 
etc.). Proper solutions for these problems have been developed, but resistance spot welding 
of aluminium nevertheless require special effort.  
A specific problem is the low electrode lifetime. A possible solution is the frequent cleaning of 
the electrode surface, e.g. by regular surface machining or brushing (“electrode buffing”). 
Successful resistance spot welding of aluminium can be also achieved with the Fronius 
DeltaSpot technology. In this case, the robot welding gun is equipped with a process tape 
which runs between the electrodes and the sheets being joined. The continuous forwards 
movement of the process tape results in an uninterrupted process producing constant quality, 
reproducible welding points and ensuring high electrode service life.  
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Fronius DeltaSpot robot welding gun with a process tape that runs between the sheets 
and the electrodes 
(Photo: Fronius) 

 
Most important for the break-through of aluminium in car body construction was, however, the 
further development of mechanical joining techniques and in particular the application of 
clinching and self pierce riveting processes in the assembly plant. Whereas the use of 
clinching processes is in practice limited to non-load bearing joints, self-piercing rivets (SPRs) 
are also suitable for joining of structural components. The mechanical joining methods are 
less energy-intensive than resistance spot welding and can be highly automated. 
Furthermore, the resulting SPR joints have better fatigue strength properties than spot-welded 
aluminium joints. Self-pierce riveting is also suitable for mixed material joints (as long as both 
materials are significantly ductile) and is often combined with adhesive bonding. As an 
example, the figure below shows the cross sections of a three layer aluminium/steel joint 
(centre) and a joint of two aluminium sheets with an adhesive (right). 
 

 
Self-pierce riveting of aluminium 

(Photos: Böllhoff) 
 
The other important joining technology for aluminium body designs is adhesive bonding. The 
properties of joints can be significantly improved by use of heat-cured epoxy adhesives. 
Normally adhesive bonds are applied in a linear form. Such joints exhibit excellent stiffness 
and fatigue characteristics, but should normally be used in conjunction with spot-welding, 
riveting or other mechanical fastening methods in order to improve resistance to peel in large 
deformation (i.e. during crash). Also, surface pretreatment is necessary for long-term 
durability of adhesively-bonded structural joints.  
MIG welding is usually applied for joining of structural aluminium components (extrusions, 
castings and thicker sheets (> 2 mm). This is also the case for laser welding although laser 
welding can be also used for thinner sheets. These joining techniques are suitable for 
situations where there is no access to both sides of the joint or where a continuous joint is 
required. In special applications, also friction stir welding can be beneficially applied.  

 

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 11 

1.3.3 Jaguar’s Light Weight Vehicle Technology  

a) Jaguar XJ (X350) 
The industrial break-through of the aluminium body in sheet monocoque design took place in 
2003 with the Jaguar XJ (X350). It was the first volume-production car to use an all-aluminium 
monocoque chassis. Its design and fabrication concept was conceived to be suitable for high 
volume production (> 100.000 units per year).  

The body structure featured the first industrial use of the rivet-bonded joining technology, with 
self-pierce rivets and epoxy structural adhesive joining together the aluminium pressings, 
castings and extrusions. The extensive use of aluminium made the new XJ up to 200 kg 
lighter than the model it replaced, despite the fact that the new car was longer, taller and 
wider than its predecessor, offering improved headroom, legroom and shoulder-room for all 
the occupants. In addition to being 40 % lighter than that of the previous XJ, the bodyshell of 
the new car was 60 % stiffer, offering valuable improvements in body strength and 
driveability.  

The application of the AVT system developed by Alcan (later Novelis) with EN AW-6111 
sheets for the outer skin, EN AW-5182 inner panels and EN AW-5754 structural sheets 
permitted the purposeful exploitation of various cost reduction potentials existing in the entire 
processing chain. The weight of the painted body-in-white was 295 kg. 

 

Aluminium body-in-white of the Jaguar XJ (X350) 
(Photo : Jaguar) 

The X350 body structure consisted of 273 aluminium sheet stampings, 22 extruded 
aluminium components and 15 aluminium castings.  

 

 

Aluminium product forms in the Jaguar XJ (X350) 

(Source: Jaguar) 
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The main joining method is adhesive bonding supported by self piercing rivets offers - as a 
result of the continuous joint line - a significant increase of the torsion stiffness of the body. 

 
 

Joining technologies applied in the Jaguar XJ (X350) body-in-white 

 
b) Jaguar XJ (351) 
 

 

Jaguar XJ (X351) 
(Photo: Jaguar) 

 
Production of the successor model (X351) started end of 2009 with first deliveries being made 
in 2010. The current XJ features a lightweight aluminium body with 50% recycled material 
content based on the X350 chassis and retaining a large proportion of the earlier floor pan. 
The weight saved - an average of 150kg compared to its competitor models - also has 
benefits with respect to performance and agility of the car. 

 

Aluminium body of the Jaguar XJ (X351) 

(Source: Jaguar) 
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Aluminium body of the Jaguar XJ (X351) 

(Source: Jaguar) 
 
 
With the new XJ model, Jaguar further developed the Light Weight Vehicle technology. 
Compared to the previous model, the part count and the number of self-piercing rivets was 
reduced. However, the proportion of the different aluminium product forms was kept constant: 
89 % stampings, 4 % castings, 6 % extrusions and 1 % others (by part count). An interesting 
new component is the high strength, pre-bent and hydroformed A post/cantrail aluminium 
extrusion assembly (alloy EN AW-6082-T6). On the other hand, the aluminium front end in the 
X350, a welded assembly of 13 components, was replaced by a single magnesium casting. 
 

 
 

Extruded and hydroformed aluminium cant rail 
(Photo : Sapa) 

 

Aluminium body of the new XJ model with carry-over parts (right) 
(Source: Jaguar) 
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The most important change from the X350 to the X351 model is the increasing use of higher 
strength aluminium alloys of the EN AW-6xxx series. The high-strength EN AW-6111 
aluminium sheet alloy is used for the outer skin of the new car including complex parts such 
as the complete body side. A new door design concept with a one piece EN AW-5182 inner 
panel resulted in a significant weight and cost reduction. An innovative approach has been 
taken with the selection of Anticorodal®-300 in the T61 temper for structural parts with lower 
formability requirements such as the rear rail reinforcements. The supply of the material in a 
not fully age hardened condition increases the final strength of the component, but still offers 
the required formability to produce the part. Additional weight reduction was achieved by the 
introduction of a magnesium front end carrier and a hot formed steel side impact beam.  

 

Shift of the materials applied in the Jaguar XJ: X350  X351 
(Source: Jaguar) 

 
Aluminium castings are used in key areas for components with complex geometries used to 
increase the stiffness in high load areas, in particular to enable part integration (i.e. cost 
reduction) and to reduce multiplr sheet stack-up issues. High strength aluminium extrusions 
are primarily applied to minimize weight and to meet package requirements. The bolt-on 
crash boxes are for included for easy repair. Both aluminium extrusions and castings are 
joined to other parts by self-pierce riveting. 
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Cast (left) and extruded (right) aluminium parts in the Jaguar XJ (X351), the yellow 
component is a magnesium casting 

(Source : Jaguar) 
 

In the new XJ, the concept of the bonded and riveted aluminium monocoque body structure 
was further refined. Self-piercing rivets and adhesive bonding are the main joining 
technologies. Although the new XJ s larger and fulfils higher requirements, the number of self-
piercing rivets could be reduced by 11 % to 2840 (compared to 5000 spot welds for an 
equivalent steel body). On the other hand, the length of the adhesive bonds was increased by 
50 % to a total of 154 m. Furthermore, the need for MIG welding was eliminated from the 
assembly plant.  

  
Main joining methods: self-piercing rivets (left) and adhesive bonding (right) 

(Source : Jaguar) 
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c) Jaguar XK 

 

 

 

Jaguar XK (X150) 

(Photo: Jaguar) 

In 2006, Jaguar presented the new XK, a high-performance luxury automobile designed for 
long-distance driving (grand tourer). It is available both as a two-door coupe and two-door 
cabriolet/convertible. The second generation XK has an aluminium monocoque body shell as 
introduced by Jaguar with the XJ sedan. However, the XK needed a properly adapted solution 
since for a coupe, the package restrictions are more stringent and also a version without a 
roof was foreseen.  

The new XK takes the Light Weight Vehicle concept a step further with extended use of 
lightweight aluminium castings and extrusions as well as the stamped aluminium panels. 
There is only a single welded joint in the new XK coupe body, a rather “cosmetic” joint on the 
roof. All the other joints in the new XK shell are formed using a combination of riveting and 
bonding. The application of the epoxy bonding and riveting techniques produces a very rigid, 
but also light chassis. In the coupe version, it is more than 30 % stiffer than last-generation 
steel model; in the convertible version, the torsional stiffness is actually increased by 50 %. 

With lower weight and higher rigidity, the Light Weight Vehicle body design concept provides 
the basis for improved performance, safety, economy, emissions performance and driving 
dynamics in the new XK. In the convertible version, the body-in-white weight is just 287 kg 
(representing a weight reduction of 19 % compared to the previous steel XK convertible).  
An advantage of the Light Weight Vehicle technology is that all the necessary stiffness is in 
the structure of the body shell, with very large rectangular-section side sills. The introduction 
of additional extrusions and castings facilitates the adaptation to the structural requirements 
of a coupe. In the XK, 42 aluminium extrusions are mainly used for the major load paths. As 
an example, the whole side sill from the A post to the back of the car is a single aluminium 
extrusion with a thickness of 8 to 10 mm. Thus there is no need for the traditional extra 
stiffening panels seen on many other convertibles. A major stiffness contribution is also due to 
the increased number of structural castings. Castings are specifically used for the mounting 
points for the engine, transmission and suspension in order to make those points significantly 
stiffer, further reducing transmitted noise and helping to improve suspension dynamics. 
Compared to the XJ sedan (X350), the share of castings was increased from 4 to 8 % and 
that of extrusions from 7 to 16 % (by part count) 
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Aluminium monocoque structure of the Jaguar XK 

(Source: Jaguar) 
   

 
Aluminium extrusions (mostly EN AW-6014-T6) in the body of the Jaguar XK  

(Source: Jaguar) 
 
The structural castings (various alloys) are produced either by sand casting or high pressure 
die casting. For the sheets, the alloys EN AW-6111 and EN AW-5754 are used (as in the XJ 
sedan). 
 

 
 

Aluminium castings in the body of the Jaguar XK: carry-over parts from the XJ (left) 
and new parts (right)  

(Source: Jaguar) 

 

Self-piercing rivets and adhesive bonding remain the predominant joining technologies. An 
important change is, however, the introduction of a 2K adhesive for heavy gauge joints 
(extrusions and castings). For the sheet joints, the same 1K adhesive as used for the XJ 
sedan could be used. 
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 XJ sedan (X350) XK coupe XK convertible 

Number of parts 
(total) 

241 267 257 

Sheet panels 230 201 195 

Extrusions 14 42 40 

Castings 11 24 22 

Number of joints 
(total) 

3287 2938 2741 

Self-piercing rivets 3185 2620 2620 

MIG weld (m) 0.65 0.5 n/a 

Blind rivets (EJOT) 102 283 283 

Adhesive bonds (m) 
(total) 

116 99 99 

1K epoxy (m) 100 55 55 

2K epoxy (m) n/a 33 33 

Rubber based (m) 16 11 11 

 
Comparison of the LWV technologies used for the Jaguar XJ and XK models 

(Source: Jaguar) 
 

 
 

Aluminium product forms in the Jaguar XK 
(Source: Jaguar) 

 
d) Range Rover (L405) 
 
With the fourth generation Range Rover (L405) which was presented in September 2012, 
Jaguar’s Light Weight Vehicle technology was first applied to a four-wheel sport utility vehicle. 
The all-aluminium monocoque body structure is 39 per cent lighter than the steel body in the 
outgoing model enabling total vehicle weight savings of up to 420kg. With a total body-in-
white weight of 379 kg, the lightweight aluminium platform delivers significant enhancements 
in performance and agility, along with a transformation in fuel economy and CO2 emissions. 
The optimised aluminium body structure is designed for maximum occupant protection using 
an incredibly strong and stable aluminium safety cell, and provides a very stiff platform for 
superior NVH and vehicle dynamics. 
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New Range Rover with an all-aluminium monocoque body structure 

(Source: Land Rover) 

 
The rivet-bonded aluminium body is more than 180 kg lighter than the steel body in the 
previous model. It includes aluminium stampings (88 % by part count), aluminium castings (5 
%), aluminium extrusions (3 %) and a few other parts (4 %). Compared to the previous steel 
body, the part count could be reduced by 29 % to a total of 263 parts. The actual material 
breakdown per weight is shown below: 

 
Material breakdown of the Range Rover body 

(Source: Land Rover) 
 

As in the Jaguar XJ, aluminium castings are primarily used for parts with complex geometries 
and to increase local stiffness in high load bearing areas. Aluminium extrusions are used in 
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particular for the bolt-on front crash management system and the roof bow. The front end 
support is a magnesium casting; the upper tailgate is a SMC component.   
But the Light Weight Vehicle technology has also made important advancements, in particular 
with respect to the applied aluminium sheets (exclusively supplied by Novelis).  As an 
example, the entire vehicle body side is pressed as a single aluminium panel, thus reducing 
the amount of joints, eliminating complex assemblies and improving structural integrity. With 
approx. 350 x 140 cm, this is clearly one of the largest aluminium outer body stampings. 
 

 
One piece bodyside, made from Anticorodal®-170 (EN AW-6014) 

(Photo: Land Rover) 
 
Other exterior body panels (e.g. the roof) are made from the newly developed high strength 
alloy Anticorodal®-600 PX (fits into EN AW-6181A and 6451). This alloy offers the robustness 
and quality of finish expected of a Range Rover, but has still a high formability. An automotive 
first is the use of Anticorodal®-300 T61 (EN AW-6014) in a number of crash-sensitive areas in 
the vehicle, including the longitudinal beam. This high-strength material has been developed 
for applications in the crash structure to provide an optimised crash pulse and minimum 
intrusion into the safety cell. It allows to down gauge the sheets by 20 % compared to the 
earlier alloy EN AW-5754 saving both weight and piece cost. 

 
 

Applications of the alloy Anticorodal®-300 T61 in the Range Rover 
(Source: Land Rover) 
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Assembly of the all-aluminium Range Rover 
(Photos: Land Rover) 

 
 

1.4 Aluminium spaceframe structure 
The aluminium spaceframe design was first introduced in 1994 with the four-door, luxury 
sedan Audi A8. The space frame body structure was developed by Audi in co-operation with 
Alcoa. It is a technology perfectly adapted to aluminium as it exploits all the advantages 
offered by the different aluminium product forms: Sheets, extrusions and castings. Known as 
the Audi Space Frame® (ASF®) concept, the spaceframe construction is primarily suited for 
medium production volumes. 

In the spaceframe concept, the roles of the various building elements of a self-supporting car 
body structure are clearly separated: 

 - Load-carrying profiles 

 - Stiffening sheets 

 - Cast joining elements (nodes). 

In principle, the spaceframe creates a high-strength, stiff aluminium framework into which the 
larger sheet components are integrated and perform a load-bearing function. From a 
production-engineering standpoint, the spaceframe concept is highly flexible. Modifications 
can be made easily and cheaply when future model versions are introduced. 

The importance of this development can’t be overestimated. Cost-efficient lightweight 
construction with aluminium meant reinventing the self-supporting body with a new material 
and tailored design geometry! 

 

1.4.1 The Audi Space Frame technology 

The Audi Space Frame consists of a skeleton structure largely made up of aluminium extrusions 
with closed cross section. The aluminium proiles can be either straight or curved (2D or 3D 
bent). If necessary, also multi-hole extrusions with specific cross section designs are applied. 
At the highly stressed corners and other joints, the frame is generally connected by complex, 
thin-walled aluminium nodes produced by vacuum high pressure die casting. Depending on the 
application, also larger, multi-functional castings are used.  
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Both the extrusion process and the pressure die casting technology are fabrication methods 
optimally suited for aluminium. They allow the production of components which can be properly 
adapted with respect to shape and wall thickness to meet the locally varying loading conditions. 
The space frame body concept exploits the possibility of high part integration (i.e. the potential 
reduction of manufacturing and tooling costs) and permits a weight reduction of  more than 40%. 
Although the production of  high quality structural pressure die castings and formed and machined 
extruded sections is relatively expensive, considerable total cost savings can be achieved for small 
and medium production volumes compared to pure sheet metal body design concepts. But the 
spaceframe construction also exhibits a substantial fraction of shaped sheet metal parts. In 
particular the sheet components mounted between the frame elements are most important 
prerequisites for the overall rigidity of the body structure.  

a) Audi A8 (D2) 

The Audi A8 (D2) was produced from 1994 until 2002. Its aluminium body had a weight of 249 
kg (BIW plus closures), about 200 kg less than a comparable steel body. It consisted of 334 
parts (47 extrusions (14 %), 50 castings (15 %) and 237 sheet stampings (71 %)). In 
comparison to a steel structure, the number of individual body elements has been drastically 
reduced (by about 25 %), saving tools, workspace and cost.  

The first generation of the AUDI Space Frame included a high fraction of 2D and 3D bent 

extrusions (alloy EN AW-6060).  For the outer body panels, the alloy Anticorodal®-120 (EN 
AW-6016) was used, for the inner panels EN AW-6009 and for structural panels EN AW-
5182. The applied casting alloy was A356. 
 

 

 

Aluminium spaceframe structure – Audi A8 (D2) 

(Photo: Audi) 

 

The production of the aluminium body of the first A8 (D2) model was characterized by a low 
degree of automation. Assembly was performed roughly 75 % by hand. The connections to 
the cast nodes, realized by MIG welding, were used for tolerance compensation. Another 
special feature of the production of the D2 body was the heat treatment of the entire 
assembled body at 210 °C for 30 min in the assembly plant (i.e. ahead of the paint process). 
The idea behind this step was to secure the necessary body strength by an “ideal” age 
hardening of the applied AlMgSi alloys to the T6 temper. But experience showed that a 
separate heat treatment of the aluminium body is not necessary; leading to the elimination of 
this operation already for the next Audi model with an aluminium spaceframe (A2). The 
required strength level can be achieved by the lacquer bake hardening step (about 20 min at 
180 °C) which anyway follows the cataphoretic dip process in the paint shop. 

Audi Space-frame ASF
®
  

1st Generation: Audi A8 (D2)  
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Exploded view of Audi A8 (D2) space frame and closures  

(Source: Audi) 

 
 

b) Audi A2 

 

Audi A2 – the second generation of ASF technology 

(Source: Alusuisse)  

 

Production of the Audi A2, the first mini car to be produced with an all-aluminium body in high 
volumes, began in 1999. Audi's development partner for the A2 body was Algroup Alusuisse 
(later Alcan). The weight of the A2 aluminium body was just 153 kg, 43 % less than a 
comparable conventional steel body. The total weight of the A2 1.2 TDI version with 
lightweight forged aluminium wheels and special tyres which was just 825 kg; it was the 
world’s first five-door “three-litre” car (i.e. average fuel consumption 2.99 l/100 km). 
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Aluminium spaceframe of the Audi A2 

(Source: Audi) 
 

The second-generation Audi Space Frame vehicle included 60 % sheet panels, 22 % castings 
and 18 % extruded sections (by weight). Designed for higher production volumes than the A8, 
it used important refinements and new developments in the areas of tools, casting and joining 
processes. The number of individual parts was significantly reduced compared to the A8 
(from 334 parts to 225 parts): 

- Stampings: 183 (81 %)  
- Extrusions:   22 (10 %)  
- Castings:   20   (9 %). 
 
This has been achieved by combining various components into larger items, in most cases 
sections or multifunctional castings.  
 

 
Exploded view of the Audi A2 

(Source: Audi) 
 
For example, the A2 has a single-piece side wall frame and the B-pillar comprised a single 
large casting whereas the B-pillar of the luxury sedan A8 was assembled from eight 
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components.  At the same time, the weight could be reduced from 4.18 kg to 2.3 kg (although 
the B pillar of the A2 is slightly longer). 

 
Cast one-piece B pillar of the Audi A2 

(Photo: Alusuisse) 
 

The application of a closely controlled vacuum high pressure die casting process (High-Q-
Cast®) ensured that the cast components could be properly welded to the sheets and 
extrusions using both by laser and MIG welding. The applied casting alloy was Aural®-2 
(AlSi10MgMnFe), the thermal treatment conditions were optimized to achieve high strength 
and good ductility while minimizing geometrical distortion of the cast part during quenching.  

  

Assembled structural element consisting of three thin-walled aluminium castings 

(Photo: Alusuisse) 

 
The result were crashworthy thin-walled castings of complex shapes which were welded 
together using a MIG augmented laser welding technology. 
Most of the extruded body components were hydroformed ensuring close geometrical 
tolerances of the straight and bent profiles. But the hydroforming process not only offers the 
possibility for controlled forming with narrow geometrical tolerances. In addition, piercing, 
stamping, length cutting and flange cutting operations could be integrated in the hydroforming 
process as shown below for the lateral roof frame. The alloy EN AW-6014 was used for all 
extrusions.  
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Hydroformed lateral roof frame of the Audi A2 
(Source: Alusuisse) 

 
The alloy Anticorodal®-120 (EN AW-6016) in the pre-aged state PX was used for the outer 
body panels; for the inner and structural panels, the alloy Ecodal®-608 (EN AW-6181A) was 
applied. 
Three joining processes, including state-of-the-art laser welding, sufficed for the assembly of 
the spaceframe structure: 

- Self-pierce riveting     1800 rivets 
- MIG welding                   20 m 
- Laser welding                 30 m. 
 
The underbody frame was made up of straight extruded sections that were joined directly 
together by means of MIG welding, eliminating several of the different cast nodes required in 
the A8.  
 

 
Floor structure of the A2 

(Source: Audi) 
 
The degree of automation reached roughly 85 %, a value comparable with conventional 
pressed-steel body construction. These measures succeed in limiting the dimensional 
tolerances of the structural elements to only ± 0.15 mm on the A2 - a benchmark value within 
the Volkswagen Group. 

The A2 was considered to be "ahead of its time" in design terms—but the avant-garde styling 
did not win favours with customers.  Audi was disappointed with the level of sales; the final 
production is estimated to be 175000 units.  
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c) Audi A8 (D3)   

Production of the second generation of the Audi A8 (D3) started in 2002. Based on the 
experience with the A2, the number of body parts has been reduced and the degree of 
automation in the production process was significantly increased compared with the previous 
A8. Specific design features include multifunctional large castings, long continuous profiles 
and a high proportion of straight extruded sections. Curved profiles are only used where it is 
necessary for the outer paneling of the A8 (for instance the side of the roof frame). In contrast 
to its predecessor, the new A8 has a continuous space frame which includes the rear 
structure. This leads to a reduction of the share of the sheet panels in the space frame from 
55 to 37 % (by weight) whereas the share of castings increased to 34 % and that of profiles to 
29 %.  
The weight of the all-aluminium body of the D3 (body-in-white plus closures) is 277 kg. The 
sheet alloys were taken over from the A2 (Anticorodal®-120 PX (EN AW-6016) for the outer 
body panels, Ecodal®-608 (EN AW-6181A) for the inner and structural panels). AlMgSi alloys 
similar to EN AW- 6060 were used for the extruded components. If necessary, the extruded 
sections were bent on CNC stretching and rolling machines. Where close tolerances (± 0.3 
mm) were required, the semi-finished parts were calibrated and shaped by hydroforming (11 
different components). In addition, also mechanical calibration was adopted for the first time 
for the A8 as a lower-cost technique.  

 

 
Audi Space Frame of the Audi A8 (D3) 

(Source: Audi) 
 

Whereas for the sheet and extruded components, the production techniques proven from the 
A2 were used, green sand casting was used for the first time in addition to the familiar 
vacuum high pressure die-casting methods. The applied casting alloys were GD-AlSi10Mg, 
GD-AlMg3Mn and for the sand castings AlSi7Mg. The multifunctional large castings used in 
the D3 represent systematically refined versions of those used in the A2. Special attention 
was placed on functional integration and on the reduction of the number of parts.  
 

Audi A8 D2 (1994) D3 
(2002) 

Sheet panels 237 168 

Extrusions 47 53 

Castings 50 29 

total 334 250 

 
Comparison of the parts count 
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Explosion view of the body structure of the Audi A8 (D3) 
(Source: Audi) 

 
For the series production of the D3 model, the joining techniques applied in the previous A8 
(MIG welding and self pierce riveting) as well as the laser welding technique introduced for 
the A2 have been further optimized. In addition, laser hybrid welding was used for the first 
time, exploiting the advantages of both MIG and laser welding while simultaneously enabling 
higher processing speeds. MIG welding was used predominantly for joining individual 
extruded sections or die-cast components, and for joining extruded sections to castings. 
Laser welding was mainly used for joining large-area panels with the body structure. As 
access for welding is only needed from one side, panels can also be joined to hollow extruded 
sections or castings. Nd:YAG solid-state lasers with a power output of 4 kW were used. Due 
to the specific hot-tearing tendency of the AlMgSi alloy group, all welds in the D3 Audi Space 
Frame were made with the addition of filler metal.  
 

 D2 (1994) D3 (2002) 

Self piercing rivets 1100 2400 

Resistance spot welds 500 - 

Clinched joints 178 - 

MIG welds (m) 70 64 

Laser welds (m) - 20 

Hybrid welds (m) - 5 

Joining techniques for the Audi A8 aluminium spaceframe 

 
The self-piercing rivet technology was used on an extensive scale, both in the body structure 
and for the production of the closures. Sheet panels, extruded sections and die-castings of 
various alloys needed to be joined together to produce overall material thicknesses ranging 
from 2.0 to 6.0 mm. Only three different rivet geometries of the same hardness are used for 
around 100 different combinations of materials and material thicknesses with various finishes. 
There are also 17 m of structural adhesive bonding. 
Inner and outer panels on doors and lids were joined by roller-type hemming and bonding 
with the aid of robotically held tools. The advantages of this method are the short 
familiarization time, high flexibility and a better quality and appearance of the fold. Pre-
hardening of the adhesive was achieved by means of integral inductive heating. 
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Aluminium space frame of the Audi A8 (D3) 

(Photo: Audi) 
 

d) Lamborghini Gallardo and Gallardo Spyder 

Lamborghini, a subsidiary of Audi, presented the first generation Gallardo in 2003. The 
Gallardo Spyder with a fully retractable soft top followed in 2006. The Gallardo used an 
aluminium space frame, based on aluminium-extruded parts welded to aluminium cast joint 
elements. On this structural frame, the exterior aluminium body parts were mounted by 
differentiated systems (rivets or screws or welding) depending on the function of the part. 
Other external hang-on parts (such as the front and rear aprons, side sill panels and fenders) 
were made of thermoplastic material and connected by bolts. 

 

Lamborghini Gallardo 

(Source: Audi) 

 

The entire aluminium space frame of the Gallardo was built by ThyssenKrupp Drauz at 
Neckarsulm. It only weighs 199 kg or 239 kg for the complete body-in-white (incl. doors and 
lids). A most challenging task was the realization of a niche production for an aluminium 
space frame. Manual MIG welding was used as the main joining technology. In total, there are 
115 m of MIG welds (thereof about 5 m visible welds on outer panels). In order to reduce the 
required amount of weld finishing, also adhesive bonding was applied on the outer body shell. 
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In addition, about 1300 self-piercing rivets, 100 blind rivets and 200 self-cutting screws (“Flow 
Drill Screw" system) are used. However, there was neither structural adhesive bonding nor 
laser welding. 

 

Aluminium product forms in the Gallardo space frame 

(Source: Audi) 

 

The Gallardo aluminium space frame consists of 53 % extrusions (yellow), 37 % sheet panels 
(green) and 10 % castings (red). The applied alloys are: 
 

- EN AW-6060 for the extrusions 
- AlSi7 for the green sand castings 
- En AW-6016 for the outer and EN AW-6181 for the inner panels. 
 

 

Aluminium body-in-white of the Lamborghini Gallardo 

(Source: Lamborghini) 
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Aluminium spaceframe of the Gallardo (front and rear view) 
(Photo: Lamborghini) 

 

e) Audi R8 and Audi R8 Spyder 

 
The Audi R8 is a mid-engine, two-seater sports car which was introduced in 2007. The car 
was built in Neckarsulm by quattro GmbH, a subsidiary of Audi. The ASF body of the R8 did 
set new standards in the high-performance sports car segment in terms of lightweight quality 
– the relationship between size, weight and rigidity. The design of the R8 spaceframe clearly 
shows similarities to that of the Lamborghini Gallardo. But the Audi R8's wheelbase is 
stretched by 90 mm to provide extra luggage space and the chassis is also considerably taller 
to give more headroom.  

 

The Audi Space Frame of the R8 sports car 
(Source: Audi) 

 
Weighing only 210 kg, the superstructure of the R8 coupe made extensive use of extruded 
aluminium sections which account for 70 % of the total. Vacuum-cast nodes account for 8 %, 
and aluminium panels make up the remaining 22 %. A magnesium engine frame provided 
added rigidity in the upper section of the rear end.  
An interesting part in the Audi R8 was the cover sheet for the tunnel, a tailor-welded blank 
produced by friction stir welding. Two Ecodal®-608 (EN AW-6181A) sheets of 1.7 and 2.4 mm 

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 32 

are welded together. The application of the tailor-welded blank reduces the material usage by 
20 % and the vehicle weight by about 1 kg.  

 

Tailor-welded aluminium cover panel for the tunnel 
(Photo: Riftec) 

 
Plastic is used for the R8’s front fenders and the sill liners. The hood is made of composite 
materials; the side blades are optionally available in carbon fibre-reinforced plastic (CFRP). 

 

Spaceframe body structure of the Audi R8 
(Source: Audi) 

 
The coupe version was followed in 2009 by the Audi R8 Spyder. In the R8 Spyder (with a 
body weight of 218 kg), extruded profiles dominated the mix even more clearly than in the 
Coupé, accounting for 75 % by weight. There were in total 155 extrusions with 96 different 
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cross sections. About 20 % of the extrusions, i.e. all extruded components in the crash load 
path, were made from high strength aluminium alloys. An important design requirement was 
the maximum utilization of carry-over parts of the R8. The same cast components were used 
as in the R8 coupe, although the cast parts connecting the A post to the front end were 
slightly modified. Also the sheet panels were essentially carry-over parts. 
 

 
Aluminium product forms in the Audi R8 Spyder 

(Source: Audi) 
 

 
Audi R8 Spyder: Necessary modifications of the R8 spaceframe 

(Source: Audi) 
 

 

Aluminium space from of the Audi R8 Spyder 
(Photo: Audi) 

 
The weight of the spaceframe of the R8 Spyder is 218 kg, the weight of the body-in-white 
including the aluminium doors, hood and front fenders 261 kg. There is also a thin aluminium 
cover over the luggage compartment. The structure of the open high-performance sports car 
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integrates the rear side walls and the cover of the storage compartment for the top as load-
bearing CFRP components. The rear bonnet is a SMC component. 
 

 

Carbon fire reinforced plastic components in the body shell of the R8 Spyder  
(Source: Audi) 

 

f) Audi A8 (D4)  

The third generation of the Audi A8 (D4) was presented in late 2009. The D4 model continues  
Audi's leadership in aluminium car body design and manufacturing. A key achievement was 
the increase of the static torsional rigidity by 25 % coupled with a weight reduction compared 
to the D3 model leading to an improved fuel consumption, better handling and benchmark-
levels of passive safety. The body of the sedan with the standard wheelbase weighs just 231 
kg; the long wheelbase model 10 kg more.  

In the development of the D4, the overall target was consistent lightweight design for the 
complete body-in-white and structural optimization for highest functionality. Some specific 
examples: 

- A new door design concept allowed a reduction of the vehicle weight by 11 kg. 
- The spare wheel well was made from reinforced plastic with 60 % glass fibres. 
- A single-piece plastic/aluminium hybrid solution was chosen for the front end. 
- Partially form hardened steel components were integrated into the aluminium body (B 
pillar).   
 

 

Audi A8 (D4): Materials in the Audi Space Frame 
(Source: Audi) 
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Explosion view of the Audi A8 (D4) 
(Source: Audi) 

 
The further development of the Audi Space Frame technology has led to a continuous 
reduction of the number of parts in the body-in-white:  D2: 334 parts D3: 267 parts  D4: 
243 parts. The body-in-white of the D4 contains: 

- 144 aluminium sheet parts 
- 33 steel sheet parts 
- 25 aluminium castings 
- 30 aluminium extrusions. 
 
On the other hand, the number of the applied aluminium alloys increased (as well as their 
yield strength level): 

- D2:    7 alloys      100 – 200 MPa 
- D3:  10 alloys      120 – 240 MPa 
- D4:  13 alloys      120 – 280 MPa. 

 

Also the amount of joining required for the production of the body structure could be reduced. 
Moreover thermal joining was reduced in favour of cold joining techniques. As an example, 
the newly introduced “Flow Drill Screws” replace nearly 40 m MIG welding. The joining 
techniques applied in the production of the D4 are: 

- 1847  Self-piercing rivets 
- 25 m  MIG welding 
- 6 m    Laser welding 
- 632    Self-cutting screws (“Flow Drill Screws”) 
- 202    Spot welds 
- 44 m  Structural bonding. 
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Aluminium spaceframe of the Audi A8 (D4)  

(Source: Audi) 
 

Other new developments include the introduction of new aluminium alloys. The substitution of 
a conventional AlMgSi car body sheet alloy in the body structure by the high strength Novelis 
Fusion AS250 material with a 20 % higher yield level reduced the vehicle by approx. 6.5 kg.  

 
Applications of Novelis Fusion AS250 in the D4 model 

(Source: Audi) 
 

Also the trend towards large, multi-functional structural aluminium castings was followed up. 
The rear longitudinal beam includes a large casting (length 1.45 m) is a high pressure die 
casting using the alloy Castasil®-37 (AlSi9MnMoZr) which offers very high elongation in as-
cast state. 
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Die-cast multi-functional sill/longitudinal member connecting element 
(Source: Audi) 

 

 

1.4.2 Ferrari – aluminium spaceframe design for niche volume 
production 

The F360 Modena was the first Ferrari road car to feature a full aluminium body. The F360 
model was a 2-seater mid-engine sports car built from 1999 to 2004. Ferrari partnered with 
Alcoa to produce an entirely new all aluminum space-frame structure that was 40% stiffer 
than the predecessor F355 which had utilized steel. The design was 100 kg (28%) lighter 
despite a 10% increase in overall dimensions resulting in greater comfort and storage space 
as well as a better weight to power ratio. 

 
 

Aluminium spaceframe of the Ferrari F360 Modena 
(Photo: Alcoa) 

The chassis was constructed from aluminium extrusions with varying cross-sections, welded 
together via cast aluminium nodes. This construction provided 40% greater rigidity. Twelve 
sand castings are incorporated in the lower part of the chassis, including the four suspension 
mountings. The shock absorber towers are CNC machined after assembly to ensure that the 
mounting points for the suspension components are drilled with absolute precision. The upper 
chassis structural assemblies are vacuum high pressure die cast to reduce their thickness. 
The aluminium alloy body panels are riveted to the chassis frame. 

The F360 Modena was replaced by the F430 (produced from 2004 to 2009). Much of the 
extruded spaceframe of the F360 was carried over. Nevertheless, the stiffness and crash 
performance of the spaceframe could be significantly improved, amongst others by the 
implementation of a floor panel made from an ultra-high strength aluminium sheet.  
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Aluminium spaceframe of the Ferrari F430; red parts changed compared to F360 

(Source: Alcoa) 
 

The spaceframe of the Ferrari F430 without bumpers, IP carrier and radiator support consists 
of 167 parts (65 extrusions, 12 castings and 90 sheet parts). The total weight is 165.4 kg: 

- Extrusion      76.3 kg 
- Castings       52.5 kg 
- Sheet parts  27.5 kg 
- Others            9.1 kg. 

  
Aluminium product forms in the spaceframe of the Ferrari F430 

(Source: Alcoa) 
 

The Spider is 70kg heavier than the hard-top, due to a reinforced windscreen to protect 
occupants in the event of a rollover, internal strengthening of the doors to guard against side 
impacts and the electric motors which power the hood.  
The F430 was followed by the Ferrari 458 Italia, presented in 2009. Like its predecessor, the 
458 Italia has a mid-engine. The aluminium spaceframe body, however, has been 
redesigned. 
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Aluminium spaceframe and body shell of the Ferrari 458 Italia 
(Photo: Ferrari) 

 
The introduction of new high strength alloys for both extrusions and sheet component enabled 
an increase of the mechanical design parameters by 80 % compared to the F430 
spaceframe. 

 

High strength alloys for extruded and sheet components 
(Source: Ferrari) 

 
Five different aluminium extrusion alloys are used (with yield strength of up to 320 MPa), 
allowing a reduction of the minimum thickness of the extrusions to 1.6 mm. Also the thickness 
of the inner structural sheet panels was reduced on average by 25 % compared to the F430. 
Three different sheet alloys are used; the thickness of the thinnest structural panels is just 0.9 
mm. For the body shell, the alloys Anticorodal®-170 and Anticorodal®-600 are used (thickness 
0.9 to 1.1 mm). 
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Aluminium product forms and alloys in the Ferrari 548 Italia spaceframe 
(Source: Ferrari) 

 
For the large and medium cast components, produced by vacuum high pressure die casting 
and gravity casting, three different alloys are used. 
 

 

Location of the cast aluminium components in the Ferrari 548 Italia spaceframe 
(Source: Ferrari) 

 
Additional innovative approaches were taken for the improvement of individual parts. An 
example is the torque box, the diagonal reinforcement across the front of the foot well, behind 
the front wheels. It is a single, heat-formed component of the alloy EN AW-6082 with a wall 
thickness that varies between 3 and 6 mm. The finished part weighs 1.75 kg, which is 25 % 
lighter than the torque box on the F430. The engine cover is produced by superplastic forming 
(using a special quality AlMg alloy). The inner door frame on the 458 is a single, high 
pressure die casting (replacing an assembly of six stamped sheet and extruded parts used for 
the F430 inner door frame).  
The Ferrari 458 is constructed using 70 m of welds and 8 m of adhesive bonding. Ferrari 
employs CMT (cold metal transfer) MIG welding, a lower-temperature form of MIG welding 
that causes less heat distortion than conventional MIG welding. In the recent past, all the 
welding was done by hand, but now it is 40% automatic, performed by robots.  

Concurrent with the change from the F360 to the F430 model, the aluminium spaceframe 
design was also introduced into the second Ferrari model range, the sports cars with a 12-
cylinder front engine.  
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Ferrari 612 Scaglietti 

(Source: Ferrari) 

The Ferrari 612 Scaglietti, a large two door 2+2 coupe produced between 2004 and 2010, 
was the second Ferrari all-aluminium vehicle. As on the F360 Modena, the structure consists 
of straight aluminium extrusions (38 %) connected by castings (34 %) which acts as joints. 
But the spaceframe design has been further developed in cooperation with Alcoa. In addition 
to the castings at the joints, there are also large castings at the front and rear to carry the 
suspension. Sheet aluminium (28 %) reinforces the structure. The structural aluminum panels 
are riveted in position, and the body shell aluminium panels added. 

The all-aluminium construction cuts the car weight by 40 % and simultaneously increases the 
overall structural rigidity (rigidity-weight ratio) by 60 %. In addition to this, the 612 Scaglietti's 
near-perfect weight distribution (46 % front and 54 % rear) means that it offers both the high 
performance driving of a mid-engine car and the roomy versatility of a front-engine layout. 

 

Aluminium body shell of the Ferrari 612 Scaglietti  

(Source: Ferrari) 

 

Spaceframe of the Ferrari 612 Scaglietti with large cast parts 

(Source: Ferrari) 
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The chassis of the 612 Scaglietti also formed the basis of the 599 GTB Fiorano which was 
released in 2006. The 599 GTB Fiorano replaced the 550/575 Maranello and offered more 
interior space and power than its predecessors. As the 575 was the last Ferrari to use a steel 
chassis, it also completed Ferrari's change to all-aluminium models in the larger volume 
range. The aluminium lightweight design makes the 599's chassis 100 kg lighter than the 575 
despite being 250 mm longer.  

 
599 GTB Fiorano with its aluminium spaceframe 

(Source: Alcoa) 
 
 

 
Aluminium product forms in the Ferrari 599 GTB Fiorano spaceframe 

(Source: Alcoa) 
 

A similar design concept was used for the aluminium spaceframe of the Ferrari California, a 
two-door 2+2 hard top convertible released in 2008. 
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Aluminium spaceframe of the Ferrari California 
(Source: Ferrari) 

 
A thorough mid-life update in 2012 focused on the aluminium spaceframe of the California. 
Based on the experience collected in the production of the 548 Italia, weight saving of 30 kg 
could be achieved with no loss of rigidity by careful analysis of the entire structure and the 
use of 12 newly developed alloys instead of the 8 alloys previously used. 

The 599 GTB Fiorano was replaced for the 2013 model year by the F12berlinetta (also 
referred to as F12 Berlinetta).  Using the improved spaceframe concept of the 458 Italia, an 
all-new spaceframe chassis and body shell based on the use of 12 different kinds of 
aluminium alloys and the application of new assembly and joining techniques was developed. 

 

Aluminium spaceframe of the Ferrari F12berlinetta 
(Photo: Ferrari) 

 
The result was a 20 % increase in structural rigidity while reducing the body weight by 50 kg 
compared to the 599 GTB Fiorano. The new chassis also meets all future safety norms 
(including side intrusion and roof roll-over protection). 
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Although Ferrari employs the carbon fibre reinforced plastic (CFRP) technology for 
manufacturing its formula 1 race cars and also extreme performance models F50 and Enzo, it 
believes that aluminium is better suited at production volumes of about 30 cars per day, at 
least for the foreseeable future. However, Ferrari anticipates that it will do more adhesive 
bonding than fusion welding in the assembly plant. 

1.4.3 BMW - extrusion-intensive aluminium spaceframe designs 
Extrusion-intensive spaceframe design concepts are specifically adapted for low volume 
production because of the relatively low cost of the extrusion tools and the high design 
flexibility. 
 

a) BMW Z8 
A spaceframe design concept specifically adapted for low volume production was developed 
for the BMW Z8 (E52) roadster in cooperation with Hydro Aluminium. The Z8 was produced 
from 1999 to 2003. The space frame was made of extruded aluminium beams and panels, 
which reduce the body weight by 30 % compared with steel. The weight of the spaceframe 
structure was 230 kg, the total mass of the body-in-white 275 kg. 
 

 

BMW Z8 roadster (produced from 1999 to 2003) 

(Source: BMW) 

 
The aluminium spaceframe structure included about 68 % extruded components and 32 % 
sheet panels (plus some steel rivets). Only straight and 2D-bent extruded beams were used. 
In case of the sheet panels, care was taken to choose simple shapes. In many cases, only 
folding of the sheets was necessary. 290 sheet parts, 86 straight and 24 bent extrusions and 
aluminium panels were joined by MIG welding and adhesive bonding plus riveting. The 
spaceframe was manually assembled using 57 m MIG welds and 890 self-piercing rivets.  
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Aluminium spaceframe of the BMW Z8 

(Source: BMW) 
 

The stiffness of the central frame, made from properly designed hollow aluminium extrusions, 
allowed the application of much lower side sills than normally used for a roadster. The pairs of 
the unique aluminium Y arms that connect the front and rear sections provided much of the 
torsional rigidity. They also ensured an excellent crash performance. The front and rear arms 
were designed to crumple, absorbing energy and transferring forces to the sturdy centre floor 
pan. 

 
 

Frame base structure of the BMW Z8 
(Source: BMW) 

Depending on the specific application, the extrusion alloys EN AW-6060, 6063 and 6082 were 
used for the frame structure. For the structural sheets, the non-age hardening alloys EN AW-
5754 and 5182 were chosen. In case of the closures, the alloy EN AW-6016 was used for the 
outer panels, for the inner panels EN AW-5754 or 5182. 
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Spaceframe of the BMW Z8 roadster (side view) 
(Source: BMW) 

 

b) Rolls Royce Phantom 

A similar aluminium body design concept was chosen for the Rolls Royce Phantom. The Rolls 
Royce Phantom is a saloon automobile made Rolls-Royce Motor cars, a BMW subsidiary. 
Launched in 2003, it is the first model introduced during the BMW era.  
The Phantom’s aluminium space frame is the largest of its kind ever built for automotive use. 
Made up of 248 extruded aluminium profiles and 278 sheet parts, it combines low weight with 
extreme strength. The complexity of the design was kept to a minimum; it contains neither 3D 
bent extrusions nor cast parts and as little as possible stamped panels. The whole body shell 
weighs just 550 kg yet has a torsional rigidity of more than 40,000 Nm/degree – making it at 
least twice as stiff as any previous Rolls-Royce.  
 

 
 

Extrusion-intensive spaceframe of the Rolls Royce Phantom 
(Source: Rolls Royce) 

 
For the extrusions, the alloys EN AW-6060, 6063 and 6082 in T5 or T7 were selected. The 
aluminium outer panels are EN AW-6016, the structural panels EN AW-5182 and 5454. 
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Aluminium product forms in spaceframe of the Phantom 
(Source: Rolls Royce) 

 
Produced at BMW’s Dingolfing plant, each frame has 120 m of welds at about 1800 separate 
locations, every one completed by hand. There are also 725 self-piercing rivets, 30 clinch 
points, 30 resistance spot welds, and about 90 blind rivets. The application of adhesive 
bonding was, however, avoided. State-of-the-art measuring equipment and CNC machining 
ensures that the entire body is constructed to within a plus / minus tolerance of just 0.1mm. 
Most exterior panels are aluminium, except the front wings (SMC) and the boot lid (steel). 
Some outer aluminium panels (e.g. the A and B pillar) are produced by superplastic forming in 
order to realize the required angular corners of the door opening. The door frames are built 
from sheet panels and Magsimal®-59 (AlMg5Si2Mn) castings. 
The aluminium spaceframe was also used for the Phantom Drophead Coupe (launched in 
2007) and the Phantom Coupe (SOP 2008). For the second generation Phantom, the 
spaceframe (SOP 2012) has been further reinforced with the addition of brace bars. 
 

 
 

Aluminium spaceframe of the Rolls Royce Phantom 
(Photo: Rolls Royce) 

 

1.4.4 Mercedes-Benz – aluminium spaceframe design with large 
castings  

The first car with an aluminium chassis and body of Mercedes-Benz was presented in 2009. 
Developed by Mercedes-AMG GmbH, a wholly owned subsidiary of Daimler AG, the SLS 
AMG all-aluminium body was produced by Magna-Steyr. The coupe version was followed in 
2010 by the roadster and the in 2012 by the Mercedes-Benz SL (R231). 
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a) Mercedes-Benz SLS AMG and SLS AMG Roadster 
 
The Mercedes-Benz SLS AMG is a front mid-engine, rear wheel driven coupe. Its newly 
developed body shell comprises an aluminium spaceframe combining intelligent lightweight 
design with outstanding strength and rigidity. The aluminium spaceframe with a weight of only 
241 kg consists of cast aluminium components, extruded aluminium sections and aluminium 
sheet panels. Cast components are used at the nodal points where large forces must be 
transferred or where different functions must be integrated. Extruded aluminium sections 
connect the nodal points to a sturdy structure. The large cross-sections of these aluminium 
sections ensure high resistance torque. The resulting body structure ensures a high torsional 
rigidity and meets all the requirements in terms of passive safety. Maximum occupant safety 
requires the use of ultra-high-strength, heat-formed steel in the A pillars. 

 
 

Aluminium spaceframe of the Mercedes-Benz SLS AMG 
(Photo: Daimler)  

 

 
 

Material forms in the Mercedes-Benz SLS AMG spaceframe 
(Source: Daimler) 

 
The aluminium spaceframe carries an equally lightweight outer skin: the bonnet, wings, doors 
and the side walls and roof are made of aluminium, while the front and rear aprons, side skirts 
and boot lid are of glass fibre reinforced plastic. The boot lid accommodates also the various 
aerial systems. The application of the superplastic forming technology for the gullwing doors 
made it possible to dispense with multi-part components, saving weight and simplifying the 
production process.  
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Cast components have the advantage of specific redirection of forces and allow a variation of 
the local wall thicknesses according to the encountered loads. Thus it is possible to 
incorporate areas of greater rigidity where required, for example at the chassis connections, 
or where large components such as the doors or dashboard are attached. The roof side 
member is an example; it carries the structural loads between the front and rear of the roof 
frame and also bears the hinges for the gullwing doors. Lightweight design by topology 
optimisation also helps to lower the vehicle's centre of gravity.  
 

 
 

Cast aluminium parts in the Mercedes-Benz SLS AMG spaceframe 
(Source: Daimler) 

 
Other prominent features of the lightweight construction are the transverse reinforcing struts 
at the front and rear axles, which are integrated into the body shell structure. The sections 
connect the side members precisely where the highest forces act upon the body shell under 
dynamic cornering. 
The SLS aluminium spaceframe consists of 16 cast parts, 146 extruded components and 197 
sheet panels. The applied joining techniques include adhesive bonding, 975 self-piercing 
rivets, 581 self-threading screws (Flow Drill Screws) and 70.0 m CMT(Cold Metal Transfer) 
MIG welds. 

 

Low centre of gravity – a key design priority 
(Photo: Daimler) 

 
The entire vehicle concept has been adjusted for the lowest possible centre of gravity. This 
applies both to the low connection of the powertrain and axles, as well as to the arrangement 
of body shell structure which has been kept as low as possible. Another design target was 
optimum occupant protection in all crash situations, including roll-over. This was achieved by 
directing the crash load paths around the strong and extremely rigid passenger cell. 
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Crash load paths for front and side impact 
(Source: Daimler) 

 
Since the roadster variant was already taken into consideration during the conceptual phase 
of the SLS AMG coupe, the weight of the body shell of the roadster (243 kg) is only 2 kg 
higher than that of the coupe version.  Owing to the omission of a fixed roof and gullwing 
doors, it was necessary to design the side sills more robustly, i.e. side sills with greater wall 
thicknesses and chambers were chosen. In addition, the open-top SLS AMG has a reinforcing 
cross-member behind the seats which supports the fixed roll-over protection system. 
In order to achieve handling dynamics identical to those of the coupe version despite the lack 
of a fixed roof, the roadster has two features designed to increase the rigidity of the body 
shell: the cross-member carrying the dashboard has additional supporting struts at the 
windscreen frame and at the centre tunnel, and a strut mounting stay between the soft top 
and the fuel tank makes the rear axle even more rigid. The side members of the front and rear 
modules in both SLS AMG models are identical. 
 

 

 

Aluminium spaceframe of the Mercedes-Benz SLS AMG roadster 
(Photo: Daimler) 

 
The result is a slight variation of the different materials compared to the coupe: 50 % of the 
weight-optimised aluminium spaceframe is made of aluminium sections, 26 % of sheet 
aluminium, 18 % of cast aluminium and 6 % of steel. Maximum occupant safety is ensured by 
the use of ultra-high-strength, heat-formed steel in the A pillars. No changes were necessary 
with respect to the outer skin: the bonnet, wings, doors and side walls are of aluminium, while 
the front and rear aprons, side sill panels and boot lid are of glass fibre reinforced plastic. The 
three-layered fabric soft top of the SLS AMG Roadster is a weight-optimised, combined 
magnesium / steel / aluminium construction which ensures a low centre of gravity and still 
ensures the necessary stability for high speeds.  
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Aluminium spaceframe (side view)  
(Photo: Daimler) 

 

 
Crash load paths in the roadster variant for front and side impact 

(Source: Daimler) 
 

The new SLS AMG roadster also meets high passive safety standards. The specified 
lightweight construction and outstanding crash characteristics were designed to be in line with 
the car’s low centre of gravity and the best possible distribution of load paths around the 
occupants – this applies to front, rear-end and lateral collisions, as well as to roof impacts. 
During a frontal collision, for example, the continuous side member extends from the front 
cross-member to the side skirt, and directs the impact energy into the extremely rigid 
structure of the door sill. As a result the passenger compartment remains undistorted during 
the usual frontal impact tests. One typical characteristic of the SLS is the front-mid-engine 
layout of the drive unit. This positioning behind the front axle provides a large deformation 
zone in front of the engine. This in turn allows a firewall of reduced weight, as it is required to 
absorb far less energy during a frontal crash than in a vehicle with a conventionally positioned 
engine. 
Mercedes-Benz also offers an electric drivetrain in the upcoming SLS AMG E-Cell 
supercar. Power for the E-Cell will be provided by four electric motors. The E-Cell employs a 
permanent all-wheel drive system which is powered by a 400-volt battery made up of 12 
modules of 72 lithium-ion polymer cells. The battery is housed in within the carbon fibre 
transmission tunnel, which is structurally integrated into the E-Cell’s aluminium body shell. 
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Aluminium body shell of the Mercedes-Benz SLS AMG E-Cell 
(Source: Daimler) 

 

b) Mercedes-Benz SL (R231) 

The new SL class model (R231) was formally launched in January 2012. It is the first series 
production, all-aluminium car of Mercedes-Benz. Its aluminium body structure weighs 257 kg, 
about 110 kg (or 24 %) less than it would using the steel body technology from the 
predecessor (R230). Also the number of parts which have to be assembled in the body shop 
could be significantly reduced from 496 (R230) to 339 (R231). At the same time, it was 
possible to increase the torsional rigidity by more than 20 % over the already very rigid 
preceding model. The “intelligent lightweight construction” is characterized by the use of 
components optimised for their specific tasks. Diverse processes are used to produce 
different kinds of aluminium components depending on their specific application: cast parts 
made by chill casting or vacuum die-casting, extruded aluminium sections or aluminium 
panels of different thicknesses. 
The body-in-white of the SL (R231) is made from 89% aluminium, 8% steel and 3% shared 
between SMC (for the boot lid) and magnesium (for the tank cover). The A pillars and the roof 
frame are of steel sheet metal incorporating high-strength steel tubing. For these elements, 
steel proved to be the optimum solution to provide the required survival space for occupants 
in the event of the vehicle overturning with minimum reduction of the field of vision. 
 

 

Aluminium body-in-white of the Mercedes-Benz SL (R231) 

(Photo: Daimler) 
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The material product mix in the body structure of the SL model is dominated by aluminium 
castings. The cast-intensive approach offers significant cost advantages by component 
integration, but it also ensures a rigid design and package advantages.  
 

 Number of parts Weight 

Al sheet panels 75 18 % 

Al extruded sections 28 29 % 

Al castings 33 45 % 

Steel 16 8 % 

total 152 257 kg 

Material product mix in the body structure 

(Source: Mercedes-Benz) 

 

 
 

Material forms in the Mercedes-Benz SL (R231) body structure 
(Source: Mercedes-Benz) 

 
The SL body structure includes several innovative details: 

− The longitudinal members in the vehicle front end are extruded aluminium profiles 
subsequently formed using the high-pressure hydroforming (IHU) technology. This 
enables the creation of highly complex components, permitting optimum use of the limited 
installation space. 

− The door sills (longitudinal members) consist of 1.7 m long, seven-chamber extruded 
aluminium sections. Proper design of the cross section provides the required rigidity in the 
lateral sectors and sufficient energy absorption capacity in the event of a collision with a 
minimum component weight. 

− The tunnel is made of an aluminium tailored welded blank of varying thickness. By using 
a tailored welded blank, it is possible to closely adapt the local sheet thickness to the 
forces exerted on the component under various loading conditions.  
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Tunnel made of aluminium tailored welded blank (joined by friction stir welding) 
(Photo: Novelis) 

 

− The front wall (upper firewall) is at present the largest aluminium cast component made in 
large series. The aluminium casting integrates six individual components into a single 
part. 

 
 

 
 

Upper firewall – a large vacuum high pressure die casting 
(Photo: Daimler) 

− The main floorpan is a three-layer, shaped panel made from thin, hollow extruded 
sections, which guarantees highest rigidity. The floorpan is welded together by friction stir 
welding.  
 

 
 

Main floorpan – thin extruded aluminium sections joined by friction stir welding 
(Photo: RIFTEC) 
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− The rear sector floor frame structure is closed by floor sheet metal panels and the boot 
tub made by vacuum high pressure die casting. 

− The cast aluminium central member connects the front end with the rear sector floor. The 
mounting points for the drive shaft, the transmission cross beam, the transmission tunnel 
braces and the seat bolting points on the tunnel side are all integrated into a single 
element. The wall thicknesses and rib distribution are designed according to the specific 
load requirements. 

− The rear sector floor is a MIG welded frame with a hollow cast longitudinal member as its 
central element. The low pressure permanent mould casting technique with sand cores is 
employed in the SL for the very first time in automotive body construction. The applied 
casting method and alloy (AlSi7Mg) ensure high strength with good ductility in the as-cast 
state and allow the realization of thick-walled areas without shrinkage cavity.  

− A trunk floor panel made from “GreenAlu”, i.e. a sheet blank produced from a rolling ingot 
with a recycled content in excess of 90 %. 

 

 
 

Aluminium floor structure of the of the Mercedes-Benz SL (R 231) 
(Photo: Martinrea Honsel) 

 
The assembly of the body-in-white is a highly automated (>95 %) and includes wide range of 
joining methods: 

Joining technique Number of 
joints or 
length of 
seal 

Resistance spot welds 135 

MIG welding 59.8 m 

Friction stir welding 8.1 m 

Adhesive bonding 76.2 m 

Self-piercing rivets 1235 

Clinch spots 213 

Screws (incl. self-threading 
screws) 

152 

Tacks (ImpAcT) 14 
 

Assembly of the R231 body-in-white (incl. supplied body components) 
(Source: Mercedes-Benz) 

 
Most interesting is the replacement of some Flow Drill Screws (self-threading screws) by the 
“ImpAcT” (or RIVTAC® tack-setting) joining method.  The tack-setting technique uses a nail-
like auxiliary joining part which is accelerated to high speed and driven into the parts to be 
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joined. There is no need for pre-punching; the pointed tack just displaces the material. A 
necessary condition is that the joining parts are sufficiently stiff in order to sustain the 
penetration impulse of the tack without major deformation. 
 

Joining technique Body 
structure (%) 

Hang-on 
parts (%) 

Resistance spot welds 2 - 

MIG welding 51 - 

Friction stir welding 7 - 

Adhesive bonding 19 56 

Self-piercing rivets 17 28 

Clinch spots - 16 

Screws (incl. self-threading 
screws) 

3 - 

Tacks (ImpAcT) 1 - 
 

Joining processes used for the body structure and for hang-on parts 
(Source: Mercedes-Benz) 

 
The high complexity of the assembly operation is the most remarkable difference compared to 
the fabrication of a conventional steel body-in-white. In case of the predecessor (R230), 
resistance spot welding was the dominating joining method (88 %), followed by adhesive 
bonding (7 %), self-piercing riveting (2 %) and others (3 %). 
 

 
 

Material forms used for the hang-on parts 
(Source: Daimler) 

 
A range of materials are also used for the hang-on parts. The preceding SL model (R230) 
already had an aluminium bonnet, aluminium doors and aluminium boot lid. In the R231, the 
bonnet, doors and fenders are again aluminium. The doors are fashioned from a combination 
of sheet metal, extruded sections and cast metal parts, joined by diverse methods: riveting, 
bonding and hemming. Even the upper door hinges consist of aluminium (the lower hinges 
are made of steel). The “intelligent” material mix in the SL Body is completed by the boot lid, a 
hybrid design with an SMC (sheet moulding compound) outer and a steel inner panel. Both 
materials have virtually identical thermal expansion coefficients and complement each other 
very well. The interior steel construction ensures maximum rigidity with minimum use of 
space, while the plastic paneling allows the full integration of the various aerials. 
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 Number 
of parts 

Weight 

Al sheet panels 35 57 % 

Al extruded 
sections 

14 10 % 

Al castings 2 5 % 

Steel 6 19 % 

SMC 5 9 % 

total 62 62 kg 

Materials used for the hang-on parts  

(Source: Daimler) 

 
Lightweight material solutions have been chosen also in other areas. The front module is a 
combination of an aluminium profile (for the bumper beam), aluminium sheet panels and 
glass fibre reinforced plastic. The rear bumper beam and crash boxes are aluminium 
extrusions. Die-cast magnesium components are used for the vario-roof structure as well as 
for the tank cover. The dashboard mount consists of an extruded and hydroformed aluminium 
tube with magnesium struts and moulded-on polymer brackets.  
The new SL is also unique among the roadsters in terms of NVH comfort (noise, vibration, 
harshness). One contributing factor is a very rigid connection between the front section and 
rear floor. The higher sound emission and radiation level of aluminium compared to steel is 
compensated by means of a consistent sound insulation concept with targeted adaptation of 
the sound damping materials to each problem zone. 
 

 

Aluminium body-in-white  

(Photo: Daimler) 

 
The new Mercedes-Benz SL sets new safety standards for roadsters. The chosen design 
concept ensures a very low centre of gravity. Furthermore, the aluminium body shell offers 
excellent preconditions for a highly stable and rigid occupant cell as well as for precisely 
defined deformation zones. The extruded sections, cast nodes and a double-thickness floor 
plate form a sturdy passenger compartment. The tail end and front are designed in such a 
way that they can absorb high forces through deformation, thus considerably reducing the 
strain on the occupants in a crash in accordance with the principle of the crumple zone. The 
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crash boxes behind the bumper trim and an exchangeable front module ensure that the 
damage sustained during a front impact at up to 15 km/h is limited. 
A-pillars in a steel/aluminium material mix and two roll-over bars protect the passenger 
compartment in case of an overturn. Normally the two roll-over bars are completely recessed, 
but two preloaded pressure springs per cartridge ensure that the roll-over protection shoots to 
the support position in fractions of a second. Two aluminium sections in each door together 
with the very rigid side sills provide the greatest possible survival space in the event of a side 
collision. 

 

 

Crash load paths in the SL roadster for front and side impact 
(Source: Daimler) 

 
The new SL class roadster uses the latest technology in the area of pedestrian protection. A 
sensor system is able to register an impact with a pedestrian and ensures that the bonnet is 
immediately raised by 85 mm in the rear, creating additional space between the bonnet and 
hard components in the engine compartment. Also the deformation properties of the bonnet 
have been designed to meet the requirements concerning pedestrian protection. It was 
optimized in terms of form and materials, contributing towards the outstanding pedestrian 
protection. The SL’s “soft nose” also provides a large impact area, whilst the foam density and 
geometry in the front bumper have been optimized for reduced loads during leg impact with 
the pedestrian. 
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Aluminium bonnet design optimized for pedestrian protection 

(Photo: Daimler) 

 

1.4.5 Spyker – all-aluminium niche models based on a spaceframe 
design 

Since the year 2000, Spyker produces exclusive mid-engine sports cars in very small 
numbers (< 100 per year) with an all-aluminium lightweight riveted body. The Spyker models 
feature an aluminium spaceframe chassis with an integrated roll cage and hand-beaten 
aluminium body panels.  The chassis of the C8 is built from extruded aluminium box sections 
and folded aluminium sheets which are manually welded together.  
Designed from the outset to be a roadster, the chassis stiffness shows little difference with or 
without the roof. The high rigidity of the chosen design and a pair of very strong and thick A 
pillars mean that the car does not need a windscreen header rail. Another specialty are the 
"butterfly" doors which swing upward and outward around a single hinge to open. As a result 
of the lightweight construction, the C8 model (with a V8 engine) weighs only 1250 kg. 
The spaceframe of the Spyker C8 Aileron (presented in 2009) is a development of the original 
space frame. Modern finite element and numerical optimization methods have allowed an 
increase of the torsional rigidity by 40% without adding any weight. Also the dimensions have 
been changed; the wheelbase was increased by 10 cm for improved road handling and more 
cockpit space.  

 

Aluminium body concept used by Spyker  
(Source: Spyker) 
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1.5  Cars with an aluminium chassis and a separate body shell  
Apart from the aluminium sheet unibody (or monocoque) design and the aluminium 
spaceframe, there are also novel aluminium-based lightweight body architectures which offer 
unprecedented design flexibility, in particular for small volume production (niche models). One 
possibility is the combination of an aluminium chassis with a separate body shell. The 
separate body shell can be produced from aluminium, but also other materials (preferably 
glass or carbon fibre reinforced plastics). 

Efficient low volume production concepts are characterized by functional modularity and low 
investment needs in terms of manufacturing equipment as well as tools. Preferred aluminium 
components are straight or 2D bent extrusions, simple sheet parts (e.g. produced by bending 
and folding or shaped using forming technologies with low tool costs, e.g. superplastic 
forming), sand castings, etc. The structural components are MIG welded or joined with 
mechanical fasteners, sometimes combined with adhesive bonding. 

 

1.5.1  Lotus platforms for low volume vehicles 

With the development of the Elise, Lotus pioneered a new way of designing cars. The 
aluminum-tub chassis of the Elise was actually the first part of the Lotus “Versatile Vehicle 
Architecture (VVA)”. The same basic chassis has been later advanced for larger vehicles.   

 
a) Lotus Elise 

 
The Lotus Elise is a rear-wheel drive roadster with two seats and a mid-engine which was 
released in 1996. The car has a hand-finished fibreglass body shell atop an extruded 
aluminium chassis that provides a rigid platform for the suspension, while keeping weight and 
production costs to a minimum. The aluminium chassis was developed together with Hydro 
Aluminium. 

 

Aluminium chassis of the Lotus small car platform (Elise) 

(Photo: Lotus) 

 
The aluminium chassis of the Elise (total weight 68 kg) is an extrusion-intensive design with 
only about 10 % sheets (by weight). It consists of 63 straight and 2 bent extrusions as well as 
5 sheet panels.  
The aluminium components are joined by adhesive bonding, supported by more than 130 
self-tapping screws. Adhesive bonding eliminates the distortion that may come with welding. 
The applied adhesive is a single-part, heat-cured epoxy paste (XB 5315) from Ciba Polymers. 
Each joint is reinforced by EJOT self-tapping steel screws to prevent the onset of peel during 
a crash. The assembled chassis is then loaded to an oven where adhesive curing takes place 
at 200 °C (curing time about 40 min). 
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The applied extrusion alloy is EN AW-6063, the sheet alloy EN AW-3105. The durability of the 
adhesive bonds is ensured by a proper surface pre-treatment (anodization) of the extrusions. 
Both the design of the extrusions and the design of the chassis are specially adapted to the 
bonding process. Many of the extrusions link to the neighbouring extrusion with a tongue-in-
groove joint. Also, where parts have to come together, the design ensures wide flat areas for 
the bonded joint. Furthermore, the outlines of the extrusions feature small ridges along all 
mating surfaces to control the gap width to prevent that the adhesive is squeezed out.  
The aluminium chassis is completed with a steel roll-over bar. The body shell is made of 
composite body panels with detachable front and rear clamshells. 
 

 
 

Chassis of the Lotus Elise 
(Photo: Lotus) 

 
Over the years, the aluminium tub chassis has changed only in detail. The Elise's structure, 
which includes a composite energy-absorbing front crash structure, is tough enough to meet 
all crash standards.  
The modular aluminium chassis of the Elise (“Lotus small car platform”) has been also used 
for various Lotus models (e.g. Exige, Europa S, 2eleven) and for third party vehicles (e.g. 
Opel Speedster (VX220), Tesla Roadster or Melkus RS2000). Also the Zytek Lotus Elise, a 
sports car with an electric drivetrain produced from 1989 to 2003, used this aluminium 
chassis. 
 

 

Lotus small volume (Elise) platform 

(Photo: Lotus) 

 
b) Lotus Evora 

The “Versatile Vehicle Architecture (VVA)” approach has been designed to be applicable to 
low and mid-volume applications by utilising low capital investment manufacturing processes. 
It progresses the Lotus technology from the Elise family of vehicles, using bonded extrusions 
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and folded panels, allowing its application for a range of vehicles up to a vehicle weight of 
1,900 kg.  
The Lotus Evora was launched in 2009. It is a 2+2 rear mid engine, rear wheel driven sports 
car.  The modular design of the aluminium chassis offers improved manufacturability and 
easier repair.  

 

Lotus Evora with an extrusion-intensive aluminium chassis 

(Photo: Lotus) 

 
The front subframe and the tub module are bonded and riveted (using self-piercing and blind 
rivets), For the front subframe, extrusions with 8 different cross-sections are used, the tub 
module includes extrusions with 20 different cross-sections. The extrusion alloy is EN AW-
6060; the sheet alloy is EN AW-5754.  The seat belt anchorage frame and the rear subframe 
are made of steel. However, the rear subframe could also be welded extrusions. 

 

Extrusion-intensive aluminium chassis of the Lotus Evora 

(Photo: Lotus) 

 
The VVA architecture has been designed so that it can be stretched in width, length and 
height. The strength and stiffness of the low volume VVA chassis can be modified by varying 
the wall thickness of the extrusions, without altering the exterior dimensions. Front and mid 
engine installations have been considered, as well as hybrid and electric vehicle (EV) 
applications. 
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The VVA chassis uses advanced assembly techniques, including adhesive bonding, self-
piercing rivets and flow-drill screws for its construction. The self-piercing rivets and the flow-
drill screws (used for single-sided access on closed sections) hold the structure together 
during the bonding cure cycle, and prevent adhesive joint peeling in the event of a crash. The 
heat-cured high strength structural adhesive is the main joining medium. Used in combination 
with the mechanical fasteners, it produces a strong, durable joint and a lightweight shell with 
exceptional torsional stiffness. 

 

 

Versatile Vehicle Architecture: Evora platform 

(Photo: Lotus) 

 

The separate front subframe enables its replacement in the event of accident damage when 
suffering a frontal impact or when the suspension mounting points become damaged. Also 
the front bumper beam can be separately replaced if required after a minor frontal impact. 
The centre section essentially determines the global vehicle torsional stiffness. At the rear, 
the separate steel rear subframe with detachable bumper facilitates crash repair as at the 
front. During vehicle assembly, the engine transaxle and rear suspension and exhaust system 
are all assembled to the rear subframe before this completed module is offered up to the 
aluminium centre section. The rear subframe can be also fabricated from welded aluminium 
extrusions. 

 

 

1.5.2 Aston Martin’s aluminium VH platform 

Lotus’ influence extends to Aston, for whom the company consulted in the development of its 
Vanquish model, manufactured from 2001 to 2004. Aston Martin employed basically the same 
chassis technology as that used in the Lotus Elise, i.e. an extrusion-intensive aluminium tub 
chassis. 

 

The main body structure of the Aston Martin Vanquish, a two door 2+2 coupe, included a 
combination of extruded aluminium sections and folded aluminium panels which were 
adhesively bonded and riveted. The aluminium tub was then bonded to a central carbon fibre 
reinforced plastic transmission tunnel. Carbon fibre A pillars, an all-aluminium suspension and 
aluminium body panels served to keep weight down. The stiff aluminium/carbon composite 
construction chassis was completed with a composite front and rear crash structure and 
superplastically formed aluminium as well as composite outer panels. 
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Aluminium chassis and carbon transmission tunnel joined by a structural, hot curing 
adhesive  (left) and aluminium front structure (right) 

(Source: Aston Martin) 
 

The finished aluminium chassis had a weight of 145 kg, it consisted of 40 straight extrusions 
with a total weight of 100 kg and 40 sheet panels (total weight 45 kg). 176 rivets and 76 self-
threading screws were used for assembly. 

 
 

Aluminium/composite chassis of the Aston Martin Vanquish V12 
(Source: Aston Martin) 

 

The aluminium chassis of the original Aston Martin Vanquish evolved into the VH (for 
vertical/horizontal) platform that would go on to underpin all future Aston Martins (except for 
the One-77 which uses carbon architecture and the Cygnet). At the time it was not considered 
to be a VH platform, but in retrospect it should be treated as one.  

The Aston Martin 2+2 DB9 coupe (released in 2004) featured the first official all-aluminium 
VH platform with an aluminium/composite body. The outer body panels are not structural, i.e. 
the VH platform allows for inexpensive restyling of future models. 
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Aston Martin DB9 

(Source: Aston Martin) 

 

Drawing on the experience and technology pioneered in the Vanquish, the DB9's frame is 
made entirely from aluminium. Die-cast, extruded and stamped aluminium components are 
adhesively bonded, supplemented by mechanical fixing using self-piercing rivets. Despite 
being 25 percent lighter than the steel body shell of the preceding DB7, the DB9 structure has 
more than double the torsional rigidity. 

The adhesive is applied by a robot; computer controlled hot-air curing ensures high bonding 
accuracy and repeatability. The aluminium frame is the skeleton to which all the mechanical 
components are either directly or indirectly mounted. The body panels are then fitted to the 
frame, again using adhesives. The bonnet, roof and rear wings are aluminium. The front 
wings and boot lid are composite. Cast aluminium is used in the windscreen surround. 
Magnesium is used in the steering column assembly and inner door frames. The driveshaft is 
made from carbon fibre reinforced plastic.  

 

 

Top view of the aluminium chassis of the Aston Martin DB 9 

(Photo: Aston Martin) 

 

The bonded aluminium chassis of the VH platform was also used for the Aston Martin V8 
Vantage and its variants as well as the Aston Martin DBS presented in 2007. The DBS 
became the first production Aston Martin to make extensive use of carbon fibre reinforced 
plastic body panels. Carbon fibre panels are used for the boot enclosure, boot lid, door 
opening surrounds, front wings and bonnet, resulting in a weight reduction of 30 kg over the 
conventionally used aluminium panels without any reduction in strength. 
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Aston Martin’s all-aluminium VH platform with an aluminium/composite body 

(Source: Aston Martin) 

 
The third VH chassis is used in the Aston Martin Rapide. It differs from the first two 
generations as it is longer to accommodate the longer four door body. The Aston Martin 
Rapide is a four-door, high-performance sport saloon which was introduced in early 2010. 
The Rapide shows the same extruded, bonded, and riveted aluminum chassis construction as 
the earlier DB9 models, although it is larger than any model previously adapted from the VH 
architecture. 

 
 

Body structure of the Aston Martin Rapide  
(Source: Aston Martin) 

 
The new Aston Martin Vanquish (2012 - ), the fourth generation of the VH platform, uses even 
more carbon fibre in its design than previous VH chassis. 
 
 

1.5.3 Morgan – a sheet-based aluminium chassis 

 
The Morgan Aero 8 sports car (2001 – 2010) was the first Morgan vehicle with an aluminium 
chassis and frame as opposed to traditional Morgan vehicles that had an aluminium skinned 
wooden body shell on a steel ladder frame chassis.  
Manual fabrication of small production volumes led Morgan to look for a design with minimum 
tooling cost. Consequently, Morgan developed an aluminium chassis structure built mainly 
from flat aluminium sheets, but reinforced by extrusions for cross members and longitudinal 
members. The stiff, lightweight chassis consists of 32 aluminium alloy panels which are 
adhesively bonded and riveted. The aluminium alloy sheets are especially surface pre-treated 
and then bonded with Gurrit Essex adhesive (a technology developed by Alcan). For riveting, 
self-piercing Boellhoff rivets are used. An ash frame is then mounted on the aluminium 
chassis which carries the aluminum body panels. 
The Aero 8’s unique construction consisting of an aluminium chassis, combined with the 
traditional Morgan ash wood body shell and superplastically formed aluminium outer panels 
make it a very strong, but also very light open top car. The same design concept is also used 
in Morgan’s current car models (e.g. Morgan Plus 8).  
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Aluminium chassis of the Morgan Aero 8 
(Photo: Morgan) 

 

 
 

Morgan Plus 8 with an aluminium chassis and aluminium outer panels on a wood 
frame 

(Photo: Morgan) 
 

 

1.5.4 Chevrolet Corvette 

 
In the Corvette Z06 (start of production 2006), the steel frame of the conventional C6 was 
substituted by an almost identical aluminium spaceframe, thereby reducing the mass by over 
30 %. The spaceframe engineered by Dana Corporation, was completed with glass fibre 
reinforced plastic body panels.  
The spaceframe, consisting of 90 aluminium components (21 extrusions, 8 castings, and 61 
sheet stampings), also leads to a reduction in the overall number of parts used. The one-
piece, hydroformed perimeter frame with cast suspension nodes is made from a 4.8 m long, 
extruded EN AW-6063 tube (weight 24 kg). The standard C5/C6 steel frame is 3 mm thick 
and weighs 228 kg, while the Z06 aluminium frame is 4 mm thick and weighs only 178 kg, but 
shows a 50 % higher bending and torsional stiffness. The EN AW-6063 frame rail is heat 
treated to the T7 temper; because of the resulting excellent combination of strength and 
elongation provide outstanding crashworthiness. 
EN AW-6063 alloy extrusions are also used for the bumper reinforcements, the A pillar, and 
the roof reinforcement bar. In addition, there is an EN AW-6061 T6 extruded seatback beam. 
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Stamped aluminium panels are used for the B pillar assembly and the construction of the floor 
and tunnel (made from annealed 4 mm thick EN AW-5745 sheets). A356 aluminium castings 
are used for the front and rear suspension-mounting locations.  

The Z06 aluminium structure is held together by MIG and laser welds as well as self-piercing 
rivets. Laser welding is used specifically in the tunnel area, there are in total 14 m of laser 
welds (which equates to nearly one-third of the frame’s welds). 236 self-piercing rivets are 
used for assembling some stamped pieces together, for example the B pillar.  

 

 

Aluminium spaceframe of the Corvette Z06  

(Photo: General Motors) 

 

Early 2013, General Motors unveiled the Chevrolet Corvette Stingray C7 with its multi-
component, all-aluminium chassis, which 45 kg lighter and 57 % stiffer than the current C6 
Corvette’s hydroformed steel rail-based frame.  
 
The aluminium chassis/passenger cell structure includes 10 castings, 38 extrusions, 76 
stampings, and three hydroformed parts. The body structure of the C7, whether coupe or 
convertible, is basically an open-air design that has no roof structure to add extra support. 
Apart from the lighter weight, the increased stiffness and the improved crash worthiness were 
therefore the main factors to change from steel to aluminium.  
 
In addition to the new aluminium structure, the C7 Corvette also uses an increased amount of 
carbon fibre reinforced plastics in the exterior body panels. Carbon fibre reinforced plastic 
panels are used selectively in the largely non-load bearing skin panels, the bonnet and the 
removable roof panel for the coupe, along with interior trim panels. 
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Aluminium spaceframe of the Corvette Stingray C7 
(Photo: General Motors) 

 
The chassis is composed of two perimeter main frame rails, an enclosed box beam-like 
“tunnel” structure, and a cockpit assembly. Whereas the previous C6 Corvette featured 
hydroformed steel-tube main frame rails with a constant 2 mm wall thickness, the C7’s 
chassis employs rails composed of five customized aluminium segments with thicknesses 
ranging from 2 to 11 mm.  
The Corvette’s chassis assembly features part interfaces that were made using various 
joining methods including conventional MIG welding, a patented spot-welding method 
developed by GM as well as screw-bolts reinforced with adhesives. Resistance spot welding 
of aluminium with a newly developed multi-ring electrode eliminates the need to use self-
piercing rivets.  

 

Aluminium spaceframe of the Corvette Stingray C7 

(Photo: General Motors) 

The aluminium extrusions in the front crush zone are made of a high strength EN AW-7xxx 
(AlZnMg) alloy and are designed to folds like an accordion to absorb the impact energy. The 
hollow cast node at the suspension-cradle interface is composed of a high-strength aluminium 
casting alloy (A356). Next come a hydroformed aluminium tube centre section, followed by 
another hollow cast A356 node and the rear crash management system made from EN AW-
6xxx (AlMgSi) alloys. In the middle of the frame structure is an aluminium box beam-like 
assembly with a high stiffness shear wall structure that is strengthened with four thin walled, 
vacuum die-cast plate reinforcements.  
 

1.5.5 Mitsubishi’s i car concept 

The Mitsubishi i model is a super-mini car, first released in 2006. It is the first four-door 
automobile since the 1960’s with the engine behind the passengers, in an attempt to improve 
safety and interior space without enlarging the overall exterior. A lightweight aluminium space 
frame structure and the rear-engine layout allowed the incorporation of a large front 
deformation zone in order to meet current safety legislation requirements without 
compromising interior space. 
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The basic framework of the original body concept consists of aluminium extrusions and 
aluminium die-castings, the floor and roof panels are formed from aluminium sheet 
stampings. Aluminium extrusions are used for the side members and cross members of the 
underbody and the roof side rails (which include the A pillars) and roof bows of the upper 
body. Vacuum-high pressure die castings are applied for the B and C pillars as well as for 
some connecting nodes. Aluminium stampings are used for the floor, dash panel, roof and 
rear quarter panels.  
Some aluminium hang-on parts were later substituted by plastic panels. The Mitsubishi i-
MiEV (MiEV:  Mitsubishi innovative Electric Vehicle), a five-door hatchback electric car which 
is produced since 2009, and derivative models use a hybrid approach with a plastic roof and 
other hang-on parts. Aluminium is used for the rear suspension and rear body. Such a 
concept reduces the weight around the rear axle where the powertrain and EV system 
components are installed and thereby achieves an ideal 50:50 front/rear weight distribution. 
The aluminium spaceframe with its optimum layout of structural members, including front-side 
and cross members efficiently absorbs crash energy in the event of front-end or side collision. 
In a collision from the rear, the EV components under the back seat and rear floor serve as a 
barrier to ensure the integrity of the passenger compartment. Thus excellent occupant 
protection in collisions from any direction is ensured, even when colliding with a vehicle of 
different height or weight. 
 

1.5.6 Artega GT 

The Artega GT was a rear wheel driven two-seat sports car with a mid engine. The first 
prototype was presented in 2007. The Artega GT had an aluminium space frame and a 
carbon fibre reinforced body which led to a light curb weight of approximately 1,100 kg. The 
roof and the engine rear module were designed as a tubular space frame made of high-
tensile stainless steel. On September 30, 2012 the production of the Artega GT was halted, 
there are no plans to resume production.  

 

 
Artega GT, a sports car with an aluminium space frame complemented with stainless 

steel tubes and carbon fibre reinforced hang-on parts 
(Source: Artega) 

 

1.5.7 The BMW LifeDrive concept 

Designing a fully electric vehicle offers the chance to completely rethink vehicle 
architecture. The LifeDrive concept developed by BMW is a revolutionary body concept 
specially designed for alternative drivetrains. It consists of two horizontally separated, 
independent modules. The Drive Module, an aluminum chassis, forms the solid basis of the 
vehicle. It combines the battery and drive system, plus a range of structural and basic crash 
components into a single lightweight, high-strength module. The key to the LifeDrive 
architecture concept is the integration of the battery into the vehicle structure resulting in a 
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low centre of gravity. The Life Module is a high-strength and extremely lightweight passenger 
cell made from carbon fibre reinforced plastic.  

 
Design concept of the BMW i cars: BMW i3 (left) and BMW i8 (right) 

(Source: BMW) 
 

1.6 Mixed-material body structure designs 

 
The described body design concepts open the possibility to realise a range of mixed 
constructions whereby not only the applied aluminium product forms can be varied, but also 
different materials or material combinations can be used. An alternative lightweight body-in-
white concept to the all-aluminium design calls for applications of aluminium together with 
high and ultra-high strength steels, magnesium and plastics or composites, where applicable. 
The principle idea is to use the "optimum" material for the appropriate functions: driving 
performance, safety and fuel efficiency. The additional goal is to achieve an overall cost 
efficient light-weight design.  
Specific technical solutions associated with such multi-material designs must be addressed in 
the areas of joining and finishing (coating) as well as in the control of different thermal 
expansion and protection against galvanic corrosion.  
A forward-looking mixed-material concept was realised first by BMW for the 5xx (E60) series 
combining an aluminium front structure with a steel passenger cell.  The advantage of such a 
design is – apart from the weight reduction – an optimized axle load distribution. With the new 
AUDI TT (8J), another hybrid body structure was realised where an aluminium space frame 
for the front section and the passenger cabin was combined with a rear section designed in 
high strength steels. Similar lightweight design concepts with a steel body structure and 
aluminium components − preferentially in the front − were further developed in various new 
car models.   
Apart from lightweighting with aluminium, also lightweight components made from other 
materials (in particular fibre reinforced composites) can be applied similarly. 
 

1.6.1 BMW aluminium front end 

 
In 2003, BMW presented with the 5 and 6 series models the first car bodies with a lightweight 
aluminium front end. The front end consists almost entirely of aluminum while the transition to 
steel occurs in the front bulkhead area. The "weight-reduced aluminium front end" (GRAV) 
not only offers a significant weight reduction compared to the preceding model, but is also a 
significant factor in attaining the ideal 50/50 axle load distribution. 
Consequently, the material composition of the body of the 5 series sedan was: 

− 18 % aluminium alloys (including the front-end substructure, bonnet and front 
fenders) 

− 20 % deep drawing steels 

− 42 % high strength steels 

− 20 % advanced high strength steels. 
 

For the 6 series cars, which also included aluminium doors, the aluminium share increased to 
26 %.  
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With the introduction of the new BMW 5 and 6 series cars in 2010, however, the aluminium 
front end was dropped and BMW returned to a complete steel body.  

 
BMW 5 series (E60) with an aluminium front end 

(Source: BMW) 
 

The “weight-reduced front end” includes in total 101 parts (aluminium and steel stampings, 
aluminium extrusions, aluminium high pressure die castings and a hydroformed aluminium 
tube). There are 86 aluminium and 15 steel parts. The respective weight share is: 

- Aluminium 29.4 kg and   
- Steel  16.4 kg.  

 
Different aluminium alloys have been used for the fabrication of the front end:  
 
Sheet stampings:  EN AW-5042 (AlMg3.5Mn), EN AW-5182,  EN AW-6008 
(T4),  
Welded tube:   EN AW-5042,  
Extrusions:               EN AW-6060 (T5), EN AW-6082 (T6)   
Castings:               Magsimal-59™ (~ EN AC-51400DF)  
Impact extrusion:              EN AW-6082. 
 
The front longitudinal beam is an EN AW-6060 extrusion combined with an EN AW-6008 
sheet panel on the outside. An extruded profile (alloy EN AW-6082) closes the front end and 
serves as the transition plate to the front crash management system. The suspension strut 
dome is a high pressure die casting. The starting product for the cross beam under the front 
window is a longitudinally seam welded tube (wall thickness 1.4, diameter 95 mm) made of 
AlMg3.5Mn which is bent and hydroformed in two steps with an intermediate anneal for 
improved formability. All the aluminium parts are conversion coated before assembly. 
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Aluminium product forms  

(Source: BMW) 
 

The following joining methods are employed in the assembly of the front end:  

− Self piercing rivets:      598 rivets 
− Resistance spot welding:    140 spots  
− MIG welding:       3.1 m  
− Laser welding:                   1.7 m  
− Stud welding:                   48 bolts 
− Adhesive joints:                  15.8 m total (6.7 m aluminium / steel). 

 
Adhesive bonding (using the epoxy adhesive Betamate 1480) is always combined with self-
piercing rivets. For corrosion protection, the self-piercing rivets are ALMAC coated and the 
joints are PVC sealed. This approach also ensures the corrosion resistance of the 
aluminium/steel joints where the adhesive acts as an isolating layer. A specific challenge was 
the MIG welding of the thin aluminium components. For this reason, Nd-YAG laser welding 
(with AlMg4.5Mn filler metal) was used for a weld on the hydroformed cross beam.  
 

   
 

Adhesive bonds in the aluminium front structure (left) and the aluminium/steel joint 
(right) 

(Source: BMW) 
 
Special care must be also taken with respect to electrically conducting connections, e.g. with 
respect to grounding. Also an aluminum body section offers reduced shielding against 
external electromagnetic radiation, making it necessary for separate shielding of the wiring 
harnesses and electronic control units. But riveted and bonded aluminium components do not 
always provide a guaranteed circuit to ground. This results in the need to connect individual 
front end components with small EMC safety weld seams. 
 

1.6.2 Audi TT  
The second generation of the Audi TT (8J), which is available as a 2+2 coupe or a two-seater 
roadster, was revealed in 2006.  It features a hybrid aluminium and steel construction. The 
front end, the floor and the superstructure are made of aluminium, with deep drawn steel 
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being used for the doors and the trunk lid. The rear section of the floor assembly, the tail 
panel and the bulkhead of the Roadster are made of high-strength steel. This material mix 
provides for an optimal distribution of axle loads and thus improved dynamic handling. 

 
Hybrid aluminium and steel body structure of the Audi TT 

(Source: Audi) 
 

In the new Audi TT, steel sheet parts are used for the first time in the Audi Space Frame 
design concept together with aluminium castings, aluminium extruded sections and aluminium 
sheet stampings. The use of steel sheets in the rear body section improves specifically the 
vehicle weight distribution. Compared to the previous model with its steel body, the curb 
weight nevertheless decreased by 20 to 90 kg; depending on the model. At the same time, 
the new TT has grown in size and the static torsional rigidity was increased by 50 % in the 
coupe (100 % in the roadster). 

 
Hang-on parts of the Audi TT 

(Source: Audi) 
 

The weight of the body is 206 kg for the coupe (or 277 kg including attachments such as 
doors and lids) and 251 kg for the roadster. The weight advantage over a comparable all-steel 
body shell is approx. 100 kg. The material mix is dominated by aluminium, which accounts for 
69 % of the coupe’s weight and 58 % of the weight of the roadster. In the coupe, the 
aluminium fraction comprises 63 kg (31 %) of panels, 45 kg (22 %) of castings and 32 kg (16 
%) of extruded sections. 
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Material product forms in the Audi TT coupe 

(Source: Audi) 
 

The aluminium/steel hybrid body structure also ensures a low centre of gravity. Furthermore, 
the crash performance of the body shell is enhanced by means of load-bearing structures at 
the front end, sides and rear end.  

 
Low centre of gravity 

(Source: Audi) 
 

Special have to be taken with regard to the strength and corrosion protection of the joints 
between the aluminium and steel body parts. Thermal joining processes can be ruled out 
because it is not possible to make a joint which has the requisite structural and dynamic 
strength and will not result in contact corrosion. 
A safe, durable joint between aluminium and steel parts is ensured by non-thermal joining 
using self-piercing rivets and screws in combination with adhesive bonding. The following 
anti-corrosion measures have been taken: 
 

 Coating of all steel screws and fasteners such as self-piercing rivets 

 Galvanising of all steel sheet parts  

 Insulation of the mating materials by the applied adhesive layer 

 Sealing of aluminium-steel joints either with PVC or coated with wax preservative 
after the cataphoretic dip coating process. 
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Joining the aluminium and steel body parts 
(Source: Audi) 

 
A variety of joining processes are used in the fabrication of the body of the Audi TT. A 
principal joining technique is self-piercing riveting (using semi-tubular rivets). It is used for 
joining aluminium body parts and for joining aluminium to steel body parts. Self piercing rivets 
with two different diameters and lengths are used. Also self-threading screws (Flow Drill 
Screws) are used for both aluminium/aluminium and aluminium/steel joints.  
A new mechanical joining technology first used in the Audi TT is solid self-piercing riveting 
(Kerb-Konus rivets). In contrast to the semi-tubular rivets, solid rivets are punched through 
both sheets. In the Audi TT, 48 aluminium and 48 coated stainless steel solid rivets are used. 
Unlike steel rivets, aluminium solid rivets can be mechanically reworked. Aluminium solid 
rivets are used in the C post drip moulding area, while coated stainless steel rivets are used 
in the region of the roof frame.  
 

Technology Process Quantity 

Mechanical 

joining 

Self-piercing rivets 1606 pieces 

Flow drill screwing 229 pieces 

Solid punch riveting (Kerb-

Konus) 

96 pieces 

Clinching 172 pieces 

Thermal 

joining 

MIG welding 21.5 m 

Laser welding 5.3 m 

Resistance spot welding 1287 spots 

MAG welding 0.8 m 

Stud welding 241 pieces 

Bonding Adhesive bonding 97.2 m 
 

Joining technologies applied in the Audi TT 
(Source: Audi) 

 
Clinching is used on attachments such as doors and lids. Several clinched joints are also 
located in the area of the B pillar and rear wheel arch. In this area, aluminium sheets as well 

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 77 

as steel and aluminium sheets are clinched together. MIG welding is principally used for joints 
between aluminium castings and extruded sections, but also some sheet parts. For the 
assembly of steel parts, the usual techniques of resistance spot welding and, to a lesser 
extent, metal active gas welding (MAG welding) are applied.  
Laser welding has been used for welding aluminium sheet parts onto castings or extruded 
parts before. But as a first in the Audi TT, also the invisible joint in the roof area is joined by 
laser welding. The joint between the roof frame and roof panel is reworked and surface 
finished automatically in the production line using a brushing process. Consistent laser 
welding of aluminium parts requires a perfectly clean surface of the parts to be welded. This is 
ensured either by washing the components followed by chemical pickling or by the application 
of a new laser cleaning process where a controlled laser beam running ahead of the welding 
beam removes all residues from the surface.  
In certain areas, adhesive bonding is used supplementary to clinched and punch riveted 
joints, flow drill screw connections as well as resistance spot welds in order to improve joint 
strength. Adhesive bonding is also used for strengthening of seam joints, e.g. in the rear 
wheel arch. In other areas of the body, adhesive beads are used for sealing and insulation 
between aluminium and steel sheets, as well as for noise reduction. 
The application of all these measures allowed an increase of the degree of automation in the 
body shop from 30 % for the preceding TT model to approx. 98 % for the new Audi TT.  
 

1.6.3 Porsche’s aluminium-steel hybrid body shell 
With the new 911 Carrera coupe and cabriolet (type 991), Porsche introduced in 2012 a 
completely redesigned lightweight aluminium-steel body construction. The underlying idea of 
this design is the use of the right material in the right place. The extensive use of aluminium to 
reduce the vehicle’s weight is balanced with elements of steel of varying degrees of strength 
for a more rigid body and optimum occupant protection. Parts that are especially important for 
passive safety, such as the inner roof frame and the B pillar, have been made in ultra high-
strength, boron-alloyed steels. A continuous side impact support strut made of square ultra 
high strength steel is fitted between the B pillars. Also the side panels have been 
reinforced with high-strength components, like the door sills and door reinforcement 
beams. The new modular roof design also provides advantages in terms of weight. For the 
series model without a sliding roof, the steel outer skin of the roof has been replaced with 
aluminium. 

 
Material use in the Porsche 911 Carrera 

(Source: Porsche) 
 

The new aluminium-intensive body construction leads to a weight reduction of the new model 
of up to 45 kg compared to previous generations.  Up to 45 kg less total weight than the 
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previous generation, however, means a total weight reduction of 98 kg in the basic vehicle 
design. Increased safety requirements, a longer wheelbase, fuel consumption reduction 
measures and a more powerful engine first led to a weight increase of around 58 kg in 
comparison to the previous models. In addition, the reinforced aluminium-steel body shows 
an increase in dynamic torsional stiffness of up to 25 % compared with that of the previous 
model 
Aluminium is used for about 45 % of the body shell, including the floor, roof, doors, engine 
compartment lid and all structural and exterior sheet panels forward of the windshield. Apart 
from the passenger cell, steel is limited mainly to the piece that forms the rear quarter-panels 
and door frames, a complex single part that requires seven separate stamping steps.   
Magnesium is used for cockpit and centre console support beam and, in the cabriolet models, 
the bonnet shell elements. 

With a weight of 1,470 kg, the cabriolet is 60 kg lighter than the predecessor. Another 
interesting fact is the weight difference between the cabriolet and the coupe. The 
cabriolet is only 70 kg heavier than the coupe, compared with the usual weight difference 
of around 100 kg. The cabriolet has a folding fabric roof with a predominantly cast 
magnesium frame; aluminium is only used for a few hood frame links. 
The chassis of the third generation Boxster (981), presented in 2012, is also an aluminium-
steel hybrid construction, similar to that of the 911. Aluminium comprises of 46 % of the whole 
body-in-white. Aluminium parts include outer panels like the front bonnet, engine lid and doors 
as well as structural components like the floor pan, bulkheads, door frames, and the frame for 
mounting rollover hoops and nearly the whole front and rear structures. High-strength steel 
and boron steel are used mainly around the survival cell to provide the necessary crash 
protection with minimum space requirement. The dash support and the frames of soft roof are 
made of magnesium. Overall, torsional rigidity has been increased by 40 % from the 
preceding model, while kerb weight has been cut by 25 to 35 kg.  

 
 

Material forms in the Porsche Boxter (981) 
(Source: Porsche) 

 
Both vehicles use a mix of materials, but aluminium is the main structural material. For 
convertibles aluminium or fibre reinforced plastics are a good choice of body material since 
the only connection between the front and rear sections of the car are the central tunnel and 
sills. Thus materials with inherently better stiffness for a given weight offset the need to use 
more material than in a body shell with a fixed roof. 
Also the body of the new Cayman is an entirely new development based on the mixed 
aluminium-steel body-in-white of the Boxster. Around 44% of the new Cayman body-in-white 
consists of aluminium, including the front body, floor and rear body, the doors and the front 
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and rear boot-lids, reducing the structure's weight by 47kg. At the same time, the car's static 
torsional rigidity has been boosted by 40 %. 

 

Material forms in the Porsche Cayman 
(Source: Porsche) 

The new vehicle benefits from the use of die-cast aluminium, sheet aluminium, magnesium 
and high-strength steels and now weighs 1,320 kg, compared to the previous generation's 
1,330 kg, Some of the weight reduction has been offset by a larger glass surface area and 
larger wheels. 

1.6.4 Hybrid steel-aluminium body of the Audi A6 (2011) and A7  

 
The bodies of the new Audi A6 (C7) and the A7 Sportback show a hybrid steel-aluminum 
construction which weighs roughly 15 % less than a comparable all-steel body. They are 
made up of more than 20 % aluminium, making them roughly 30 kg lighter than that of the 
previous A6 model. 
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Hybrid steel-aluminium body as used for the Audi A6 (C7) and A7 Sportback 
(Source: Audi)  

 
The hybrid concept provides the basis for systematic lightweight construction. The aluminium 
components are largely concentrated in the front end, i.e. specifically improving the axle load 
distribution. The crossbar in the engine compartment and the cross-members behind the front 
and rear bumpers are extruded aluminium sections. The front strut domes are aluminium 
castings. Also the control arms, pivot bearings and wheel carriers include aluminium 
components to reduce weight. The integral subframe behind the instrument panel, the rear 
shelf, the bulkhead to the trunk, the cross-member in the trunk, the front fenders, the doors, 
the bonnet and the trunk lid are made of aluminium panels.  
The passenger compartment of both the A6 and the A7 Sportback includes components 
made of hot-shaped steel. They can be found in the transition from the front section of the car 
to the passenger cell, in the A-pillars and the roof arch, as reinforcements for the centre 
tunnel and the side sills, at the transition of the side sills to the rear section of the car, as 
cross-bracings in the floor panel and as B-pillars. In many zones, such as the bulkhead cross-
connection, Audi uses tailored blanks. In some areas, the steel components in the body 
already follow the ASF (Audi Space Frame) principle. Thus the A6 and the A7 Sportback 
represent a gradual transition from the monocoque design to a new multi-material space 
frame. 

 
 
 

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 81 

Hybrid Steel-aluminium body structure of the Audi A7 Sportback 

(Source: Audi) 

 

1.6.5 Aluminium hybrid bodyshell of the Mercedes-Benz S class 
(W222) 

Mercedes-Benz describes the body of the 2013 S class model (W222) as a third-generation 
aluminium hybrid bodyshell. The body consists of 50% aluminium in combination with high- 
and ultra-high strength steels. A lightweight design concept by material and geometrical 
optimisation coupled with a highly complex joining technology (specifically the application of 
additional mechanical joining technologies) allows the new S class model to further raise the 
bar in the demanding luxury saloon segment – without adding weight.  The lightweight index, 
the torsional stiffness in relation to weight and vehicle size, has been improved by 50% 
compared to the predecessor model. A further design goal was a better NVH performance 
than the already very good preceding model.  

 

Aluminium hybrid bodyshell of the Mercedes-Benz S class (W222) 
(Source: Daimler) 
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The entire outer skin of the S class model, including the roof and the front section of the body, 
consists of aluminium. In the case of detachable body parts such as the wings, bonnet and 
boot lid, the use of aluminium adopted for the previous model series was continued. A new 
development is, however, the lightweight aluminium front section which also greatly enhances 
crash and NVH performance. Cast aluminium and extruded aluminium sections are used in 
addition to sheet aluminium. Die-cast aluminium was chosen for the shock absorber strut 
bracket because of its good integration properties. In this way, it was possible to connect the 
front module without additional holders. In order to improve the safety system as a whole, a 
cross-functional load path was conceived. Additional support is provided by the aluminium 
struts running in X-direction from the shock absorber strut bracket to the cowl. Supplemented 
by a multi-piece framework, these struts also help to suppress the Y-movement of the side 
members. This design allowed the incorporation of a new load path into the limited package 
installation space in the front section. The forces are applied to the bodyshell structure in the 
three-piece cowl, which has been configured as a cast aluminium component in the centre 
section. The casting allows a functionally perfect connection with distinct advantages in terms 
of weight and installation space. The firewall area is a sheet steel design which also allowed 
the integration of the complex hybrid joint between the aluminium front section and the steel 
cell. 
 
In addition to the front section, the integral carriers are also made of aluminium. As well as 
acting as a component carrier for numerous components (i.e. the complete cooling module in 
addition to the engine, steering, torsion bar and front axle), the integral carrier is a central 
component of the front-end structure when it comes to performing crash and NVH functions. 
The integral carrier's side members also form the third crash load path in the front section. In 
order to meet these multiple requirements, a complex aluminium mix comprising die 
castings/permanent mould castings, extruded sections and sheet metal parts was also 
required here.  
 
The side members have been designed as combined aluminium extruded sections/castings to 
optimise crash performance, rigidity and component integration. The protrusions of the 
extruded aluminium sections of the side members required for package reasons have been 
designed to also have a positive effect on folding behaviour in the event of a crash. The side 
members are connected to the steel passenger cell by means of cast aluminium components 
that allow a very rigid connection and integration of the integral carrier connection. 
The aluminium roof is another key area for lightweight design as reducing weight here has a 
positive effect on the vehicle's centre of gravity and on NVH characteristics. A major 
challenge here was integrating the roof into a steel structure. This was achieved by 
implementing an efficient and simple assembly solution in the bodyshop, which involves the 
roof being fixed to the bodyshell structure using shackles with defined spacing for the purpose 
of production in the factory.  

   
 

Crash load paths in the Mercedes-Benz S class (W222) body structure 
(Source: Daimler) 

 
The safety passenger cell is made using an extremely high percentage of high-strength steel, 
including roll-formed boron steel in critical load path areas. The rear panel and cockpit cross-
member are designed as hybrid metal/plastic constructions.In addition to this, structural 
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foams sections are used in the A/B/C-pillars to increase bodyshell rigidity and ensure high 
NVH performance. 
In order to reduce the loads exerted on a pedestrian if their head hits the bonnet of the 
vehicle, the deformation space between the bonnet and the components beneath it has been 
optimised. This was achieved in part by appropriate positioning of components such as 
control units or fluid reservoirs in the engine compartment. Furthermore, the S class model 
features an active aluminium bonnet with a homogenously reinforced inside face. In the event 
of a collision with a pedestrian, sophisticated sensors combined with intelligent algorithms 
trigger pyrotechnic actuators in the area of the bonnet hinges which raise the bonnet by 
around 80 mm.  
 

1.6.6 Mixed aluminium/CFC designs 

Carbon fibre reinforced plastics (CFRP) can be used to build the chassis or the frame of a 
vehicle instead of the usual choice of metals. However, a chassis can also be only partly 
made of carbon fibre composites. In this case, the other part is usually aluminium and both 
parts are bolted together. 
Several supercars use a carbon fibre tub around the passenger compartment with the rest of 
the chassis extending forward and rearward of the tub made of aluminium. 

As an example, the Lexus LFA utilises a hybrid carbon/alloy chassis, with its carbon fibre 
central structure bonded to aluminium subframes at the front and rear. 

 

 

 
 

CFRP cabin and aluminium frame of the Lexus LFA (2010) 
(Source: Lexus) 

 
Another example is the Mercedes-Benz SLR McLaren (199), a super sports car which was 
produced by McLaren between 2004 and 2009. A sand cast aluminium engine carrier 
separates the front impact zones from the CFRP passenger compartment. 
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Body structure of the Mercedes-Benz SLR McLaren 
(Source: Daimler) 

 
Most interesting is also the Audi Crosslane concept which was presented at the Paris auto 
show in 2012 with its multi-material space frame. Extruded aluminium profiles form a stiff, 
closed structure around the passenger compartment. Aluminium sections underneath the 
bonnet connect the aluminium frame around the grille, which has also a structural function, 
with the safety cell. The front and rear crash management systems are made of carbon fibre 
reinforced composites, other carbon fibre reinforced composites within the passenger 
compartment such as the interior sill beams, firewall, tunnel and floor cross beams are also 
part of the supporting structure. Planar glass fibre reinforced plastic panels complete the car 
body structure. 
 

 
 

Audi Crosslane 2+2 coupe concept 
(Source: Audi) 
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2 Body components and modules 

Structural aluminium components and modules can be safely integrated into a steel body 
structure. There are different methods for joining aluminium to steel which fulfil highest 
requirements. However, when the integration of structural aluminium components and 
modules into a steel body structure is considered, solutions must be sought for two issues: 

- Aluminium/steel joints have to be designed and/or properly protected to safely avoid 
any possibility of galvanic corrosion. 

- Potential problems due to the different thermal expansion coefficients of steel and 
aluminium must be accounted for in the design process. 

Proven and tested corrosion protection methods are readily available. The necessary 
precautions depend on the specific application and the selected joining technique, but when 
the proper measures are taken, long term performance of the assembled mixed material 
structure can be guaranteed. 

Thermal expansion effects are of little relevance under normal service conditions. Thus, the 
installation of structural aluminium components and modules into the lacquered body-in-white 
(BIW) presents in general no problems.  

More difficult is the integration of aluminium components into a steel body structure in the 
body shop, i.e. ahead of the lacquering operation of the BIW. In this case, it is essential to 
prevent (or minimize) the formation of residual internal stresses or the occurrence of 
geometrical distortions due to the difference in the thermal expansion coefficients of the two 
metals. The critical step is the temperature change during lacquer bake hardening, in 
particular during the hardening of the first lacquer layer of the cathodic electro-coating 
process which takes place in the temperature range 170 – 180 °C. As a consequence, single 
aluminium components are seldom integrated already into a steel BIW, but mostly attached 
later in the assembly plant into the already lacquered car body.   

 
 

2.1 Engine cradles and engine mounts 

The primary function of the engine cradle is to provide structural support for various 
subsystems of the car. It locates in particular the following components relative to the body 
structure: 

- Powertrain assembly (i.e. the engine and transmission mounts) 
- Front suspension module (lower control arms and stabilizer bar) 
- Steering system. 

Furthermore, it protects the powertrain components from incidental ground contact and 
significantly contributes to the structural rigidity and safety of the overall car body. 

The engine cradle is an important structural element in the front of the vehicle and, thus, an 
interesting candidate for lightweighting with aluminium. Different design approaches have 
been evaluated. As a first example, the sheet-intensive aluminium engine cradle developed 
for the Ford P2000 (1998) is shown below. 
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Aluminium engine cradle developed for the Ford P2000 

 

The all-aluminium engine cradle shown above was assembled using two castings, a 
hydroformed tube and eight formed sheet parts. The weight of the aluminium assembly was 
14.4 kg compared to the 21.7 kg for the original steel assembly, i.e. the weight of the engine 
cradle could be reduced by one third. Probably even important from a cost-efficiency point of 
view was the reduction of the number of parts from 21 steel parts to 11 aluminium parts.  

An extrusion-based engine cradle for a midsize, front wheel drive car was developed by 
General Motors and produced in high volumes (300’000 units per year). The start of 
production was 1999. The specifications are:  

 

- Dimensions: (L / W / H in mm):   1140 / 1190 / 230  

- Finished part weight (in kg):   17.0  

 

Compared to the steel solution, a weight reduction of 32 % was achieved (with a 
simultaneous increase of the stiffness). The number of parts could be reduced from 24 (steel) 
to 17 (aluminium).  

 

Extrusion-based aluminium engine cradle  
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The GM engine cradle consisted of 15 straight, machined extrusions and two small sheet 
stampings. The applied extrusion alloys were EN AW-6061 (in the tempers T4 and T6) and 
EN AW-6063-T4. The use of extrusions allowed to place the material exactly where needed; 
the applied wall thicknesses varied between 3.0 and 20.5 mm. The sheet material was EN 
AW-6061 (gauge 4.8 mm). The cradle was assembled by robotic MIG welding. First, the front 
module and rear module subassemblies were produced and then joined with the side rails 
into a square assembly. Finally, the brackets were attached.  

  

Extrusion-based aluminium engine cradle used for the Chevrolet Monte Carlo and 
Impala models 

(Source: Magna) 

 

 

All-aluminium assembled engine cradle 

(Photo: A.O.Smith) 

 

Another example of an assembled engine cradle is shown above. It consists of 15 extruded 
parts, a formed sheet part and a few cover plates and demonstrates again the advantages 
offered by the application of the aluminium extrusion technology. An optimized extrusion-
based design offers the possibility to integrate many additional functions into the structural 
component. 

Similar possibilities, but without the need for complicated assembly operations are offered by 
high quality aluminium castings. Consequently, modern engine cradle design concepts rather 
use cast aluminium components.  
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Cast engine cradle of the Mercedes-Benz S class (W220) 

 

 

Cast aluminium engine cradle of the Mercedes-Benz C class (C204) 

(Photo: Aluminium Rheinfelden) 

 
The engine cradle of the Mercedes-Benz C class is produced from the high quality casting 
alloy Silafont®-36 and is subjected to an age hardening treatment after casting. A specially 
optimized high pressure die casting process characterized by forced bleeding is applied. The 
component with the dimensions 920 × 580 × 170 mm weighs 10.0 kg. 
 

 
 

Aluminium engine cradle of the Cadillac CTS combining a large hollow casting with 
extrusions 

(Photo: GM) 
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Aluminium castings can also be combined with extrusions as for example demonstrated by 
the welded engine cradle Cadillac CTS. The achieved weight reduction compared to steel is 
about 10 kg or 35 % (combined with a drastically reduced number of parts). 

 

Bimetallic engine cradle with steel cross members and aluminium A356 cast over the 
tube ends 

(Photo: Cosma) 

 

A most interesting variant of this design which also meets GM’s design and performance 
requirements (durability, corrosion resistance, crash, etc.) has been developed by Cosma. It 
is a bimetallic engine cradle where steel tubes are applied instead of the aluminium 
extrusions. The bimetallic cradle can almost reach the low mass of an all-aluminium cradle 
(weight reduction 25 - 30 %), but at a lower cost.   

During the casting process for the bimetallic cradle, aluminium is injected into a die which 
already contains the steel cross members. The process produces a mould over the tube 
ends. The differential in coefficient of thermal expansion between steel and aluminium creates 
a shrink fit at the joint. In addition, an anti-rotation feature ensures that no separation can 
occur between the steel and aluminium components.  

The cross member shown below joins the engine to the chassis in the Porsche Panamera 
(weight 5.5 kg). It is a highly complex component with various fixing points for wheel 
mountings, cables and hoses. The cross member is produced using a coreless low pressure 
permanent mould casting process. Made from the alloy AlSi7Mg0,3 in the T6 temper, the part 
exhibits outstanding mechanical characteristics.  
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Cast aluminium front cross member for the Porsche Panamera 

(Photo: GF Automotive) 

Aluminium high pressure die castings are also used for engine mounts. Typical examples of 
cast aluminium engine brackets are shown below. 

 

Aluminium engine bracket produced by high pressure die casting 

 (Photo: Aluminium Rheinfelden) 

The bracket shown above has a weight of 1.5 kg and is produced from the alloy Silafont®-36 
(AlSi9MgMn) for the BMW 6-cylinder engine N52. It is used in the as-cast state. The 
application of high quality aluminium casting alloys like Silafont®-36 is necessary as the 
brackets for modern, high-performance engines have to fulfil highest requirements with 
respects to dynamic loads (i.e. the cast material must show high fracture toughness). 

 

Other examples of cast aluminium engine brackets  

(Photo: Aluminium Rheinfelden) 
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Another example for a cast aluminium structural component is the torque cross member 
which stabilizes a transversally positioned engine towards the back, i.e. connects to the 
firewall. The high pressure die cast part weighs 2.2 kg and is produced using the alloy 
AlSi9Cu3(Fe). 

 

 

Aluminium torque cross member for the Audi models A4 and Q5 

(Photo: GF Automotive) 

  

2.2 Suspension strut domes 

The strut dome (also strut tower or strut mount) serves multiple purposes because different 
components are integrated into one assembly. It is the component that attaches the 
suspension strut to the vehicle and provides a support for the shock absorbers and the 
springs. Thus the strut dome must support high static and dynamic loads; in particular in cars 
equipped with a MacPherson strut suspension system where the spring and the shock 
absorber are combined in a single unit and the entire vertical suspension load is transmitted 
to the top of the strut dome. In many cases, the (front) strut dome also contains a bearing or 
bearing plate that serves as the steering pivot. 

 

 
 

Early example of a suspension strut dome produced by vacuum high pressure die 
casting (alloy: GD-AlSi10Mg (A239)) 

 

Due to its shape and the various functionalities, the strut dome is a component which is 
traditionally assembled from a number of steel parts. The substitution of a steel strut dome by 
a one-piece aluminium casting not only results in a significant weight reduction, but eliminates 
many manufacturing and assembly steps, i.e. it is also a highly cost-efficient lightweighting 
measure. However, since the strut dome is a highly demanding structural component, only 
top quality aluminium castings fulfil the application-specific requirements. The production of 
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the relatively large, thin-walled cast part asks for the selection of special aluminium casting 
alloys and tempers as well as the application of properly controlled, vacuum-assisted high 
pressure die casting methods.  The use of vacuum-assisted high pressure die casting 
techniques is also a necessary pre-condition if any joining of the cast strut dome by welding is 
envisaged. 

Optimized aluminium casting alloys and casting procedures allow the production of strut 
domes of more sophisticated designs. A most challenging task is the avoidance of 
geometrical distortions which can occur both during the cooling of the as-cast parts after 
removal from the die as well as during any subsequent heat treatment. An outstanding 
example is the strut dome produced for the BMW 5 series models with a weight of 2.0 kg 
(using the alloy AlMg5Si2Mn). 

 

Aluminium suspension strut dome for the BMW 5 series models  

 (Photo: GF Automotive) 

 

The other aluminium casting alloy used for such applications is AlSi10MnMg. It shows 
outstanding flow properties and can thus be used for complex, delicate components which 
have to satisfy precisely defined requirements. Compared to AlMg5Si2Mn which is used in 
the as-cast state, this alloy has the disadvantage that the as-cast component must be heat 
treated to exploit its full strength potential.  

 

 

Aluminium suspension strut dome for the BMW 5 series Gran Turismo (left) and Audi 
A6 / A7 (right) made from the casting alloy AlSi10MnMg 

 (Photo: GF Automotive) 
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Aluminium suspension strut dome for the Panamera (alloy: AlMg5Si2Mn) 

 (Photo: GF Automotive) 

 

The design of the cast aluminium strut dome of the Porsche Panamera shown above with a 
weight of 2.7 kg includes a structure arm which connects to the A pillar for improved stiffness 
in the chassis.   

In general terms, a strut dome in a monocoque structure is a reinforced portion of the inner 
wheel well and is not necessarily directly connected to the longitudinal beams. For this reason 
there is inherent flex within the strut towers relative to the longitudinals. In many cases, a strut 
bar (or torque member) is therefore introduced to reduce this strut tower flex by tying two 
parallel strut towers together. Aluminium castings are often used for torque cross members in 
order to connect the strut domes and thus increase body (and chassis) stiffness. To 
accomplish this effectively, the bar must be rigid throughout its length and, if possible, it 
should also be attached to the firewall. 

 

Cast aluminium strut bar 

(Photo: BMW) 
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Aluminium strut bar for the Audi A4/Q5 produced by high pressure die casting (weight: 
2.2 kg) 

(Photo: GF Automotive) 

 

As an alternative to cast aluminium components, also an aluminium tube can be used to 
connect the strut towers as demonstrated below for the Cadillac ATS. 

 

 

Engine compartment of the Cadillac ATS with fully braced cast-aluminium strut towers 
and a fabricated aluminium engine cradle  

(Photo: GM) 
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2.3 Front end carriers 

The front-end module is a complex assembly unit with very high functional and aesthetic 
demands. Behind the visible parts is the front-end carrier, a structural component which 
houses several important components of the vehicle's front end, e.g. the headlights, the 
radiator, the engine cooling fan, etc. The front end carrier is also part of the car’s safety 
concept, both with respect to the protection of the vehicle and its occupants in a collision as 
well as with respect to pedestrian protection. Furthermore, it comes into contact with the 
engine compartment, exposing it to a wide variety of temperatures as well as debris from the 
road and varying weather conditions.  

 

 

Front end of the Audi A6 (C7) 

(Photo: Faurecia) 

 

The front end carrier also contributes significantly to the torsion stiffness of the body structure. 
This is most important for convertibles. Aluminium cast parts with an appropriate rip structure 
efficiently ensure the required stiffness and crash worthiness. The example shown below is a 
high quality aluminium casting produced by the high pressure die casting method using the 
alloy Silafont®-36 (AlSi9MgMn) in the as-cast state. 

 
 

Front end carrier of the BMW 3 series convertible 

(Photo: Aluminium Rheinfelden) 

 

Traditionally, front end carriers have been produced from steel or aluminium. In car models 
with a fixed roof, the metallic solutions are today more and more replaced by mixed material 
designs including plastics and composites. Most interesting are in particular hybrid solutions, 
e.g. front end carriers manufactured as a plastic-aluminium composite structure. 
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Front end carrier manufactured as a plastic-aluminium composite structure for the 
Audi TT 

(Photo: Faurecia/Lanxess) 

 

The hybrid front end carrier consists of three formed aluminium panels that are moulded 
around with glass fibre-reinforced Durethan® BKV 30 polyamide 6. Before, steel was always 
used as the metal component in composite front ends produced using the hybrid technology. 
Manufacturing the component with aluminium results in a significant 15 % weight saving 
compared to the design with steel inserts. The aluminum hybrid front end not only helps to 
lower the fuel consumption, it also improves the vehicle's driving characteristics because the 
weight reduction is achieved in front of the front axle, stabilizing the front of the car. As with all 
hybrid components, the design freedom offered by plastics enables many additional functions 
to be integrated into the front end carrier.  

 

2.4 Cross car beam (instrument panel support) 

The instrument panel support (also cockpit carrier or dash board carrier) is used for the 
mounting of instruments, i.e. the components of the instrument panel, the central console, the 
steering wheel and the airbag and knee protection. It also connects the left to the right A pillar 
and is therefore an important structural element.  

The instrument panel support must meet stringent structural (rigidity) requirements. It is a vital 
safety component which must guarantee a high level of passive passenger safety in crash 
situations. It also plays an important role in reducing noise, vibration and harshness (NVH) 
including the provision of comfort features such as a low-vibration steering wheel. Another 
important product demand is weight reduction. Compared to steel instrument panel supports, 
an aluminium instrument panel generally achieves a weight reduction of about 40 %. 

 

Cast aluminium cross car beam  

(Photo: GF Automotive) 
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Aluminium instrument panel supports are produced in different design variants. However, in 
practice, cast magnesium components are important competitors to aluminium instrument 
panel supports. Large magnesium die castings can be produced with lower wall thicknesses 
than aluminium die castings. Thus one-piece high pressure die cast magnesium cross car 
beams offer in many cases more cost-effective solutions and an additional weight reduction.  

But there are also interesting solutions for aluminium instrument panel supports made from 
wrought alloys.   
 

 

Extruded instrument panel support 

(Photo: SAPA Aluminium) 

 

The support beam for the instrument panel shown above was produced up to 2005 for the 
Iveco Daily 2000. The extruded profile (alloy ENAW-6063) was bent and the various holes 
were punched. The beam was then heat treated and finally some fasteners (blind rivet nuts) 
were assembled. Steel brackets and support struts were later mounted to the beam by use of 
self piercing rivets. 

Close co-operation between the OEM and the supplier allows the realization of completely 
new aluminium concepts. As an example, a lightweight aluminium solution was developed for 
high volume production (annual production volume > 1 million components): 

 

All-aluminium instrument support which was produced for the VW PQ24 platform  

(Photo: Constellium) 
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The shown all-aluminium instrument panel was used in the SKODA Fabia, VW Polo and 
SEAT Ibiza models and weighted just 3.9 kg. It consists of sheet metal stampings, extruded 
profiles, die-cast and forged parts and fulfils all of the customers’ requirements in terms of 
both cost and technology. The main component is the transverse beam consisting of two 
stamped sheet half shells of the alloy EN AW-5754 with already integrated fastening 
elements. The beam is joined by non-vacuum electron beam welding, a high speed welding 
technique which guarantees top quality welds with well rounded corners. In addition, other 
aluminium sheet stampings are attached. The beam is fixed to the A pillar using a forged 
aluminium part at the driver side. Due to the different loads, a die cast element can 
accommodate the forces at the passenger side. 

 

Aluminium product forms used in the instrument panel support for the VW PQ24 
platform 

(Source: Constellium) 

 

A further development represents the cockpit carrier for the current Audi A6/A7 (C7) models, 
a very cost-effective solution which only weighs 3.5 kg (with fasteners). The cockpit carrier 
consists of 21 stamped aluminium sheet parts (mainly EN AW-5754) and two small extruded 
parts. The four half shells are joined by electron beam welding; for the final assembly, the 
MIG welding technology is used.  
 

 

Aluminium cockpit carrier for the Audi A6/A7 (C7) 

(Source: Constellium) 
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Another lightweight solution designed for medium production volumes is shown below. The 
main element is an extruded aluminium beam (EN AW-6060) where the additional 
components are attached by bolting allowing easy assembly and compensation of different 
geometrical tolerances. The attached parts which connect to the A pillar and to the centre 
console are magnesium castings (made from the alloys AM50 and AM60). Also included is 
the air bag housing on the passenger side which is an aluminium extrusion. Instead of 6.6 kg, 
the instrument panel support now weighs just 4 kg. 

 

 

Instrument panel support for the Mercedes-Benz A class model 

(Photo: Constellium) 

 

 

 

2.5 Rear frame 

In the Corvette ZR-1/LT-1 (C5), the rear frame (which supports the spare wheel and the fuel 
tank) was assembled using aluminium extrusions of the alloys EN AW-6061 and EN AW-
6063. The structural module was assembled by MIG welding using 15 straight and 4 bent 
extrusions. 
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Comparison between the old, steel sheet-based frame and the aluminium extrusion 
design (left) and detail of the aluminium rear frame (right) 

 
 

2.6 Other aluminium components in the body structure 

A range of additional individual aluminium parts may be applied advantageously also for 
various other components in a mixed design with a steel car body structure. The application 
of aluminium is particularly suited particular for parts which have stiffening rather than 
strengthening functions.  

Some examples of innovative aluminium designs are shown in the following. Aluminium 
panels can be used for example for the floor structure, the spare wheel recess and also 
internal dividing walls, e.g. the fire wall or the bulkhead. Such aluminium-alloy components 
which primarily define the passenger cabin or the luggage compartment can be easily riveted 
or bonded to the rest of the car’s structure 
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Trunk recess of the Mercedes-Benz SL (R231) (alloy EN AW-6016) 

(Photo: AMAG) 

The trunk (spare wheel) recess shown above is made from a so-called "AMAG Green Alu" 
sheet which is produced using a rolling ingot with a recycled metal content in excess of 
90%.The technical challenge involving the use of an aluminium alloy made from recycled 
material is to meet the high demands in terms of formability both during processing as well as 
with regard to crash characteristics.  

 

Aluminium firewall of the Mercedes-Benz SL (R231) 

(Photo: Daimler) 

 

For more complicated shaped parts, also the application of aluminium high pressure die 
castings can be considered. This option is most interesting when the design also offers the 
integration of additional functions and a reduction of the number of parts (saving of assembly 
cost due to part integration). The firewall shown above is at present the largest aluminium 
cast component made in large series for vehicle bodywork. 

Higher strength aluminium alloys are required when the application of sheet components in 
structurally relevant areas is considered.  
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Floor structure of the Audi A8 (D4) made from Novelis FusionTM-AS250 

(Photo: Novelis)  

 

An interesting development represents the floor structure of the current Audi A8 model which 
is made from the multi-layer Novelis FusionTM-AS250 aluminium sheet alloy with a yield 
strength (Rp0.2) of 250 MPa. The application of the innovative multi-layer, high strength 
material enabled a reduction of the weight of the floor structure by 25 % compared to the 
earlier aluminium design. The core material of Novelis FusionTM-AS250 aluminium sheets 
corresponds to the alloy EN AW-6111 with a slightly lower Cu content, the surface sheets are 
made from Anticorodal®-170. This alloy combination results in a multi-layer material showing 
high strength and good formability, excellent crash energy absorption capacity and corrosion 
resistance.  

 

 

Tunnel of the Mercedes-Benz SL (R231) made using a tailor-welded blank 

(Photo: Novelis) 

 

Another innovative solution is used for the tunnel of the current Mercedes SL (R231). As an 
essential element of the floor structure in a rear-wheel drive car, the design and mechanical 
characteristics of the tunnel significantly determine the rigidity and the crash performance of 
the vehicle, in particular in case of a roadster. By using a tailored welded blank, it is possible 
to closely adapt the local material thickness to the forces exerted on the component under 
various loading conditions. The tailored welded blank consists of three different blanks of the 
AlMgSi alloy Anticorodal®-300 (EN-AW 6014), with the thicknesses 1.25 mm, 1.5 mm, and 
2.0 mm for the centre blank. The alloy Ac-300 was specifically developed for automotive 
structural body applications with high crash performance requirements. After the coils are 
rolled to the required thickness, the material is solution heat treated and rapidly quenched (T4 
temper). The single blanks are then cut on an automatic laser cutting line and joined by 
friction stir welding, a special technology that allows the manufacturing of tailored welded 
blanks with excellent forming properties.  

The alloy Anticorodal®-300 can be also advantageously used for the front longitudinal beam. 
The formability requirements for the production of this component are somewhat relaxed, i.e. 
it is possible to apply the material in the age hardened T61 temper. Thus it is possible to 
realize 20 % weight reduction compared to the equivalent part in the traditionally used alloy 
EN AW-5754 (or approx. 6 kg per vehicle). 

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 20 

 

Application of the alloy Anticorodal®-300 in T61 temper in the Range Rover (L405) 

(Photo: Land Rover) 

 

A further option is the application of ultra-high strength aluminium sheet alloys (with strength 
levels around 400 MPa or more). Such alloys of the AlZnMg(Cu) alloy system are most 
interesting materials for the construction of the rigid passenger cabin (“safety cage”). Warm 
forming in the temperature range 350°C allows the production of intricately shaped panels 
using alloys from the EN AW-7xxx series such as for example the B pillar shown below.   
 

 
 

B pillar made using a 7xxx series ultra-high strength aluminium alloy  

(Photo: Aleris) 

 

Apart from sheet panels, also aluminium extrusions and castings can be used for safety-
critical applications. The high torsional rigidity of aluminium is further enhanced when a multi-
cell extrusion is used. Multi-cell extrusions with inner reinforcements greatly increase both the 
strength and rigidity of the resulting structural part. A most interesting option is the use of 
multi-cell extrusions for door sills and longitudinal beams. Properly designed and machined 
multi-hole cross sections enable the realization of a stiff body structure with outstanding crash 
energy performance in both front and side impact situations.  
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Door sill made using an AlMgSi extrusion, used in the Mercedes-Benz SL (R231) 

(Photo: Martinrea Honsel) 

 

 

Rear longitudinal set for the Mercedes-Benz SL (R231) (extrusion alloy: EN AW-6106) 

(Photo: Constellium) 

 

Also welded assemblies, e.g. using attachments made from aluminium sheets, are possible.  

 

 

Front longitudinal member for the Jaguar XK & F type model (EN AW-6014 extrusion 
with a welded attachment made from EN AW-5754)  

(Photo: Constellium) 
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B post outer set for the Jaguar XK & F type model (EN AW-6014 extrusion and EN AW-
5754 attachment)  

(Photo: Constellium) 

 

In addition, aluminium extruded sections can be used as a protecting (and structural) element 
in the door opening.  

  

Extruded aluminium door sill cover (alloy EN AW-6063) 

(Photo: Otto Fuchs) 

 

Multi-cell extruded profiles are also highly suited for the production of a stiff floor. The floor 
structure panel shown below is an extremely stiff extrusion design for a roadster where three 
individual aluminium extrusions are joined by friction stir welding. 

 

Floor structure panel for the Mercedes-Benz SL (R 231) 

 (Photo: Martinrea Honsel)  
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Other structural applications for fabricated (formed and/or machined) aluminium extrusions 
include for example floor cross members, roof members, etc. 

 
Extruded tunnel member for the Porsche 9x1 (alloy: EN AW-6106) 

(Photo: Constellium) 

 

 
Fabricated upper A post for the Audi R8, made using the extrusion alloy: EN AW-6106 

(Photo: Constellium) 

 

Also cast aluminium components, produced using different high quality casting processes, are 
highly suitable for structural body applications. Two examples are shown below: 

- a front longitudinal member (weight of 5.0 kg), produced by high pressure die casting, 
- a rear longitudinal frame produced by low pressure die casting. 

 
 

 

Cast front aluminium longitudinal member for the Audi A8 (alloy AlSi10MgMnSr)  

(Photo: GF Automotive) 
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Cast aluminium rear longitudinal frame of the Mercedes-Benz SL (R 231) 

(Photo: Martinrea Honsel) 

 

The rear longitudinal frame is a large component (dimensions 1120 mm x 585 mm x 360 mm) 
with a weight of only 14 kg. It is a hollow structure, realized with sand cores. The closely 
controlled, turbulence-free filling process leads to a fine, pore-free cast structure. The 
required mechanical properties, in particular a high elongation to fracture (> 12 %), are 
achieved by a thermal treatment.  
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3 Hang-on parts 

3.1 Boot lids and liftgates 
 
The boot lid (UK) or decklid (US) is the panel that covers the boot (or trunk) of an automobile. 
It enables access to the main luggage compartment. A hinge allows the boot lid to be raised, 
while devices such as springs or gas cylinders hold it up in the open position. 
 

 

Jaguar XJ (X351), a car model with an aluminium boot lid 

(Photo: Jaguar) 

 

In principle, boot lids have to fulfil similar requirements and are subject to the same design 
guidelines as bonnets. However, aluminium sheets are used much less for boot lids than for 
bonnets. The main reason is that the “value” of weight saved in the rear of the car is 
significantly lower than in the front because of the aim for a 50:50 axle load distribution. In 
many cases, automobile engineers are even shifting mass (e.g. batteries) towards the back in 
order to achieve a more balanced axle weight distribution.  
 
Consequently, aluminium boot lids are mainly used for car models with an all-aluminium body 
structure. But there are nevertheless a few (mixed material design) upper car models which 
use an aluminium boot lid for weight reduction. When substituting aluminium for steel in a 
boot lid, weight savings of about 50% can be achieved. As an example, the boot lid shown 
below (weight 8.6 kg) - which was designed for the Ford P2000 vehicle - represents a weight 
reduction of 5.4 kg (53%) compared to an equivalent steel design. The alloy AA 6022-T4, 
aged to T6 during paint bake process, was applied. The thickness of the outer and inner 
panel of the bonnet and the boot lid was similar (0.85 mm). 
 

 
 

Boot lid of the Ford P2000 vehicle produced using the Multicone® design for the inner 
panel 
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An interesting example is the boot lid shown below which is made from the alloy TopForm® 
SPF. This is an AlMgMn alloy optimized for the superplastic forming process with a 
composition corresponding to the alloy EN-AW 5083. The alloy offers an ultra-fine grain 
structure as a result of special processing conditions during casting, rolling and heat 
treatment.   
 

 

Superplastically formed boot lid for the Cadillac STS made from AMAG TopForm® SPF 

(Photo: AMAG) 

 

More important is the application of aluminium sheets for liftgates (or rear hatches) and 
tailgates, i.e. the doors or “gates” at the back of SUVs, hatchbacks, station wagons and 
similar type of vehicles. Liftgates and rear hatches are hinged at the top and open upwards, 
tailgates are lateral opening doors which are hinged at the left or right side.  They greatly 
benefit from a reduced weight due to easier handling. In addition, a reduced weight can 
translate into significantly lower rear axle loads (as these panels overhang the rear axle) and 
hence additional seating capacity.  

An early example of an aluminium liftgate is the GMT 830 liftgate. It was an all-aluminium 
design using EN-AW 6111-T4PD for the outer panel, EN-AW 6111-T4P for the 
reinforcements and EN-AW 5182-O for the inner panel. The aluminium liftgate was stamped 
using conventional press tools. The gauge of the outer panel was selected to meet the 
denting and oil-canning requirements. The aluminium liftgate was assembled using resistance 
spot welding and hemming. Coated steel nuts were used for hinge and latch attachments.  
 
 

 
 

Aluminium liftgate of the GMT830 
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Audi Q5, an SUV equipped with an aluminium liftgate 

(Photo: Audi) 

 

 
 

Aluminium liftgate for the Saab 9-3 station wagon  

(Photo: Hydro Rolled Aluminium Products) 

 

For the outer panel of the Saab 9-3 liftgate, the alloy EN AW-6016 has been used (t = 1.0 
mm). The inner panel is made from the alloy Hydro 5182-M ssf (t = 1.2 mm), a special quality 
of the annealed O-temper EN AW-5182 (“stretcher-strain poor and/or stretcher-strain free”). In 
the “stretcher-strain free” condition, the formation of stretcher strain marks of the type A is 
suppressed by a small pre-deformation of the annealed sheet (at expense of the remaining 
formability). However, as soon as the  strain level increases above 5 to 7 %, the fine striations 
of the Lüders lines of type B  with a surface roughness depth < 1 0 μ m  cannot be avoided. 
Therefore, “stretcher-strain free” AlMg alloy qualities have not found significant practical 
application.  

An interesting lightweight design variant exhibits the tailgate of the VW Lupo 3L (produced 
1999 – 2005), a special edition made with the intention to consume only 3 l of fuel per 100 
km. The solution chosen for the tailgate included an integral magnesium inner part and an 
aluminium outer panel (as well as aluminium lock reinforcements) with a weight of 5.4 kg 
(compared to 10.5 kg for the steel solution). The aluminium outer panel is flanged over the 
magnesium inner part. In addition, adhesive flange bonding is used for strength and 
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insulation. To avoid any potential of contact corrosion, the magnesium die casting is coated 
before assembly. 

A cost-efficient lightweighting option is also the application of aluminium castings for the 
frames of back windows (see below). 

 

Cast aluminium frame for a back window (alloy EN-AC-AlSi12Cu1(Fe)) 

(Photo: GF Automotive) 
 

3.2 Wings  

 

Wings (UK) or fenders (US) denote the car body part that frames a wheel well (the fender 
underside). Its primary purpose is to prevent sand, mud, rocks, liquids, and other road spray 
from being thrown into the air by the rotating tire.  

The term “wing” usually refers only to the panels over the front wheel arches since in modern 
cars, the rear “wings” are rather an integral part of the car’s side wall. The industry changed 
from rear wings bolted onto the quarter panel (a body panel which extends between the rear 
door and the trunk) to an enlarged quarter panel that fulfilled both functions and ultimately to a 
one-piece side wall. Today’s state-of-the-art is a one-piece side wall; the quarter panel is 
used in those cases where the production of a one-piece side wall is not feasible for technical 
reasons.  
 

 

All-aluminium body structure of the Audi A8 with a one-piece side wall and a separate 
front wing 

(Photo: Audi) 
 
In general, wings are relatively simple components and a conversion from steel to aluminium 
does not present any difficulties.  
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Aluminium wings (Photos: Novelis) 
 
The basic requirements for aluminium wings are largely identical with those for the outer 
panels of bonnets or boot lids, i.e.:  

- stiffness - determined by design and sheet thickness (generally 1.4 x steel sheet 
thickness),  

- buckling resistance - determined by sheet thickness, yield strength and design,  
- dynamic denting (stone chipping) - determined by sheet thickness and yield strength,  
- surface quality - determined by alloy type (preferably of the AlMgSi series), surface 

roughness and microstructure, and 
- small hemming radius. 

  

Today’s standard aluminium alloys for outer body applications of the EN-AW 6xxx system 
fulfil all the requirements for standard wing designs. The resulting weight reduction compared 
to steel is normally slightly more than 50 %, i.e. the substitution of steel by aluminium for the 
wings offers attractive weight reduction possibilities in the front of the car. However, the 
market penetration of aluminium for wings is significantly lower than for bonnets. The main 
reason is that in many cases, plastic or fibre reinforced plastic wing panels are used. The 
advantage of plastic materials is the lower sensitiveness of plastics against minor parking 
damage (e.g. scratches and small dents). 

But there are also car models where wings of highly complex shapes are required. An 
interesting solution for these special cases offers the superplastic forming technology.  

 

.  

Bentley Continental GT, the complex shape of this wing is realized by superplastic 
forming using the alloy  AMAG TopForm® SPF 

(Photo: AMAG) 
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3.3 Doors 
 

The door allows entering and exiting the vehicle. The doors can be opened manually, or 
electrically powered. A conventional car door is hinged at its front-facing edge, allowing the 
door to swing outward from the car body. This type of door has the advantage that if it is 
opened during forward motion of the vehicle, the wind resistance will work against the 
opening door, and will effectively force its closure. 

But depending on the type of car, there are also other door concepts in use: 

Rear-hinged doors make entering and exiting the vehicle much easier. However safety 
concerns prevent the use of “suicide doors” today. On modern vehicles, the exceptions are 
rear-hinged back doors in combination with front-hinged front doors, mainly on chauffeur-
driven cars, taxis and MPVs. 

 

 

Rear-hinged doors on a Rolls Royce Phantom, its aluminium space frame is the largest 
of its kind ever built 

(Photo: Rolls Royce) 

 

Scissor doors are automobile doors that rotate vertically at a fixed hinge at the front of the 
door, rather than outwardly as with a conventional door. This type of doors is used on some 
exclusive sports cars (e.g. some Lamborghini models). 
 

 

Scissor doors on the Lamborghini Countach, produced 1974 – 1990 with an aluminium 
skin over a steel tube space frame 

(Photo: Lamborghini) 
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Butterfly doors are a type of door also seen on high-performance cars (e.g. the McLaren F1 
supersportscar). They are similar to scissor doors, but while scissor doors move up, butterfly 
doors also move outwards, which makes for easier entry/exit at the expense of saving space. 
Gull-wing door describe car doors hinged at the roof rather than the side. They are found only 
on selected sports car models. 
 

 

Gull-wing doors Mercedes-Benz SLS AMG roadster, the doors include superplastically 
formed outer and inner panels made from the alloy AMAG TopForm® SPF  

(Photo: Daimler) 

 

Sliding doors open by sliding (usually horizontally), whereby the doors are either mounted 
on or suspended from a track. Sliding doors are most commonly used for minibuses (MPVs) 
to provide a large entrance or exit for passengers or without obstructing the pavement. They 
are also often used on the side of commercial vans as this allows a large opening for cargo to 
be loaded and unloaded without obstructing access.  

However, the car door is not a simple hang-on panel but rather a structural module which 
fulfils many different functions. Basically, the door consists of an outer panel supported by an 
inner structural element where various additional components are attached. Furthermore, 
modern car doors usually include a reinforcing element (“side impact beam”) which protects 
the driver and passengers in case of a side impact, e.g. when smaller cars are struck by a 
larger SUV.  

The door shell, the most visible component of a car door, holds all door parts together. The 
most important additional parts integrated into the door are: 

- Hinges: The hinges connect the door to the body structure, allow opening and 
closing of the door and keep the door in the necessary position to close properly.  

- Door handle and lock: These parts allow the door to close securely and prevent it 
from opening. There are a variety of car door locking systems. Newer cars contain a 
power lock feature that allows drivers to remotely lock all doors. The door handles are 
on the inside and outside of the car door.  

- Windows and window regulator: Vehicle doors have generally windows and most 
of these may be opened to various extents. Generally, car door windows retract 
downwards into the body of the doors. The window regulator is the mechanism found 
inside the car door that raises and lowers the window glass. The windows are opened 
either with a manual crank, or switchable electrical motor. 
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In addition, there is in general an interior door panel which is an important styling component 
for the interior, but also contributes to the functionality and ergonomics of the car. It holds 
various interior parts like the interior door handles, armrests and/or storage trays, switches, 
and lights. The door body may also house noise dampening mats, electronic systems like the 
window controls and locking mechanism, loudspeakers or airbags as an additional protection 
in case of a side impact, etc.  

 

3.3.1 Aluminium door designs  

Doors are quite different in design from one manufacturer to the next and also from one car 
model to another. Traditionally, the car door is built from steel; an outer panel and an inner 
panel which also serves as a mounting plate for the various attachments. On the other hand, 
doors are also most interesting car parts for lightweighting:  

 The total weight reduction potential of two or four doors is quite significant. 

 Lighter doors offer additional advantages (easier opening and closing, less sturdy 
hinge design, etc.). 

Therefore the application of aluminium has been on the door lightweighting agenda for a long 
time. Compared to other hang-on parts, however, doors offer many different possibilities for 
lightweight aluminium concepts, both in the form of all-aluminium and mixed material designs. 
In general, a differentiation between the outer panel and the inner structure is necessary. The 
steel outer panel can be easily replaced by an aluminium sheet panel. An interesting example 
is the door of the Land Rover Defender which is produced since 1948 with an aluminium outer 
panel on a steel inner frame. But there are also examples of car doors with a plastic outer 
door panel (e.g. the Smart door) and, for extreme lightweighting, outer door panels are made 
from carbon fibre reinforced composites. 
 

 

Land Rover Defender, the doors include an aluminium outer panel on a steel inner 
frame 

(Photo: Jaguar Land Rover) 

 

The new Honda Acura RLX exhibits a modern aluminium/steel door design. In order to join 
the dissimilar metals, different technologies were applied to prevent contact corrosion and 
thermal deformation. 
Honda newly developed three technologies that enabled adoption of aluminium for the outer 
door panel: 

- adoption of the ‘3D Lock Seam’ structure, where the steel panel and aluminium panel 
are layered and hemmed together twice 

- use of a corrosion-protected steel for the inner panel, complete filling of the gap with 
the adhesive and optimized sealant application 

- utilization of an adhesive with a low elastic modulus (better ability to ‘stretch’). 
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The mixed material design reduces the door panel weight by approximately 17% compared to 
the conventional all-steel door panel. In addition, weight reduction at the outer side of the 
vehicle body shifts the centre of gravity further toward the centre of the vehicle, contributing to 
improved stability in vehicle manoeuvring. 

 

Door of the 2013 Honda Acura RLX with an aluminium outer and a steel inner panel 

(Photo: Honda) 

 

For the inner (supporting) structure, there are even more design options. Apart from pressed 
aluminium (and steel) panels, also formed aluminium extrusions (for assembled inner 
structures) and thin-walled aluminium and magnesium castings can be applied. The 
application of die-cast inner structures or assembled structural modules (consisting of 
extruded or extruded and cast components) is most interesting for small to medium 
production volumes. The advantage of aluminium extrusions and castings is the possibility to 
vary the wall thickness according to the local loads as well as their ability for part integration. 
But also in a pure sheet design, a variation of the material thickness is possible by the 
application of aluminium tailor welded blanks. 

 
a) Sheet design 

Steel doors are traditionally constructed using stamped sheet panels, a design concept that 
can be realized in aluminium too. For large production volumes, sheet shell doors are always 
the most cost-effective solution. 

The simplest design variant consists of an outer and an inner panel, but there are also design 
concepts where the window frame is a separate parts and/or the inner door is an assembled 
structure. In addition to the side impact beam, there are often also some reinforcement 
elements in the load-critical areas, e.g. at the hinge and the lock side.  
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Front door of the Renault Espace, a traditional sheet design concept which has been 
realized in aluminium 

(Source: Renault) 
 
 
Early examples for aluminium sheet doors realized using the traditional steel design concept 
are the front doors of the Renault Espace and the Renault Vel Satis. The only adaptation to 
the new material is the window frame which is a properly bent extruded aluminium section. 
Compared to a steel door, the aluminium door shows a substantial weight reduction (37 %). 
For the outer panel, the AlMgSi alloy EN AW-6016 is used, the alloy for the inner panel is EN 
AW-5182. 
 

 

Front door of the Renault Vel Satis with aluminium sheet outer and inner panels and an 
extruded aluminium section for the window frame 

(Photo: Novelis) 

 

An example of an aluminium sheet shell concept without a separate window frame is the door 
of the Audi A2. The outer panel has been produced from the alloy EN AW-6016 
(Anticorodal®-121), the inner panel and the reinforcements from Ecodal®-608 (EN AW-
6181A). 
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Audi A2 front door, an aluminium two sheet shell design 

(Photo: Novelis) 

 

A technical limitation in early aluminium sheet shell door design proved to be the limited 
formability of the standard aluminium car body sheet alloys compared to that of deep drawing 
steel grades. In particular for doors of upper class vehicles, a large drawing depth is required 
for the inner panels. Using standard stamping procedures, the consistent realization of such 
high drawing depths presents some problems with the available standard car body aluminium 
alloys in large series production. Nevertheless, the fabrication of aluminium inner door panels 
with larger drawing depths is possible, but asks for more complex and closely controlled (and 
therefore more expensive) stamping procedures. 
 

 

Aluminium door for the BMW 6xx series models with an aluminium outer (EN AW-6016) 
and inner (EN AW-5182) panel 

(Photo: Novelis) 
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An alternative, but also expensive option is the application of special forming methods, e.g. 
superplastic forming. The inner front door of the Maybach shown below has been made from 
superplastically formable EN AW-5083 (Formall®-545) using a forming temperature of 515 °C. 
The initial sheet thickness was 1.6 mm in case of the inner door panel and 3.0 mm for the 
reinforcement panel. The forming time was about 20 min. 

 

Inner door panel and hinge reinforcement of the Maybach luxury car (produced 2002 – 
2009) 

(Photos: FormTec) 

 

Consequently, the introduction of weight-optimized aluminium sheet shell door concepts was 
only possible with the development of the Novelis Fusion™ technology. It allows the cost-
effective production of multi-layer aluminium sheet materials and – provided that a proper 
alloy combination is selected − aluminium sheet materials with significantly improved forming 
properties. The Novelis FusionTM alloy AF350 (AlMg1/AlMg5.7/AlMg1) offers the required 
strength level and a significantly improved formability and thus enables the realization of the 
highly demanding one piece inner panel in aluminium. 

 

Material concept for an aluminium sheet shell doors of the BMW 5 and 7 series models 

(Source: BMW) 

 

With this aluminium alloy and design concept, the weight reduction compared to the former 
steel doors reached 44 %.  
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Aluminium doors of the BMW 5xx models 

(Photo: Novelis) 

 

A modern example for an all-aluminium door is the door of the Mercedes-Benz CLS. The door 
of the CLS coupe is designed without a window frame. It includes an inner door sheet panel 
reinforced with aluminium extrusions.  

 

Aluminium door of the Mercedes-Benz CLS coupe 

(Photo: Daimler) 
 
 

b) Aluminium doors with a cast inner structural module 

The vacuum high pressure die casting (HPDC) technology allows the cost-efficient production 
of large thin-walled castings with excellent mechanical properties. The complex, three-
dimensional shape of the inner door structure with its many attachment points is an ideal 
candidate to be produced by high pressure die casting. The structural inner door module can 
be produced as a single part, saving both tool and assembly cost. On the other hand, the 
lifetime of die casting tools is limited, i.e. the HPDC technology is particularly suited for low to 
medium production volumes.  

An example is the inner door structure of Nissan's GT-R sports sedan, the company's 
flagship, high-performance car, a part which is among the largest aluminium castings used in 
the automotive industry. 
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Cast aluminium inner door panel of the Nissan GT-R sports sedan 

(Photo: Alcoa) 

 

Both aluminium and magnesium HPDC parts are used in practice for the production of 
lightweight doors. The outer door panel is made from an AlMgSi sheet alloy (mainly EN AW-
6016) since the surface quality of high pressure die castings is generally not suitable for outer 
body applications.  The single-part aluminium component improves the stability of the door 
and supports numerous other components and functions. 

 
 

Aluminium doors with a high pressure die cast aluminium structural inner module: 
Mercedes-Benz S class (left) and Porsche Panamera (right) 

(Photos: Georg Fischer Automotive) 

 

The inner door frames are produced using the alloy EN-AC-AlMg5Si2Mn optimized for high 
quality HPDC applications without subsequent heat treatment. The Mercedes-Benz S class 
inner door with a weight of 8.7 kg is produced in six variants by Georg Fischer Automotive. 
Inner door modules must meet highest quality requirements. Most important is a close control 
of the geometrical tolerances, minimum distortion of the as-cast part, high strength and 
adequate ductility. A unique feature is the upper part of the door frame, which consists of an 
extruded aluminium profile and is welded to the cast part. Studies on the welding suitability of 
pressure die casting reveal that metal inert-gas welding is most suitable.  

The aluminium inner door module for the Porsche Panamera is produced similarly. However, 
in this case, the magnesium alloy AM50 (MgAl5Mn) is used for the window frames in order to 
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further reduce weight and place the vehicle’s centre of gravity as low as possible. The 
precision-cast window frame components weigh 1.7 kg for the front doors, and 1.6 kg for the 
rear doors. The W-profile of the 1.8 - 4.0 mm thick-walled window frame casting must meet a 
dual challenge: avoiding porosity and cracking in the thick-walled portion; and achieving 
complex geometry. The inside portion of the frames are visible and this is where the frames 
are joined to the aluminium casting (weight 3.9 kg) by Delta-Spot electric resistance welding. . 
A three-layer protective coating is applied to prevent corrosion of the magnesium part.   

Even further lightweighting of the door is possible when a magnesium HPDC part is used for 
the inner door structure. The aluminium/magnesium hybrid door design, however, has also 
some disadvantages; the applicable assembly techniques must be carefully evaluated and 
the magnesium part must be extensively protected against corrosion. This design concept is 
therefore preferably used for low volume production models. 

 

 

Front door of the Mercedes-Benz SL (C215) consisting of an aluminium outer panel (EN 
AW-6016) and a die-cast magnesium (MgAl5Mn) inner structure 

(Photo: Novelis) 

 

Other magnesium inner door modules which are used in combination with aluminium outer 
panels are shown below. The applied magnesium alloy is AM50 (EN MC MgAl5Mn), their 
weight is 4.3 kg (Mercedes-Benz SL Roadster) and 5.5 kg (Aston Martin DB9 and Vanquish). 
 

 

Cast magnesium inner door modules to be combined with aluminium outer door 
panels: Mercedes-Benz SL Roadster 230 (left) and Aston Martin DB9 and Vanquish 

(right) 

(Photos: Georg Fischer Automotive) 

 
  

c) Aluminium doors with an assembled inner door structure 
 

Aluminium doors with an assembled inner door structure are another alternative for low to 
medium production. The inner door module may consist of stamped aluminium sheet panels 
reinforced with aluminium extrusions, a design which was used in the first all-aluminium Audi 
A8. Other variants may also include aluminium high pressure die castings combined with 
extrusions.  
When the inner door structure is assembled from different components, it is most important to 
look for a proper compromise assembly cost and tooling cost. This means that the number of 
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parts should be kept to a minimum and part manufacturing techniques requiring relatively high 
tooling cost should be avoided. In particular, a reinforcement of the inner door panel with a 
properly designed aluminium extrusions is therefore a cost-effective method. The different 
aluminium components are usually joined by welding or self-piercing riveting.  
 

 

Door of the first all-aluminium Audi A8 (D2) 

(Photo: Novelis) 

 

 

Front door of the BMW Z8, with an aluminium outer body panel (EN AW-6016) and an 
assembled aluminium inner structure including two high pressure die-cast parts 

(Photo: Novelis) 

 

Also the four VW Phaeton's doors comprise a frame construction made of aluminium 
castings, sheets and extruded sections, which give the vehicle its unrivalled side-impact 
protection. In order to largely eliminate the drawbacks of pure laser welding at important, 
safety-critical locations, VW opted to use the Fronius LaserHybrid welding technology. In this 
process, laser welding and arc welding are combined in such a way that the advantages of 
both processes complement each other and additional synergies result as well. All in all, there 
are 3570 mm of LaserHybrid-welded seams on a Phaeton door.  
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Aluminium door of the VW Phaeton 

(Photo: Fronius) 

 

When aluminium castings are used for door inner parts, both the alloy and the applied casting 
process have to satisfy highest quality requirements. In general vacuum-assisted high 
pressure die casting techniques are used. The wall thicknesses of the cast parts are of the 
order of 2 – 4 mm. 

 

 
 

High pressure die cast inner door part for the BMW Z8 (left) and the Range Rover 
(L322) (right)  

(Photo: Aluminium Rheinfelden) 

 
 
In case of the BMW Z8, the applied casting alloy is Silafont®-36 (AlSi9MgMn); the component 
is used in the as-cast state. For the Range Rover door, the high quality casting alloy 
Magsimal®-59 (AlMg5Si2Mn) is used.  
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3.3.2 Aluminium door frame modules 
. 
Door frame modules have been an early application of aluminium. The door frame modules 
were usually welded constructions integrated in a steel sheet door, generally made from 
extruded aluminium sections.  

 

Audi A6 (C5) (left) and Audi A3 (8L) (right) door frame modules, welded designs made 
with aluminium extrusions 

 
 
For the Audi A8 with its all-aluminium body, the same design concept has been used for the 
window frame, but it has been welded to the aluminium door inner panel. 

 

Audi A8 (D2): Front door inner panel with extruded window frame (welded 
construction) 

 

High pressure die cast aluminium nodes are also used as reinforcement in the window frame. 
The examples shown below are produced using the alloy Magsimal®-59 (AlMg5Si2Mn) in the 
as-cast state.  They are welded to aluminium extrusions.  

 

Aluminium die castings for the reinforcement of door window frames 

(Photo: ae group) 
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Another example is the Smart door. In this case, the door includes a plastic outer panel which 
is attached to an aluminium frame. The aluminium frame with a weight of 3.5 kg consists of 
straight and stretch bent EN-AW 6060 extrusions, joined by arc welding. There is no need for 
a surface coating on the frame assembly (cost savings). 
 
 

 

Smart door frame, made from aluminium extrusions 

 
An interesting example for these types of door modules is the door module of the Audi TT. It 
satisfies the most stringent requirements in terms of design, comfort, safety and rational 
assembly. The door module in the Audi TT is the first structure-supporting door module ever 
used in a passenger car. In addition to the aluminium support, it also contains a window 
regulator with drive and electronics, the side window, the quarter light, and the window bar 
with seal, together with various adjusting components.  

 

Structure-supporting door module produced in aluminium 

(Photo: Küster) 

 

An optimized lightweight door system has been introduced in the Porsche Panamera. In 

addition to the cast aluminium inner structure and the cast magnesium frame, the door also 

includes an aluminium functional carrier plate. The door structure is 25 % lighter than 

comparable doors in this segment.   
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Aluminium functional carrier plate for the Porsche Panamera 

(Photo: Brose) 

 
Another aluminium concept for an integrated inner panel module makes use of the 
superplastic forming technology. It achieves significant weight reduction and integrates the 
intrusion beam for superior crash management.  
 

 
 

Aluminium integrated inner panel module produced by superplastic forming 

(Photo: Magna) 
 
 

3.3.3 Door side impact beams  

The function of the side impact protection beam is the absorption of the crash energy in the 
door area and the protection of the vehicle’s occupants. The deformation of the door must to 
be limited in order to facilitate the opening of the door after the crash and to provide enough 
space for the side air bag between the door and the seat. However, crashworthiness is not 
the only issue which has to be considered. In many cases, package compatibility is even 
harder to achieve. Also sufficient corrosion resistance is required because the side impact 
beam is within the wet zone of the door assembly. Finally the designer needs to choose a 
proven manufacturing process. This process has to be cost effective and guarantee the 
targeted production volume.  
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Assortment of extruded side impact beams 

(Photo: Constellium) 

 

With the increasing size and height of vehicles on the road, including SUVs and vans, side 
impact beams have become a more popular safety feature for cars of all sizes. The most 
common solutions for side impact beams are round steel tubes, press-hardened or ultra-high 
strength steel sections and extruded aluminium sections. Extruded aluminium beams provide 
the same performance with less weight than the traditional steel beams. Extruded aluminium 
side impact beams have been used for years for their good energy absorption characteristics 
and buckling performance. The properly designed cross section of the extruded aluminium 
profile prevents early failure through local buckling which is the failure mechanism of steel 
tubes in three point bending. Only recently, they are being challenged more and more by steel 
designs using highest strength grades and load-oriented cross section with varying wall 
thickness. However, the total systems approach still allows the offer of innovative aluminium 
solutions which are competitive on a cost per kg weight saved basis.  

The relevant loading mode for the side impact beam is global bending. Aluminium impact 
beams are produced using age-hardening alloys from the AlMgSi or AlZnMg system (e.g. EN 
AW-6082 and EN AW-7020). The extruded sections are heat treated to the desired 
mechanical properties to produce the required impact load vs. displacement characteristics 
and a stable, predictable deformation. 

Most important for this application of extruded aluminium profiles is also the design of the 
cross section geometry. Controlled wall thickness variation allows the realization of additional 
advantages, e.g. additional weight reduction or improved flank protection by the attachment of 
a connection to the sill member. In addition, multi-hole cross sections enable tailor-made 
solutions with minimum packaging requirements.  

 

Cross sections of side impact beam optimized for minimum weight (left) and improved 
flank protection (right) 

(Source: Constellium) 

 

Aluminium may be easily shaped into a complex 3D-geometry. With this design flexibility, a 
number of cost and weight effective designs have been produced and have been 
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incorporated not only into aluminium doors, but also into all-steel sheet designs. No specific 
surface protection is required even in a mixed material design. The aluminium side impact 
beam is normally mechanically joined to the steel door (bolting or riveting). In addition, a 
solution for easy assembly by spot welding has been developed by riveting a suitably formed 
steel part to the aluminium beam. 
 

 

Aluminium side impact beams prepared for integration into: 

- steel or aluminium doors by bolting or riveting (left) (Photo: Otto Fuchs) 
- steel doors by spot welding (right)                            (Photo: Constellium) 

 
 

 
 

Side impact beam in the front door of the Jaguar XJ 

(Photo: Constellium) 
 
 
The design freedom offered by the aluminium extrusion technology allows also the realization 
of innovative solutions for specific side impact beams. Additional flank protection can be 
provided by a second extrusion which is stabilized by the door sill.  The two sections are fitted 
into each other and fixed by a simple pinching operation. 
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Side impact beam with additional flank protection 

(Photo: Constellium) 
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4 Crash management systems 

In the design of an automobile, a most important task is to minimize the occurrence and 
consequences of automobile accidents. Automotive safety can be improved by "active" as 
well as "passive" measures. Active safety refers to technology which assists in the prevention 
of a crash. Passive safety includes all components of the vehicle that help to reduce the 
aggressiveness of the crash event. Crash protection priorities vary with the speed of the car 
when crash occurs: 

 at speeds up to 15 km/h, the main goal is to minimize repair costs; 

 at speeds between 15 and 40 km/h, the first aim is to protect pedestrians; 

 at speeds over 40 km/h, the most important concern is to guarantee occupant  
protection.   

The term “Crash Management System” is generally used to describe the structural module 
consisting of the bumper and the related attachments which connect to the longitudinal 
beams of the car. Front bumpers are normally connected to the front longitudinal beam by a 
separate deformation element (“crash box”). Rear bumpers are, however, mounted directly to 
the rear longitudinal beam. But the bumper system can’t be considered as an isolated 
structural module. Its design must be optimized taking into account the crashworthiness of the 
overall body structure, in particular the deformation characteristics of the safety cell and the 
crumple zones. 

The purpose of the front/rear bumper system is:  

 To absorb energy at the start of a crash and to guide the remaining crash forces into 
the rest of the body structure.  

 At low and medium speed: to minimize the damage of the vehicle in order to reduce 
insurance cost.  

 At higher speed: to guide the crash forces into the body structure in such a way that 
the probability for a disintegration of the body structure is low and the survival of the 
occupants is ensured.  

 To meet the legal (as well as any higher, OEM-specified) requirements regarding the 
energy absorbing ability.  

Another important (and often quite challenging) function of the front/rear bumper system 
is the towing function. This function requires both stiffness and strength.  

Bumper design concepts have changed drastically over the last 20 to 30 years. In the past, 
cars were equipped with bulky, protruding bumpers to comply with the bumper standards of 
the 1970s and early 1980s. More demanding safety regulations and different styling concepts 
have resulted in new designs. Styling fashion has drastically changed the visual appearance 
of the bumpers. Whereas in the past, bumpers also served as a bright shiny decorative 
design element, they are now predominately concealed by a painted thermoplastic fascia. 
Since the late 1980s, most bumpers fascia systems are colour coordinated with the body.  

The four basic bumper design principles (where specific features can also be combined) are:  

 The traditional design with a visible metallic transverse beam that decorates the front or 
rear end of the vehicle and acts as the primary energy absorber in a collision. This 
concept has been popular in the past, but is seldom used today. 

 The plastic fascia and reinforcing beam system that is fastened directly to the front/rear 
longitudinal beams. The reinforcing beam also serves as the first structural cross-
member. While this arrangement leads to a small sacrifice in bumper performance, it 
increases the overall vehicle crashworthiness 

 The system consisting of a plastic fascia, a reinforcing beam and mechanical energy 
absorbers. The energy absorbers are either of a reversible type (“shock absorbers”) or 
deformation elements (“crash boxes”) which are replaced after a crash. 

 A system which includes a plastic fascia, a reinforcing beam and a propylene foam or a 
honeycomb energy absorber which is placed between the plastic fascia and reinforcing 
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beam. This approach offers in particular also an improved pedestrian protection (leg 
impact). 

 

 

Basic bumper design principles 

(Source: autosteel) 

In principle, aluminium can also be used for both foam and honeycomb energy absorber. 
Aluminium foams as well as aluminium honeycomb structures offer excellent energy 
absorption characteristics and have been successfully used in prototype and niche 
applications. But up to now, there are no known applications in larger series. As an example, 
Faurecia is working on modules that combine an aluminium honeycomb structure with foam 
or plastic energy absorbers. The weight saved is 25% to 30% compared to all-metal solutions. 
Another benefit is the extra space gained by reducing the vehicle's front overhang. 
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4.1 Aluminium extrusions for crash management systems 

Crashworthy aluminium structures are the result of a total systems approach taking into 
account the benefits achieved by specifically developed alloy qualities, design concepts and 
appropriate fabrication methods. Vehicle safety considerations have led to a conceptual 
approach where the front and rear crash management systems are part of the structural load 
path. Thus compliance with the supporting longitudinal beams and other vehicle components 
must be recognized. The impact energy is typically distributed between the following standard 
elements of the crash management system: 

 The beam where the impact energy results in elastic flexure and plastic deformation.  

 The crash boxes which absorb energy by plastic deformation.   

 Possible hydraulic spring-damper energy absorbing units that may fully or partially 
recover.  

 The attachment brackets which may or may not plastically deform, depending on the 
design and the specific requirements.  

 Possible foam inclusions which absorbs energy when compressed.  

Furthermore a total system approach needs to take into account also the energy dissipation in 
vehicle rebound and tire scrub. Depending on the nature of the impact and the vehicle 
involved, different criteria are used to determine the crashworthiness of the structure. Today, 
crashworthiness is normally assessed using computer models and confirmed by experiments.  

There are several factors that must be considered in the design of a crash management 
system. The most important factor is the ability of the system to absorb sufficient crash 
energy to meet the OEM’s internal standard. Another important factor is the requirement to 
stay intact even at high-speed impacts. Weight, manufacturability and cost are also issues 
that must be considered during the design phase. Both initial cost and repair cost are 
important. The design of aluminium crash management systems is not covered in this section. 
For a detailed description of the design process, see the case study “Crash Management 
System” in the Design section of this manual.  

The specific characteristics of aluminium alloys offer the possibility to design cost-effective 
lightweight structures with high stiffness and excellent crash energy absorption potential. In 
principle, bumper beams can be manufactured from rolled aluminium sheet as well as 
aluminium extrusions.  
 

 
 
 

Today, 100% of the aluminium beams for crash management systems are extrusions, 
and more than 95% possess closed cross sections. Sheet designs exist only in niche 
markets. Sheet-based bumper designs were more prominent in the past when visible 
bumper beams were in fashion. Lightweight, polished and brightly anodized aluminium 
sheet and extruded bumpers could compete favourably with chrome-plated steel 
bumpers.  
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BMW 325e sedan (produced for the North American market in 1984–1987) with 
elongated front and rear aluminium bumpers 

 

The main reason for the preference of the aluminium extrusion technology is the design 
freedom (i.e. the possibility to realize multi-chamber profiles with varying wall thicknesses) 
and the cost-efficiency. Aluminium profiles can be reliably joined by various methods and 
combined with other aluminium product forms as well as with steel or other materials to form 
complete structural modules. Because of the low cost of the extrusion tools and the small lead 
times for tool manufacturing, aluminium crash management solutions are highly flexible and 
enable fast and simple modifications to adjust for specific crash conditions reducing both 
development times and costs. 

4.1.1 Bumper beams  

Bumper systems were originally installed to protect the engine and radiator at the front of the 
vehicle. A modern front crash management system, however, has to fulfil a range of different 
additional requirements. The primary function of the bumper system is the protection of the 
vehicle in a low speed crash (no damage of functionally relevant parts and only minimal or no 
plastic deformation of any other vehicle component). In addition, the bumper system plays an 
important role within the total passive safety concept of the vehicle and has to satisfy all 
pedestrian protection requirements in particular in relation with lower leg impact (for SUV’s 
also upper leg impact). 

There are different legislative regulations in North America (IIHS test, Part 581, CMVSS 215) 
and Europe (ECE R-42) where the crash energy absorption capability and the kind of 
acceptable damage (functionality and appearance of the vehicle) is defined for low speed 
impact (<= 8 km/h) on a rigid wall and / or a pole. The elastic energy absorption capacity and 
the resistance to localised plasticity of the bumper beam are the major controlling factors in 
this case. Also important is the stiffness and energy absorption capacity of any additional 
foam (or other low speed energy absorption unit) placed between the plastic fascia and the 
beam. 

A very important test requested by the insurance companies since 2010 is the new RCAR 
test. It incorporates a rigid bumper-shaped barrier fitted with an energy-absorbing material 
and cover. The barrier is 100 mm tall, mounted to an immovable surface and impacted at 10 
km/h by the test vehicles. The given height of the barrier encourages automobile designers to 
use uniform vehicle bumper heights from the ground. The deformable energy-absorbing 
element favours designs that remain stable when impacting deformable material like another 
vehicle’s bumper system. It also features a solid rear backstop that can replicate real world 
damage severities where under ride occurs. Lastly, it encourages designs that absorb crash 
energy while limiting intrusion into the vehicle. 
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RCAR bumper test 

(Source: RCAR, 2010) 

 

In addition, there are various requirements for the verification of the incurred repair costs 
which are defined in Europe (AZT, Thatcham) for an impact speed of 16 km/h, whereas the 
IIHS test asks for crash tests at 8 km/h against the rigid wall as well as a pole. In these tests, 
the performance of the bumper system is rated on how much of the impact energy is 
absorbed in the front crash management system and how much is transferred to the 
surrounding vehicle structure resulting in structural damage. 

Furthermore, there are specific regulations with regard to high-speed impact (up to 64 km/h) 
on a deformable barrier as well as pedestrian safety (e.g. Euro NCAP and related EC 
directives). Furthermore it may be necessary to consider additional demands defined by the 
respective car producers (e.g. no damage of the hood up to a certain impact speed).  

This variety of requirements on the bumper system will generally lead to the selection of 
different design solutions when the technically feasible alternatives are evaluated under the 
overall condition of cost effectiveness. 
 

 

Front bumper of the Mercedes A Class model  

(Photo: Constellium) 
 

The primary advantage of aluminum bumper systems is their weight reduction potential of 30 
- 50% compared to traditional steel solutions. As a result, a life cycle assessment shows 
significantly lower greenhouse gas emissions for the aluminum version over the lifetime of the 
car. The reduced weight at the end of the car – farthest from the centre of gravity – is also 
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most interesting due to its direct impact on the axle load. A reduced load on the front axle 
generally transforms to a better driving performance due to the improved axle load 
distribution. In addition, front end body weight reduction counterbalances the trend towards 
heavier (more powerful) engines and the introduction of additional equipment for improved 
performance and comfort. In some countries (e.g. Germany), a decisive incentive for the 
introduction of an improved crash management system is also the possibility to achieve a 
better insurance rating, i.e. a reduction of the insurance cost for the final customer. 

 

 

Extruded aluminium bumper beams  

(Photo: Constellium) 

 

In general, aluminum bumper concepts involve a bent, extruded hollow beam which absorbs 
the total low speed crash energy (up to 8 km/h) through deformation and thus prevents any 
damage to the rest of the vehicle. Depending on the region where the vehicle is marketed, the 
different national and international standards may lead to the selection of different bumper 
design concepts.  

 

Aluminium bumper beams of the “open section” concept for the BMW 7xx (E38) model 
(left) and the Audi A4 (B4) (right)  

 

Designed to fulfill the European regulation ECE-R42, bumper beams of the “open section” 
design concept absorb the impact energy through elastic deflection. The cross section can be 
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varied along the beam to tailor the beam stiffness and moment to optimize the local energy 
absorption. The bumper beams shown above were produced using the alloy EN AW-7108; 
the extruded sections were stretch-bent and calibrated. Finally the holes were punched. 

 

  

Aluminium bumper beams of the “closed section” concept for the US versions of the 
BMW 7xx (E38) model (left) and the VW Passat (B5) (right)  

In order to fulfill the requirements for the US market (US FMVSS 581), the bumper beam 
design had to be improved. In case of the bumper beam for the BMW 7xx model, this was 
simply done by closing the open section with a properly formed sheet part. The closing sheet 
metal increases the cross-section and the beam can absorb much more elastic energy. The 
two parts are joined by welding.  

Another solution is to replace the open section by an extruded closed single-chamber beam. 
Also in this case, the alloy EN AW-7108 was chosen. Both bumper versions for the US 
market were attached to reversible dampers, i.e. the impact energy is absorbed by 
the dampers as well as by elastic deformation of beam. 

But also relatively simple multi-chamber extrusions combined with foam fulfil the North 
American bumper requirements (CMVSS 215 for Canada and FMVSS 581 for the US). 
 

  
 
Aluminium bumper cross sections which were used for the Oldsmobile Aurora / Buick 

Riviera (left) and the Toyota Avalon (right) 

 
The applied aluminium alloys were EN AW-6061 (for the GM models) and EN AW-7003 
(Toyota).  

The 15 km/h crash repair test (AZT test) which is used in Europe for insurance rating, 
however, asks for a more sophisticated design of the crash management system. An 
appropriate approach based on a closed flexible beam concept was used in the first 
generation of the Audi TT. The bumper beam was an extruded EN AW-7108 profile which 
was stretch-bent and subsequently formed. The varying cross section along the beam 
ensures an optimized absorption of the impact energy through a properly adapted stiffness 
and bending moment of the beam.  
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Aluminium front bumper of the Audi TT, a closed flexible beam 

 
Another possibility is the use of a closed multi-chamber beam. In this case, the inner webs 
prevent early buckling and thus maintain the potential for further impact energy absorption 
during a crash by plastic deformation of the beam. With the multi-chamber cross section 
design, it is possible to fully exploit the unique potential of extruded aluminum sections. The 
freedom in the design of the cross section of extruded aluminum sections offers the possibility 
to develop tailor-made solutions based on the detailed specifications given by the OEM with 
minimum packaging requirements:  

 The energy absorption characteristics can be closely controlled by an adequate cross 
section design (based on computer aided design and engineering methods). 

 Multi-wall profiles offer high redundancy if a wall fails in a crash (most important to 
ensure the envisaged crash behaviour also in non-standard crash situations). 

 

Cross section design of multi-chamber aluminium profiles for controlled crash 
absorption characteristics 

 

But the change from a single chamber to a multi-chamber profile requires the application of 
an aluminium alloy which is easier to extrude. Consequently, alloys from the 6xxx system are 
generally used for multi-chamber profiles. Popular alloys for bumper beams are today EN 
AW-6008 and En AW-6082. The extruded sections are subsequently stretch-bent and, if 
necessary, subjected to additional forming and machining operations. 
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Front bumper of the Opel Corsa C (alloy: EN AW-6060) 

(Photo: Constellium) 

 

In general, front bumpers designed to meet the 15 km/h crash reparability test are not directly 
fixed to the front longitudinal member. Mostly, a deformation element is used to connect the 
bumper beam and the longitudinal beam. The deformation element (crash box) prevents any 
damage of the longitudinal beam and is easy to replace, thus the repair cost are drastically 
reduced. 

On the other hand, rear bumpers can be attached directly rear longitudinal members and still 
fulfil the AZT insurance test.  An extruded mono-block beam with a specially designed cross 
section absorbs enough energy to provide the envisaged insurance rating and integrates at 
the same time the brackets used for the connection to the rear longitudinal beam. The applied 
extrusion alloy was EN AW-7108; the extruded section was stretch-bent and formed. In a 
additional operation, the necessary holes were punched and the redundant webs were cut 
and removed.  

 

 
 

Rear bumper of the Opel Corsa C 
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Other solutions for rear bumper beams – based on the multi-chamber extrusion concepts – 
are also possible. 

 

 
 

Multi-chamber aluminium rear bumper beam for the Audi A6 (C6) 

(Source: Constellium) 

 

 

Rear bumper beam for the Citroen C4 Picasso, alloy EN AW-6082-T6 

(Source: Constellium) 

 
 

4.1.2 Front crash management system 

a) Design aspects and alloy selection 

The front crash management system is a structural module where the individual elements 
fulfil carefully balanced functions. It consists of the bumper beam, the energy absorbing 
elements, the brackets and often a foam layer which is placed between the plastic fascia and 
the bumper beam. As soon as the impact energy exceeds the load which can be absorbed by 
elastic deflection of the beam (and the foam present in front of the beam), the crash energy is 
consumed by the bumper beam which is straightened and then plastically deformed. At higher 
crash loads, the energy absorbing elements take over (e.g. the crash boxes are plastically 
deformed) and only if the energy absorption capacity of the crash box is exhausted, 
deformation of the front longitudinal occurs.  

In specific cases, the bumper beam can also be connected to the longitudinal members by 
brackets which do not need to have any energy absorption capability, but can be designed for 
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maximum functionality (unless plastic deformation is specifically desired). As an example, the 
bracket can be integrated into the reinforcing bumper beam (a one single multi-chamber 
section designed for high stiffness) and minimum weight (adaptation of wall thickness to local 
load).  

 

Citroen C4 Picasso CMS front  

(Photo: Constellium) 

 

The freedom in the design of the cross section of extruded aluminum sections allows the 
realization of different concepts for the front crash management system, depending on the 
detailed specifications given by the OEM. Intimate knowledge of the material characteristics 
including its crash behaviour and extensive design experience enable rapid product 
development based on computer aided design and engineering methods. Based on an 
assumption of the envisaged energy absorption characteristics, it is possible to calculate an 
initial geometry for each component (to be validated subsequently by laboratory tests). Taking 
into account the low costs of aluminum extrusion tools and the short lead times for tool 
manufacturing, new design concepts can be developed and tested in series production quality 
within a few months. Thus, aluminum crash management solutions are highly flexible and 
enable fast and simple modifications to adjust for specific crash performance. 

Apart from the design, the performance of the crash management system is determined by 
the properties of the applied material. In principle, there are two basic two different loading 
situations: bending and axial crash. Depending on the loading condition, the material has to 
meet different requirements, i.e. different material characteristics must be optimized for 
excellent crashworthiness. Excellent bending characteristics ask for a high formability 
together with a high uniform elongation. On the other hand, for axial crush, the ductility of the 
material is most important together with a high amount of plastic deformation (folding without 
premature cracking). 

Depending on the detailed specifications, various 6xxx alloys in different tempers are used. 
For bumper beams, the fully age hardened T6 temper is generally preferred, both for higher 
strength alloys (e.g. EN AW-6082) showing a fibrous microstructure (used for relatively simple 
cross sections) and for the lower strength alloy variants (e.g. EN AW-6060) which offer a 
finely recrystallized grain structure. For crash boxes, an overaged T7 temper is usually 
chosen; typical alloys for these applications are the medium strength alloys of the type EN 
AW-6008.   

 

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 13 

  

Loading conditions for an aluminium extrusion in crash management systems: 3-point 

bending (left) and axial crash (right) 

(Source: Constellium) 

 

The failure mechanism of a crash management system, however, is often determined by very 
detailed local failure mechanism. Beside the crash loading conditions and the material 
properties, microstructural irregularities and local defects determine the actual mode of 
failure. This is important for example in welded structures where possible welding defects 
need to be taken into account. Also it must be kept in mind that welds in heat treatable (i.e. 
6xxx) aluminium alloys exhibit a heat affected zone with reduced strength. For joints made 
with fasteners, the bearing strength of the aluminium often controls the joint strength and the 
failure mode rather than the strength of the fastener. Special attention, and sometimes 
additional reinforcement, must be used when designing the joints in an aluminium bumper 
system, i.e.  one should  try to protect the joints and shift the potential plastic deformation into 
regions away from the joints.  

b) Deformation elements, in particular aluminium crash boxes 

The purpose of the integration of deformation elements into the crash management system is 
to control the level of force at the interfaces between the bumper system and the car body. 
They must prevent damage to the bumper system itself (low speed) and reduce damages to 
the rest of the vehicle structure (medium speed). Two types of energy absorbers are used: 

 Regenerative energy absorbers which can be used several times (e.g. dampers filled 
with viscous material or compressible materials (for example expanded polypropylene 
(EPP)) 

 Non-regenerative energy absorbers which can be used only once (e.g. folding crash 
boxes, shear crash boxes, tube in tube systems, metallic foams, etc.). 

Depending on the type of energy absorber, different energy absorption characteristics can be 
observed. 
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Typical performance of some energy absorbers 

Aluminium is well suited for the design of lightweight deformation elements (i.e. crash boxes). 
An important prerequisite is, however, the selection of the proper alloy and temper. The 
aluminium crash boxes must be able to absorb the impact energy without premature failure, 
i.e. no fracture or formation of slivers, crack nucleation most be hindered as long as possible.  

 

Folding performance of the alloy EN AW-6014 which is optimized for crash 
performance compared to that of the alloy EN AW-6063 

(Photo: Constellium) 

 

Suitable aluminium alloys have been developed, e.g. EN AW-6014. Perfect folding of a crash 
box without any cracks is obtained in particular in the T7 temper. Therefore this temper is 
generally preferred when crash worthiness is the top priority. 

Crash boxes can be produced both from rolled and extruded products. Aluminium bumper 
beams are mostly combined with crash boxes made from extruded aluminium profiles. 
However, also combinations of extruded aluminium bumper beams with steel crash boxes are 
in use. Up to now, there are no aluminium sheet-based crash boxes on the market although 
such variants would be also possible. 
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Aluminium crash box produced from extruded profiles with a high pressure die cast 
aluminium baseplate (left) and a crash box made from steel sheets (right) 

 
The design freedom of extruded aluminium profiles offers additional possibilities for the design of 
crash boxes. The primary goal is the improvement of the crash performance within the given package 
restrictions and weight limitations, i.e. to increase the weight-specific energy absorption capacity.  
 

   
 
Crash boxes made from extruded aluminium profiles designed for transverse (left) and 

axial folding (right) 
 

One possibility is the exploitation of the controlled crash performance of transversally loaded 
multi-chamber profile. The application of a multi-chamber profile with a suitably designed 
cross section (which also fulfils the functionality of a bracket) is possible for vehicles of low to 
medium weight. However, if higher crash performance is envisaged, axial folding crash boxes 
are preferred.  

The crash worthiness of axially folding aluminium extrusions (single and multi-chamber 
profiles) with different cross sections has been examined extensively, using both numerical 
simulation and experimental methods. It has been shown that an optimized cross section 
design offers some advantages. As an example, an octagonal cross section shows higher 
energy absorption and mean load than a rectangular or hexagonal cross sections when a 
numerical simulation of the single part model is carried out. Numerical simulations using a 
simplified model based of the full indicates that the rectangular cross section shows the best 
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performance as a crash box. The hexagonal and octagonal cross sections undergo torsion 
and buckling as the width of cross section decreases while the rectangular cross section does 
not. Similar experiences have been made when multi-cell cross sections were examined.  

An interesting option is the integration of a foam material into a hollow section crash box. 
Suitable foam materials are for example expanded polypropylene foams, but also aluminium 
foams can be used. It has been shown that foam-filled sections absorb slightly more impact 
energy than empty sections of similar mass. However, properly designed multi-cell cross 
sections are more efficient energy absorbers! A more important advantage of foam-filled 
crash boxes is therefore the improved impact energy absorption in off-axis collisions.  

 

Extruded profiles filled with aluminium foam for crash boxes 

(Photo: Cymat) 

 

In practice, the benefits resulting from special cross section designs proved to be not cost 
efficient. Thus axial folding aluminium crash boxes show usually of a single or two-cell design 
with a rectangular cross section. But also in this case, the possibility for tailored wall thickness 
variations in aluminium extrusions offers some optimization potential. The addition of material 
where required enables a significant performance improvement.  

 

Reinforced corners increase the specific energy absorption capacity (SEA) of 
aluminium extrusions 

(Photo: Constellium) 

 

A specific requirement on a crash box may be that the impact energy is absorbed at a 
constant force level. An example of such a crash box is outlined below. The impact energy is 
absorbed as the two-chamber tube starts to fold. It consists of an aluminium extrusion; the 
fixing plate is an aluminium sheet. Both parts are reshaped; the necessary holes are punched 
and the components are finally assembled to the crash box by welding. In the forming 
process, suitably positioned “folding initiators” are introduced. Consequently, the folding force 
is smoothed as the chambers partly fold in anti-phase.  
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Folding aluminium crash used for the BMW 7xx (E38) models (alloy EN AW-7003) 
 

 
Another possibility to absorb the impact energy at a constant force level is to cut the upper 
and lower walls of the extruded and reshaped aluminium section by attachment bolts.   
 

 
 

Aluminium crash box formed using the extrusion alloy EN AW-6063 
 
 

The most advanced design concept is today the “inserted crash box”, a crash box which is 
inserted into the front end of the longitudinal beam. This type of crash box is systematically 
used by major car producers like BMW, Daimler and GM, it offers most significant additional 
lightweighting potential and excellent cost efficiency.   

 
 

Inserted crash box for the front crash management system of the BMW 3-serie (L7) 
models 

(Source: Constellium) 
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c) Examples for aluminium front crash management systems 

In the following, different examples for aluminium front crash management systems based on 
multi-chamber extrusions using alloys of the EN AW-6xxx series are shown. Depending on 
the type of car, the applicable design concept varies from a simple bumper beam (with 
suitable non-deformable brackets) to sophisticated front crash management systems with 
aluminium or steel crash boxes. 

 

Extruded aluminium bumper beam with integrated brackets for micro cars (<750 kg) 

 (Source: Constellium)  

 
 

 

Aluminium bumper beam (single cell extrusion) with non-deformable steel brackets 

(Source: Constellium) 

 

 

 

Aluminium front bumper beams combined with extruded aluminium multi-cell 
deformation elements suitable for low to medium weight cars 

(Source: Constellium) 
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Energy absorption by the combined deformation of the aluminium multi-cell beam and 
folding type crash boxes made from steel (left) and an EN AW-6082-T6 aluminium 

extrusion (right)  

(Source: Constellium) 

 
 

 
 

Complete aluminium bumper system with reinforcing beam and crash boxes made 
from single-cell alloy EN AW-7003 extrusions for the Renault Megane 

 

The interface between the extruded aluminium crash box and the body structure is often a 
bolt-on connecting plate which can be also an aluminium part. The example shown below is a 
high pressure die casting of the alloy Silafont®-36 (AlSi9MgMn) in the T7 temper. 

 

Connecting plate (front crash management system of the Audi A2) 

(Photo: Aluminium Rheinfelden) 
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Newer developments focus in particular on the interface between the longitudinal beam and 
the crash box. The idea is to eliminate the traditional fixing plate, i.e. to attach the crash box 
directly onto the longitudinal beam. 
 

 
 

Traditional design concept (left) and improved design where the (steel) crash box is 
directly attached to the longitudinal beam (right) 

(Source: Constellium) 

 

Such innovative concepts can be realized also with aluminium crash boxes. Even more 
possibilities offered the development of the inserted crash box. The crash box is directly 
inserted into the front longitudinal beam of the car.  

 

 

Opel Insigna front crash management system with inserted crash boxes 

(Source: Constellium) 

 

The new system developed by Constellium eliminates four fixing plates in the vehicle and the 
crash management system. As the crash management system is directly inserted into the 
vehicle’s longitudinal members, a weight reduction of 2 – 3 kg is achieved in the strategically 
important area in front of the front wheels.  
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All-aluminium crash management system of the Mercedes-Benz C class, the first car 
which uses an inserted crash box 

(Source: Constellium) 
 
The patented crash box design allows even further lightweighting by simplifying the towing 
function. The system needs no separate towing nut as this function is integrated into one of 
the crash boxes. Additional benefits are a reduced welding length and lower number of parts.  

 

Integration of the towing function into a crash box 

(Photo: Constellium) 

 

 

4.1.3 Rear crash management systems 

Similar design principles are used for ear crash management systems. The main difference is 
that even for modern car models, the aluminium rear crash management system is attached 
to the rear longitudinal beam with a fixing plate.  
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Aluminium rear crash management system of the BMW 5 series GT 

(Photo: ConsteIlium) 

 

 

 

Aluminium rear crash management system of the Audi A6 

(Source: Constellium) 

 

 

  

Aluminium rear crash management system of the Opel Meriva (left) and the Opel 
Insigna (right) 

(Source: Constellium) 
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4.1.4 Pedestrian protection requirements 

With respect to pedestrian protection, the primary objective for the crash management system 
must be to meet the requirements of pedestrian leg impact. This is a complex topic where the 
regulations are getting more and more severe. In principle, there are two possibilities to 
protect a pedestrian’s lower limbs during an impact. The “kinetic” approach is to integrate 
impact sensors into the bumper cover panel and to deploy airbags or other deformable 
structural elements just prior to impact. The static approach aims to provide appropriate 
cushioning and support of the lower limb using the bumper energy absorber and an additional 
component, the lower bumper stiffener. 

 

Pedestrian protection: Leg impact 

(Source: Audi) 

 

Most bumper designs for pedestrian impact include some type of lower stiffener. The idea 
behind the use of an upper and a lower load path is to reduce the intrusion by absorption 
of the impact energy using several types of energy absorbers and to manage, through the 
lower beam, the pedestrian leg impact. The key challenges in the design of the lower 
bumper stiffener are minimum weight, durability and vehicle styling. The location of the 
component generally results in visible changes to the vehicle’s front end. The potential for 
lightweight design with aluminium facilitates the integration of the additional component.  

 

Front crash management system of the BMW 3 series models   

(Source: Constellium) 
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The pedestrian protection regulations also generate some constraints regarding the 
design of the crash management system. The problem is that the (structural) bumper 
beam is in general too stiff. There is a need for an additional energy absorber between 
the bumper beam and the pedestrian. The standard solution is to add low-density foam 
optimized for pedestrian protection in front of the stiff aluminium bumper to absorb the 
impact energy (with a depth of typically 70 mm). The consequence is that the available 
deformation path is reduced accordingly and a more compact crash management system 
is required. Furthermore, it must be ensured that bottoming out of the foam is avoided.  
The result of the necessary adaption of the bumper design is a narrower, but wider beam 
which shows a higher deformation force level.   

 

 

Aluminium front crash management system with steel crash boxes optimized for 
pedestrian protection 

(Source: Constellium) 

 

There are also some proposals to modify the bumper beam to be an energy absorber or to 
add a suitable crash energy absorbing element behind the beam.   
Jaguar XJ 
 

4.1.5 Bull bars  

Traditionally, bull bars have been built to protect the vehicle. Recently, bull bars have become 
popular also as a cosmetic accessory, particularly on the larger four wheel drive vehicles and 
SUVs. They vary considerably in size and form, and are usually made of welded aluminium 
(or steel) tubes.  

However, as a safety feature, the mounting of bull bars is considered to be less safe than 
allowing controlled deformation to absorb kinetic energy during a collision. Their role in 
increasing pedestrian deaths led to an agreement with the European carmakers not to install 
them on new vehicles starting from January 1, 2002.  
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Lightweight aluminium bull bars 

 

 
 

4.2 Roll-over protection  

Roll-over protection systems refer to the structural elements which protect the occupants from 
injuries when a vehicle overturns. Normally the roof structure of a car fulfils this function, but 
in cabriolets and convertibles, a roll-over protection structure is necessary. It includes in the 
front of the car a reinforced A post and windshield design. In the rear, a specific roll-over bar 
was installed in the beginning. High strength aluminium alloy allow the integration of roll-over 
bars which provide the necessary protection, but also offer new styling opportunities. 

 

Roll-over bar for the Porsche Boxter models, a composite steel and aluminium design 

(Photo: Porsche) 

The first automatically deploying roll-over protection systems appeared at the end of the 
1980s. A roll-over sensor continuously monitors the car’s movements, contact with the road, 
as well as lateral and longitudinal forces. If the sensors determine that a roll-over is imminent, 
the roll-over protection system deploys instantly. The roll-over protection system usually 
consists of two hoops (arches) behind the rear seats, but it can be also a single bar. 
Depending on the styling requirement, the bars are hidden or serve as a characteristic styling 
element. 

The Porsche 911 cabriolet (type 996) included an aluminium module located behind the rear 
seats for roll-over protection and seat belts fastening. The substructure included twelve 
straight and six bent extrusions. The alloy was EN AW-7108. The CNC-machined extrusions 
were joined by MIG and TIG welding; rivet nuts were used for mounting the assembly into the 
car.   
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Structural aluminium module for roll-over protection and seat belts fastening in the 
Porsche 996 

Lightweight, strong aluminium designs are ideal for this application. In practice, different 
mechanisms are used to deploy the roll-over bars to a height above the heads of the rear 
passengers. There are pyrotechnically charged systems, spring-loaded bars as well as 
electromechanically operated systems. The system deploys regardless if the roof is retracted 
or not. If the roof is up, the hoops go straight through the rear window.  

.  

Roll-over protection system of the Mini cabriolet, the one-piece aluminium bar 

(Photo: Mini) 

 
 

 
 

Forged aluminium roll-over hoop (alloy. EN AW-6110A) 

(Photo: Otto Fuchs) 
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5 Roof and roof structure  

The use of aluminium for the car roof is well established in all-aluminium car body designs 
(see chapter 3.3). But there are also significant aluminium applications in the roof of vehicles 
with steel car body structures. Weight reduction in the roof (i.e. lowering the centre of gravity) 
has always been a high priority topic in automotive design. However, the roof is generally an 
integral part of the body-in-white. Therefore, the integration of structural aluminium 
components into the roof of a steel body structure requires an in-depth consideration of 
different aspects (as outlined below).  

 

5.1  Aluminium roof on a steel body 

The substitution of the steel roof panel by a lightweight aluminium alloy roof panel is an 
attractive option to optimize the mass distribution in a car. However, if the remainder of the 
vehicle body structure continues to be fabricated in steel, two major hurdles have to be 
overcome. The first problem is the realization of a reliable joint between the different 
materials. Various technologies have been developed to join aluminium to steel; in most 
cases, adhesive bonding combined with a mechanical joining technique is applied, but also 
friction stir welding, soldering or fusion welding methods have been developed. If the mixed 
material joint is properly protected to avoid any danger of galvanic corrosion, a safe and 
durable joint is achieved.  

The other problem is the different thermal expansion coefficient of aluminium and steel. The 
combination of the aluminium alloy roof attached to the steel body may create compressive 
stresses in the aluminium roof when the body is subjected to elevated temperatures such as 
those required to cure the paint applied to the assembled body-in-white. Visible thermal 
distortions of the roof panel, if any, are not acceptable. Such effects can be eliminated (or 
minimized) for example by the use of an aluminium alloy with a higher strength level, the 
selection of an appropriate adhesive, the application of proper joining procedures (e.g. 
optimized riveting position and use of jigs) as well as other suitable measures.  

 

Effect of the alloy yield strength on the distortion of an aluminium alloy roof on a steel 
body after lacquer bake hardening: EN AW-6016 (left) and EN AW-6056 (right) 

(Source: Constellium) 

 

An aluminium roof contributed to the exemplary low weight of the Maybach bodyshell (in 
addition to some other large aluminium components: bonnet, doors and front wings). The 
large, but relatively flat component was produced by active hydromechanical deep drawing. In 
this variant of the of hydraulic deep drawing technique, the blank is pre-formed by an 
elevation of the pressure in the fluid medium in the opposite direction of the actual forming 
operation before the punch moves against the blank. The cold deformation by the prior 
hydraulic deep drawing step leads to an increase of the material strength and thus improves 
the mechanical stability of the roof panel. 
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Aluminium roof of the Maybach luxury car 

(Photo: Maybach) 

 

An aluminium roof on a steel body structure is also found on the Range Rover Evoque (L538) 
which was introduced into the market in 2012. The use of aluminium for the bonnet and the 
roof, thermoplastic fenders and a polymeric composite, one-piece tailgate helped to produce 
a vehicle weighing 100 kg less than the steel Freelander. Aluminium is used for the roof to 
help lower the car’s centre-of-gravity and save about 7 kg against steel.  

The roof of the Evoque is the first series application of Novelis' new high-strength aluminium 
alloy Anticorodal®-600 PX. The new high-strength aluminium alloy was chosen for the 
Evoque's advanced roof design on the basis of its superior strength and excellent formability. 
The aluminium roof is joined to the steel body structure by adhesive bonding and self-piercing 
riveting. The increased strength of Anticorodal®-600 PX provides the opportunity to reduce the 
sheet thickness by as much as 15 % compared to traditional aluminium car body sheet alloys. 
In this specific application, the increased strength not only contributes to the elimination of 
thermal distortions during the bake hardening process, but enables with a thickness of only 
0.9 mm also the realization of an extremely lightweight roof solution. Adhesive bonding and 
self-piercing riveting is also used to fix the steel carrier of the optional panoramic glass roof.   

  

Aluminium roof on a steel body (Range Rover Evoque)  

(Source: Land Rover) 

 

Most important was, however, an accurate prediction of the temperatures and the resulting 
distortions in the mixed steel/aluminium body shell at different locations during the paint bake. 
Thus it was possible to avoid thermal distortions by the implementation of suitable design 
changes and a careful consideration of the attachment methodology of the aluminium roof to 
the steel body structure.  
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Range Rover Evoque with an aluminium roof (alloy: Anticorodal®-600 PX)  

(Photo: Land Rover) 

 

5.2 Roof structure 

The integration of structural aluminium components into the roof of a steel car body was first 
attempted in the Ford THINK, a small electric city car. The cant rail of this vehicle, i.e. the 
structural member which runs over the top of the doors, is designed as a visible aluminium 
component. The extruded aluminium profile (alloy EN AW-6060) includes the A pillar and 
ends at the top rear end. The length of the beam is about 2.2 m, the profile has a hollow cross 
section with flanges and it is 3-dimensionally formed. The beam upper face is exposed to the 
atmosphere and the surface is untreated.  

 
  

Ford THINK with an extruded aluminium cant rail 
 
Also the transverse roof rails are bent extruded aluminium profiles (alloy EN AW-6060).   

  

Complete frame (left) and details of the transverse and cant rail assembly (right)  
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Another visually attractive example of an aluminium roof substructure presented Renault in 
the Avantime model which was produced from 2001 to 2003 by Matra Automobile. 
 

 

Body-in-white of the Renault Avantime  

(Source: Matra Automobile) 

 

The Renault Avantime has a steel/aluminium body-in-white including:  
- a steel chassis (carry-over part from the Renault Espace, green parts in the figure 

shown above),  
- steel body panels (yellow parts),  
- an aluminium roof structure (grey parts). 

The weight of the aluminium roof structure is 18 kg (on a total BIW weight of 370 kg). As the 
Avantime does not have a B pillar, the roof structure is a safety critical part and contributes 
significantly to the crash performance of the vehicle.  

The Avantime roof structure consists of three types of aluminium parts: 
- Extrusions of the alloys EN AW-6106-T51 and EN AW-6060-T51 (46 % weight 

share); these alloys offer in the T51 temper a good compromise between formability 
and strength characteristics.  

- Stamped sheet panels of the alloy EN AW-5182-0 (weight share 27 %). 
- Cast parts of the alloy AlSi7Mg0.3-T5 (Calypso® 67S) with a weight share of 27 %. 

The castings are produced using the thixo-casting process which allows the 
realisation of high quality parts with low wall thickness and high dimensional 
accuracy which reduces the need for additional machining operations and provides a 
smooth surface. 

 

 
 

Structural nodes produced by thixo-casting 
 

mailto:auto@eaa.be
http://www.xwomm.com/datagrip/datagrip/pictures/gross/acag_7b_2.jpg


 

Version 2013 © European Aluminium Association (auto@eaa.be) 6 

The aluminium extrusions are formed by three-dimensional stretch-bending. This process 
allows minimising spring back effects and leads to component with good geometrical 
precision. 
 

  

3D stretch bending of extrusions and welding of roof structure 

(Source: Matra Automobile) 

 
The aluminium components are joined by MIG arc welding; the welding sequence has been 
selected to minimise distortion of the parts. The aluminium roof structure assembly is then 
joined to the steel structure by adhesive bonding and self-piercing riveting. 
 
 

5.3 Sun roofs 

An automotive sun roof is an operable (tilting or sliding) opening in an automobile roof which 
allows light and/or fresh air to enter the passenger compartment. Sun roofs may be manually 
operated or motor driven, and are available in many shapes, sizes and styles.  

Sun roofs, by historical definition are opaque and slide open to allow fresh air into the 
passenger compartment. The first sun roofs were folding sun roofs, i.e. the panel made of 
fabric folds back as it slides open. Today, however, most factory-installed sliding sun roof 
options feature a metal or - more and more - a glass panel. Top-mount sliding sun roofs have 
been a popular factory option in the past, but are now generally replaced by inbuilt systems. 
In top-mount versions, large glass panels slide open in tracks on top of the roof, with no loss 
of headroom. Inbuilt sun roof systems have a panel which slides between the metal roof and 
interior headliner, requiring some loss of headroom, but providing a full opening in the roof. 
Sun roof systems are available in many shapes, sizes and styles, and are known by many 
names: 

 Pop-up sun roofs consist simply of a tilting panel. These panels are often removable, 
and must be stored when removed. The tilting action provides a vent in the roof, or a 
full opening when the panel is removed.  

 Spoiler sun roofs combine the features of a pop-up with those of a sliding roof 
system. They tilt to vent, but can alternatively slide open. 

 Panoramic roof systems are a newer type of large or multi-panel sun roofs which offer 
openings above both the front and rear seats and may be operable or fixed glass 
panels. 

 Solar sun roofs have an inlaid photovoltaic solar insert which makes the glass totally 
opaque. While they operate identically to conventional factory-fitted glass sunroofs 
(tilting and retracting), the solar panel provides electricity to power the interior 
ventilation fans for cooling the car interior on hot days when the car is standing 
outside in the sunlight.  
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Sun roof for the BMW 7 series 

(Photo: Webasto) 

 

Lightweight aluminium components are a favoured solution for the design of the sun roof 
opening mechanism. Automobile companies generally use aluminium extrusions to make sun 
roof channels. Sun roof channels basically form part of a sliding system, i.e. the channels 
must have a smooth surface, show low friction and must be resistant to wear. Some 
manufacturers anodise the surface of these channels to produce a layer of aluminium oxide in 
order to improve the wear resistance. Furthermore, extruded profiles for sun roof channels 
have to meet high geometrical tolerances. Thus, a tight shape control of the extrusions is 
required. 

Aluminium guide rails for sun roofs are typically made from EN AW-6060 extruded profiles. 
The extrusions are cut, bent, heat treated, punched, CNC milled, de-burred and finally surface 
treated. 

 

 

Extruded aluminium guide rails for sun roofs  

(Photo: Sapa) 
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5.4 Detachable hardtops 

A convertible is a type of automobile that can convert from an enclosed to an open-air vehicle. 
In the past, some convertibles featured as standard or optional equipment fully rigid, manually 
installable hardtops.  These hardtops provided acoustic insulation, but also required space-
consuming off-season storage and a cumbersome two-person installation. Lightweight 
aluminium detachable hardtops facilitated the installation significantly compared to steel 
versions.  

 

Aluminium hardtop for the second and third generations Mercedes SL 

(Photo: Novelis) 

 

Structure of the Mercedes SL hardtop 

(Photo: Hydro Aluminium Rolled Products) 

 

Nevertheless, with the development of metallic retractable roof systems (see 3.2.5.5), 
hardtops have practically disappeared from the market today. Storage and handling issues 
(the aluminium hardtop for the Porsche Boxter, for example, still weighed 23 kg) made their 
use inconveniently.    
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5.5 Retractable roofs 

A prominent option for a convertible is the retractable roof. Retractable roof designs vary 
widely, but a few characteristics are common to all convertibles. The roofs are affixed to the 
vehicle body and are usually not detachable. Instead the roof is hinged and folds away, either 
into a recess behind the rear seats or into the boot of the vehicle. Consequently, the cargo 
space is severely constricted and in some cases, there is practically no boot space left when 
a retractable hard roof is stowed. The roof may operate either manually or automatically via 
hydraulic or electrical actuators. The roof itself may be constructed of soft or rigid material. 
Soft-tops are made of vinyl, canvas or other textile material; hard-top convertibles have roofs 
made from steel, aluminium, plastic or carbon fibre composites. Convertibles offer numerous 
iterations that fall between mechanically simple, but attention-demanding fabric tops to highly 
complex, modern retractable hardtops. 

 

Retractable textile roof of the Audi A3 

(Photo: Webasto) 
Modern convertibles often include also wind deflectors to minimize noise and rushing air 
reaching the occupants. There are various wind deflector systems, e.g. rigid panels that 
folded up from behind the two seats, vertically retractable glass panels or other integrated 
wind controlling systems. In addition, some car models include a feature that routes a heating 
duct to the neck area of the seat (marketed as the "Air Scarf").   
The collapsible textile roof which is supported by an articulated folding frame may include 
linings such as a sound-deadening layer or an interior cosmetic headliner to hide the frame. It 
may also include an electrical or electro-hydraulic mechanism for raising the roof. The erected 
top secures to the windshield frame header with manual latches, semi-manual latches, or fully 
automatic latches.  

Lightweight aluminium designs are particularly suitable for the folding frame of retractable 
textile roofs. High pressure die cast aluminium parts are used for the functional components, 
aluminium extrusions are often used for the supporting frame connecting the functional 
nodes. 

 

 

Swivelling bearings and struts and connectors (functional components) for convertible 
roof systems (VW EOS and BMW 3-series) 

(Photo: ae group) 
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Reinforcement (left) and lever (right) for a convertible soft-top, high pressure die cast 
using the alloy Castasil®-37 (AlSi9MnMoZr) 

(Photos: Aluminium Rheinfelden) 

 

  

Base plate (left) and intermediate plate for a convertible soft-top mechanism (right), 
high pressure die cast using the Magsimal®-59 (AlMg5Si2Mn) alloy in the as-cast state 

(Photos: Aluminium Rheinfelden) 

 

A retractable hardtop is a type of convertible that forgoes a folding textile roof in favour of an 
automatically operated, self-storing hardtop where the rigid roof sections are opaque or 
translucent. The retractable hardtop solves some issues with the soft-top convertible, but has 
its own compromises, namely mechanical complexity, higher initial cost and more often than 
not, reduced luggage capacity. On the other hand, it offers increased acoustic insulation, 
durability and break-in protection similar to that of a fixed roof car model. Retractable 
hardtops can vary in material (steel, plastic or aluminium), in the number of rigid sections (two 
to five) and often rely on complex dual-hinged boot lids that enable the boot lid to both receive 
the retracting top from the front and also receive luggage from the rear along with a divider 
mechanism to prevent loading of luggage that would conflict with the operation of the hardtop. 

 

Retractable aluminium two-piece hardtop of the Ferrari California 

(Photo:Webasto) 
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As an example, the aluminium hardtop of the new Ferrari California can open in 14 seconds. 

It includes the use of proportional valve technology in the hydraulics, a sleek kinematics 

concept in order to optimize trunk volume, and a large number of aluminium structural 

components.  The roof shell is constructed completely of aluminium. Further aluminium 

components include the main pivot brackets, cross members, frame, and the kinematics of 

the tonneau cover. The total weight of the entire roof system is 105kg, which is below the 

weight of a conventional textile retractable roof.  
 

 

Three piece vario-roof of the Mercedes-Benz SL model 

(Photo: Daimler) 

 

Apart from the aluminium roof painted in the vehicle colour, the Mercedes-Benz SL model 
is also available with a transparent variant with a roller blind and a third variant where the 
glass roof switches to light or dark as required at the press of a button.   

5.6 Roof rails  

Another important application of aluminium extrusions are roof rails. Roof rails are placed on 
the top of the vehicle and are used to carry additional luggage and equipment. Aluminium 
extrusions are used for manufacturing roof rails because they enable visually attractive, low 
weight and high strength designs.  
The length of aluminium roof rails can vary significantly, they are found on small cars as well 
as on station wagons and MPV's (Multi Purpose Vehicles). Roof rails have two principle 
functions; to enhance the design features of the vehicle and to carry extra loads placed on the 
roof, often with the help of another structure, e.g. transverse load bars or a roof box. 
 

 

Roof rail for looks and extra load support 

 
The typical roof rail has two cast supports with an extruded aluminium bar between them. It is 
also common to use an intermediate support for longer rails or where the design loads are 
high. The extrusion process provides almost limitless possibilities for the designer to choose a 
section that satisfies functional and esthetical demands. A subsequent stretch bending step 
offers additional design freedom. Casting offers similar freedom of design for supports.  
 
Supports are typically joined to the extruded bar by mechanical joining or by adhesive 
bonding. By hydroforming the rail, it is also possible to integrate the end supports with the 
extrusion and thereby eliminate the cast supports thus reducing the number of parts and 
enhancing design. 
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Aluminium roof rail with cast supports at the ends and one in between (top) and a 
hydroformed rail with integrated supports (bottom) 

 
A main design consideration is whether the roof rail is joined to the vehicle from the inside or 
from the outside of the roof. Joining from the inside enables the use of cast or hydroformed 
supports.  
 

 

Cast end support designed for inside mounting 

 
Joining from the outside calls for the use of a removable cover and also makes it difficult to 
take advantage of using hydroformed supports.  
 

 
 

Roof rail support for mounting from the outside the vehicle with a removable cover 

 
Apart from permanently attached roof rails, there are also roof rail variants which can be 
easily mounted when needed.   
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Removable aluminium roof rail 

(Photo Constellium) 

 

There are different possibilities for surface finishing of aluminium roof rails, in particular 
electrochemical polishing and anodizing. Depending on material and/or alloy, surfaces 
ranging from high-gloss to matt, from natural-colored to black aluminum are achieved by 
different processing options. Another possibility is powder-coating with matt or high-gloss 
lacquers. 

 

Aluminium roof rails with different types of surface finishing 

(Photo: WKW automotive) 

 

Most of the new developments of roof rails are so called “flush rails”. Flush rails are bent and 
machined extrusions which are integrated with the roof trim. There are no cast end supports, 
but only a bent and machined extrusion which is fixed flush to the roof trim. The alloy EN AW-
6060 is generally used for the flush rails. 
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Alumiunium roof rail of the “flush rail” design 

(Photo: Sapa) 

 

 

Alumiunium “flush rail” are today found on several car models  

(Photo: Sapa) 

 

 

6  Trims  

Trim is anything the manufacturer applies to the car to enhance its style and 
appearance. Decorative and functional strips around the vehicle are an integral part of vehicle 
design. Common exterior trim items include radiator grills, window frames, light rings, door 
handles, emblems and antennas. The demands of the designers must be realized in the same 
way as the functional requirements, e.g. in case of window frames, the necessities of window 
guide, cover and/or water management. But there are also different trim products which fulfil 
additional functions, e.g. door sill tread plates, boot finishers, division bars for side windows 
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and side trims for A-C post. In these cases, there may be specific requirements which have to 
be considered in the material selection apart of the visual appearance (e.g. strength, wear 
resistance, etc.).  

For decorative applications, metallic items were in the past usually nickel or chrome plated. 
Today, high quality trim components are generally made from aluminium sheets and 
extrusions (seldom forgings and castings). However, for pure decorative purposes, i.e. 
components without specific mechanical requirements, aluminized plastic parts are often 
selected as more cost-effective solutions. Apart from bright surfaces, also dark (black) trims − 
as featured by most cars made during the 1980s and 1990s − can be realized with aluminium 
using special anodization procedures.   

The basis for a high-gloss surface is always the raw material. In practice, high purity 
aluminium (e.g. Al99.9 / EN AW-1098) or low alloyed AlMg alloys based on high purity 
aluminium are used for trim applications. Most important are also specific processing 
conditions, from molten metal treatment and ingot casting to the subsequent rolling or 
extrusion operations and the final mechanical processing (i.e. the machining, grinding and 
polishing operations). In specific cases, also structured surfaces are produced by special 
patterning processes. There are different possibilities available for the surface finishing of the 
mechanically machined parts. Exterior parts are mostly subjected to electrochemical polishing 
and anodizing for high surface perfection. The resulting hard and corrosion-resistant 
aluminium oxide surface layer provides an optimum protection and requires little 
maintenance. Depending on the applied alloy, the different processing options lead to 
surfaces ranging from high-gloss to matte and from natural-colored to black aluminum.  

  

ALMINOX® extruded aluminium profiles for trim applications 

(Photo: WKW automotive) 

 

  

Bright anodized trim profiles for vehicle design lines and window frames 

(Photo: WKW automotive) 
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The high-gloss surface appearance of anodized strips underlines the top quality, dynamic 
design of the luxury and high performance vehicles. Therefore, "high gloss packages" are 
particularly prominent with upper class models and sport cars. 

Popular are for example tread plates for the door sill. Tread plates are usually made from the 
extrusions alloys EN AW-6060 or 6063; the extruded profiles are cut, pressed, CNC-milled, 
scratch-brushed / polished and anodized. 

  

Extruded aluminium tread plates for door sills 

(Photo: Sapa) 

  

Polished and bright anodized forged aluminium components as characteristic features: 
Audi TT fuel filler cap (left) an Audi S8 mirror housing (right) 

 

 

Decorative cover for an air exit (Audi A8) produced by high pressure die casting 

 (Photo: DGS Druckguss) 
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Aluminium emblems and name plates 

(Photo: Alanod) 
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7 Interior and other applications 
Aluminium is used in today’s cars for many different interior applications. Very often, the 
aluminium alloy components are quite small. Furthermore, they are generally part of an 
assembly including different metallic and non-metallic materials. Typical examples of such 
aluminium components – which are not covered in more details in this manual − are part of 
electric and electronic components or systems, the lighting system, etc.  
Therefore this chapter only describes a few, more important applications of aluminium 
components in the interior of an automobile.  
 

7.1 Seats  

The seat is what connects the occupant to the vehicle. In case of a crash, the seat plays a 
key role in driver and passenger safety by being firmly anchored to the floor and holding the 
body in place. Apart from the safety requirements, the main role of the car seats is to provide 
a comfortable ride both for driver as well as the passengers. Consequently, car seats 
generally include different adjustment mechanisms, headrests and armrests to offer superior 
comfort. Also car seats are usually made from durable materials in order to withstand as 
much use as possible.  
Up to now, car seats have been developed mostly based on the requirements for long 
journeys. The result are relatively complex, heavy vehicle seats which offer, in particular in 
upper class models, numerous comfort functions (convenient adjustments and controls for 
lower-back, shoulders, seat height, cushion angles, back tilt and body contour in case of the 
front seats as well as retractable, adjustable and foldable rear seats) and lots of mechanical 
and electrical features (e.g. memory control of the seat adjustments, heating, cooling and 
massaging functions, etc.). Usually, the seats add significant weight to the average passenger 
car. Therefore weight reduction is a factor of growing importance and the suppliers of seats 
are heavily committed to developing lightweight seat structures which retain optimum safety. 
In addition, there is a growing need to develop special seats optimized for small, short-range 
urban vehicles where low weight is a key design target (e.g. for cars with electric drivetrains).  

There are essentially two types of car seats, bucket and bench seats. A bucket seat is a seat 
with a contoured platform to accommodate one person. Bucket seat designs are generally 
used for the front seats; they are standard in fast cars to keep driver and passengers in place 
when making sharp or quick turns. Bench seats have a flat platform designed to seat up to 
three people; a design usually used for the rear car seats.  

When it comes to the selection of optimum materials for lightweight seat structures, both 
aluminium alloys (rolled sheets and extruded aluminium sections) and high strength steel 
grades are highly suitable. In addition, cast magnesium parts are occasionally used in seat 
frame applications. High strength steel is generally favoured for the slide rails and the 
backrest frames of front seats.  Aluminium is usually the preferred lightweighting option for the 
bases of the front seats and the backrests of the rear seats. Regardless of the material, a 
well-designed modular construction with the integration of various additional elements offers 
further potential for weight savings and optimised logistics. 

Up to now, aluminium seat frames are still used relatively seldom. On the other hand, specific 
seating parts such as seat rails (tracks), backrests of rear seats and components of the seat 
belt system have been made of aluminium for a long time.  

 

7.1.1 Seat structure design with aluminium 

Front and rear seats add considerable weight to passenger cars and vans. The target weight 
of basic seat versions is 11 or 12 kg, while the weight of more elaborate seats with electrical 
adjustment should not exceed 18 kg. But the weight of current seat constructions may be 
easily above 20 to 25 kg. 
The application of aluminium technologies offers a significant weight reduction potential for 
the metallic substructures. But in general, a re-design of the traditional seat design concepts 
is required to achieve cost-efficient solutions. Only if a system's design approach is adopted, 

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 3 

the possibilities of extrusions and castings to integrate functional design elements (for the 
purpose of reducing the number of parts and assembly cost) can be fully exploited.   

 

 
 

Aluminium seat design concept 

Selected examples of aluminium solutions for front and rear seats are described in the 
following subchapters.  
 

a) Front seats 

All front seats consist of backrests and lower seat frames.  Depending on individual 
specifications of the automobile manufacturer, the seats are configured with different 
adjustment mechanisms in manual or power versions: 

 Height adjustment allowing up and down movement by using a parallelogram-
type arrangement of lever-linked side frames. 

 Tilt adjustment of the seat; the seat frame tilt which is mostly adjusted at the 
same time with the fore and aft adjustment and height adjuster.  

 Back frame tilt adjuster; the adjustment is made through a recliner element which 
also connects the backrest with the lower frame.   

 Lumbar adjuster; the adjustable lumbar mechanisms allows to change the seat's 
back shape in the spine region to make it more comfortable. 

 Head rest height adjuster: In the beginning, the headrest was only a comfort 
feature.  Nowadays, headrests can also help to protect occupants against or 
minimize whiplash in a rear-end-crash.  

 
In principle, aluminium components can be used for the backrests, the lower seat frame (seat 
base) and the various adjustment mechanisms. Depending on the different requirements and 
functionalities of these parts, aluminium sheet stampings, tubes, extruded profiles, forgings, 
castings, or a mixture thereof can be used. But also mixed material designs are possible, e.g. 
aluminium or cast magnesium lower seat frames combined with high strength steel backrests. 
For the backrest, high strength is the main design criteria (better energy absorption in the 
event of a crash). Another possibility is a backrest where vertical high strength steel 
components are combined with aluminium extrusions for the horizontal parts.   
For the construction of seat back structures, extruded aluminium tubes have been widely 
proposed. In most cases, the designs are based on either one or more tubes. In order to 
properly support the acting loads, the cross-section of the frame should taper towards the top. 
As extruded shapes can only be produced with constant cross section, it is necessary to find 
manufacturing solutions for the taper. Two possible solutions are shown below. 
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Aluminium backrest with an extruded frame  
 

A single, double-tube extrusion with dimensions conforming to those required by the head 
rest is partly slit open along the frame sides. The tube ends are extended to accept a sheet 
metal insert which is attached to the tubes by welding and is screw fitted to the recliner. The 
rearward facing tube incorporates a groove for a secure form fit with an aluminium sandwich 
panels using structural adhesive. The shape of the two tubes has a crash-optimised design so 
that pull and push loads under crash impact can be absorbed. For the prototype production, a 
Metawell® aluminium sandwich panel was used. 

 

        Cross-section of the aluminium profile which was partially split and expanded 

 

There are also extrusion-based design concepts for the seat cushion. The seat cushion frame 
shown below consists of only two types of extruded profiles: a U-bent main frame extrusion 
with attached upper seat rail and a transverse member. Both extrusions also provide grooves 
for seat cover assembly. The transverse member has integrated screw channels for 
assembly, but is also adhesively bonded. The lateral flange is removed in the corners while 
still offering the possibility to weld these sections for additional stiffness.  

The continuous flange provides support for a seat-base suspension or a similar structure 
completing the functions of the seat-cushion frame. The fabrication of the seat-cushion frame 
can be combined with shearing and punching operations. This reduces manufacturing costs 
significantly. The extrusion of the seat-cushion frame is a truly unique shape utilizing all 
aspects of the extrusion process. A single extrusion incorporates all requirements of a seat 
base and even includes the upper seat tracks. 
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Extrusion-based design concept for the seat cushion 
 

Aluminium extrusion designs are of particular interest for modular design concepts. Flexibility 
is achieved by using a specific extruded cross section and  

 by simple variation of the bending parameters, one can realise different seat back 
heights and widths; or  

 by variation of the fabrication process and the bending radii, one can realize different 
seat cushion frame depths and widths.  

The calibration of the metal insert (recliner mounting) allows a defined response to load 
conditions for various crash requirements. Each seat back and seat cushion frame can be 
combined through the recliner with any other back or cushion frame. The modular design allows 
a universal use and offers a great potential for customised solutions.  

 
Modular seat design concepts using aluminium extrusions 

 
Another option is a dual-tube design which was developed for large volume production seats. 
The back frame of the front seats for the Mercedes-Benz A class model consists of two bent 
tubes that are connected by welding. The ends of the tubes run into a cast node which 
provides for the recliner fastening. The head rests are attached by an extra extruded section, 
which is also connected by MIG welding. 
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Dual-tube design for the backrest of the front seat: Patent DE 43 03 006 A1 Keiper (left) 
and realized structure (right) 

(Source: Keiper Recaro) 
 

The advantage of the dual-tube solution is the improved transfer and distribution of loads 
especially in the area of the recliner fastening. On the other hand, a single-tube solution is the 
more economic choice. 
Aluminium front seat backrests fulfilling the highest requirements can be designed for different 
applications. A modular concept developed for a low volume production, high performance 
car is shown below together with a front seat with the seatbelt mechanism integrated in the 
backrest frame. In the second case, utmost requirements regarding strength and load 
distribution have to be fulfilled.  

  

Aluminium backrest structures for a high performance car (left) and seat structure with 
integrated seatbelt mechanism (right) 

(Photos: SAG Aluminium) 
 

b) Rear seats 
Depending on the type of car, a differentiation between bench and single rear seat systems is 
necessary. The rear seats are part of a multifunctional vehicle's interior with many 
functionalities and individual solutions. Nowadays, rear seats are often adjustable as are front 
seats, and are more flexible (e.g. folding and removal options). Furthermore, with the 
seatbelts integrated into the seat's structure, the bearing points have to withstand very high 
loads.  
Seating comfort options for second and third row seats may include length and tilt adjustment, 
the adjustment of the head rest, armrests and for luxury vehicles even footrests. In addition, 
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optional folding, repositioning and even removal must be often possible. In order to provide a 
larger and flat cargo area, the backrest, and often also the seat area, can be folded in many 
cases. 
In general, rear seats can be divided into folding and/or sliding seats in station wagons, 
hatchbacks, or vans, and fixed designs for sedans. The backs of fixed seats usually do not 
contain specific structural components, but consist of an upholstered frame which is attached 
to the bulkhead separating the passenger compartment from the luggage boot. For folding 
seats, two different cases must be considered. The backrest of the rear seat in a station 
wagon is locked in position by bolts at the side. On the other hand, the individual rear seats in 
vans require a design similar to the front seats.  
For folding seats, unsecured luggage behind the seats presents an additional problem (not 
relevant for fixed seats). Even at relatively low speeds, the seat back may be subject to high 
forces due to the “flying” luggage. Under these conditions, a properly designed construction 
made from aluminium extrusions presents significant advantages and offers 25 – 30 % weight 
reduction compared to steel sheet designs.   
A rear seat in an aluminium sheet design has been developed by Keiper for the Mercedes-
Benz A class model.  The rear-seat system features an adjustable and foldable backrest 
structure, aluminium seat pans as well as a multifunctional seat supporting structure made of 
aluminium sheet stampings. The back seats are divided in a 1/3 to 2/3 ratio and can also be 
easily removed or folded into a space-saving transport position.  

 

Rear seat for Mercedes-Benz A class model 

 

An extrusion-based aluminium design has been used for the backrest of the rear seats of the 
Volvo V70. It is composed of two wide extrusions which are joined by friction stir welding. A 
number of different functions are built into the extrusion which minimises the need for further 
processing. The length of the backrest is produced in 60/40 and 40/20/40 partitions. This 
enables folding down of individual parts to increase storage volume. 

 

Two backrest profiles before joining by friction stir welding 

 
The photo below shows the welded backrest for the Volvo V70 and V70CX. 
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Backrest for the rear seat of the Volvo V70 
 

Newer developments focus on seat structures in mixed material design. As an example, 
Johnson Controls Automotive has developed a very light rear seat system where the rear part 
of the frame is partially made of aluminium and partially of steel. The two metals are joined by 
adhesive bonding and self-piercing rivets. Aluminium was chosen as the material for the 
upper and lower cross members. The reinforced side elements and crosspieces are made of 
steel. The result is a weight saving by 30% in comparison with the traditional seat structure 
without affecting safety requirements. The new joining technology also allowed a reduction of 
the thickness of the steel back panel from 0.6 to 0.4 mm. The multi-material structure is so 
resistant to stress that it complies with any standard in terms of durability, structural strength 
and stability even in case of impact.   
The mixed material design concept makes weight savings of 1 kg per seat structure possible. 
It is suitable for both front and rear seats. Seat elements that are subject to lower crash loads 
can be replaced by aluminium alloys, zones that are exposed to high crash loads are made of 
high strength steel. 
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Rear seat back frame made of aluminium and steel 

(Photo: Johnson Controls Automotive) 
 
 

7.1.2 Seat rails 

The front seats in a car are generally assembled with a slide rail which allows an adjustment 
of the longitudinal position of the seats in the passenger compartment. In specific cases, a 
seat rail may be also used for the fixation of second and third row seats. Seat rails are used 
both for manually and electrically adjustable seats. Using serration tools, cost-effective high-
precision seat slides allowing exact and reproducible positioning can be realized. Seat rails 
have to fulfil high quality criteria, there are very strict requirements regarding strength and 
crash worthiness as the seat rail is regarded as a safety component (it transfers forces from 
the driver / passenger to the car floor structure in case of a crash). 

 

Seat rail structure for an electrically adjustable seat 

(Source: Borse Fahrzeugteile GmbH) 

The application of aluminium extrusions for the seat rail allows the integration of many 
functions into the product. A major advantage of using extrusions is that it is easy to change 
or modify the product, i.e. to adjust stroke length or fixation points. The complexity of applied 
cross sections shows that a high degree of functionality has been integrated in these rails – 
from the standard sliding structure to crash interlocking systems.   
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Extruded aluminium seat rails 

(Photos: SAPA Aluminium / FWB Brökelmann Aluminium) 
 

Ball bearing mechanisms were not able to gain general acceptance on the market as they 
tended to produce "chatter marks" resulting in a reduced serviceability. The majority of seat 
rails is therefore Teflon-coated or equipped with other plastic gliders. Extruded aluminium can 
be surface treated in different ways. Anodising is used when there is high demand for 
resistance to wear, for example when the seat must be frequently moved. Powder coating can 
be used to reduce friction when wear is not an issue. 
 
 

7.1.3 Other seat components 
A range of other seat components are also produced in aluminium. Of particular interest are 
seat components where the application of aluminium castings offers, in addition to 
lightweighting, important possibilities for part integration (i.e. cost reduction). Some examples 
are shown below. 
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Aluminium arm rest produced by high pressure die casting (Magsimal®-59 in the as-
cast state) 

(Photo: Aluminium Rheinfelden) 
 

The arm rest is a multifunctional partition element which is used in the front and rear area. 
The arm rest combines comfort with functionality.  Although functional as an arm rest, it can 
also be used for multiple options, e.g. as a storage area or a cup holder, it can be equipped 
with DVD players, CD changers or mobile phone capabilities, etc.  
 

 
Seatbelt spool  

(Photo: TCG Unitech) 
 

Another application of a high quality aluminium casting is the spool of the seatbelt reel up and 
tightening mechanism. In case of a crash, coupling jaws are pressed into the sidewall by a 
pyrotechnic device in order to tighten and fix the seatbelt. Therefore, a high ductility of the 
spool material is necessary.  
 

 
Rocker arm for the back seat 

(Photo: Aluminium Rheinfelden) 
 

A third example for a cast aluminium component which must fulfil highest requirements is the 
rocker arm for the back seat in the Mercedes-Benz E class. The rocker arm is subjected to 
very high dynamic loads in the crash case as it must support all the cargo in the baggage 
compartment. The part is made from the alloy Silafont®-36 in the as-cast state. 
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7.2 Interior trim 
The cool impression of metallic surfaces associates a high level of sportiness and modernity. 
Aluminium with its durable shiny surface appearance, the different product forms and the 
large variety of possible surface treatment methods is particularly suited for such applications. 
Consequently, aluminium is increasingly the material of choice for high quality decorative 
display and design purposes in the interior of today’s cars.  

Aluminium sheets, extrusions, castings and forgings for decorative applications must meet 
extremely high manufacturer standards, including impeccable surface quality and a high 
degree of shine. There are many different types of attractive decorative aluminium surfaces. 
The aluminium surface can be ground, brushed, polished to a high gloss, matt-finished, 
pattern rolled, etc. For additional protection, it can be coated with a clear lacquer; it can be 
also anodized, plated with nickel or chrome, etc. An interesting option is for example satin 
brushed aluminium sheet which is insensitive to fingerprinting. This machine-polished 
brushed aluminium sheet effect gives a directional grained appearance that provides 
uniformity of finish while also helping to remove surface defects. 
 

 
 

Aluminium interior trim applications 
(Photo: BMW) 

 

 
Aluminium interior trim applications 

(Photo: Novem) 
 

Aluminium foil is also often specified as an alternative to aluminized plastic trim when a long 
lasting, but more economical solution is required. The aluminium foil can be laminated or 
encapsulated. New alloys, brush finishes, anodising, embossing and coating techniques have 
extended the use of aluminium foil and thin strip into some demanding applications such as 
doorsills and fingerplates. 
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7.3 Passenger protection 

7.3.1 Airbag components 
 
The design of the airbag is conceptually simple; a central airbag control unit monitors a 
number of related sensors within the vehicle. When the requisite threshold is exceeded, the 
airbag control unit triggers the ignition of a gas generator propellant to rapidly inflate a fabric 
bag. As the vehicle occupants collide with the airbags, the gas escapes in a controlled 
manner through small vent holes.  
Various airbag components ranging from housings to functional parts are made from 
aluminium. Many different aluminium product forms are applied.   

 
 

Cast aluminium housing for the airbag control unit 
(Photo: TCG Unitech) 

 
Precision extruded aluminium components are a preferred material for airbag housings. 
Another possibility to produce aluminium airbag housings is high pressure die casting. 
 

     
 

Aluminium airbag housings 
 

 

 
 

Die cast aluminium airbag housing  
(Photo: Dynacast) 
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Inflator body canisters can be manufactured from aluminium tubes, e.g. using the rotational 
forming technology developed by voestalpine Rotec. The rotational forming technology (also 
applicable to steel tubes) enables the adjustment of flexible wall thicknesses. Compared to 
other technologies, this technology requires significantly less forming tools (i.e. lower 
production cost). Another applicable production method is cold impact extrusion. The 
advantage of these technologies is that one end cap is already integrated. 
   

                  
  

Inflator body canisters produced by rotational forming (left) in a mixed steel/aluminium 
design and by impact extrusion (right)  

 (Photos: voestalpine Rotec/Pohlman) 

Separate aluminium end caps are produced by impact extrusion or forgings. These production 
methods deliver near-net shaped starter blanks that drastically reduce CNC machining time 
and material scrap. The result is a fully wrought component with uniform grain structure 
maximizing the strength, toughness and machinability of the material. 

  

Impact extruded (left) and forged (right) starter blanks for airbag end caps 

(Photos: Pohlman/Alcoa) 

Also precision deep drawn aluminium components are found in multifaceted automotive 
applications, e.g. in airbags. The dimensions of these small and precise deep drawn and 
stamped aluminium parts are 1 mm to 60 mm diameter, maximum length of 90 mm 
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Small deep drawn aluminium parts made from thin aluminium sheet material, e.g. used 
for airbags 

(Photo: Stüken) 

 

7.3.2 Energy absorbing aluminium elements  

Energy absorbing aluminium elements can also be used as part of the passenger protection 
system in the car interior against certain crash scenarios (e.g. knee or head impact). The 
challenge facing designers of impact protection systems is to absorb the maximum amount of 
energy within a minimum amount of space. 

In case of a frontal crash, there is a danger that the knees of the driver (and, to a lower 
degree, also the knees of front passengers) hit a stiff structure. A possibility to protect the 
knee is the introduction of “deployable” knee bolsters which are basically airbags for the 
knees. Another possible knee protection design is a crushable barrier under the dashboard 
that stops the knees from striking hard surfaces during a crash, reducing the likelihood of 
serious leg injuries. Such a deformable barrier can be made using a properly designed 
extruded aluminium profile. Other measures used to line interior surfaces and to protect 
passengers in the event of accidents include laminated and corrugated foil tubes and 
sections, aluminium foams or honeycomb structures made from aluminium foil.  

 
Aluminium knee bolster  
(Photo: SAG Aluminium) 

 
Specific types of energy absorbing elements are aluminium-paper composite components. 
Designed for passive occupant protection during impact, they conform to the requirements of 
the US standard for head impact in the upper passenger compartment (FMVSS 201) as well 
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as side impact (FMVSS 214). The patented OHLER® Energy-Absorption-Elements are widely 
used in interior zones such as roof lining, main frame, pillar trim, knee bolster, door panel, 
bumper beam and bumper cover panel. 
 

 
Aluminium-paper composite energy absorption elements 

(Photo: Novelis) 
 

The aluminium-paper composite tubes are multi-layered wound and grooved elements with 
one to three aluminium layers and a paper layer on the inner and outer surface (layered 
structure from the inside to the outside). The required capacity of energy absorption can be 
adjusted by the selective combination of both materials. After an intense energy build-up, the 
force level will be constantly held over the deformation path to absorb the energy uniformly. 
Decisive advantages are the nearly constant force - deformation path characteristics in the 
temperature range of -40°C up to +110°C, the low weight and 100% recyclability. The top 
layer made of paper serves as prevention against rattling. They are currently used in areas 
like roof lining, pillar trim, knee bolster, door panel, bumper beam cover panel, etc. 

 
 

CrushLiteTM aluminium honeycomb material absorbs energy by crushing under load 
(Photo: Plascore) 

 
Another solution is provided by honeycomb energy absorbers. Aluminium honeycomb 
possesses remarkable kinetic energy absorbing properties. The honeycomb crushes under 
load in a uniform way, preventing damage to the supporting structure. Being virtually free of 
rebound and lighter than alternative materials, aluminium honeycomb structures are most 
reliable, efficient and practical energy absorbing materials. They are widely used in the 
automotive industry for impact protection and crash test barriers.  

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 17 

Aluminium honeycomb materials show predictable energy absorption properties, a high crush 

strength-to-weight ratio and yield at a constant force providing reliable and consistent energy 

absorption in almost any environment. Aluminium honeycomb structures are available as 

untrimmed sheets, cut to size, machined to complex shapes. They can be easily integrated 

into many applications requiring uni-axial deformable energy absorption. Similarly, aluminium 

foams can be also applied for energy absorption purposes. 
 

7.4 Insulation and air distribution 

The durability and heat insulating properties of aluminium foil qualify it for use in several 
components. It adds dimensional stability and permanence to soft linings in passenger 
compartments. It lends security against the spread of flame thanks to its incombustibility and 
heat conductivity. Passenger comfort is also enhanced through the reduction of noise levels 
using sound absorbent foil laminated tubes and padding components. As part of internal 
linings and insulation composites, aluminium foil adds only minimally to weight.  

Flexible corrugated tubes created from aluminium foil - often laminated with fibre and other 
substrates depending on their function - provide the essential ducts for heating and cooling 
ventilation and for the protection of cables and articulated components. The ducts are light, 
durable and fire resistant. 

 

 

Heat protection tubes made from aluminium foil 
(Photo: Novelis) 

 
Heat protection tubes are made by layering several kinds of aluminium alloy foil and other 
materials such as fibreglass and plastic with corrugations. The excellent reflectivity of the 
aluminium external surface reflects radiant heat, and its insulating power additionally serves 
to protect the tube's content from heat sources. An insulation layer on the inside provides 
additional protection to the component against the transfer of heat. The tubes are very flexible 
and dimensionally stable, but can be compressed or extended as required. They can also be 
fastened or mounted easily by crimping the end fittings.They can be used to protect any kind 
of hose, tube, conduit and ducting, as well as cable and wiring systems. 
Air flow routing tubes (CARADUCT® tubes) are designed to channel different kinds of air to 
appropriate destinations. They are multi-layer, grooved, flexible tubes that are wound from a 
combination of aluminium foil and paper layers. They possess a particularly high crushing 
strength and very good insulation properties. Through high flexibility and small bending radii, 
they offer the user the ability for a good space usage, particularly when positioned in corners. 
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Flexible Tubes for Hot & Cold Air Distribution 
(Photo: Novelis) 

 

7.5 Controls 

Aluminium is the preferred material for the production of customized control elements for the 
aftermarket. It can be used for example to produce attractive hand brake handles, steering 
wheels as well as accelerator pedals, clutch pedals and brake pedals. 

 

 

Aluminium controls for the aftermarket  

 

But aluminium components are not only used for their visual appearance. Many steering 
wheels include for example an aluminium cast structure. 
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Cast aluminium steering wheel (alloy Magsimal®-59) 

(Photo: Aluminium Rheinfelden) 

Another application for aluminium products are the pedals (accelerator, clutch and brake 
pedal), mainly in the form of cast components, but there are also extruded variants. 

 
 

Pedal extrusion (alloy EN AW-6063) 
(Photo: Otto Fuchs) 

 

 
 

Cast aluminium parking brake pedal (A206 T7)  

mailto:auto@eaa.be


 

Version 2013 © European Aluminium Association (auto@eaa.be) 20 

 
 

Pedal bracket assembly for the Audi A6 
(Photo: KSM Casting) 

 

7.6 Aluminium housings  
Aluminium is often used for different types of housings, in particular for electronic enclosures. 
Most interesting in this respect is the shielding effect against electromagnetic fields. But also 
the thermal properties of aluminium (high heat capacity and good thermal conductivity) are 
important decision factors. 

 
 

Deep drawn aluminium electronic enclosures 
(Photo: Norpin) 

 

 
 

Housing for an automotive rain sensor (alloy: Magsimal®-59)   
(Photo: Dynacast) 
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Aluminium electronic housing with overmoulded connectors (left) and heat sik with 
overmoulded connector housing (right) 

(Photo: TCG Unitech) 
 

Aluminium housings can be produced using either deep drawn sheets, extruded profiles with 
properly designed cross sections and castings. Attractive possibilities are offered in particular 
by aluminium/plastic electronic housings. In this case, aluminium die cast components are 
CNC machined and combined with suitable plastics in the injection moulding process. 
 
 

7.7 Aluminium armouring solutions 
An armoured car is a security vehicle where armoured plates are inserted into the body 
panels. But unlike a military armoured car, a civilian armoured car typically looks no different 
from a standard vehicle. Armoured civilian vehicles are often used in conflict zones or where 
violent crime is common, but also for presidential limousines, etc. In addition, they are 
routinely utilized by security firms to carry money or valuables.  
Aluminium is generally employed for armouring of vehicles when light weight is a necessity. 
Traditionally, the aluminium alloys used for armoured vehicles and related applications are 
high strength, heat-treatable alloys of the EN AW-6xxx, 2xxx and 7xxx series. But also low-
density and cost efficient EN AW-5xxx series alloys with excellent ballistic properties, good 
weldability and outstanding corrosion resistance are often used. Selection of alloy by the 
vehicle designer requires consideration of the type of threat in each particular area of the 
vehicle, but also must take into consideration other characteristics such as manufacturability 
(forming, joining, etc.) and corrosion resistance (in particular stress corrosion resistance). 

Composite armour is a type of vehicle armour consisting of layers or mixtures of different 
material such as metals, plastics, ceramics or air (foam-type materials). Most composite 
armours are lighter than their all-metal equivalent, but instead occupy a larger volume for the 
same resistance to penetration. It is possible to design composite armour stronger, lighter and 
less voluminous than traditional armour, but the cost is often prohibitively high, restricting its 
use to especially vulnerable parts of a vehicle. Its primary purpose is to help defeat high 
explosive anti-tank (HEAT) rounds. Aluminium composite materials are often used, in general 
in combination with other the traditional armouring material as armour steel or aramid.  

An example is “Kryon” which is a carbon nanotube aluminium metal matrix composite 
developed by Bourque Industries. The infusion of carbon nanotubes into the proprietary 
aluminium alloy allows the creation of armour materials with exceptional ballistic capability 
and low weight. Its ballistic capability stems from its unique characteristic of dissipating 
extreme amounts of heat in a very short period of time using a small amount of material.  
 

7.8 Aluminium cables 
Aluminium cable systems offer a cost-effective, lightweight wiring alternative that enables up 
to 45 % weight reduction compared to traditional copper core cables, providing equal 
conductivity. The saving is made possible by the fact that aluminium has a significantly lower 
specific weight than copper (2.7 compared to 8.9 g/cm3), but a considerably advantageous 
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electrical conductivity (60 compared to 100 % IACS for copper). Thus the aluminium cable is 
slightly larger than a copper cable with the same electrical conductivity due to the required 
greater cross section of aluminium. 
 

 
Aluminium cable systems for automotive applications 

(Photo: Delphi Aluminium Cable Systems) 
 

Aluminium cable systems enable improved fuel economy due to mass savings and lighter, 
easier vehicle assembly and, depending on the actual raw material price, also cost savings. A 
range of aluminium cable sizes is available, depending on the intended application (for wiring 
harnesses, from 0.75 to 8 mm2, and for power/battery cable from 10 to 120 mm2). Also 
appropriate solutions for the necessary connections are available. 
 

 
Attachment of a threaded bolt (left) and a flexible termination (right) to an aluminium 

cable by ultrasonic welding 
(Photos: Telsonic) 

 

Of the roughly 3’000 m of cable that a modern vehicle contains, the connection between the 
battery and the engine is generally the bulkiest single cable. The weight reduction potential on 
this component is particularly large when the battery is located in the rear of the vehicle. The 
replacement of the copper battery cable by a solid aluminium busbar may save 40 to 60 % (or 
up to 3 kg). The solid busbar can be bent in all three dimensions and, thus, it can be perfectly 
fitted directly on or underneath the vehicle’s chassis. It is insulated with a halogen-free 
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polyethylene jacket. Depending on the type of vehicle, it can have a length of more than 4 m 
and be deployed in either a single or twin track version.  

In addition, there is the distinctive characteristic that the increased diameter, which aluminium 
conductors would normally necessitate, can be avoided with larger cross sections. Its solid 
structure and a special manufacturing process considerably reduce the busbar’s diameter. 
Compared with a multi-core copper cable with a 15.5 mm diameter, the aluminium busbar of 
identical conductivity has a diameter of less than 14 mm. The technology thus helps to 
address the issue of diminishing installation space. Also, handling the rigid busbar is easier 
than in case of a limp cable, i.e. it saves time on installing in the vehicle.  

 
 

 
Aluminium busbar which can be fitted directly on or underneath the vehicle’s chassis 

(Source: Leoni) 
 

7.9 Aluminium in the lighting system 

Modern reflectors are commonly made of compression-moulded or infection-moulded plastic, 
though glass and metal optic reflectors also exist. Nowadays, however, aluminium is hardly 
used for automotive headlight reflectors. Today 95% of the headlight reflectors are 
manufactured from bulk moulding compounds (BMC). 

 
 

Aluminium reflectors for headlights 
(Photo: IAI) 
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Aluminium sockets for Xenon (left) and LED (right) headlight bulbs  

 

Car fog light with an aluminium body for heat dissipation and license plate light with an 
aluminium radiator 

 

7.10 License plates 
Aluminium sheet is the ideal material for the production of car licence plates. Rolled 
aluminium strips are pre-treated for the application of reflective foil or decoratively painted for 
non-reflective licence plates. The alloy composition and mechanical properties as well as the 
surface coating must comply with country-specific requirements. 
Modern embossed aluminium security number plates, manufactured using a retro-reflective 
foil, usually also contain further security features in order to prevent counterfeiting, tampering 
attempts or duplication and to ensure controlled production, issuing and subsequent 
monitoring by the responsible authorities.  
 

 

 

Embossed aluminium licence plate with an applied reflective foil 
(Photo: Novelis) 
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Alternatively, the “semi shear” method (also known as the French system) is used to 
manufacture reflective number plates made from acrylic / PET material. In this case, the 
embossing and colouring processes are not carried out in two independent steps. Differently 
from standard aluminium embossed number plates, semi shear number plates comprise of a 
combination of coloured aluminium foil on top of a base of reflective foil which is the 
background on the finished plate. Using specially designed tools, the alpha numeric is 
simultaneously embossed and scored through the outer foil. The scored reflective foil can 
then be removed from the embossed numbers and letters, the clean aluminium is revealed 
and the number plate is ready for application to the vehicle. 
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Design – Introduction 
 
Holistic design makes the difference 
 

Fill in the blank. “——— was the ideal choice for this product, because it 
provides us the thinness and lightness we want in the portable category, great 
strength-to-weight ratio, and it also provides us some really nice options from a 
finishing perspective.” 
 
If you said “plastic” you’d be wrong, or at least that’s what Dan Riccio, VP 
product design at computers and consumer electronics maker apparently thinks. 
 
Courtesy Tony Deligio 
Published: December 12th, 2008 in Plasticstoday.com 

 
 
Why aluminium? 
 
 It seems that this manufacturer did a value analysis and saw that the combination of 
excellent heat dissipation, improved stiffness and strength and the decorative finish 
possibilities outweighed the additional product cost compared to simple plastic computer 
casings. 
 
'Value analysis' was probably born in the automotive business. Given the wide choice of 
materials and processes now available, value analysis of the envisaged component or system 
is today of highest importance for automotive designers who are seeking to meet the present 
technical, economical and ecological challenges. 
  
The value of a specific product is inevitably interpreted in different ways depending on the 
point of view. A straightforward approach is to look for the product which meets all the various 
technical requirements at the lowest cost, considering both material and manufacturing cost. 
Another possibility is to express value by maximising the service capability of a product 
relative to its cost: 
 
Value = (Performance + Capability)/Cost 
 
In some cases the value of a product can be raised by increasing both its functions 
(performance or capability) and its cost as long as the added functions increase more than 
the added cost. A third possibility is to evaluate the cost of a component - which provides the 
necessary function – in terms of an additional component characteristic (e.g. its weight). The 
results of such evaluations are for example the lightweighting cost, i.e.  € per kg weight 
saved. This approach, however, often requires the simultaneous optimisation of many 
performance functions in order to obtain the quality and robustness needed for practical 
applications. 
 
A holistic approach to design will refer to both of these methods in order to compare and 
select the best solutions at decision points or gates that define the starting point for the next 
phase of the development process. 
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Purpose and scope  
 
Design Methodology 
 
Competitive application of aluminium in lightweight automotive structures requires  
an aluminium-oriented design approach. When substituting heavier materials, in general steel 
and/or cast iron, it is most important that design &engineering takes into account the differing 
physical and chemical material properties of aluminium. Furthermore, the effects of the 
different materials characteristics on the production processes must be considered. But it is 
also to exploit the full potential of new, innovative manufacturing technologies uniquely 
offered by the application of aluminium alloys.  
 
A simple material substitution seldom results in an optimum technical and economic solution. 
There are only few exceptions, for example if one or more of the fundamental properties of 
the substituting material is the dominant requirement for the envisaged application (e.g. the 
outstanding thermal properties of aluminium compared to steel in case of a heat shield).  
 
For this reason, automotive designers often start with the definition of the boundaries of the 
problem (design brief or cahier de charge); the functional requirements of the final product, 
the cost target, the planned time to market and the likely production concept as well as an 
idea about the end-of-life strategy.  The “design methodology” section will emphasis these 
design phases as well as outline some of design tools currently used by car designers and 
engineers. 
 
Due diligence requires the implementation of risk elimination procedures when new materials, 
processes or analysis techniques are used.  Often, a risk assessment model is developed by 
the experts at the vehicle manufacturer with the collaboration of their key component or 
process suppliers. Hence, it is now common to include a preliminary value analysis into the 
risk assessment process.  Combining risk assessment and a value analysis can provide 
valuable insight into features that are, or are not, worth including into the final product.  This is 
the preferred method for designing with aluminium where the choice of the product form, the 
alloy and the delivery condition are important for the cost and the performance of the final 
product. For example, simplified value analyses have been included in the two case studies. 
 
 
Design with aluminium  
 
This section lists and explains some design aspects particular to aluminium in its most often 
used product forms.  The intention is to provide the basic guidelines required for designing 
cost effective, genuine aluminium structures and components with automotive industry 
standard practices for low, medium and high volume automotive products. 
 
The more detailed considerations will mainly focus on the design of the car body, but the 
general approach is also applicable to aluminium applications in other vehicle applications. 
 
In the course of  time, the car manufacturers have developed an enormous wealth of 
experience regarding design, manufacturing and use of car bodies made from steel sheets. 
Steel sheets in various grades, from highly deep-drawable qualities to ultra high strength 
steels, are today still the dominating material in the automotive industry. In comparison, 
aluminium sheets, extrusions and castings are “new” materials and there is a lack of 
experience in the design and manufacturing of cost-effective aluminium components for 
automotive applications at least within a significant part of the industry. 
 
 
Aluminium design for functional performance  
 
Designing structures and components for optimum and predictable in-service performance is 
the quest of vehicle manufacturers and their component suppliers.   
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Best practice design requires knowledge of how to exploit the special properties of the chosen 
materials and fabrication technologies in order to achieve the desired performance targets. 
This section focuses on some design considerations taking into account the specific 
characteristics of aluminium alloys and their influence on the: 

 structural stiffness and strength, 
 crashworthiness, 
 fatigue life, 
 corrosion avoidance and protection strategies for mixed metal structures, 
 failure prediction, and 
 end-of-life vehicle treatment / recycling 

of the envisaged product. 
 
 
Aluminium design for cost optimisation  
 
Material and semi-finished product forms must be selected early in the design phase so as to 
optimise the overall cost, weight and most suitable production technology for the required 
volumes. Investment costs and piece price can be significantly influenced during the design 
process, i.e. by the shape and dimensions of the individual components, the joining 
requirements, etc. Most important is the selection of appropriate manufacturing processes. 
Significant cost reductions can be realized by the application-orientated selection of design 
principles and fabrication technologies, in particular by the exploitation of all possibilities 
offered by the aluminium extrusion and high pressure die casting technologies with respect to 
part integration and reduction of tooling cost.  
 
This section provides some guidelines for the identification of the best starting point for an 
economic design with aluminium. 
 
 
Case Studies 
 
This section contains case studies that identify the most important aspects of aluminium 
products and properties that should be considered in the design process to maximise the 
performance and minimise the cost of implementation.   
 
In some cases existing components are examined in order to identify validated transferable 
design principles.   Future development potential is assessed by considering the capabilities 
of new design tools, manufacturing techniques and alloy capabilities. 
 
Currently, two case studies are available, i.e. “Crash management system (CMS)” and 
“Bonnet & boot lid”. 
 
 
Disclaimer 
 
The information in this publication is general in nature and is not intended for direct 
application to specific technical or scientific projects. The European Aluminium Association 
cannot be held liable for any damage, costs or expenses resulting from the use of the 
information in this publication.  
 
For additional information please contact your aluminium supplier to be able to discuss details 
directly with the relevant experts. 
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1. Design methodology 

1.1 The design challenge: Low weight, low cost, low carbon 
footprint and high performance 

 
The principal reason for introducing aluminium into automobiles, i.e. the application of 
aluminium alloys for vehicle components, sub-assemblies and full vehicle structures is to 
achieve a significant weight reduction compared to traditional car designs based mainly on 
steel and cast iron. At the same time, the aim must be to develop designs that are easy to 
manufacture and cost effective whilst meeting the required performance criteria. 
 
Today, the design and manufacture of cars must not only satisfy engineering criteria, but also 
fulfil environmental, social and political aims, such as minimising waste and deposition, 
satisfying recycling targets, respecting health and safety regulations as well as reducing 
emissions and saving resources. High emphasis is now given to the environmental 
performance of an automobile over its total life cycle. The aim is to minimise the overall 
environmental impact of the vehicle production stage (including materials production), service 
life and end-of-life phase (including recovery and recycling of the materials).  
 
A particular challenge is the treatment of end-of-life vehicles. In the future, therefore, it is 
envisaged that increased emphasis will be put on the disassembly of selected components for 
optimum recovery of the material value. This will enhance the traditional recycling route of 
end-of-life vehicles (shredder and subsequent metal sorting).  Design for disassembly is thus 
an important development theme, requiring careful consideration of material combinations 
and manufacturing methods during early design phases in order to meet both ecological and 
cost targets. 
 
The finally realised weight of a system or a sub-system, however, may not be the lowest 
weight achievable since cost is generally an overriding issue.  Nevertheless, with proper 
application, lightweighting with aluminium almost always delivers an improved performance of 
the vehicle in addition to the lower fuel consumption (which translates into lower CO2 
emissions). Lightweighting with aluminium enables better acceleration, shorter braking 
distance, easier handling, increased car body stiffness and a lower centre of gravity at a 
modest cost increase, factors which also contribute in particular to an enhanced safety 
performance. 
 
A good example of for such a performance enhancement is body structure of the Audi TT 
roadster. Different aluminium product forms, but also steel are used at specific locations in the 
body structure with the following results: 
 

 Weight reduction of 100 kilograms compared to an equivalent all steel construction  
 Significantly reduced body-in-white mass for coupé and roadster versions (weight 

reduction of 100 kg leading to a total weight of 206kg) 
 Balanced front / rear axle weight distribution 
 Improved torsional stiffness (coupé +50%, roadster +100%). 

 
An interesting part is the lower A post, a high pressure die cast multi-functional aluminium 
component that links the side member, the sill, the A post and the wind-shield cross-member. 
The specific benefits include a very precise part geometry and the maximum use of the 
available space to ensure high stiffness and structural integrity in crash. 
 
For the car owner, the extensive use of aluminium translates to:   

 Easier handling during cornering 
 Shorter braking distance 
 7.5 to 12.5 grams lower CO2 emissions per kilometre 
 Lower fuel consumption 
 More uniform tyre wear. 
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Body structure of the AUDI TT roadster 

Source: http://www.automobilesreview.com/tag/tt/ 

 
 
The body structure consists of 140 kg Aluminium (68%): 

 63 kg of sheet, 
 45 kg of castings, 
 32 kg of extruded sections, 

as well as of 66 kg steel (32%). 
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1.2 Introduction to the design process described in this 
manual 

 
Automobile manufacturers have at their disposal a wealth of expertise in designing and 
manufacturing vehicles with a wide range of materials. The body structure and the skin panels 
have traditionally been manufactured from various steel grades. However, with the current 
focus on the reduction of fuel consumption and overall greenhouse gas emissions, other 
materials, and in particular aluminium, are used to achieve a significant reduction in the 
weight of the car body. 
 
While most of the general design principles that have been developed for steel are also valid 
for aluminium structures, best results are always obtained if there is enough design freedom 
to apply an aluminium-oriented design, rather than just to substitute aluminium for steel in 
existing part designs. 
 
This section will describe a design process that is later illustrated by case studies.  Some 
vehicle manufacturers and first tier suppliers are already expert with aluminium as the 
example of the Audi TT structure shows.  They have developed sophisticated procedures 
based on their accrued knowledge, in order to manage the design process with aluminium. 
We hope, however, that the following will be a useful introduction for both young and 
experienced engineers who wish to explore more fully the differences between designing with 
steel and aluminium. 

1.2.1 Overview of design process 
 
A design process can be used for further developing existing objects or for producing 
completely new ones. The detailed content of each design project is likely to be different since 
it will depend on its specific objectives, the starting point and the available resources. Certain 
logical steps are often taken in order to be able to make qualified decisions selecting the best 
of the options available at specific points along the time-line called gates. 
 

Design Pre-Prototype Design Development Industrialisation
New technology scanning / 
Concept studies

Prototype Studies Detailed Design Product and Process 
Design / Validation

Industrialisation 
and Trials

Pilot 
runs

SOP 
ramp

GATE   
Technology 

Selection 

GATE                     
Design Freeze

GATE 
Tooling 

Simulation 
Acceptance                  

Tooling tryout
manufacturing 

plant

GATE  
Implementation

Readiness

GATE        
Prototype 
Selection 

GATE                    
Design & 
Process 
Sign-Off 

Tooling 
tryout at 
tooling 

manufacturer

SOP

Design Brief      
(Cahier de 
Charge)

 

Time-line for complete Concept to Start of Production (SOP) projects 

Source: Roger Hall 

 
The single common element in all design projects is the design brief that describes the overall 
objectives of the project, such as, for example, “an electric niche vehicle with a very short 
wheelbase, whose target customer is young families living in the city”, etc.    
 
The design brief is then translated into specific deliverables for each department working on 
the project. Typical deliverables might include weight reduction, improved safety for 
occupants and pedestrians, cost reduction, etc. 
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The scope of a design project is further defined by detailed product requirements and the 
imposed constraints which form the specific boundary conditions of the project. 
 

 

Some common project boundary conditions 

Source: Roger Hall 

1.2.2 Design Phases and Objectives 
 
In the automotive industry, “clean sheet” design projects are relatively rare because of their 
long duration, high cost and potentially higher risk than the development of proven designs, 
but also because of the possibilities ti integrate carry-over parts. Some examples of recent 
“clean sheet designs” are the Mercedes SLS, BMW 1 series, Fiat 500 and the GM electric 
vehicle.  The advantages of a clean sheet design include a full freedom in the location and 
choice of power unit, power train and suspension.  Thus they are most interesting for vehicles 
using new, alternative power systems. Better packaging can improve safety and access to 
hydrogen storage units or batteries and other rigid components that may be required by fuel 
cell and electric motor powered vehicles.  Improved packaging of the main functional units 
directly influences the potential to maximise the ratio of passenger compartment volume to 
the vehicle length (e.g. important for the attractiveness of city cars for families). 
 
When designing with aluminium, a clean sheet approach will also deliver more efficient 
structures. Larger beam sections, large thin-walled castings and straight or bent extrusions 
may be used more effectively and also packaged to deliver stiffness and strength targets as 
efficiently as possible. 
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Design and Development Projects 

Source: Roger Hall 
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Design and development projects can start at different points along the above time-line 
according to their nature and the degree of experience that has been accumulated with all of 
the relevant technologies. 
 
Until the mid-1980’s, aluminium applications in the car body and in particular all-aluminium 
vehicles were very rare and almost all car manufacturers envisaging the use of aluminium for 
structural applications worked intensively with their materials suppliers, universities and 
engineering partners to validate aluminium-oriented design concepts.  Nowadays, aluminium 
concept studies tend to concentrate on the development of new technologies delivering 
greater design possibilities, improvements in car body stiffness and crash energy absorption 
capability, final quality and cost reduction. 
 
Aluminium structures are becoming more cost and weight efficient owing to the development 
of stronger, more formable alloys, better joining systems and the availability of improved 
numerical simulation methods for aluminium. Simultaneous engineering enables the 
integration of new technologies at all phases of the design and development project. 
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Simultaneous activities for a typical project 

Source: Roger Hall 
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1.2.3 Design Tools 
 
New materials and processes can lead to step-change improvements in product performance 
and attractiveness.  The drawback is that, until they are fully known, there is always an 
associated risk that needs to be managed.   
 
In reality, even known products can suddenly develop a new failure mode. There are four 
main levels at which physical uncertainty or scatter is seen: loads, boundary / initial 
conditions, material properties, and geometry.  Numerical simulation assumptions and 
simplifications add another equally important form of uncertainty that may not be associated 
with the physics of the problem. The automotive industry is no stranger to these problems and 
has adopted and developed many tools to enable robust and efficient production of vehicles.   
 
This section intends to highlight the major differences between aluminium and steel that 
influence the physics that forms the basis for design decisions from concept to product sign-
off.  These differences are highlighted by a brief discussion of aluminium in a multi-material 
structure using basic tools that are already familiar to most automotive design engineers.   
 
DFMEA – Design Failure Modes and Effects Analysis 
This is an iterative process that becomes more refined as the design and development 
process matures.  Its aim is to identify potential failure modes, identify corrective actions and 
to assess remaining risk.  The designer can also use this technique to identify useful physical 
properties of the material that might otherwise go unnoticed. 
 
Consider the four main uncertainties identified by Dr Marczyk in the context of a stamped 
aluminium panel in a steel structure. 
 

Boundary / 
initial 

Conditions 

Material 
Properties

Load

Joining Mechanical
E, , Rp, Rm, Ag,.. 

Vibration

Thermal

Thermal
DBTT, Conductivity, 

Emissivity, Expansion 
Coefficient, ...

Impact

Stiffness of 
attached structures

Internal stress

Environment

Aluminium Panel in Steel Structure

Geometry

Shape

Assembly

TolerancesShaping
n-value, r-value, ...

Gravity

Air pressure

Structure Loads

Resistance
Electrical, Corrosion, 
Thermal, Radiation, 

Magnetic, ...
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Under each major heading is a list of the parameters which have an affinity with each other, 
and which might be important for the design of the envisaged component. Potential 
manufacturing and in-service conditions may be thus investigated and the high-risk items can 
be identified for solution very early in the design or development stages. 
 
The selected parameters that are relevant for the design concept may then be laid out as a 
herring-bone diagram in order to add further details for each parameter. In the simplified 
example shown below, the product form is assumed to be a stamped sheet panel. 
 
 

 
 
Once all of the options have been considered, one or more potential solutions can be outlined 
specifying the aluminium product form, alloy and temper, surface conditions, joining methods, 
etc.  These then form the boundary conditions for the design development process. A herring-
bone diagram may be omitted for the further development of an existing, proven design 
unless one or more of the major parameters is significantly changed. 
 
Aluminium components can be shaped by a wide range of technologies including various 
casting techniques, hot forging, cold forging, room temperature stamping, warm forming, 
super-plastic forming, spinning, extruding, roll forming, etc.  Each of these forming processes 
has some specific limitations regarding the applicable alloy compositions, but it has also an 
effect on the final material properties that have to withstand the loading conditions. Some 
major differences between aluminium and steel with respect to the most commonly used 
automotive component forming operations: 
 

 Casting 

◦ Lower energy requirement (casting temperatures lower than steel and iron) 

◦ Wide range of available casting methods 

▪ Steel dies may be used because of low melting point of aluminium 

▪ Advanced high pressure die casting processes produce thin-walled high 
precision parts with very low porosity delivering almost wrought properties 

 Extrusion 

◦ Only available for aluminium (and magnesium) as commercial products 

Adhesive Bonding

Cold Metal Transfer

Rivet Bonding

Spot Welding

Laser Brazing

Flame Brazing

Linishing / Polishing

Friction Stir Spot welding

Joining / Finishing 

Robot Control

Hand Machine

Emery Cloth

Methods

Yield Strength

Tensile Strength

Expansion coef ficient

Creep

Elastic Modulus

Conductivity

Properties

OEM

Do It Yourself

Repair Shop

Re-work Line

Competence

Steel

Aluminium

Zinc

Copper

Al2O3

Carbon

Material

Temperature Cycling

Paint system

Degrease

Salt / Acid 

Scratches

Rain / Hail

Environment

Potential 
Solutions

Material

Properties

Joining / 
Finishing

Environment

Competence

Methods
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 Roll forming 

◦ Suitable for aluminium and steel 

◦ Aluminium may require more rolling stands than steel of the same strength 

◦ See Stamping comments for E, galling, n and r values 
 Stamping 

◦ Elastic Modulus  

▪ More spring back compensation may be required than for comparable 
strength steel grade (Elastic modulus of aluminium 1/3 of steel) 
 

◦ Yield surface / Locus shape 

▪ Aluminium is closer to TRESCA than HILL 48 (commonly used for steel) 

▪ Use Cazacu-Barlat, Vegter or Hill 90 for aluminium 

◦ Friction 

▪ Tends to be slightly higher than with galvanised steel sheet 

▪ Appropriate surface topographies and modern hot melt lubricants minimise 
this difference 

◦ Galling 

▪ Lower surface hardness and melting point than steel 

▪ Use suitable tooling materials and lubricants 

◦ Low temperature ductility 

▪ Ductility of aluminium improves at low temperature 

▪ Ductile brittle transition temperature (DBTT) is not an issue for aluminium 

◦ Strain rate sensitivity 

▪ Very low sensitivity at room temperature (compared to steel) 

▪ Flow stress and plastic strain tends to increase with increasing strain rate 

◦ Work hardening (strain hardening exponent n) 

▪ Higher than equivalent strength steel grades 

◦ Plastic Anisotropy (Lankford coefficient r) 

▪ Inferior to steel at room temperature 

▪ result of a deep-drawing operation is, however, for aluminium sheets less 
dependent on the r-value than for steel sheets 

 
 
In sheet stamping, these differences between aluminium and steel produce correspondingly 
different post forming thickness and strain distributions in the final part.  Additionally, local 
design and process modifications, for example to compensate for the low r value, may further 
influence the local material characteristics in the formed panel and thus the behaviour of the 
final part under critical loads such as a crash. 
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Experimental and theoretical yield loci and r-value - AA 3103-O 

Source: Proceedings of the Romanian Academy Series A, Volume 3, Number 3/2002. 
Recent Anisotropic Yield Criteria for Sheet Metals 

 
 
In the example outlined below in more details, the idea of inserting an aluminium panel into a 
steel structure is considered simultaneously from product, operating environment and 
manufacturing perspectives. Additional details on the function of the panel need to be added 
now in order to complete the FMEA specification. We will define its function as a non-visible 
panel defining the central floor of the vehicle. 
 
Software tools are commercially available for engineers to construct and track an FMEA 
process.  Most vehicle manufacturers have developed their own systems that enable a high 
degree of integration with their other product development management activities.  This 
section aims to demonstrate the main principles of risk and benefit assessment that 
automotive design engineers use in order to make informed and reasoned decisions when a 
new application of aluminium may be required. 
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Prepared by RWH / MS

Date 14/04/2010

Revision 1.0

Failure Mode Effects of Failure Severity  Causes Occurrence  Controls Detection  Risk Priority 

Number 

Proposed Corrective Actions Responsible Completion 

Date

(S) (O) (D) (S*O*D) Actions 

taken

S O D RPN

Water ingress 2 Gap in joint 0 FEA & Test 5

Noise / Vibration 2 Relative movement 0 " 3

Passenger protection 10 Modified load paths 1 " 4 40

Water ingress 2 Gap in joint 2 " 4 16
Noise / Vibration 2 Relative movement 1 " 3 6

Passenger protection 10 Modified load paths 3 " 5 150 Analyse loads / add rivets / add adhesive Analysis /Materials 7/5/10 Y 5 1 5 25

Water ingress 2 Gap in joint 2 " 4 16
Noise / Vibration 2 Low clamping force 2 Quality 10 40

Passenger protection 10 Modified load paths 3 FEA & Test 10 300 Analyse loads / add rivets / add adhesive Analysis /Materials 7/5/10 Y 1 1 5 5

Corrosion Strength 4 Dissimilar materials 5 Test 8 160 Rivet Coating/ paint & sealing Materials / Test 7/5/10 Y 1 1 5 5

Assembly 

feasibility

Hole misalignment 7 Build tolerances 4 Manufacturing 

Engineering

4 112 Larger clearance hole on insertion side CAD / Test 7/5/10 Y 3 2 4 24

Access Joint design 5 Gun Clearance 5 Manufacturing 

Engineering

4 100 Simulation of Robot path and fouling Manufacturing 

Engineering

7/5/10 Y 5 1 1 5

Cost of Rivet Business case 5 Number needed 5 Product 

development

5 125 Identify areas where pitch can be relaxed Product development 7/5/10 Y 5 2 5 50

Labour Cost Business case 7 Manual operation 4 Manufacturing 

Engineering

4 112 Only use on niche vehicle volumes Manufacturing 

Engineering

N 7 4 4 112

Component Cost Business case 6 Hole Drilling 4 Manufacturing 

Engineering

3 72

Cycle time Business case 5 Location of holes 5 Manufacturing 

Engineering

4 100 Larger clearance hole on insertion side Manufacturing 

Engineering

7/5/10 Y 3 2 4 24

Cost of Gun Business case 3 Number needed 1 Manufacturing 

Engineering

1 3 Manufacturing 

Engineering

Water ingress 2 Gap in joint 0 FEA & Test 5

Noise / Vibration 2 Relative movement 0 " 3

Passenger protection 10 Modified load paths 0 " 4

Water ingress 2 Gap in joint 1 " 4 8
Noise / Vibration 2 Relative movement 0 " 3

Passenger protection 10 Modified load paths 1 " 5 50

Water ingress 2 Gap in joint 1 " 4 8
Noise / Vibration 2 Relative movement 1 Quality 10 20

Passenger protection 10 Modified load paths 1 FEA & Test 10 100 Analyse loads / add rivets / add adhesive Analysis /Materials 7/5/10 N 10 1 10 100

Corrosion Strength 4 Dissimilar materials 5 Test 8 160 Rivet Coating Materials / Test 7/5/10 Y 1 1 5 5

Clamping Force 5 Build tolerances 4 Manufacturing 

Engineering

4 80

8 Incompatible Material 

strength

3 Product 

development

5 120 Test extreme combinations Product development 7/5/10 Y 3 3 5 45

10 Incompatible 

thicknesses

4 Product 

development

5 200 Test extreme combinations after alloy 

combinations window identified

Product development 7/5/10 Y 3 4 5 60

Joint design 5 Gun Clearance 5 Manufacturing 

Engineering

3 75

Joint design 10 Only single side 

access

5 Product 

development

3 150 Assembly sequence / put flange on extrusion Analysis / CAD / 

Production

7/5/10 Y 10 1 1 10

Cost of Rivet Business case 3 Number needed 5 Product 

development

5 75

Labour Cost Business case 7 Fully automated 1 Manufacturing 

Engineering

4 28

Component Cost Business case 0 No special 

preparation required

0 Manufacturing 

Engineering

0

Cycle time Business case 5 Weight of Gun 1 Manufacturing 

Engineering

4 20

Cost of Gun Business case 8 Number of Guns 8 Manufacturing 

Engineering

1 64

Part / Process Name / N° Aluminium Floor Panel in steel structure

Design / Manufacturing Responsibility Advanced Design / Manufacturing

POTENTIAL ASSESSMENT

Description / Purpose Results

Layer failure

Blind Rivet: floor/sill

Self piercing Rivet: floor/sill 

and seat runner

Access

Assembly

Shear strength

T Peel /tension

Fatigue

Shear strength

T Peel /tension

Fatigue

 
 

Typical FMEA tracking sheet for joining 

 

 
The concept of failure mode potential is simple, but like any prediction, it relies heavily on 
experience.  It forms an important part of risk and benefit analyses that are normally carried 
out and updated periodically for review at each design gate.   
 
In this context, failure means that the component, assembly or system does not meet the 
requirements of the design intent. 
 
As the concept matures, the potential risks should all have some corrective action in order to 
pass the decision gate allowing the concept to proceed through to the next phases.  If 
perceived benefits outweigh the resulting risks or cost of investigation and correction, then the 
concept may continue.  A greater level of confidence is required for each subsequent decision 
gate, and it is usual for a panel of experts to contribute to this process in order to arrive at 
implementation readiness for design integration, and later implementation readiness for 
production. 
 
The FMEA sheet in its simplest form is made up of three parts: 

1. List of potential risks 
2. Proposed corrective actions 
3. Results of actions 
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Failure Mode Effects of Failure Severity  Causes Occurrence  Controls Detection  Risk Priority 

Number 

(S) (O) (D) (S*O*D)

Water ingress 2 Gap in joint 0 FEA & Test 5

Noise / Vibration 2 Relative movement 0 " 3

Passenger protection 10 Modified load paths 1 " 4 40

Water ingress 2 Gap in joint 2 " 4 16
Noise / Vibration 2 Relative movement 1 " 3 6

Passenger protection 10 Modified load paths 3 " 5 150

Water ingress 2 Gap in joint 2 " 4 16
Noise / Vibration 2 Low clamping force 2 Quality 10 40

Passenger protection 10 Modified load paths 3 FEA & Test 10 300

Corrosion Strength 4 Dissimilar materials 5 Test 8 160

Assembly 

feasibility

Hole misalignment 7 Build tolerances 4 Manufacturing 

Engineering

4 112

Access Joint design 5 Gun Clearance 5 Manufacturing 

Engineering

4 100

Cost of Rivet Business case 5 Number needed 5 Product 

development

5 125

Labour Cost Business case 7 Manual operation 4 Manufacturing 

Engineering

4 112

Component Cost Business case 6 Hole Drilling 4 Manufacturing 

Engineering

3 72

Cycle time Business case 5 Location of holes 5 Manufacturing 

Engineering

4 100

Cost of Gun Business case 3 Number needed 1 Manufacturing 

Engineering

1 3

Water ingress 2 Gap in joint 0 FEA & Test 5

Noise / Vibration 2 Relative movement 0 " 3

Passenger protection 10 Modified load paths 0 " 4

Water ingress 2 Gap in joint 1 " 4 8
Noise / Vibration 2 Relative movement 0 " 3

Passenger protection 10 Modified load paths 1 " 5 50

Water ingress 2 Gap in joint 1 " 4 8
Noise / Vibration 2 Relative movement 1 Quality 10 20

Passenger protection 10 Modified load paths 1 FEA & Test 10 100

Corrosion Strength 4 Dissimilar materials 5 Test 8 160

Clamping Force 5 Build tolerances 4 Manufacturing 

Engineering

4 80

8 Incompatible Material 

strength

3 Product 

development

5 120

10 Incompatible 

thicknesses

4 Product 

development

5 200

Joint design 5 Gun Clearance 5 Manufacturing 

Engineering

3 75

Joint design 10 Only single side 

access

5 Product 

development

3 150

Cost of Rivet Business case 3 Number needed 5 Product 

development

5 75

Labour Cost Business case 7 Fully automated 1 Manufacturing 

Engineering

4 28

Component Cost Business case 0 No special 

preparation required

0 Manufacturing 

Engineering

0

Cycle time Business case 5 Weight of Gun 1 Manufacturing 

Engineering

4 20

Cost of Gun Business case 8 Number of Guns 8 Manufacturing 

Engineering

1 64

Description / Purpose

Layer failure

Blind Rivet: floor/sill

Self piercing Rivet: floor/sill 

and seat runner

Access

Assembly

Shear strength

T Peel /tension

Fatigue

Shear strength

T Peel /tension

Fatigue

 

Potential risks: Joining aluminium to steel with the selected joining systems 

Source: R Hall / M Shergold 

 

Severity of failure (S) is a subjective measure unless numerical simulations or experience can 
quantify the consequences of a failure with respect to the function of the component or the 
end user. Occurrence (O) is an estimate of the probability of failure.  Anticipated loading, 
environment and mechanical properties of the system elements can help to define this rating 
in the early design stages. Detection (D) is an estimate of the capabilities of the controls to 
detect the cause of failure. S, O and D values of 10 indicate maximum risk, RPN of 125 or 
greater indicates a high priority risk. 

 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 15 

 
Proposed Corrective Actions Responsible Completion 

Date

Analyse loads / add rivets / add adhesive Analysis /Materials 7/5/10

Analyse loads / add rivets / add adhesive Analysis /Materials 7/5/10

Rivet Coating/ paint & sealing Materials / Test 7/5/10

Larger clearance hole on insertion side CAD / Test 7/5/10

Simulation of Robot path and fouling Manufacturing 

Engineering

7/5/10

Identify areas where pitch can be relaxed Product development 7/5/10

Only use on niche vehicle volumes Manufacturing 

Engineering

Larger clearance hole on insertion side Manufacturing 

Engineering

7/5/10

Manufacturing 

Engineering

Analyse loads / add rivets / add adhesive Analysis /Materials 7/5/10

Rivet Coating Materials / Test 7/5/10

Test extreme combinations Product development 7/5/10

Test extreme combinations after alloy 

combinations window identified

Product development 7/5/10

Assembly sequence / put flange on extrusion Analysis / CAD / 

Production

7/5/10

Actions 

taken

S O D RPN

Y 5 1 5 25

Y 1 1 5 5

Y 1 1 5 5

Y 3 2 4 24

Y 5 1 1 5

Y 5 2 5 50

N 7 4 4 112

Y 3 2 4 24

N 10 1 10 100

Y 1 1 5 5

Y 3 3 5 45

Y 3 4 5 60

Y 10 1 1 10

Results

 

Proposed corrective actions and results of actions 

Source: R Hall / M Shergold 
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This example would not be considered as the end of the FMEA, since some high ratings 
remain to be investigated. 
 
To complete the assessment of the joining system, we need to compare the specific features 
and capabilities of each system.  The features that have been identified as benefits for our 
specific case can then be highlighted enabling the best choice to be identified easily. 
 

Responsibility

Prepared by RWH / MS

Date 14/04/2010

Revision 1.0

Features

Single Side Access

Dissimilar materials in layers

Different layer thicknesses

Accepts high thicknesses Ratio

Misalignment tolerance

Corrosion resistance galvanic

Piece price

Component (drilling) cost

Gun Price

Cycle Time

Shear strength

Peel Strength

Fatigue strength

Single Side Access

Dissimilar materials in layers

Different layer thicknesses

Accepts high thicknesses Ratio

Misalignment tolerance

Corrosion resistance galvanic

Piece price

Component (preparation) cost

Gun Price

Cycle Time

Shear strength

Peel Strength

Fatigue strength

Check particular case

Advantage

Disadvantage

Blind Rivet: floor/sill 

Self piercing Rivet: floor/sill

Part / Process Name / N° Aluminium Floor Panel in steel structure

Advanced Design / Manufacturing

Description / Purpose

Low

High

High

High

Check with manufacturer & test

Check with manufacturer & test

Check with manufacturer & test

No

Select appropriate coating

High

High

High

Select appropriate coating

Low

High

Medium

High

Medium

No

Low

Low

Rating

Yes

Yes

Yes

Yes

Yes

 

Comparison of features of two joining systems 

 
Such an evaluation can also lead to the identification of specific areas where the unique 
advantages of aluminium can be exploited. In this example, an extruded sill section with a 
shear flange could be used to accommodate cross car slip tolerances. 
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a) Design Optimisation 

Many definitions and techniques come under this heading, but all have one thing in common, 
the refinement of an existing design. Design optimisation is an iterative procedure usually 
employed in the design development and industrialisation phases. 
 
Design optimisation should not be confused with striving to obtain the highest performance 
since this may only be obtained in most cases at the cost of the robustness of the solution.   
 
An affinity matrix approach can be useful to help to identify the parameters that need to be 
included into the optimisation boundary conditions, the variables and the object function we 
wish to minimise in order to obtain an “optimal” solution. 
 
Considering our example: 
 

Aluminium Panel in Steel Structure

Boundary / 
initial 

Conditions 

Material 
Properties

Load

Joining Mechanical
E, , Rp, Rm, Ag,.. 

Vibration

Thermal

Thermal
Conductivity, 
Emissivity, 
Expansion 

Coefficient, ...

Impact

Stiffness of 
attached 
structures

Internal stress

Environment

Geometry

Shape

Assembly

Tolerances
Shaping

n-value, r-value, ...

Gravity

Air pressure

Structure Loads

Resistance
Electrical, Corrosion, 
Thermal, Radiation, 

Magnetic, ...

Boundary conditions 
and Loading

Function to Minimise

Optimisation 
Variables

 

Selection of the parameters for an optimisation analysis 

 
As the number of variables and object functions increase, so does the complexity of the 
optimisation process.  Non-feasible results can be obtained if boundary conditions and 
variables are defined incorrectly. 
 
In this case the variables can be further defined as: 

 Joining 

◦ Structural adhesive 

◦ Rivet 

◦ Rivet + mastic 

◦ Rivet pitch 
 Shape 

◦ Flange length 

◦ Flange root radius 

◦ Material thickness. 
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All commercial finite element optimisation software packages require that the optimisation 
process is controlled by boundary conditions that define the practical spatial, geometrical, 
material-related and loading limits of the problem. 
 
The drawback of any optimisation analysis is that it is very difficult to know if the identified 
solution is robust. This issue has lead to the development of statistical methods for finite 
element predictions (see brief discussion of Stochastic analysis). Furthermore, it is difficult to 
include the effect of tolerance on each of the parameters used. Another danger is that some 
important parameters may not be selected, although, affinity matrix methods can help to avoid 
this problem. 
 
Aluminium extrusions and castings lend themselves particularly well to geometrical and 
limited topological optimisation tools. 
 
Aluminium sheet parts can benefit from the very tight tolerances on rolled thickness.  
Aluminium has a density of one third of that of steel, with similar if not tighter rolling 
tolerances.  This combination enables a higher degree of mass optimisation than can be 
obtained with commercially available sheet steel. It is usual to try to minimise mass which 
automatically reduces material cost and carbon foot print, although many other object 
functions may be chosen. 
 

b) Topological optimisation 

Topology optimisation relies on algorithms that manipulate two- or three-dimensional spatial 
relationships with given materials properties to satisfy all functional requirements of a system 
within a given package.  This technique is most often used in early design phases when 
packaging is defined. 
 
Most linear finite element analysis software offers this capability.  In the most general cases, a 
somewhat organic structure is identified as the optimum solution, satisfying all of the defined 
load cases and boundary conditions. 
 

 

Design space for topological optimisation 

Source: Aachen Body Engineering Days 2009, Realization of an Uncompromising 
Sportscar Concept, The Body of the Mercedes SLS AMG 

 
While careful definition of the design volume can steer the optimisation process, it is usually 
necessary to further develop the shapes to produce feasible solutions for rolled and/or 
extruded products. 
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Structure proposed by topological optimisation 

Source: Aachen Body Engineering Days 2009, Realization of an Uncompromising 
Sportscar Concept, The Body of the Mercedes SLS AMG 

 
Topological optimisation is a particularly suitable technique for aluminium solutions.  The low 
density of aluminium and the possibility of a consequent wall thickness adaptation often make 
it possible for cast and extruded aluminium products to achieve close approximations to the 
output from these optimisation tools while delivering significant weight savings compared to 
other technologies. 
 

c) Optimisation and stochastic methods 

Finite element (FE) simulation is increasingly used for the prediction and validation of the 
performance of automotive components and sub-systems.  Unfortunately, this approach 
cannot in itself address uncertainties in tolerances, loading and boundary conditions. 
 
Optimisation techniques are most useful in the early design phases where the part geometry 
is dimensioned according to the nominal loads and packaging constraints. It may then be 
necessary to judge the robustness of the “optimised” solution using stochastic methods.  If 
used correctly to further modify the design parameters in order to avoid an undesired 
behaviour, then the final result will be efficient and robust. 
 
Monte Carlo Simulation techniques are used to enable for uncertainties to be modelled and 
run on the computer thousands of times.  In this way, FE analysis and test results can be 
compared to verify that the model represents the functional reality.  It enables the 
identification of many failure modes that might otherwise not be known.  It is also possible to 
identify which variables are to be controlled most stringently in order to avoid random 
behaviour in highly non-linear systems. 
 
These studies are very expensive, but their results can be very valuable in explaining what 
might influence bifurcation in behaviour.   
 
Ant-hill plots are used to identify chaotic and deterministic behaviours. 
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Ant-hill plot showing system response to a variation of barrier angle 

Source: Uncertainty Management in Automotive Crash: From Analysis To Simulation, 
J. Marczyk Ph.D 
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2 Design with Aluminium  
 

2.1 Introduction 
 

2.1.1 Holistic design makes the difference 
 
The main reason for introducing aluminium into vehicle components, structural modules and 
full vehicle structures is to achieve a significant weight reduction compared to a conventional 
design. Depending on the specific application, the weight reduction potential ranges between 
25% and over 50%. Significant weight reduction possibilities exist even compared to a 
modern vehicle body designed using advanced high strength steel grades. In a recent study 
by ika Aachen “Stiffness and Crash Relevance of Car Body Components”, the strength and 
stiffness relevance of typical components of a state-of-the-art, reference compact class car 
body including closures were quantified for selected global crash and stiffness load cases. 
Using these values, the resulting weight reduction potential of intensive high-strength steel 
usage was assessed to be approximately 11 %. For the same reference car, the weight 
reduction potential is approximately 40 % when steel is substituted by optimized aluminium 
materials. The finally realised weight reduction, however, is often not the lowest technically 
achievable weight. Generally, cost considerations and/or production issues are an overriding 
issue. In many cases, the opportunities offered by appropriate aluminium solutions are also 
exploited to increase the vehicle stiffness to obtain a performance enhancement at a modest 
increase in cost and weight. 
  
At the same time, the aim must be to develop easily manufacturable and cost effective 
designs that meet the required structural criteria. Competitive use of aluminium in lightweight 
automotive structures requires an aluminium-oriented design approach. A simple material 
substitution does not result in an optimum solution from a technical, economical and 
ecological point of view. There are only few exceptions, especially if one or more of the 
fundamental properties of the substituting material is the dominant requirement for the 
specified application (e.g. the outstanding thermal properties of aluminium compared to steel 
in case of a heat shield). 
 
In the development of aluminium-oriented designs, consideration must be given to the total 
system from the forming of the single components to the final assembly and surface finishing. 
A total system approach is particularly important for structural modules and full vehicle 
structures, since structurally efficient joints can enhance structural stiffness, crash 
performance and fatigue endurance of the car body, while a plurality of joining systems may 
primarily add cost and even lead to a reduced structural performance of the vehicle. 
 
Genuine aluminium designs look for solutions where the opportunities offered by aluminium-
specific fabrication technologies, such as the extrusion of hollow and/or multi-chamber 
profiles or the high quality casting of thin-walled, intricately shaped components, can be 
exploited to the maximum. The integration of additional functions into a component and/or the 
reduction of the number of components (part integration) offer good chances for cost-efficient 
aluminium design concepts. In addition, the selection of joining methods particularly suited for 
aluminium, which provide punctiform (self-piercing riveting, friction stir welding, etc.) or 
continuous joints (structural adhesive bonding, laser welding, etc.) may provide significant 
technical and cost advantages.  
 
The most common design criteria for a vehicle structure are strength (crash performance), 
stiffness, and fatigue endurance, with stiffness usually being the most challenging to meet 
because aluminium has a lower elastic modulus than steel. The Audi space frame structure 
shown below in its first version is an example of a vehicle structural design where a 
considerable enhanced stiffness was achieved in addition to a lower weight and - based on 
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the target production volume - at acceptable cost.  
 

 

Audi space frame (A8 (D2), 1994) 

Source: Audi 
 
For high production volumes, car body structures mainly based on aluminium sheets are most 
cost-efficient. The monocoque body structure of Ford's P2000 PNGV prototype shown below 
is an example of a structure where structural adhesive bonding and tailor-welded blanks have 
been used to minimise weight while maximising structural stiffness. 
 

 

Body-in-white of Ford's P2000 prototype sedan, an adhesively bonded stamped sheet 
structure 
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Source: Alcan 
 
 

2.1.2 The cost of lightweighting with aluminium  
 
The application of aluminium in the car body offers significant weight reduction potential, but 
in general the saved weight is also connected with some additional cost. Compared on a pure 
mass basis (i.e. price per kg), the aluminium price is well above that of steel. However, 
depending on the specific applications, it is more meaninful to compare the material price on 
a volume basis or based on the applied surface. But even in such comparisons, there is 
usually a clear cost difference between the two materials. In addition there may be some 
process-related extra costs for aluminium within a traditional automobile manufacturing plant 
which are primarily due existing equipment not optimally suited for aluminium processing 
and/or missing aluminium processing know how and experience. 
 
Detailed studies showed that from a user point of view, extra costs caused by lightweighting 
are accepted up to a certain amount. The level ofthe acceptable extra cost depends on many 
factors (type of car, production volume, etc.), but in particular on the specific aluminium 
application. The resulting weight reduction is of particular interest for components and 
structural modules where an additional customer benefit can be realised, for example 
improved driving performance of the car (more equal axle load distribution, lower center of 
gravity, smaller unsprung masses) or a easier handling of hang-on parts (doors, tailgates, 
hoods, etc.). In general, the value of lightweighting decrases from the front to the rear and 
from top to bottom of the car body.  
 
Therefore the development of automotive design and manufacturing concepts which are 
optimally adapted to aluminium - and thus also most cost-effective - has highest priority. A 
significant cost reduction can be realized by the application-orientated selection of design 
principles and fabrication technologies. Significant cost reduction potentials are present in the 
total production chain of the car body when the specific benefits of aluminium as a 
construction material are fully capitalised by the skillful exploitation of the advantages of 
aluminium in an overall system approach. Such considerations are particularly important 
when applying the sheet design concept which is most favourable for large volume 
production. Furthermore, as a result of the reduced body weight, additional secondary weight 
and cost saving potentials possibilities may exist in the powertrain as well as in the chassis 
and suspension.  
 
In addition, a substantial contribution to the reduction of the total life cycle costs of an 
aluminium car will be provided by the recycling of the end-of-life vehicle. Today, a significant 
part of the proceeds from the end-of-life treatment step originates from the recycling of the 
metals contained in the vehicle - in particular the aluminium fraction. Unless dismantled 
before the shredder operation, the non-metallic materials end up in the automobile shredder 
residue (“fluff”) which must usually be disposed liable to pay costs. Therefore, the growing 
application of aluminium in the automotive market secures in the long term also the 
economical treatment of end-of-life vehicles. Aluminium is almost completely recovered and 
predominantly used again in the form of casting alloys in the fabrication of new automobiles 
(engine blocks, cylinder heads, transmission cases, pistons, suspension parts etc.). The 
processing of the recovered aluminium scrap forms the basis of an separate, economically 
important branch of the aluminium industry with highly developed processing techniques and 
methods meeting all environmental standards. 
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2.1.3 Mixed material design 
 
The partial or complete substitution of steel sheets in the car body by lighter aluminium 
products takes place:  

 in the form of individual hang-on parts or structural modules integrated into a car body 
otherwise made from steel, preferentially where the reduced weight also offers the 
realisation of additional advantages or 

 by the consistent aluminium lightweight design of the car body (complete or largely, 
e.g. an aluminium front section).  

Apart from the intensified use of aluminium hang-on parts, aluminium sheet components with 
structural functions will be integrated more and more into steel car bodies in the future. The 
extent of such a mixed material design can vary considerably and reach from individual 
aluminium structural modules in a steel body to an aluminium body with a few steel 
attachements. The importance of the all aluminium car body will grow in future in particular for 
upper class models and sports cars in niche applications and for small series production. 
However, in mass production, mixed material constructions where steel provides the strength 
and the stiffness of the body structure and aluminium sheets are the prefered material for 
closure parts will be the dominating body design concept.  
 
For hang-on’s, the advantages of aluminium can be easily realised without a need for 
substantial changes in component design or manufacturing. Their integration into the steel 
body offers relatively little problems and aluminium components fulfill at least the same 
performance requirements as their steel counterparts. 
 
More difficult is the integration of structural aluminium comonents or modules into a steel body. 
There are two major design and production issues: 
 

- The coefficients of thermal expansion of aluminium and steel differ distinctly.  Smaller 
temperature variations as observed for example in the car body under normal service 
conditions do not present any difficulties. But problems may arise if a mixed 
aluminium/steel body is subjected to large temperature changes, such as for example in 
the lacquer bake hardening step which takes place at temperatures around 180°C. Proper 
design measures and carefully selected joining parameters, however, often enable a 
solution of the resulting issues. 

- The potential appearance of galvanic corrosion effects must be considered in particular in 
connection with mixed material car body structures. It is normally better to isolate steel as 
the “nobler“ contact partner (from an electro-chemical point of view) using a non-
conductive coating. If the less nobler partner is coated, there is the danger that a local 
damage in the coating will lead to an intensified corrosion attack due to the concentration 
of the attack on a much small surface area. 

 
In practice, there are generally appropriate solutions for these corrosion protection and thermal 
load cycling problems. But a detailed analysis of the specific situation and careful 
consideration of the potential solutions is always required for multi-material automotive 
systems, i.e. mixed material car bodies, some powertrain assemblies as well as chassis 
structures.  
 
Additional attention must be given to the treatment of end-of-life vehicles. Disassembly and 
separate recycling may be evaluated for larger components. The alternative is shredding and 
subsequent material separation. Shredding is currently the preferred method for the recycling 
of automobiles. The recycling industry is equipped to automatically separate ferrous and non-
ferrous materials. Joint seams containing aluminium and steel will be usually found in the 
steel bin after separation. Aluminium is generally considered beneficial for secondary steel-
making operations since it is commonly added to deoxygenate in order to produce aluminium-
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killed (AK) steel. If in sufficient quantity, aluminium may also deliver the added benefit of 
combining with nitrogen to form aluminium nitride, which has the effect of pinning grain 
boundaries during subsequent processing. However, steel is an undesirable impurity for 
aluminium. 
 
Including these issues into early design phases can considerably improve manufacturing 
costs related to the management of build tolerances and the end-of-life ecological impact of 
multi-material body structures. 
 
 
 

 
 

Audi TT ASF©, a sheet-intensive hybrid space frame combining an aluminium structure 
with a steel sheet assembly in the rear  

 
Source: Audi 
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2.1.4 The role of production volume 
 
The combination of all possible aluminium product forms opens a wide variety of design 
concepts, characterized by functional modularity and different final assembly needs. 
However, the decisive factor in the selection of the optimum design concept - and as a result 
the applied aluminium product forms - is generally the envisaged production volume. High 
volume production looks for minimum material (component) cost and low assembly cost, but 
can afford relatively high investments both in tools and manufacturing equipment. In contrast, 
low volume production asks for minimum investment cost whereas component and assembly 
cost play a less important role. Thus for low volume production, hybrid structures using 
castings and extrusions in addition to stampings provide a cost effective way for achieving 
efficient structural assemblies.  

The aluminium structure of the Ferrari Modena incorporating straight and slightly bent 
extrusions, some castings and few, fairly simple sheet parts is an excellent example of an 
optimized design for low volume production. 

 

 

Body-in-white structure of the Ferrari Modena  

Source: Alcoa 
 
In particular the aluminium extrusion technology with its relatively low tooling cost lends itself 
to the low volume production of automotive components. This is valid in particular for 
machined, straight and/or two-dimensionally bent extruded parts. However, more complicated 
subsequent operations (e.g. hydroforming for improved geometrical tolerances) may add 
significant costs. Most interesting in this respect are also high quality aluminium casting 
technologies (i.e. sand casting, high pressure die casting, etc.) due to their inherent 
competency to produce components in fairly complex shapes. 
 
On the other hand, the tooling cost for conventional sheet stampings are in most cases quite 
significant and need to be spread over a large volume in order to be competitive with other 
aluminium part forming methods. Consequently, depending on the planned production 
volume, the various aluminium product forms can be used in varying proportions, sizes and 
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shapes. In addition, the aluminium components can also be combined with other materials 
(stamped steel sheets, plastic and composite parts and even magnesium castings). 
 
 

 
Variation of aluminium component cost with production volume (schematic 

representation) 
 

Source: Novelis 
 
In addition, many other factors have to be considered when designing cost effective, genuine 
aluminium automotive structures and components for low, medium and high volume series. 
These considerations may lead to various design solutions resulting from the need to balance 
all the competing product requirements as well as the various manufacturing techniques with 
their specific opportunities and constraints.  
 
As an example, a range of special aluminium sheet forming methods based on the use of 
active media are of interest for small series and niche applications. Their aim is an extension 
of the conventional forming limits of aluminium materials and/or to take into account 
manufacturing aspects looking for cost efficiency (in particular reduction of the tooling cost). 
Forming methods like hydromechanical sheet forming, rubber press forming and superplastic 
forming require, for example, only a mould half and are therefore highly suitable for lower 
production volumes. 
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2.1.5 Integration of functions and parts integration 
 
Aluminium extrusions and castings offer great possibilities to exploit the benefits of a 
reduction of the number of parts or an integration of additional functions into structural 
components. But also the aluminium sheet technology offers specific opportunities. When 
designing components and structures in aluminium, it is most important to take advantage of 
the all the available product forms to reduce both part mass and cost. A reduction of the 
number of individual parts that have to be made and assembled reduces the necessary 
tooling, handling and assembly operations, and the elimination of joints will also improve the 
overall dimensional accuracy, fatigue durability and structural stiffness.  
 
 

a) Extruded aluminium sections 
 
Extruded aluminium profiles are two - dimensional design elements with the advantage that 
there are little design limitations with respect to the complexity of the cross section 
(geometrical design, variation of wall thickness, multi-chamber cross sections, additional 
flanges, etc.). Subsequent forming (e.g. bending, hydroforming, etc.) and machining 
processes also allow for limited three - dimensional design capability. These possibilities can 
be fully exploited in the car body structure. Interesting possibilities are the incorporation of 
integral webs into extrusions, e.g. to increase their stiffness or energy absorption capacity, 
and/or the addition of external flanges to provide a connecting surface for other parts of the 
assembly.  For aluminium profiles, the strength requirements are very often not the limiting 
factor as the minimum wall thickness is mainly determined by the manufacturability of the 
profile (“extrudability”). 
 
The figures below illustrates how a single roof rail extrusion can replace a three component 
stamped and welded assembly while providing a flange for connecting onto the roof and 
another for the door window seal. 
 

 

Stamped sheet and extruded roof rail sections illustrating integration of functions in 
the extruded version 

 

Furthermore, the unique advantages of the aluminium extrusion technology proved to be the 
decisive factor to achieve the present market penetration of aluminium in crash management 
systems for automotive applications: 
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 Proper multi-chamber cross section design enables closely controlled energy 
absorption characteristics  

 Multi-wall profiles offer high redundancy if a wall fails in a crash (most important to 
ensure the envisaged crash behaviour also in non-standard crash situations) 

 Cross section design with tailored wall thicknesses allows the application of thicker 
walls only where required for additional lightweighting. 

 

 

Multi-chamber aluminum profiles with an appropriate cross section design for 
optimum crash absorption characteristics 

Source: Constellium 

 

Side impact beam with a load-optimized cross section optimized for minimum weight 

Source: Constellium 
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b)   Aluminium castings 

Aluminium castings, in particular high quality thin walled structural castings produced by 
sophisticated casting techniques, enable single cast parts to replace components and sub-
assemblies constructed from multiple stampings, again eliminating the need for joining 
operations and thus improving dimensional accuracy, stiffness and part integrity.  
 
Typical applications are cast nodes and large structural components in space frame car body 
designs. However, while castings allow a single complex part to be made serving several 
functions, considerable care must be taken in production to achieve the required ductility and 
fatigue endurance. Closely controlled special casting techniques and an elaborate tool design 
based on finite element analysis and numerical modelling of the filling and solidification 
process must be used to ensure that a high freezing rate and low porosity are obtained in the 
structurally critical regions.  

 

Lower rear suspension control arm produced in A356 alloy by low pressure die casting 

 
The lower rear suspension arm casting in A356 alloy for the Lincoln Mark VIII shown here 
replaced a ductile iron one which in turn replaced an assembly of 17 steel stampings.  
 
Today, thin walled high pressure aluminium die castings are established structural elements 
for car body constructions. Apart from the availability of a top quality pressure die casting 
process, the decisive factors for the successful application of such structural die castings in 
car body design are the correct choice of the alloy composition and the applied heat 
treatment. A illustrative example is the MIG welded sub-module from the front end of the Audi 
A2 shown below. The sub-module consists of the strut dome and the upper and lower front 
longitudinal members, an assembly which is subject to high structural and crash loads. Such 
structural assemblies produced by appropriate high quality vacuum high pressure die castings 
- which may also include other aluminium components - are extremely crashworthy. They can 
be joined by various welding (MIG, Laser or hybrid welding), mechanical joining techniques 
(bolting, riveting incl. self-piercing rivets) as well as adhesive bonding and easily integrated in 
a mixed material body concept. 
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Structural assembly of three thin-walled High-Q-Cast components from the front end 
of the Audi A2 (left); appropriate alloy and process developments ensure good crash 

energy absorption characteristics (right) 
 

Source: Alcan 
 
 

c) Aluminium sheets  

The integration of functions and parts is, up to a certain amount, also possible with aluminium 
sheets. A possibility to achieve the integration of functions into sheets is the development and 
application of tailored blanks, i.e. aluminium blanks where the material characteristics are 
locally varied in a controlled manner ahead of the stamping operation. Tailored aluminium 
blanks can be produced by different techniques, e.g. by tailor rolling, tailor welding or local 
thermal treatment. Well known are tailor welded blanks (TWB), whereby a blank consisting of 
more than one gauge and/or alloy has been produced by butt welding the appropriate sheets 
together.  

The use of tailor welded blanks has become commonplace in the design and building of 
stamped steel car body structures and is more and more becoming a possibility for aluminium 
components and structures. Also possible are hybrid aluminium/steel blanks. Tailor welded 
blanks are for example applied when a heavier gauge is required in a specific area to provide 
the required strength and stiffness, while the rest of the panel can be made of a lighter gauge, 
thereby facilitating the stamping of the part and reducing the cost and weight. The example 
shown below is a rear inner body-side stamping for the Ford P2000 which was stamped from 
a TWB in AA 5754 sheet at 2.0 mm in the door region and 1.0 mm in the trunk region.  

 

Rear inner body side stamping for the Ford P2000, stamped from a tailor welded blank 

Source: Novelis 
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Other possibilities are offered by the application of roll forming, a sheet forming process with 
rotary tool movement. During the roll forming process, a flat strip of sheet is transported 
through a number of powered metal forming stands as well as unpowered side rollers and is 
thereby shaped into the desired form. Closed cross-sections are produced by an integrated 
welding operation. Roll formed steel parts have been used in various applications in the 
automobile industry, but the process can be also applied to aluminium. The most important 
advantage of roll forming lies in its high production capacity which is directly linked to its 
economic efficiency. Roll formed sections can fulfil - to a certain degree - similar functions as 
extruded aluminium sections. 
 

 
 

Examples of roll formed cross sections 
 

Source: Tillmann Profil 
 
New roll forming concepts permit the realization of completely new shapes, the use of 
different wall thicknesses in one cross-section, and even variable cross-sections within the 
entire profile length.  
 
Additional opportunities are offered by multi-alloy aluminium sheets where the surface and 
core material can be independently engineered while maintaining a consistent high quality 
interface between the different layers. In a multi-alloy aluminium sheet, a high-strength core 
material can be combined with a extremely good formable surface layer. This overcomes the 
hemming problem of high strength aluminium materials using tight radii. As another example, 
a core alloy highly suitable for the envisaged car body application, but unfortunately does not 
exhibit the required corrosion resistance, can be covered with a suitable alloy for corrosion 
protection. The technology can also be used to tailor the strength and crash performance of 
an aluminium sheet precisely to the requirements of individual structural applications.  
 
Multi-alloy aluminium sheet products have been traditionally produced by roll bonding where 
the clad layer is bonded to the core by rolling at elevated temperatures, a tedious and costly 
process with a number of quality risks. With the Novelis Fusion technology, an innovative 
casting technology for multi-alloy rolling ingots has been introduced which provides a cost-
efficient way to produce such composite aluminium sheets. Novelis FusionTM AF350 sheets 
combining a high formability AlMg5 core material with a corrosion resistant AlMg1 alloy 
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surface enable for example the realisation of highly demanding applications such as the one-
piece inner door panel stamping for the BMW 5 series models.  
 
 

 
 

One-piece inner door panels for BMW 5 series models made from FusionTM AF350 
 

Source: Novelis
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2.2 Comparison to steel 
 
Steel sheets in various grades, from highly deep-drawable qualities to ultra high strength 
steels, are today the dominating material in the automotive industry. Recently developed steel 
grades enable further increases in the combination tensile strength and total elongation, so 
that steel materials can meet even higher requirements. 
 

 
 

Total elongation and tensile strength of different steel grades 
 

Source: Aleris 
 

In the diagram shown above, the aluminium alloys applied in the automotive design can be 
found below the steel “banana”.  
 
However, strength is not the only material parameter to be considered in a car body design. 
Both the density and stiffness of aluminium are about one third those of steel. This has 
significant effects. In a weight-specific strength comparison (see below), aluminium alloys 
exceed the strength level of the low strength steels and can easily compete with advanced 
high strength steels. This is even more evident when the weight-specific comparison is made 
on the basis of the yield strengths of both materials. High strength aluminium alloys currently 
used for aerospace applications can even meet the strength level of advanced high strength 
steels on a weight-specific basis. On the other hand, the modulus of elasticity of aluminium 
and steel is – compared on a weight-specific basis – similar. 
 
In an evaluation of the application of different materials on the mass of vehicle body parts, 
some fundamental parameters like bending and torsion stiffness as well as tensile strength 
have to be considered. These parameters are a function of  material-dependent parameters, 
like the modulus of elasticity (E), the material density (ρ), the tensile strength (Rm) and the 
modulus of shearing (G), dedicated to the shape of typical body components:  
 

 Bending stiffness parameter:                          

 Tensile strength parameter:                           Rm/  

 Torsion stiffness parameter (open profile):   

 Torsion stiffness parameter (closed profile): G/  
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 Three-point bending parameter:                    Rm/   
 
These parameters are valid under the assumption that the basic design of the specific 
component is independent of the material. However, if the design of the component is 
changed, significant changes are possible.   

 
 

Weight specific comparison of the mechanical properties of aluminium and steels 

Source: Aleris 
 
The following table shows typical mechanical properties for some representative aluminium 
and steel automotive sheet materials to compare and contrast their respective properties. 
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2.2.1 Design criterion: Stiffness 
 

  
 
In the particular load case of sheets in bending under a local load (closures and BIW 
applications), in order to meet a specific requirement for limited strain, it is necessary that:  
 

 
and therefore:  

 
 
 
This means that the sheet thickness must be increased by a factor of 1.4. However, the 
aluminium sheet is in the load case bending stiffness at equal performance still 50 % lighter.  
 
Consequently, aluminium automotive sheet can replace steel in closure panels with a 40-50% 
weight saving. The combination of the strength of aluminium with its low density results in a 
higher strength to weight ratio than steel, and thus enables significant weight reduction where 
strength is the design limiting criterion.  
 
More generally, regarding bending stiffness and torsion stiffness, this relationship is valid for 
flat sheets and open profiles. In structural applications, an open aluminium profile requires 1.4 
times more package space, but reduces the mass by 50 % in reference to a steel profile with 
equal performance.  
 
On the other hand, for the same bending stiffness and torsion stiffness, the wall thickness of a 
closed aluminium tube or rectangular closed profile has to be increased three times compared 
to that of a similar steel product. This also means that the aluminium and steel versions have 
the same weight. Thus in structural applications, due to the different elastic moduli, no weight 
saving is possible for individual tubular and box beam sections when the external dimensions 
are constrained - or if the steel thickness is not near its bottom limit for the section. 
 
However, the many possibilities to vary the geometry of aluminium extrusions and cast parts 
in a controlled manner, in particular the local variation of the wall thickness of an aluminium 
extrusion still offer some benefits in design. Looking at the tip reflection in cantilever bending: 
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The above example shows the beneficial effect that can be obtained by using the aluminium 
extrusion technology to place the wall thickness where it is needed in this section in order to 
improve stiffness in a given direction, even if outside dimensions are fixed. The shown results 
can be considered as the minimum case since the load is only applied to the vertical walls. A 
greater difference can be expected if the load is applied to the top and bottom surfaces. 
 
However, when comparing with steel tubes, it is very difficult to obtain a weight reduction with 
aluminium. As the thickness of the top and bottom walls increase, the material moves towards 
the neutral axis of the beam where it is least effective for bending stiffness: 
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The situation is completely different as soon as the package space can be changed, i.e. when 
the cross section of the profile can be varied. The most effective method to match the 
stiffness of a steel beam member in bending is to increase the beam depth.  
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The above example shows that similar bending stiffness can be obtained by making the 
aluminium box twice as thick and 20% deeper than the steel reference box. The weight 
implications are shown in the following: 
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For example, if the wall thickness of the aluminium and steel tube are kept the same, but the 
diameter of the aluminium tube is increased, again weight savings up to nearly 50% are 
possible. The following diagram illustrates how the section height and thickness for a 
rectangular aluminium box beam can be selected to provide equal section stiffness to a 
geometrically similar steel beam and yet provide significant weight saving. 
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Thickness and section height ratios to obtain beams of equal stiffness from aluminium 

and steel 
 
This analysis shows that the selection of the correct design parameters is most important 
regarding the bending and torsion stiffness of a structural vehicle body part. With respect to 
bending stiffness, it is obvious that the closed tube and the rectangular hollow profile have a 
better bending stiffness than a flat sheet. An enormous decrease of the cross section area 
and therefore a significant mass reduction is possible by the application of these two profile 
types in comparison to a flat sheet. In this case, the best result can be achieved with the 
round tube. 
 
If the package space is given, i.e. if a change of the outer dimensions of the tube or profile is 
not possible, the substitution of steel by aluminium does not allow a weight reduction. In fact, 
the application of aluminium instead of steel will lead to a slight weight increase. Therefore it 
is most important that the dimensions of a body part can be changed. Aluminium profiles 
always have higher packaging demands than a comparable steel profile. If the correct design 
parameter is changed, the substitution of steel by aluminium will lead to a reduction of the 
part weight in combination with a slight increase of its thickness or height. If the package can 
be changed and the maximal possible weight reduction (about 50 %) should be realized, the 
package demand increases by a factor of two times for round tubes as well as hollow 
rectangular profiles.  
 
As a result, in new designs, it is possible to achieve significant weight savings and/or a higher 
stiffness since beams and box members can be optimally sized for aluminium and proper 
allowance can be made in the location of other components to accommodate the larger 
section sizes required. But the decision for an aluminium-adapted design concept must be 
made in the beginning. Generally, the structural package space is defined early in the design 
of a car because of the needs to accommodate the passengers and other automotive 
systems and to take into account the styling of the car, its ground clearance, etc.  
 
When aluminium is being substituted for steel in an existing component or structural design, 
there is usually much less scope for accommodating larger beams. Nevertheless, in complete 
structures consisting of a combination of beams, box sections, and shear and closure panels, 
an increase of the aluminium sheet thickness of approx. 50% over the design steel gauges 
will yield at least equivalent bending and torsional stiffness at a weight saving of 40 - 45%, 
depending on type of panel and joining system used.  
 
 
The figure below shows the body structure of the Ford AIV where the aluminium structure was 
based on a steel production design, yet achieved a higher stiffness with a 47% weight saving. 
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Aluminium body-in-white structure of the Ford AIV, based on the design of the steel 
production Taurus sedan 

 
The general target in the design of automotive components and structures is to achieve the 
required structural performance at the minimum weight. This consideration is often valid also 
for lightweight design in aluminium since minimum weight reduces the amount of material 
used and hence the material cost. However, depending on the envisaged production volume 
and the specified aluminium product form (sheet, extrusion, casting, etc.), there may be 
deviations from this principle  
 
The majority of the automotive components and all vehicle structures can be regarded as 
assemblies of three types of elements, namely:  
 

 thin walled beams,  
 panels and  
 solid beams or profiles.  

The performance of aluminium in these types of application elements depends on the yield 
strength of the applied alloy and three more or less invariant material parameters, namely its 
elastic or Young's modulus (70x103 MPa), the Poisson's ratio (0.33), and the density (2.7x103 

kg/m3).  

 
The consequences of these material parameters on the weight reduction potential of 
aluminium substituting steel vary depend on the type of the structural element, and on the 
relevant structural design criterion:  
 

 For a closed thin walled beam (tube or rectangular hollow profile) and constrained 
outer dimensions where stiffness (bending and torsion) is critical, no weight can be 
saved in comparison with steel and the yield strength is not a factor.  

 However, in solid beams, profiles or open tubes under torsion load and constrained 
outer dimensions, approximately 40% weight can be saved. 

 For a closed thin walled beam (tube or rectangular hollow profile) under bending or 
torsion load, up to 50% weight reduction is possible if the package can be changed 
(i.e. increased).   

 When buckling stability is the criterion, then equal performance to steel will be 
obtained at a wall thickness increase of 1.44 and the weight saving will be 50%.  

For panels in bending, yield strength is important and weight saving of up to ~ 50% 
compared with steel is possible.  
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2.2.2 Stiffness and elastic energy absorption 
 

Aluminium also has a particular advantage over steel for body structure protection in crash 
situations. Its lower modulus allows for greater elastic deflection and higher energy absorption 
at weight savings of up to 64%. Even when the beam is designed to match the steel stiffness, 
energy absorption is higher and 40-50% weight is saved. Some examples are outlined below: 

 
a) Case 1:  

 
Consider a steel beam and an aluminium beam of equal cross section, material yield strength 
and bending moment when plastic bending occurs are equal:  
 

 
 

 The weight saving is 64 %, however, the stiffness is only one third.  
 Displacement before yield, and hence the elastic energy absorbed, is three times 

that of steel.  
 
Equal material yield strength and cross section means consequently equal yield load: 

 

 
 

 

b) Case 2:  

Consider a steel beam and an aluminium beam under bending load where the material yield 
strength is equal, but where the wall thickness of the aluminium beam is varied: 
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 Stiffness of the aluminium beam more than one third of the steel beam  
 Maximum elastic displacement is  more than three times that of the steel beam  
 Elastic energy absorbed is more than three times higher  
 Weight saved: 64%, however, stiffness is still lower than for the steel beam. 

 
Material yield strength is equal, but as the wall thickness of the aluminium beam is increased 
with respect to the bending load: 
 

 
 
 

c) Case 3: 
 

Consider a steel beam and an aluminium beam under torsion load where the material yield 
strength is equal, but where the wall geometry of the aluminium is optimized with respect to 
torsion loading:  

 

  
 Stiffness of the aluminium beam more than one third of the steel beam  
 Maximum elastic displacement is  more than three times that of the steel beam  
 Elastic energy absorbed is more than three times higher  
 Weight saved: 64%, however, stiffness is still lower than for the steel beam. 
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Material yield strength is equal, but as the wall geometry of the aluminium beam is optimized 
with respect to the torsion load: 
 
 

 
 

d) Case 4:  

 
Consider a steel beam and an aluminium beam where the material yield strength is equal, 
however, the cross section of the aluminium beam is increased to achieve the same stiffness 
as that of the steel beam:  

 

 
 

 Maximum elastic displacement is approximately 2.5 times that of the steel beam  
 Elastic energy absorbed is more than six times higher  
 Weight saved: 40 – 50 %  

 
Material yield strength is equal, but as the cross section of the aluminium beam is adjusted to 
make beam stiffness equal: 
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The last two cases consider the application of a higher strength steel grade, i.e. the material 
yield strength and the bending moment when plastic bending occurs are for steel twice that of 
aluminium.  
 
e) Case 5:  
 
Consider the stiffness of a steel beam and an aluminium beam of equal cross section: 
 

 

 
 
 

 The weight saving is 64 %, however, the stiffness of the aluminium beam is only one 
third of that of the steel beam.  

 Displacement before yield, and hence the elastic energy absorbed, is for the higher 
strength steel is one third higher than that of the aluminium beam.  

 
Yield strength of steel is twice that of aluminium: 
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f) Case 6:  

 
Consider a steel beam and an aluminium beam where the cross section of the aluminium 
beam is increased to achieve the same stiffness as that of the beam made from a high 
strength steel grade:  
 

 
 

 Equal stiffness, but material yield strength of steel is twice that of aluminium,    
 Displacement of the aluminium beam somewhat more than that of the steel beam  
 Elastic energy absorbed by the aluminium is higher 
 Weight saved: 40 – 50 % 

 
Aluminium cross section is increased to get equal beam stiffness to the steel beam: 
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2.3 Assembly methods and tolerances 
 
As noted in the introduction to the chapter "Design Philosophy", thought must be given to the 
applied assembly system already at the time when the aluminium component is designed and 
the various product forms are selected. Otherwise, a plurality of different joining systems may 
be required, potentially adding to both capital and operating costs. Furthermore, also the 
quality of the final product might be significantly affected.  The applied joining method 
determines for example critical characteristics of the structural assembly such as its stiffness, 
fatigue strength or crash performance.   
 
As an example, it is possible to significantly enhance the structural stiffness of an assembled 
structure by the introduction of stiff and/or continuous joints.  
 

 

Finite element model of vehicle frame showing stiffness benefit of using stiff joints 
instead of conventional joints 

 
The intended manufacturing volume, the existing assembly facilities (equipment, lay-out, etc.) 
and the skill base of the work force must also be considered. The production of a fusion 
welded aluminium structure in a facility where the experience base is the spot welding of 
stamped steel sheet components, might not be a good fit. In this case, the development of a 
new or restructured facility could be a better option.  
 
But even if a joining method which is well established for steel such as for example resistance 
spot welding is used for aluminium, there are significant differences.  In order to achieve an 
optimum result, it is necessary to have the appropriate equipment and to apply suitable 
processing parameters. Most important, specifically trained operators are required.  
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2.3.1 Joining techniques 
Aluminium components can be joined among themselves and with other materials with the 
help of numerous methods. The selection of an adequate joining technique depends on the 
material combination to be joined, the required joint characteristics, the boundary conditions 
given by design & engineering as well as production engineering and, last but not least, 
economic considerations. A critical point is for example the accessability of the joint location. 
Many joining methods ask for double sided access. Limited access to the location of the 
planned joint (single sided or constrained double sided access) will drastically restrict the 
range of the applicable joining techniques and may require specific preparation steps (e.g. 
pre-drilled holes). 
 
In principle,  the assembly methods used for aluminium alloys do not differ much from the 
techniques applied for components made from bare and/or coated steels as well as cast iron. 
It must be noted that in a specific case, however, the best suited methods are not necessarily 
identical for the two materials, both from a quality and a cost point of view. In addition, an 
adaptation of the process parameters to the intrinsic characteristics of the aluminium alloys is 
generally indispensable. The most important joining technologies used for the assembly of 
aluminium car bodies are briefly characterized below. In special applications, also other 
joining processes may be used which are not covered here (for example brazing and 
soldering, rotary friction welding or ultrasonic welding). This qualification applies in particular 
to mixed material designs, for example to the assembly of aluminium with other metals (steel, 
magnesium, ...)  or plastics and composites.   

The application of resistance spot welding, the standard steel joining technique, is possible for 
aluminium. Reliable and safe resistance weld spots can be produced using suitable 
equipment and joining procedures. As a consequence of the higher heat conductivity and the 
lower electrical resistance of aluminium compared to steel, an up to three times higher 
amperage and about three times longer welding times are necessary to produce an 
aluminium spot weld. Furthermore, in order to avoid the formation of notches during 
resistance spot welding, the active surface of the electrode is usually increased, i.e. stronger 
welding tongs are required. It should be also noted that the electrodes deteriorate much faster 
than when welding steel and have be polished or replaced sooner to avoid surface damage. 
For these reasons and because of the need for more intricate current supply and control 
equipment, resistance spot welding is seldom applied for joining aluminium components.  

 
 

 

Volvo GWT500 scissor type spot welding gun, which provides stiff arms for long reach 
situations 

 

For the assembly of hang-on parts, flanging or hemming is generally used to join the inner 
and outer panels, often combined with flange bonding. The flat fold can be usually realised 
without any difficulty. Aluminium alloy sheets optimised for outer body application also allow 
the realization of a flat fold with a sharp edge to satisfy higher requirements on the visual 
appearance of the gap between two adjoining panels. In addition, technologies like friction 
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spot welding, laser spot welding and mechanical joining methods like clinching or self-piercing 
riveting are applied in the assembly of closure parts. In some cases, adhesive bonding is also 
combined with these technologies (leading in general to punctiform joints) to improve the 
stiffness of closure parts like hoods or doors. 

The application of the clinching process (with or without cutting) is generally limited to non-
structural applications. Clinching without cutting of the sheet permits the production of more or 
less tight joints. But these joints exhibit inferior mechanical characteristics when coated or 
lubricated sheets are joined. On the other hand, clinching with a cutting element clearly 
improves the mechanical characteristics of the joint.  
 
Other mechanical joining processes, however, are well suited for the assembly of aluminium 
body structures since the joint is produced without any thermal impact.  Mechanical joining 
methods also offer the possibility to join coated materials as well as combinations of different 
materials. In addition, they enable the introduction of functional elements such as nuts or bolts 
into a sheet metal component. The disadvantage is a local change of the surface geometry. 
Thus, mechanical joints are visible and, depending on the applied method, there may be a 
slight deformation in the vicinity of the joint.  
 
 

 
 

Mechanical joints in a mixed aluminium-steel structure 
 

Source: Eckold 
 
 
In the assembly of aluminium car body structures and mixed aluminium-steel structures, 
mechanical joining methods like riveting, screwing or bolting are commonly used with 
excellent results, very often combined with structural adhesive bonding. In particular self-
piercing riveting offers a very good cost-benefit ratio. Special versions of these process also 
allow joining with one-sided accessibility.  
 
The mechanical strength and. in particular, the fatigue strength of the resulting joints is 
generally very good. The actual mechanical characteristics depend on the the joint geometry, 
the applied joining method, the type of the joining element (material, geometry), the joining 
conditions and the characteristics of the partner materials. Close attention must be paid to 
avoid the potential occurence of  galvanic corrosion effects. For aluminium or steel-aluminium 
joints, the joining elements are usually made from steel and equipped with proper corrosion 
protection (different coating methods are applied) or made from stainless steel. But also 
aluminium screws are in use.  
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Most important in the manufacturing of aluminium structures are also the fusion welding 
processes. Among the conventional arc welding methods, MIG welding with a properly 
selected filler wire is best suited for aluminium welding. MIG welding is mainly used in the 
body structure, but newer developments enable also the welding of thinner sheets. However, 
it must be noted that the weld seam as well as the heat-affected zone exhibit inferior 
mechanical characteristics than the base material. In order to minimise these effects, to avoid 
geometrical distortions of the welded assembly and to reduce internal residual stresses, it is 
important to keep the heat energy input at a minimum level. Thus fusion welding methods 
with local melting by means of focused high-energy laser or electron beams find more and 
more interest. Laser welding with either Nd-YAG or diode lasers is highly flexible and 
particularly suited for aluminium. Laser welding allows the execution of high quality joints at 
relatively high speeds, it is well adapted for joining thinner gauge material and can be used to 
produce either continuous, narrow weld seams or single punctiform joints. In specific cases, 
aluminium sheets, profiles or castings are also joined by hybrid technologies such as Laser-
MIG welding.  
 

 

Automated MIG welding of a sub-frame for the BMW 5-series vehicle 

Source: Hydro Aluminium Rolled Products 
 
Today, adhesively bonded joints are increasingly used in the body assembly plant. Adhesive 
bonding offers a range of potential advantages: 

o High rigidity of the joint 
o Good dimensional accuracy of the design  
o Excellent performance under fatigue loading  
o Noise and vibration dampening capability  
o Additional corrosion protection 
o Blemish-free surface appearance  
o Possibility to join different materials 

In car body design, the applications of adhesive bonding include not only fairly uncritical 
cases such as hem flange bonding or the fixation of linings, but also the realisation of safety-
critical structural joints. Depending on the specific requirements, different adhesive qualities 
are offered by the suppliers. The selection criteria for the adhesive are given by design and 
manufacturing considerations. In particular for structural applications, an appropriate 
preparation of the aluminium sheet surface is most important in order to guarantee the long-
term stability of the adhesively bonded joint.  
 

In case of structurally loaded joints, adhesive bonding is generally combined with another 
joining technology, for example resistance spot welding and/or mechanical joining (clinching, 
self-piercing riveting, screwing, etc.). The advantages of these hybrid joining methods 
compared to pure adhesive bonding are: 

o Mechanical fixation of the adhesive joint until the adhesive hardens either by 
a specific hardening treatment or in a subsequent thermal treatment (in 
general the lacquer bake hardening step).  

o Improved performance of the adhesive bond under peeling loads: If the peel 
strength of the adhesive is exceeded, the load can be supported up to a 
certain amount by the locally fixed mechanical connections.  
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2.3.2 Assembly process 
 
The construction design and the joining method (or methods) dictate the assembly sequence 
and the type of the required assembly jigs. Again, this must be thought through already at the 
commencement of the design process so that the employed product quality, the design of the 
components and the part configuration can be optimised for the adopted assembly system. 
For example, if fusion welding is selected and aluminium castings are involved, the cast parts 
must be produced by a process where they are readily weldable without the development of 
excessive weld porosity. In particular for extruded and cast aluminium components, the 
possibility to integrate joining flanges may also offer significant benefits in the assembly 
process. The selected joining method determines the size, location and configuration 
of joining flanges or overlaps. Another important point may be the preparation of the required 
surface quality of the aluminium component. 
 
The envisaged production volume will determine if manual or automated joining processes 
are appropriate. An important parameter limiting the selection of the applicable joining 
technique is the accessibility, in particular when robots are used. The actual choice of the 
applied joining technique is both a technical and economical decision. The basic requirement 
is that the chosen joining technique (continuous or discontinuous, type and location of joints, 
etc.) fulfils all the technical demands at the lowest cost (investment and operating cost).  
 
Proper care must also been taken in the planning of the handling and fixation systems. The 
soft aluminium surface requires specific attention and, in particular, any surface contamination 
(dirt, metallic fines, etc.) must be avoided. This is most important for outer body panels. The 
aluminium sheet surface is softer and more sensitive to scratches, dents, etc., than the steel 
sheet surface. Today, aluminium car body sheets are generally supplied coated with oil or, 
preferentially, with a dry lubricant. Thereby both an appropriate corrosion protection and 
protection against handling and transport damage are achieved. 
 

 

 

Assembly of the aluminium floor structure of the Jaguar XK  

Source: Jaguar 
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2.3.3  Sources of tolerances 
 
The selected joining method determines the size, location and configuration of joining flanges 
or overlaps and the precision of edge trim required. This in turn impacts on the choice of the 
part manufacturing process as well as the acceptable tolerances.  
 
The precision by which the separate parts of an assembly come together has a critical impact 
on joining. Thus appropriate part shape tolerances must be maintained to avoid making poor 
or unsound joints.   
 
The problem is of particular concern in large assemblies as shape and tolerance errors build-
up and significant force may be needed to bring final parts together for joining. This is another 
reason why every opportunity should be taken to reduce the part count by part integration.  
 
Parts which are cold formed (stamped sheet components, bent extrusion, etc.) generally 
present the biggest problem in regards to tolerances. This is due to springback and is larger 
for aluminium than steel due to its lower elastic modulus. Distortion problems may result also 
when cast aluminium components are subjected to a heat treatment involving a quench. 
 
 

 

All-aluminium Audi A8, assembly of the doors 

Source: Audi 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 33 

2.4  Material selection criteria 
 
 

 
 
While a wide range of aluminium alloys are produced by the aluminium industry, not all are 
suitable for automotive applications. The industry has therefore developed certain aluminium 
materials especially for automotive use, using its experience in working with the auto industry 
to determine the final product requirements and then to optimize the required material 
properties and characteristics.  Thus, the normal material of choice should be one of those 
specifically developed for automotive applications. This ensures availability and production to 
the quality and tolerances required for automotive production.  
 
The specific alloy compositions and heat treatments differ somewhat for sheet and extrusion 
applications and more so for castings. 
 

 

Audi A2 with its aluminium spaceframe 

Source: Alcan 

 
In the following sections a brief outline of the preferred material types for each of these 
product forms will be presented. For details please check the dedicated chapters of the 
Automotive Aluminium Manual. 
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2.4.1 Automotive sheet products 
 

  
 

Aluminium coils for outer body panels 
 

Source: Novelis 
 
Essentially two types of automotive sheet materials have been developed. These are the 
medium strength highly formable AA 5xxx Al-Mg alloys for structural applications, and the AA 
6xxx Al-Mg-Si heat treatable alloys for higher strength and surface critical applications. The 
AA 6xxx alloy sheets are the standard materials for outer body applications since the 
appearance of surface inhomogeneities during  forming can be avoided. In contrast, AlMg 
alloys tend to form stretcher strain markings during forming which appear either as large, 
flamy patterns (Lüders lines of type A) or very fine striations (Lüders lines of type B).  
 
Copper-free AlMgSi alloys of the type AA6016 or variants as well as higher strength AlMgSi 
materials with small copper additions such as AA6111 dominate the closures market. With 
close control of the concentration of the alloying elements,  a selected Mg/Si ratio and 
specially adapted processing conditions, these alloys fulfill high formability requirements (in 
particular also with respect to bendability) and and high strength.  
 
All Al-Mg-Si alloys are supplied in the highly formable T4 temper, but strengthen significantly 
through the combination of forming and subsequent paint baking and thus provide excellent 
dent resistance, even at thicknesses close to those for comparable steel applications. The 
small copper content of AA6111 has in practice never led to any corrosion problems.  
 
For inner and structural applications, both AlMg and AlMgSi alloys are applied. The long 
established AlMg alloys (e.g. AA5754, AA5182, etc.) are characterized by a very good 
formability which enables the production of parts with complex geometrical shapes and 
guarantees in case of a crash a good energy absorption capacity and prevents early failure of 
the component by brittle fracture. For applications where exposure to heat and a corrosive 
environment will be encountered, however, the Mg should be limited to 3% as alloys with a 
higher Mg content can develop sensitivity to stress corrosion after extended exposure to 
elevated temperatures.  
                    
The Al-Mg alloys are most frequently supplied in the fully annealed O temper to provide 
optimum formability. This strength level should be the basis for design and dimensions, even 
though these materials work-harden on forming. They are thermally very stable, have 
excellent corrosion resistance, are readily weldable and remain ductile, even after forming. 
 
The AA 6xxx materials are not as readily weldable as the AA 5xxx alloys and can continue to 
strengthen and loose ductility with long term thermal exposure at high temperatures (>160 - 
180°C). However, if the appropriate precautions are followed, there are many structural 
applications where the high strength can be used with advantage to save weight and space.  
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If alloys of the same alloy family are used for both inner and outer panels, the recycling of the 
inherent process scrap in the press plant is clearly simplified. This is also valid for the 
recycling of aluminium hang-on parts dismantled from end-of-life vehicles. For this reason the 
use of AlMg sheet materials is more and more limited to non-visible structural components of 
the car body where highest formability is required either  during production or in the service 
phase of the car.  
but where very deep inners are required, the higher formability Al-4.5Mg ally can be used with 
advantage.  
 
The liftgate shown on the right illustrates such an application. The outer panel is made from 
the AA 6111 alloy which ensures the necessary dent resistance at minimum sheet thickness 
whereas the very deep inner panel consists of a highly formable Al4.5Mg alloy (AA 5182).  
 
 
 

 

Stamped aluminium liftgate for the Chevrolet Suburban and GMC Yukon models 

Source: Novelis 
 
 
 
 
Various other aluminium sheet materials have been developed for more specialized 
applications, notably bare and clad materials as sheet, tube and fin stock based on the 1xxx, 
3xxx and 7xxx series alloys for brazing applications for heat exchangers. For details please 
see the appropriate sections of this manual. 
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2.4.2 Automotive extrusions 
 
 

 

Knee-catcher profile 

Source: SAG Euromotive GmbH 

 
The extrusion process for producing aluminium shapes and profiles gives aluminium a unique 
advantage over steel. Extruded profiles are two - dimensional design elements with the 
advantage that there are little design limitations with respect to the complexity of the cross 
section (varying wall thicknesses, multi-chamber profiles, addition of flanges, etc.). 
Subsequent forming (bending, stretch forming, hydroforming) and machining processes also 
allow for limited three - dimensional design capability. These possibilities can be fully 
exploited in the car body structure. Very complex sections with internal webs and external 
flanges can be produced at wall thicknesses that allow minimum section weights to be 
achieved for the structural function of components. Tooling costs are small compared with 
sheet stamping.  
 
The commonly used extrusion alloys are based on the heat treatable AA 6xxx alloy series 
offering a wide range of strength, both in the T4 temper and after heat treatment to T5 or T6 
tempers. Some heat treatable AA 7xxx alloys are also used for structural applications, mainly 
for crash performance.  
 
Extrusions can be shaped by bending or in the T4 temper, pierced and/or machined to modify 
flanges, and used in this state or after aging. Most joining methods are suitable, with fusion 
welding being the favoured process. With smaller structures, artificial ageing to the T6 temper 
can follow welding and shape rectification.  
 

 

Radiator support frame fabricated from extrusions for General Motors' T800 Light 
Truck 

 
For aluminium profiles, the strength requirements are very often not the limiting factor as 
the minimum wall thickness is mainly determined by the manufacturability of the profile 
(“extrudability”). From a metallurgical point of view, a finely recrystallized microstructure is 
generally strived for good formability (bending, hydroforming) and weldability.  Table 5 lists 
some extrusion alloys which are today used in the car body structure. 
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AA - Nr. Si Fe Cu Mn Mg Cr V 

6060 0.30 
0.6 

0.10 
0.30 

0.10 0.10 0.35 
0.6 

0.05  

6014 0.30 
0.6 

0.35 0.25 0.05 
0.20 

0.40 
0.8 

0.20 0.05 
0.20 

6008 0.50 
0.9 

0.35 0.30 0.30 0.4 
0.7 

0.30 0.05 
0.20 

6082 0.7 
1.3 

0.50 0.10 0.40 
1.0 

0.6 
1.2 

0.25  

 

Chemical composition of selected extrusion alloys for the car body structure 

 
Most important is also the applied temper. In the T4 temper which is produced by rapid 
quenching immediately after extrusion, formability is highest. However, for improved 
strength, extruded car components are generally heat treated after forming. Highest 
strength is achieved in the T6 temper (fully age hardened) whereas for optimum crash 
performance, the formed components are annealed to an overaged temper T7. 
 

 

True stress-strain curves for AA 6014 in different tempers; proper selection of the 
annealing conditions assures optimum performance
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2.4.3 Automotive castings 
 
 

 

Audi A2 A-pillar 

Source: Alcan 
 
Castings are particularly suitable when complex shaped components are needed and the 
tooling and joining costs for producing an equivalent component from sheet stampings would 
cost more. Other components such as cylinder blocks and heads, transmission housings, oil 
pans, etc., can only be produced by casting and here aluminium offers significant weight 
saving over cast iron. This is true for wheels and other applications where the design freedom 
offered by casting processes is the primary selection criteria.  
 
As more sophisticated high quality casting processes and control procedures that provide 
higher structural integrity become available, castings can also be considered for suspension 
parts, chassis and structural body components.  
 
Most casting alloys are based on the Al-Si alloy system. Many casting alloys, in particular for 
non-structural applications, are produced from recycled aluminium. However, for safety-
critical and structural application, in general casting alloys based on primary aluminium (i.e. 
with low iron content) are used. Commonly used for structural parts are the alloys Al-7%Si 
(A356), Al-10%Si-0.3%Mg and Al-5%Mg-2%Si.  
 
There is a wide range of casting processes, with each having particular merits for certain 
types of parts. Equipment cost, tooling cost and lifetime, and production volume also 
determine what the preferred or most economical process is.  
 
The casting shown below has been converted from a stamped steel sheet assembly and is 
just another example of the part and function integration that can be achieved with aluminium 
castings. 
 

 

Cast crossbeam member, a tilt gravity permanent mould casting in A356 alloy 

Source: Alcoa 
 
Vacuum high pressure die casting is often applied for the production of thin-walled 
structural components. Apart from the availability of a top quality pressure die casting 
process, the decisive factors for the successful application of such structural die castings 
are the correct choice of the alloy composition and the applied heat treatment. A critical 
aspect is the die-filling capability necessary to produce the thin-walled parts showing 
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complex shapes with large surface areas. These requirements are met by the alloys of the 
Al-10%Si-0.3%Mg type with the silicon level close to the eutectic point in order to achieve 
the required fluidity. Compared with the usual pressure die casting alloys, these type of 
alloys contain less iron which was largely replaced by manganese to prevent extensive die 
sticking. The selected Mn/Fe ratio results in a fine and uniform dispersion of the quaternary 
AlFeMnSi phase and prevents the forming of brittle needles of the AlFeSi phase. 
 

 
 

B pillar of the Audi A2; vacuum high pressure die casting (left) and final component 
(right)  

 
Source: Alcan 

 
AlSi casting alloys have to be heat treated at high temperatures to allow the globularization 
of the eutectic silicon and thus ensure high ductility and good crashworthiness. The usual 
practice of annealing at about 500°C with rapid quenching in water to room temperature 
would lead to heavy distortion of the thin-walled parts. Therefore, it was necessary to 
develop a special partial solution heat treatment with subsequent air-quenching to keep the 
distortion within acceptable limits.  
 
Alternatively, casting alloys of the type Al-5%Mg-2%Si, which do not need a heat treatment, 
have been developed to avoid any distortion issues. 

 

 
Rear cross member, a vacuum high pressure die casting made from the alloy 

Magsimal-59 (Al-5%Mg-2%Si) 
Source: Aluminium Rheinfelden 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 40 

 

2.5 Examples of potential weight savings  

2.5.1  Design for equivalent strength 
 
Where a tensile or compressive stress occurs with no risk of buckling, it must be verified that 
the permitted stresses are identical: 
  

 
 

 
where: 

YSalu = yield stress of the part made from aluminium  
YSsteel = yield stress of the part made from steel  
Ssteel = area of the steel section  
Salu = area of the aluminium alloy section. 

The yield stress (YS) is equivalent to Rp0.2. 
 
Depending on the steel grade and the aluminium alloy/temper considered in such a 
comparison, aluminium can save up to 80 % in weight (when comparing for example mild 
steel and an age hardened aluminium extrusion). 
 
For bending stress, it must be checked that the permitted moments are identical: 
  

 
 

 
where: 

I/vsteel = flexure modulus of the steel section  
I/valu = flexure modulus of the aluminium alloy section.  
 

When the deformation of the structure is not a determining design factor, the use of a shape 
made from an aluminium alloy such as AA6005A in the T5 temper (which may show the same 
proof stress as many steel grades) could result in a 66% weight saving. 
 
Considering the special case of a sheet under bending stress: Based on the strength criterion, 
replacing a deep drawing quality steel sheet for which YS is of the order of 180 MPa by an 
aluminium sheet in AA6016 (YS>200 MPa after forming and lacquer bake hardening) or 
AA5182 (YS>135 MPa) results in a weight savings of well over 50 %: 
 

 
 

 
 
where t = sheet thickness.  
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2.5.2 Design for equivalent stiffness 
 
For a uniform tensile or compressive stress, it must be checked that the permitted stresses 
are identical:  

 
 

 
 
This is the worst case when looking for the theoretical weight saving potential. In this case, 
substitution of steel by aluminium will not lead to any weight saving. In practice, however, this 
case where a component requires simultaneously tensile strength and stiffness, occurs very 
rarely. 
 
For the most common case of a bending stress, it must be checked that the permitted 
moments are identical:  

 
 

 
 
Inertia must be balanced by increasing the height of sections and by positioning the masses 
away from the centre of gravity. An intelligent design that uses castings or extrusions will save 
in this case 25% to 30% on weight. 
 
Notations:  
 
Ealu = Young's modulus for aluminium  
Esteel = Young's modulus for steel  
Ssteel = area of the steel section  
Salu = area of the aluminium alloy section  
Isteel = inertia of the steel section  
Ialu = inertia of the aluminium alloy section 
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2.5.3 Design for equivalent stiffness – Sheet 
 
 

 

Renault Laguna, hood inner panel 

Source: Constellium 
 
In the particular case of sheets under a local bending load (closures and body structure), the 
sheet thickness must be increased by a factor of 1.45. The resulting weight saving is 50 %. 
There is no influence of the involved aluminium alloy or steel grade. In the following example, 
the 0.7 mm thick steel sheet is replaced by a 1 mm thick aluminium sheet. In order to meet 
the requirement for limited strain, it must be ensured that:  
 

 
with the result:  

 
 
In closure applications, a most important design criterion is the dent resistance. The 
resistance offered by an external car body panel to the impact by a projectile constitutes a 
major design limitation. A panel's impact resistance depends on a number of factors:  
 the properties of the material (modulus, proof stress, density)  
 the loading conditions (projectile velocity),  
 the panel's stiffness which in turn is determined by its geometry (gauge, length, width, 

curvature radii).  
 

 

 

Renault Laguna, hood outer panel 

Source: Constellium 
 
 

a) Static dent resistance 
 
Given the respective proof stresses of the two materials in a finished part, the aluminium 
sheet gauge required for an equivalent static dent resistance as that of steel is given by 
bending considerations:  
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where: 
t = sheet thickness  
YS = yield stress. 
 
In many cases, a sheet thickness ratio of 1.45 can be reached between the two materials, i.e. 
a 50 % weight saving is possible. 
 
 
b) Dynamic dent resistance  

 
The dynamic dent resistance depends on specific test conditions due to the different effect of 
the test dynamics on the yield stress of aluminium and steel as well as, in some cases, inertia 
effects resulting from the design of the component. As a rule, the yield stress of steel 
increases more quickly than that of aluminium when the impact speed increases.  
 
For 50 % weight saving (i.e. 0.7 mm steel versus 1 mm aluminium gauge) and equivalent 
dynamic dent resistance on a flat part such as found on a bonnet, the following graph 
indicates that a aluminium panel with a yield stress of 180-200 MPa can replace a steel panel 
with a yield stress of 350-400 MPa. 
 

 

Aluminium equivalent panel versus steel reference, graph based on dynamic dent 
studies 

 
 

c) Example: Hood design 

 

 

Peugeot 307, hood inner panel 

Source: Constellium 
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Thee stiffness and dent resistance of a steel hood can be matched with an aluminium hood 
with a 50 % weight saving. For mild steel, down gauging is limited by the dent resistance. For 
higher strength steel grades, down gauging is limited by the stiffness. 
 

 
 

 
The table shown above takes a very conservative approach. In reality, in aluminium hoods 
using alloys of the type AA6016, the strength level reaches values well over 200 MPa after 
forming and lacquer bake hardening. 
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Design – Design for functional performance 
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3 Design for functional performance  

3.1 Introduction 
 
Material substitution as such leads only very seldom to cost efficient solutions. The specific 
requirements on an automobile as defined by the different stakeholders can only be satisfied 
by an integrated approach. It is most important to consider the total system consisting of 
material development, design optimization and fabrication technology. Technically and 
economically promising concepts are the result of aluminium-oriented design and the 
application of fabrication technologies properly adapted to the material.  
 

 
 

 
Development of a cost-efficient solution requires an integrated approach 

 
Functional performance means that all the various requirements on a structural component of 
an automobile are fulfilled. Special attention must be given to the safety requirements, but 
also the packaging aspects play an important role in lightweight automotive design.  
 
Chapter 3 provides some basic guidelines for automotive design with aluminium. In the 
present chapter 4, the functional performance of aluminium structures and components will be 
considered in more details. Chapter 5 will conclude with a specific focus on cost aspects.  
 
While the application of aluminium alloys and products for automotive structures is nowadays 
well established in many car models, their performance under situations of crash, fatigue and 
corrosion still raises some doubts in parts of the automotive engineering community. On the 
other hand, the long term experience with all-aluminium and partial aluminium car body 
structures proves without doubt that properly designed car body structures fulfil all production 
and service requirements. Designing aluminium structures and components for optimum and 
predictable performance during service asks for specific knowledge and experience about  
 

 the structural stiffness, stability and fatigue behaviour of structural components (e.g. 
hollow sections) and assembled structures, 

 the crash behaviour (energy absorption and failure mechanisms) of structural 
components and modules, and 

 the corrosion performance of aluminium alloy structures as well as that of mixed 
material designs. 
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An important aspect is also the existence of physical models and reliable data as well as 
failure criteria for numerical simulation.  
 
 
 

 
 

Audi A2 – Body structure 
Source: Novelis 
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3.2 Crash performance  
 

3.2.1 Introduction 
 

As far as crash protection is concerned, cars can be viewed as a combination of two 
important elements: 

- the car front, whose first priority is to dampen the effect of the impact, i.e. it must 
absorb kinetic energy by deformation; and 

- the safety cage, whose main role is to protect the occupants, i.e. the passenger cabin 
must be able to resist to the high crash forces with no/little deformation. 

In order to protect a passenger effectively against fatal injury during a collision, the passenger 
compartment must be designed and built as rigid as possible to ensure that passengers are 
offered a survival space and not crushed by the collapsing body structure.  
 
A vehicle’s collapsible zone must therefore be designed to be weaker than the structure of the 
passenger compartment. During a collision, this guarantees that the collapsible front structure 
deforms in a controlled manner without premature failure before the stiff and strong structure 
passenger compartment is damaged.  
  
The deformation force also determines the deceleration of the vehicle and thus the 
deceleration of its occupants. Deceleration in turn determines the forces acting upon the 
occupants via the safety belts or the airbag. This results in a further significant limitation of the 
maximum possible deformation force, as ultimately these forces determine the type of injury 
the occupants suffer, which means there are clearly defined upper limits for the maximum 
permissible deformation force. 
 
Equally, the total deformation, which is determined by the length of the collapsible zone, is not 
freely selectable either. Here, the desired outer vehicle dimensions and other design-related 
boundary conditions, as well as the stipulations of designers, impose strict limits. 
 
 

 
 

Standardized tests are used to evaluate the crash performance of a car model 
 

Source: EURO NCAP 
 

In practice, depending on the car speed at impact, priority is placed on different crash 
protection measures:  

- at low speeds up to 15 km/h, the main goal is to minimize the repair costs; 
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- at speeds between 15 and 40 km/h, the first aim is to protect more fragile collision 
partners (e.g. pedestrians); and 

- at high speeds (over 40 km/h), the most important concern is to guarantee occupant 
protection. 

 
The specific characteristics of aluminium alloys offer the possibility to design cost-effective 
lightweight structures both with high stiffness as well as excellent crash energy absorption 
potential. Consequently, appropriate aluminium protection systems can be proposed for low 
and high speed impacts.  As a consequence, aluminium is a preferred material to ensure the 
safety of a vehicle and its occupants fulfilling also related requirements such as pedestrian 
protection, low repair costs, etc. Applications range from aluminium side impact beams, 
pedestrian protection systems, bumper beams including crash boxes to complete body 
structures. 

In the design of aluminium crash management systems, various legislative regulations and 
insurance test procedures have to be considered. Furthermore there are regionally different 
test procedures, i.e. for the performance of a bumper system in North America and in Europe. 
Additional demands may be also defined by the respective car producers. The variety of 
requirements will generally lead to the selection of different design solutions when the 
technically feasible alternatives are evaluated under the overall condition of cost 
effectiveness. 

 

 

3.2.2 Design for crash performance 
 
The application of aluminium enables the realization of interesting solutions for the design of 
lightweight crash management systems. 

 

Crashworthy aluminium products 

The crashworthiness of aluminium in crash relevant components or structures has been 
extensively demonstrated for sheet, extruded, forged and cast products in body and chassis 
applications. Most important is the selection of proper aluminium materials, i.e. alloy 
compositions and tempers which have been developed for optimum crash performance. A 
key requirement is that the applied material exhibits a high energy absorption capacity and 
deforms well under crash loads, i.e. it is important that it folds without the formations of cracks 
and does not tend to fragmentation during fracture.  

 

 

Deformation of a longitudinally welded tube made from an aluminium sheet alloy 
optimized for optimum high energy absorption (Anticorodal® -300) 

Source: Novelis 

 
An important parameter determining the crashworthiness of an aluminium alloy is their 
temper. In this context, always the temper of an alloy in a structural body component under 
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service conditions must be considered, i.e. after different degrees of deformation and the heat 
treatment due to the lacquer bake hardening of the body-in-white. . Typical true stress-strain 
curves for the extrusion alloy AA6014 are shown below in three different tempers.  
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True stress-strain curves for AA 6014, an extrusion alloy often used in automotive 
structures 

 
In the T4 temper which can be produced by rapid quenching after extrusion, formability is 
highest. However, this temper (or the stabilized T4* temper) is not present in a car under 
service condition since the lacquer bake hardening treatment of the body-in-white changes to 
an underaged temper. Highest strength is achieved in the T6 temper (fully age hardened). For 
optimum crash performance, the formed and pre-assembled components are generally 
annealed at temperatures  180°C to an overaged temper T7. In this case, the subsequent 
lacquer bake hardening treatment has no additional effect. 
 
  

AA 6014 T7
 

Deformation of an optimized extrusion alloy under axial crash loads 
 

Apart from wrought aluminium alloy products, also selected high quality aluminium castings 
are suitable for applications subjected to crash loads. A key pre-condition is the selection of 
an appropriate casting process, e.g. a vacuum-assisted high pressure die casting technology. 
Excellent castability of the alloy and no tendency for hot cracking are a must as well as the 
possibility to join the part either thermally or mechanically to the other car body materials. In 
addition, a relatively high solidification rate is necessary to ensure a fine and homogeneous 
microstructure within the part. 
 
In principle, reaching the mechanical properties in the as-cast state (F temper) is desired, 
because a full heat treatment (T6) of the as-cast component means higher cost, lower 
productivity and the danger of blister and distortion of the cast part during quenching. From 
this point of view, the naturally hard casting alloys of the aluminium-magnesium system, e.g. 
Magsimal-59 (AlMg5Si2Mn) and Magsimal-22 (AlMg3MnCo), are most interesting as they 
offer sufficient strength and high ductility already in the as-cast state. 
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Deformed assembly of Laser - MIG welded high quality pressure die castings made 

from an AlSi casting alloy optimized for crash performance 

 
The other option are alloys based on the binary aluminium-silicon system with a silicon level 
close to the eutectic point in order to achieve the fluidity and die-filling capability necessary for 
producing thin-walled complex shapes with large surface areas. Compared with the usual 
pressure die casting alloys, the AlSi alloys optimizedfor crash-relevant parts contain less iron 
(which is largely replaced by manganese to prevent extensive die sticking). The selected 
Mn/Fe ratio results in a fine and uniform dispersion of the quaternary AlFeMnSi phase and 
prevents the formation of brittle needles of the AlFeSi phase. 
 
However, in order to ensure high ductility and good crashworthiness, AlSi casting alloys 
have to be heat treated at high temperatures to allow the globularization of the eutectic 
silicon. The usual practice of annealing at about 500°C with rapid quenching in water to 
room temperature would lead to heavy distortion of the thin-walled parts. Therefore it is 
necessary to apply a special partial solution heat treatment with subsequent air-quenching 
to keep the distortion within acceptable limits.  
 

 

Special opportunities offered by the aluminium extrusion technology 
 

 

 

 

 

 

 

 

 

Extruded profiles with integrated functional elements allow the realization of new,  
             innovative crash-relevant structures  
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Crashworthy aluminium structural components and modules are the result of a total systems 
approach taking into account the benefits achieved by specifically developed alloy qualities, 
design concepts and appropriate fabrication methods. Cost-efficient aluminium component 
production processes include in particular the extrusion technology. Extruded aluminium 
profiles can be produced in a wide variety of cross sections and can be reliably joined by 
various methods. Furthermore, extruded aluminium components can be easily combined with 
other aluminium product forms as well as with steel or other materials to form complete 
structural modules. Because of the low cost of the extrusion tools and the small lead times for 
tool manufacturing, the resulting crash management solutions are highly flexible and enable 
fast and simple modifications to adjust for specific crash conditions reducing both 
development times and costs. 

The advantages of the extrusion technology proved to be a decisive factor to achieve the 
current, fairly strong market penetration of aluminium crash management systems. The 
unique potential of extruded aluminium sections is based on the following characteristics: 

- Properly designed multi-chamber cross sections ensure closely controlled energy 
absorption characteristics.  

- Multi-wall profiles offer high redundancy if a wall fails in a crash (most important to 
maintain the envisaged crash behaviour also in non-standard crash situations). 

- Profile cross sections with customized wall thickness distribution allow the application of 
thicker walls only where required and thus offer additional lightweighting potential. 
 

 

Multi-chamber aluminum profiles with an appropriate cross section design for 
optimum crash absorption characteristics 

 

Extruded sections with reinforced corners offer a significantly higher specific energy 
absorption in axial crush 
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Side impact beam with a load-optimized cross section optimized for minimum weight 

. 

 
 
Some examples for crash box design and failure calculations are presented in subsequent 
chapters. 

 
 
 

3.2.3  Crash box design: Folding of rectangular crash boxes 
 
Traditional crash boxes absorb energy during axial compressive loading by a progressive 
folding deformation. A rectangular energy absorbing component can experience a number of 
failure modes. The desired failure mode is regular folding. This mode is characterized by the 
stable collapse of the member and the formation of regular folds throughout the axial crush 
loading. Such a progressive formation of regular folds absorbs energy in a consistent and 
controlled manner.   
 

 

Fully crushed rectangular crash box 

 
The load-deflection curves for this mode exhibit consistent secondary peaks and 
wavelengths:  
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Typical load-deflection curve for a compact rectangular section 

 
Other (undesirable) failure modes should be prevented through a proper geometrical design 
and a suitable selection of the material properties. These undesirable failure modes are: 
 
 Irregular folding:  The cross section does not buckle as a whole.  Instead, individual walls 

experience local plate buckling at different loads and times during the crush event.  
Therefore, no regular folding pattern is obtained and the load-deflection curves do not 
exhibit consistent secondary peaks and wavelengths.  

 Bending collapse due to aspect ratio:  After the formation of the first fold, the folds in 
opposite walls interfere, preventing the formation of further folds.  This forces the member 
into bending.  

 Bending collapse due to length:  Bending collapse can occur in the already in the 
deformed geometry (Euler buckling) or after the member has started to deform (partial 
crush buckling). 

 

 

Regular folding (left) vs. irregular folding (right) 
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Bending collapse due to fold interference (left) vs. bending collapse due to length 
(right) 

 
In order to obtain a predictable behaviour in energy absorbing rectangular members, the 
following criteria must be met: 
 
 The section should be "compact".  In a compact section, each individual wall is supported 

by its connecting walls such that the entire cross section buckles as a whole, at the same 
load and time during the crush event.  

 
 The shorter wall (d) of the cross section must be long enough to fit the half wavelength of 

the fold.  
 
 The length of the member must be less that the critical length for Euler buckling and partial 

crush buckling. 
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3.2.4 Crash box design: Folding of circular crash boxes 
Circular sections subjected to axial compressive loads have two modes of failure that offer an 
acceptable energy absorption capacity and show load-deflection curves with consistent, 
repeating fold patterns: 

- the concertina (axisymmetric) folding mode and 
- the diamond folding mode.   

 
In the axisymmetric concertina mode, rows of concentric outward facing folds are formed. The 
diamond failure mode is shown in the right figure. Circular sections often exhibit mixed-mode 
failures in which the sections begins folding axisymmetrically, and then changes to the 
diamond mode folding. 

                 
 

Axisymmetric (left) and diamond (right) folding pattern for circular crash boxes 

 
Many equations for estimating the energy absorbing characteristics of circular sections are 
available in the literature.  
 

 
 

Geometric parameters of circular crash boxes 

The following equation has been found to estimate loads for AlMgSi (6xxx) aluminium alloys 
fairly well:  
 
Pmean = 2t1.5(0.0115rE)0.5  (                                                                                                                    
 
where Pmean = mean load [N],  
t = average wall thickness [mm],  
r = circle radius (at mid-wall thickness) [mm],  
E = Young's modulus of elasticity (71 GPa for aluminium),  
= yield strength (RP0,2) of material [MPa]. 
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Buckle initiators in folding crash boxes  
 
Unless a severe imperfection or buckle initiator is present, the load necessary to initiate a 
folding of a crash box is always significantly higher than the loads associated with the 
formation of secondary folds. Such an initial high load (Pmax) is usually undesirable because 
designers typically wish to maximize the absorbed energy while minimizing the loads 
transmitted to the surrounding vehicle structures.  
 
The introduction of buckle initiators is often the most practical method to reduce Pmax.  Buckle 
initiators are intentional "imperfections" which can take many forms and shapes, such as 
initial folds, indentations, localized thin areas, darts, etc. The exact positioning and the fine-
tuning of the “strength” of these imperfections are most easily determined through quasi-static 
crush testing. However, it should normally be attempted to induce an initial fold that is similar 
to the fold that the section would naturally form without buckle initiator, while avoiding stress 
concentrations severe enough to initiate cracking 
 

 
Effect of a buckle initiator in a circular crash box 

 
Correctly designed buckle initiators can reduce Pmax to the same level as the secondary load 
level and even lower, if necessary.  
 

 

Load-deflection curve without (left) and with (right) buckle initiator 
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3.2.5 Crash simulation with FEM 
 
Up until the mid-1980s, crash management structures were developed primarily by 
experimental methods and many time-consuming, cost-intensive tests were necessary. At 
that time, computers were not powerful enough and the simulation software used in industrial 
applications was not suitable in terms of effectiveness, user-friendliness and reliability for the 
simulation of crash situations. In the design and sizing of components with respect to crash 
considerations, recourse had to be taken to traditional engineering methods.  
 
Over the last years, computer-aided engineering (CAE) has become the established key 
method for vehicle development. Structural design has been significantly affected by the 
appearance of CAD (computer-aided design) programs, while structural analysis procedures 
were improved by the development of simulation programs based upon the finite element 
method (FEM). The parallel development of ever more powerful computers and better 
simulation programs has led to a situation in which a complete body structure can now be 
designed and sized on a computer, also in terms of its crashworthiness. Whereas in the past 
large numbers of prototypes were used in crash tests, i.e. a very expensive and time-
consuming procedure, just a few tests are needed today to validate the simulation results.  
 
.All the crash simulation programs available on the market are based on the finite element 
method (FEM). In this method, complex structures are partitioned into a large number of small 
sections of elementary geometry known as finite elements. Parts of sheet metal or other thin-
walled, two-dimensional components are divided into triangular or square-shaped elements, 
while cubic or tetrahedron elements are used for solid components. In contrast to the complex 
overall structure, the finite elements are accessible for calculation purposes. The behaviour of 
the overall structure is then calculated by suitably linking the individual elements within the 
program. 
 
As far as simulation problems are concerned, dynamic and quasi-static problems must be 
generally distinguished. For crash problems, the initiation of the folding and crumpling of the 
vehicle structure is controlled by dynamic processes. The explicit finite element programs 
used to simulate these processes boast very simple software architecture and high computing 
speed even when dealing with large scale dynamic problem scenarios. A further significant 
advantage is the high level of program stability. Thus, a large number of crash scenarios can 
quickly be virtually tested at reasonable expense. 

 
   
 
 
 
 
 
 
 
 

Numerical simulation of the crash performance of a front bumper (AZT test)  
          Source: Constellium 
Today, extremely reliable simulation results can be achieved for a very broad spectrum of 
applications in the field of vehicle crash testing using FE programs, both in qualitative and 
quantitative terms. However, when it comes to correctly predicting the behaviour of exotic 
materials such as foams, honeycomb materials or fibre reinforced composites the limits of FE 
programs are reached. Nor is it possible to quantitatively predict material failure and crack 
formation in cast components, fibre reinforced composites as well as joining elements such as 
riveted joints, weld points, weld seams or bonded joints. The aforementioned inadequacies of 
crash simulation programs are currently still research topics. 
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3.2.6 Failure criteria 
 

Aluminium failure model – Introduction 

In order to successfully implement aluminium components and structures in crash critical 
applications, efficient analytical tools are necessary to understand and predict the behaviour 
of structures in various loading and deformation modes. Hence, the development of a material 
failure model for crashworthiness design is required.  
 
The first task is to develop the capability to predict the formation of cracks in aluminium 
components under dynamic impact. With this capability, the design can be modified already at 
an early stage to prevent or limit the formation of cracks, enabling the design to pass the 
mandatory qualification tests with a minimum amount of testing. The second task is to link the 
structural crashworthiness to the microstructure of the aluminium alloys and manufacturing 
processes, but this is beyond the scope of this chapter.  
 
There are different material failure models currently under consideration. The specific 
aluminium failure model discussed here has been incorporated into the non-linear explicit 
finite element code LS-DYNA. The new executable is used to predict crack initiation and 
propagation in aluminium structures under static and dynamic loading. It has been 
successfully used in several automotive design projects to pass government mandated and 
customer required crash tests. 
 
In the following sections, the basis of the material fracture properties needed for the failure 
model, a general description of the failure model, and the simulation and verification test 
results are discussed. The major benefits of this tool include:  
 Improved alloy development and selection  
 Reduced number of tests and  
 Decreased design time and cost.  

These benefits lead to an optimized design for cost, weight and crash energy management; 
therefore, facilitating the implementation of aluminium components and structures into 
automotive applications. 
 

 

Aluminium failure model – Definition of critical fracture strain (CFS) 

 

 

Typical engineering stress-strain curve                                                          

In order to use the failure model and to run the modified LS-DYNA code, the fracture 
properties of aluminium alloys need to be determined first. For this failure model, only the 
standard tensile test needs to be performed. Using the typical engineering stress-strain output, 
the critical fracture strain (CFS) can be determined (equations (1) and (2)).  
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Several engineering assumptions are made in the development of the CFS:  

 Strains in the thickness and width directions are the same before the maximum load, 
Pmax.  

 The true stress after Pmax is a constant. 
 The width strain is constant after Pmax.  

 
The first assumption is already used in LS-DYNA. By using the second and third assumption, 
the total thinning strain at fracture is determined.  
 
In general, materials with higher CFS values will perform better under large deformation. 
However, apart from the CFS value, there are also other material properties that need to be 
considered as well. For example, in order to absorb the highest crash energy possible, the 
alloys with a higher yield strength should be chosen. Note that the required CFS value is 
dependent on the specific geometry and structural performance requirements.  
 

 

Aluminium failure model – Failure model development 

Similar to the forming limit diagram (FLD), a fracture strain diagram (FSD) can be drawn in 
the principal strain space. The FSD curve represents the strain in the material at fracture and 
lies at the major strains greater than the FLD due to the additional non-uniform plastic strain 
associated with localised necking. There are a variety of possible empirical failure criteria that 
may be used to determine the FSD. An experimental study has been performed to determine 
the FLD and FSD for a variety of aluminium alloys. The results indicate that the operative 
failure criterion appears to be one of constant thickness strain. 
 

 

Position of forming limit and fracture strain diagrams in principal strain space 

 
This criterion was also used to simulate strain localisation and fracture between holes in an 
aluminium sheet under uniaxial tension. Therefore, the constant thickness strain criterion was 
chosen and used in this failure model.  
 
In the earlier stages of the failure model development, the first approach involved applying the 
FSD to each integration point of the shell element. The element was removed only when 
thickness strains at all integration points reached the FSD. Less cracking was observed in the 
computer simulation than in actual tests. The second approach removed the element when 
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thickness strain at any integration point of an element reached the FSD. With this approach, it 
was found that the surface cracks observed in the tests were predicted as through-thickness 
cracks and the predicted load carry capability was lower than the force measured in the tests. 
 
In the current failure model, the constant thickness criterion is only applied to the integration 
points in the tension side of an element. In addition, a compressive failure criterion is 
proposed and applied to the integration points in the compressive side of the element. For 
convenience the effective / equivalent plastic strain is used in the compressive failure 
criterion, since the effective plastic strain is already calculated in LS-DYNA. When the 
effective plastic strain at an integration point reaches the critical effective plastic strain, the 
integration point fails in compression. This criterion is applied to the compression side of the 
elements after the element has already failed at least at one integration point in the tension 
side. 

 

Aluminium failure model – Verification of model 

In order to demonstrate the accuracy of the failure model, verification studies included the 
simulations of coupons and components under free bending, three-point bending, axial crush 
of extrusions and crush tests of hat-shaped castings.  
 
In the simulation, contact is controlled by the automatic single surface contact algorithm. 
Coulomb friction theory is used during the contact and the coefficient of friction is assumed to 
be 0.5.  
 
Thickness change for shell elements having elastic-plastic material properties is included in 
the analysis. Moreover, the true stress-strain curve up to the maximum load is used and five 
integration points are assigned to shell elements. 
 
a) Aluminium cast products:  
Two simulations were conducted for quasi-static free bending and lateral crush tests. The 
material used was a hat-shaped CZ29-T6 casting with a CFS of 11%. (CZ29 is an internal to 
Alcoa alloy designation). 
 

 

Free bend test configuration 

 
The testing of castings in quasi-static free bending was simulated by finite element analysis 
using the modified code. For comparison, the resulting load-deflection data obtained from LS-
DYNA without the failure model are given. It can be seen that the test results show some 
variation, but the simulation results of the modified code  are very close to the lower bound of 
the test results. 
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Load-deflection curve for free bend of CZ29-T6 casting (2.23 mm) 

In addition, four hat shaped castings made from CZ29-T6 were subjected to a quasi-static 
lateral crush test. A solid steel cylindrical indenter was used to induce bending deformation 
into the castings. The test configuration is shown below. The locations of cracks observed on 
the tested casting are shown next.  
 

 

Configuration of crush test of CZ29-T6 hat-shaped casting 

 

 

Quasi-static test results for crush of CZ29-T6 hat-shaped casting 

 
The crush test was simulated using modified LS-DYNA code. Since the wall thickness of the 
casting was not symmetric, the entire casting was considered in the simulation. The indenter 
was modelled by rigid elements with a constant velocity toward the casting and the bottom of 
the casting was fixed. 
 
The final deformed shape obtained from the modified LS-DYNA run is shown below. It can be 
seen that predicted crack locations are found at the same locations as the actual cracks in the 
tested casting. Note that a surface crack predicted in the simulation is actually a through-
thickness crack in the tested specimen. The force versus displacement results from the 
analysis and the tests show that the simulation with the standard LS-DYNA code over-
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predicts the force recorded from the test while the modified code results very closely correlate 
to the test data. 
 

 

Quasi-static simulation results for crush of CZ29-T6 hat-shaped casting 

 

 

Load-deflection curve for crush of CZ29-T6 hat-shaped casting 

 
b) Aluminium extrusion products:  
Two simulations were conducted for quasi-static axial crush and three-point bend tests of 
aluminium extrusions. In the quasi-static axial crush test, the extrusion material used in the 
tests was EN AW-6063T6 produced with two different cooling rates resulting from fan and 
water quenches. The true stress-strain curves for these two different cooling rates are very 
similar, but the CFS values are quite different. The CFS values for fan cooled and water 
quenched materials are 17% and 25%, respectively.  
 

 

Quasi-static axial crush test results for a fan cooled 6063-T6 extrusion  
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The typical final deformed shape of a fan cooled extrusion (shown above) indicates the 
presence of cracks which are typically found at two different locations in the test specimens. 
The first location is at the inside corner of the extrusion and the second location is at the 
outside corner of the folded area. The deformed shape obtained from the simulation with LS-
DYNA shows the predicted cracks at the same locations as the actual cracks in the tested 
specimen.  

 

Quasi-static simulation results for the axial crush of the fan cooled 6063-T6 extrusion  

 
The typical final deformed shape of a water quenched extrusion is shown below. Some 
surface roughness (or orange peel) was observed, but no cracks appeared. The simulation 
with LS-DYNA predicts a few isolated through-thickness and surface cracks. The location of 
these cracks is consistent with the location of the surface roughness observed in the tested 
extrusion. 
 

 

Quasi-static axial crush test results for a 6063-T6 extrusion, water quenched 
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Simulation results for the axial crush of a water quenched 6063-T6 extrusion  

 

 

Load-displacement curve for the axial crush of a water quenched 6063-T6 extrusion  

 
Quasi-static three-point bend tests were run using an EN AW-6013-T6 extrusion (CFS=11%) 
between roller supports. Each test specimen was loaded at its centre by a smooth roller (see 
figure below).  
 

 

Quasi-static simulation results for three point-bending of a 6013-T6 extrusion 

 
The simulation of the three-point bending test showed that a crack started at the tension side 
of the extrusion and then propagated through the whole section at the centre of the extrusion. 
The sudden drop in the load displacement curve is caused by crack growth (see below). It 
can be seen that the crash energy absorption capability is significantly reduced after crack 
propagation begins.  
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Load-displacement curve for three-point bending of a 6013-T6 extrusion 

 
The extrusion process enables an easy integration of internal features (e.g. internal walls) into 
closed box sections. Such internal diaphragms can be very effective to increase the axial 
collapse resistance of impact members and/or sill sections. The following example compares 
a single cell rectangular impact member with a double cell version during the initial stages of 
axial collapse: Both sections are triggered by geometrical features in order to initiate collapse 
from the impacted end of the beams.  In this case, a constant impact velocity (15.6ms-1) has 
been applied in order to enable a direct comparison of the results. 
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The buckling force needed to collapse these sections is a function of the thickness and a 
characteristic length, in this case the length of the longest walls. The internal diaphragm 
changes the characteristic length and the forces the transition to a higher energy buckling 
mode. 
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3.2.7 Pedestrian safety 
 
As soon as motorized vehicles appeared, pedestrian safety became a concern for public 
authorities and car producers. This contributed in late 20th century to the development of 
more rounded shapes design in car bodies, especially at the front of the vehicle where 
pedestrian impact is the most likely to occur.  
 

  
 

A more rounded (“softer”) car front improves pedestrian protection 
 

Source: Opel 
 

Of main interest in this context is the design of car hoods that can dampen the head impact of 
a pedestrian in case of collision. Compared to steel bonnets, aluminium bonnets show: 

- a significantly (- 40%) lower head impact criterion (HIC) value; 
- a significantly (- 25%) lower acceleration peak; 
- local plastic deformation over a larger bonnet area; and a 
- 15-20% larger deformation depth of the bonnet, 

combined with weight savings of up to 45%. Most serious head injuries occur when there is 
insufficient clearance between the hood and the stiff underlying engine components. In this 
case, the (relatively) soft first impact will be followed by a harder second impact on the 
underlying engine components. The calculation of the HIC value leads then to an overall 
higher HIC value (+ 22%).  
 
In case of the bonnet, pedestrian protection can be improved (i.e. the HIC value can be 
reduced) by a suitable material selection for the outer and inner panel, but in particular 
through an appropriate design of the inner bonnet. In order to benefit most from the 
characteristics of aluminium bonnets, a cone design of the inner bonnet should be applied. 
With the optimized design, the full pedestrian safety potential of an aluminium-based solutions 
can be implemented for many cars. 
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Bonnet inner panel design optimized for head impact protection 
Recent accentuations of the pedestrian protection regulations may require even more drastic 
measures for safe car hood design: 

- providing of sufficient deformation space; 
- implementation measures for improved and better controlled energy absorption; and 
- removal or proper shielding of vehicle structural elements and other rigid components 

(e.g. hinges). 
As a consequence, a higher bonnet line will be often needed to accommodate sufficient 
energy absorbing air-space in the engine compartment above the power unit. A gap of 
approximately 10 cm is usually enough to allow the pedestrian’s head to have a controlled 
deceleration. However, creating room under the hood is not always easy because there are 
usually other design constraints, such as aerodynamics and styling. In some regions of the 
hood, such measures can even be impossible, i.e. along the edges on which the hood is 
mounted and along the cowl where the hood meets the windshield. More ambitious solutions 
have attempted to overcome this problem by developing systems including airbags that are 
activated during the crash and cover the stiff regions of the hood. When the pedestrian is 
detected by sensors, the bonnet hinges are released and the airbag starts to inflate. 
Consequently, the bonnet is lifted and the airbag covers the windscreen and A pillars. 
 

 
 

Head impact protection using airbags cover the critical stiff area system 
 
Another possibility is the use of active bonnets which pop up in a pedestrian impact to provide 
sufficient crush space above the engine. Pop-up of the bonnet can be initiated different 
methods, e.g. by pyrotechnic devices (in the Jaguar XK and the Citroën C6) or by a system of 
springs (Mercedes E class). In this case, the lower weight of the aluminium bonnets offers 
significant advantages when designing appropriate deployment mechanisms. 

 
 

The pop-up bonnet of the Jaguar XK adds 6.5 cm extra clearance over the engine block 
 

Source: Jaguar 
 
Another critical issue is the protection of the limbs. Most limb injuries occur due to a direct 
blow from the bumper and the leading edge of the hood. Thus, attempts at reducing these 
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injuries involve reducing the peak contact forces by making the bumper softer and increasing 
the contact area and by limiting the amount of knee bending by modifying the geometry of the 
front end of the car. Computer simulations and experiments showed that when cars have 
lower bumpers, the thigh and leg rotate together causing the knee to bend less and thus 
reducing the likelihood of injuries. Deeper bumper profiles and structures under the bumper 
(such as the air dam) can also assist in limiting the rotation of the leg. 
 

 
 

Citroën C4 Picasso – Position of the two absorbers designed to protect the leg of a 
pedestrian 
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3.3 Fatigue 

3.3.1 Introduction 
 
Fatigue is the process by which materials fail after cyclic loading. Fatigue limit, endurance 
limit, and fatigue strength are expressions used to describe this material property, i.e. the 
amplitude (or range) of cyclic stress that can be applied to the material without causing 
fatigue failure. Whereas ferrous alloys have a distinct fatigue limit, i.e. an amplitude below 
which failure will not occur due to cyclic loading, aluminium alloys do not have such a distinct 
limit. They will eventually fail even from small stress amplitudes. In these cases, a specific 
number of cycles (usually 107) is chosen to represent the fatigue life of the material. In this 
case, the term “endurance limit” is used. 

.The fatigue life of a material consists of two periods: 

- crack initiation and 
- crack growth.  

Fatigue measurements focus either on the measurement of the total fatigue life (crack 
initiation plus crack growth) or on the measurement of the crack growth rate starting from a 
known defect size. There are several different tests used to measure fatigue performance of 
aluminium alloys. These range from uniaxial tests on simple specimens to tests on full scale 
components after manufacture. Fatigue tests can also be performed for a range of loading 
conditions.  

The traditional method for determining fatigue life involves measuring the total life for crack 
initiation and growth. Since the time for crack initiation is very sensitive to the surface finish of 
the material, it is critical that this is carefully controlled. Tests are performed across a range of 
stress amplitudes and plot of stress amplitude (S) against cycles to failure (N) is produced, 
commonly known as an S-N curve. 

 

 

 

 

 

 

 

 

 

 

Stress-life comparison of the aluminium alloys AA6111 and AA5754 as well as selected 
steel grades. Source: Novelis 
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However, the fatigue properties of the pure aluminium alloy are seldom the relevant design 
parameter. The fatigue performance must be considered in terms of an aluminium product 
(product form, alloy, temper and geometrical parameters), a manufactured component and 
eventually an assembled module. In particular for aluminium castings, the fatigue 
characteristics will depend strongly on the local solidification conditions. Even more important 
are generally the effects of specific design characteristics (e.g. sharp corners), the 
manufacturing parameters (joint type and joining procedures, post treatment, residual 
stresses) with their inherent variations and the environmental parameters (load and stress 
type, frequency, corrosion, temperature).  
 
In many cases a properly planned experimental program with subsequent statistical analysis 
of the results may be required in order to be able to distinguish the relevant differences in 
fatigue behavior. Guidance is provided in many textbooks and there is also ample literature 
on this topic in many national standards, especially in the recommendations of the American 
Society for Testing and Materials.  
 
General information on fatigue testing machines is found in the textbooks; further information 
may be obtained directly from the manufacturers of test machines. More difficult are general 
statements describing the preparation, set-up, and testing of full-size structural components. 
These components will usually be actual parts of the structure itself, although often typical 
test specimens e.g. open (U-, T- or H-shaped) beams or hollow shaped (box. double web) 
beams are used. The applied test configuration will be either pure bending (so called four-
point bending) or a combination of bending, shear and axial loading.  Information may be 
obtained here from the respective reports of various laboratories which are performing such 
tests. As an example, there is a report on the extensive aluminium beam test program which 
was carried out in the eighties at the Technical University of Munich (contributing among 
other results to the collection of background data for Eurocode 9). 
 
Fatigue testing is a most important part of the design and production development of any 
structural aluminium component. Experience shows that service failures of structural 
aluminium components due to fatigue are relatively common. Compared to structural steel 
components, corrosion is much less of a problem for aluminium components. The figure 
below shows the result of an investigation of service failures in aluminium products for 
ground vehicles.  
 

 

Investigation of service failures in aluminium products 

Source: Alcoa 

 
Aluminium fatigue data are often compared to those for mild or low alloyed steels and found 
to be distinctly lower (relative to the static strength). It should be remembered, however, that 
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due to stiffness design criteria, the overall stresses in aluminium components are often also 
significantly lower and therefore compensate for the lower fatigue resistance. Nevertheless, 
design and fabrication must avoid generating stress concentrations, especially in welded 
constructions.  
 
Given a similar load spectrum, aluminium components for similar function have to be 
assessed differently from the conventional steel components with respect to their fatigue 
performance:  
 The design loads be can often reduced since lightweight components are replacing 

heavier parts.  
 Typical design features of aluminium structures (e.g. larger cross sections) will improve 

fatigue resistance.  
 The integration of additional function into aluminium products like extrusions and castings 

can reduce the number of joints and thus improve fatigue behaviour.   
 For the production of aluminium assemblies, various types of joining technologies are 

usually available, i.e. it is possible to select the joining method which offers optimum 
fatigue performance.  

 In specific cases, it is possible to enhance the fatigue strength of a joint by the application 
of combined joining techniques (e.g. adhesive bonding combined with spot welding or self 
piercing riveting).  

 
Special attention must be given to the evaluation of the fatigue performance of aluminium 
castings. The lower mechanical properties and reliability of the aluminium cast alloys 
compared to wrought alloys is caused by the presence of casting defects and other 
microstructural inhomogeneities, which will also act as preferential fatigue initiation sites. 
Furthermore, there is a lack of complete understanding of the fatigue behaviour of aluminium 
cast alloys and of the respective relationships to microstructural features. In general, cast 
pores are preferential crack initiation sites in cast materials. But secondary dendrite arm 
spacing, inclusions and grain size are also considered to be important microstructural factors 
to understand the fatigue behavior of cast components. 
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3.3.2 Design Philosophies 
There are five major design philosophies for the design of components and structures with 
respect to fatigue resistance: 
 

1. Infinite life:  
If all stresses are below the endurance limit of the material and/or component, failure should 
never occur. This criterion is an appropriate method for the design of structures subjected to 
high numbers of life cycles such as some rotating parts. Sometimes it is also used for safety-
critical parts.  
 

2. Safe life:  
In safe-life design, the allowable fatigue stress or strain is related to that which would be 
expected to cause failure at the required lifetime. This approach is widely used throughout 
the automotive industry.  
 

3. Fail safe:  
For safety critical applications, a more conservative approach to fatigue analysis is required. 
The fail-save design philosophy has been developed in the aircraft industry. It assumes that 
the structure's construction is such that limited cracking or even failure of a given component 
would not produce a complete or catastrophic failure of the structure.  
 

4. Damage tolerant:  
The the aircraft industry has taken the fail-safe concept even further by assuming that crack-
initiation time is zero. In other words, it is assumed that all materials contain inherent flaws 
and/or manufacturing flaw exists at a critical section. The principle is shown schematically in 
the figure below. The initial flaw size is the longest length that cannot be reliably detected by 
their inspection method.  
 

 

Damage-tolerant approach to design 

The useful fatigue life is then defined as the number of cycles required to propagate pre-
existing flaws to a critical size. The critical size is often related to the critical size for unstable 
crack propagation. In order to use this approach, it is necessary to determine the crack growth 
rate. The defect tolerant approach to fatigue uses concepts from fracture mechanics and a 
pre-notched specimen is typically used for testing. 

 
5. Good practice: 

This approach utilizes details which have historically been shown to be fatigue-resistant. An 
important aspect of a good practice is the minimization of stress concentrations. 
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3.3.3 Product development methodology 
 
The figure below gives an example of a product development process.  
 

 

Product Development Methodology 

Source: Alcoa 

 
Design for fatigue performance starts early in the development phase. The first step is the 
implementation of a good practice design. This is followed by a conceptual phase and a detail 
design phase. The following pages give a more detailed description of the elements of this 
methodology. 
 

Conceptual design phase: 

As a simplified guideline, the following steps should be taken in the conceptual design phase 
of a component or structural module: 
  
 Simplify the load history  
 Calculate the nominal stress using the static material strength  
 Reduce the loading stress by optimizing layout/sections/thickness  
 Place joints in low stressed areas  
 Select the alloy temper and joining method which balances best manufacturability, cost 

and performance  
 Consider safety factors, potential corrosion effects and preliminary product specifications  
 Determine allowable stress/strain level for required life.  
 
It should be noted that the influence of the alloy and the temper on the fatigue life of 
assembled aluminium structures becomes smaller with higher cycle numbers. An example 
for MIG welded butt joints is shown below. 
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Effect of Alloy on fatigue performance of MIG Welded Butt Joints 

Source: Alcoa 

 

Detailed design phase 

In the detailed design phase, FE models are used. When using simplified FE models, the 
following steps are taken: 
 
 Evaluate the fatigue performance of a component / structural module based on local 

stresses /stress ranges and mean stresses  
 Apply appropriate design data and correction factors  
 Iterate on design details  
 Identify critical areas that require more refined modelling, i.e. the consideration of design 

details per production specification. 
 
An example of a simplified geometry for FE analysis is shown below.  

 

 

Simplified Mesh using shell elements and different material properties 

Source: Alcoa 

 
Using detailed FE models and simplified tests, the following steps are taken:  
 
 Evaluate based on local elastic / plastic strains  
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 Perform simplified fatigue tests for correlation to the FE analysis 
 Refine FE models and design data based on the correlation to the test results 
 Refine design details  
 Validation test results with the finalized structure.  
 
The more detailed FEA model of the same lap joint is shown below. 
 
 

 
Detailed FEA model (two representations) 

Source: Alcoa 

Some fatigue design recommendations to facilitate the selection of specific design details with 
superior fatigue performance are presented below. For applicable fatigue stress calculation 
methods, see literature. 

 

Good practice design: 

Some general design guidelines generated from experiences are given below: 

 Components with smooth surfaces:  

- Avoid embossed trademarks that scores surface  
- Expect to have scratches, damages etc., i.e. design for a lower allowable stress to 

accommodate negative effects on fatigue strength 
 

 

Components with smooth surfaces 
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 Beams bearing on top of flanges of other beams:  
 
A beam bearing on the edge of a flange causes high local bending stresses at the fillet and 
thus causes a reduced fatigue performance. 
 

 
Beam bearing on top flanges of other beams 

 
A countermeasure would be to pull the beams together with strong fasteners or - better – to 
use shims so that load is transmitting through the web avoiding bending stresses. 
 

 

Use Shims 

 Welds on beams framing into web: 
 

High local stress due to a short distance to the flange leads to the formation of a crack. 
 

 

Beam framing into web 

 
A possibility is to enlarge the distance so that the web can deflect with a lower local stress. 
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Enlarge distance 

 
 Weld sizes:  

 
Small welds on large, lightly loaded components (a) have low resistance to fatigue. It is better 
to employ welds that develop a significant portion of the strength of the parts to improve 
toughness and fatigue. Full penetration of the weld would be best. 
 

 

Weld sizes 

 
 Termination of stiffeners:  

 
High local stresses occur at the tip of a stiffener ending in the middle of a plate when the 
stiffener bends. 
 

 

Termination of stiffeners 

A better termination of the stiffener is the introduction of a frame stiffener to the other member 
to eliminate high local stresses. 
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Better termination of stiffeners 

 Beams changing direction:  
 

A change in the beam direction causes transverse bending stresses in the flanges at the 
noted location: 
 

 

Beams changing direction 
 

The use of a diaphragm at the point of change in the beam direction can prevent the 
transverse bending. 

 

 

Use a diaphragm 

 
 Misalignment of stiffeners:  

 
The misalignment of stiffeners stopped and welded at each side of a diaphragm causes high 
local stress. 
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Misalignment of Stiffeners 

 
 
A solution is to pass the stiffeners through the diaphragm and to close the opening with plates 
to eliminate misalignment and to reduce local stress. 
 

 

Pass stiffeners through 
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3.4 Corrosion 
 

3.4.1 Introduction 
 
An outstanding feature of aluminium and its alloys is the good chemical stability. The excellent 
corrosion resistance is due to a thin, tight and well adhering surface layer of aluminium oxide which 
forms spontaneously in air and is highly stable in the pH range 4.5 to 8.5. Outside of this pH-
range, i.e. in strong acids or alkalis, the oxide film dissolves and the metal can suffer uniform 
corrosion. Within this pH range, i.e. in pH neutral aqueous solutions, the oxide film is stable 
However, it can be locally dissolved in the presence of certain anions (for example Cl-) or cations 
(for example Cu2+) and a corrosion attack can occur. Depending on the alloy composition, also 
selective corrosion (i.e. intergranular and exfoliation corrosion) can occur on a bare aluminium 
surface.  
 
The nature, extent and progression of the corrosion attack are determined on the one hand by the 
environmental conditions and the design features of the specific body component, on the other 
hand by the chemical composition, the microstructure as well as the surface properties of the 
material. Alloying elements (and to a small extent also defects of the crystal lattice) give rise to local  
changes of the electro-chemical potential of the aluminium matrix. Important factors are the type, 
size and distribution of the intermetallic particles as well as the local concentration of the alloying 
elements present in solid solution.  
 
Aluminium components and assembled structures generally show a very high resistance to 
corrosive environments when properly designed and manufactured using appropriately 
selected alloys.  The goal of this section is to provide an overview of the principle forms of 
corrosion that can occur on automotive aluminium components and to offer some general 
guidelines on how best to avoid these situations. A short description of the most important types 
of corrosion which can occur under unfavourable environmental conditions is given below. For 
a more detailed presentation of the mechanisms of aluminium corrosion, reference is made to 
other sections of this manual and to specific textbooks. 
 
However, it must be kept in mind that the corrosion behaviour of a component or module is 
not only a material property, but depends on the total corrosion system. The corrosion system 
includes the material, the surface conditions, the electrolyte (corrosiveness of the medium), 
the environmental conditions (temperature, duration of impact of electrolyte, degree of 
movement and agitation), the presence of contaminations (dirt, salt), etc. 
 
Furthermore, aluminium components in automotive applications are often painted or covered 
with corrosion protective coatings. In these cases, the corrosion system is completely different 
since the surface coating plays a major role and material corrosion is only relevant where the 
surface protection is insufficient or has been damaged. Thus, an evaluation of the complete 
surface coating system (including any surface pretreatment by the material/component 
supplier as well as the performance of the complete OEM cleaning, zinc phosphating and 
multi-layer paint system) must be taken into consideration. 
 
Most important are also the influence of design and manufacturing. Even in aluminium 
intensive car designs, there are normally assemblies consisting of different materials. When 
different materials, but also different aluminium alloys are in electro-conductive contact, 
galvanic corrosion may occur. Another detrimental effect can be the appearance of crevice 
corrosion. Crevice corrosion can develop whenever moisture enters the crevice area between 
two adjoining surfaces, especially if salts are also present. Galvanic corrosion and crevice 
corrosion should be absolutely avoided by design or other special measures as both 
mechanisms can drastically accelerate the local corrosion attack. Corrosion incidence can be 
usually avoided by observing some simple design rules, which are described below. 
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Factors influencing the corrosion behavior of the lacquered car body 
 

Source: Novelis 
 

Another potentially very critical issue for structural components and modules can be the 
occurrence of corrosion fatigue. Corrosion fatigue can drastically reduce the lifetime of 
dynamically loaded aluminium structures. The best way to avoid corrosion fatigue is through 
proper fatigue-resistant design and – if necessary - the use of suitable protective coatings. 
Thus care must be taken to avoid surface irregularities, in particular sharp notches and fine 
surface cracks, which may act as nucleation sites for fatigue cracks. Furthermore, localized 
surface corrosion must be prevented since also such surface irregularities may initiate fatigue 
cracking.  
 
In conclusion, it is must be kept in mind that specific corrosion issues have to be examined on 
a case by case basis. There are many different factors which determine the corrosion 
mechanisms acting on any particular component or assembled module and thus also various 
methods that can be used to provide good corrosion protection.  The guidelines offered in this 
section are therefore of general nature and great care to detail and field experience is 
necessary when applied to any specific problem.  
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3.4.2 Cosmetic corrosion 
 
On a metallic bright, uncoated aluminium surface, the visual appearance can be detoriated by 
pitting corrosion. Pitting corrosion is only seldom related to the microstructure of the material, 
but generally develops as a result of local effects of aggressive aqueous solutions (containing 
for example chloride or heavy metals) on the bare metal. Pitting corrosion is characterised by 
the formation of round dimples of different size. The resulting material loss due to corrosion is 
small; the strength characteristics of the sheet metal are not significantly impaired.  
 
 

 
 

Local pitting corrosion on an uncoated aluminium sheet 
 

Source: Novelis 
 
In practice, the term cosmetic corrosion generally refers to paint performance of class “A” 
outer body panels.  In order to fully understand and evaluate the reasons related to cosmetic 
corrosion issues, the performance of the complete lacquering line at the automobile producer 
(cleaning, zinc-phosphating (or alternative chemical pretreatment) and multi-layer paint 
system) must be taken into consideration. The main factors which influence the corrosion 
performance of painted automotive sheet are: 
 

 Environmental conditions: presence of corrosive agents (e.g. salt load), temperature, 
humidity  

 Properties of the lacquer: diffusion characteristics for H2O, O2, chlorides, etc., 
presence of active corrosion protection pigments in the lacquer  

 Interlayer between the aluminium alloy and the lacquer  
• properties of the Zn-phosphate layer  
• surface condition of the formed panels before Zn-phosphating and lacquering 

(e.g. grinding has a negative effect on corrosion performance) 
 Design/manufacturing effects: presence of crevices, formation of galvanic elements. 

 
The sheet alloy composition and microstructure are factors of second priority.  However, a 
complete review of all these factors is well beyond the scope of this chapter. From general 
experience, it can be stated that, provided all the necessary precautions are taken, the 
service performance of painted aluminium closures is excellent. 
 
With respect to the painting of individual components, surface preparation prior to paint 
application is absolutely critical in order to achieve optimum corrosion performance.  This is 
particularly the case for components such as cast aluminium wheels.   
 
Experience clearly shows that a high level of resistance to cosmetic corrosion can be 
achieved using either low or high level fluoride phosphating or a dedicated aluminium 
finishing process. The advantage of the low fluoride process is that it allows both aluminium 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 40 

and steel intensive vehicles to be treated on the same finishing line without the need to 
restrict the aluminium throughput. Furthermore, the formation of a uniform layer of zinc 
phosphate crystals on the aluminium sheet surface is not necessarily required to provide 
proper resistance to cosmetic corrosion. The most important treatment step seems to be the 
passivation treatment which follows the Zn-phosphating step. The passivation of the surface 
using a fluorozirconic acid treatment results in a thin uniform zirconium oxide layer that 
adheres well both to the aluminium substrate and to the electro-coated lacquer. The 
passsivation treatment performs very similarly to the pretreatment layer developed in 
dedicated aluminium surface pretreatment processes. This is not unexpected since both 
treatments are based on similar fluoroacid systems. 
 
Surface grinding during sheet surface rectification is the most important factor in promoting 
susceptibility to cosmetic corrosion developing during corrosion testing of vehicles and in 
service. The increased corrosion susceptibility following surface grinding is a direct 
consequence of the generation of ultra-fine grained, heavily deformed layers in the outermost 
surface. These surface layers are electrochemically more active than the underlying bulk 
material and are therefore preferentially dissolved during corrosion attack. More work is 
however, required to develop a mechanistic understanding of the activation of mechanically 
ground surfaces and the effect of paint bake treatment in increasing corrosion susceptibility.  
 
 

 
 

Effect of surface grinding on the corrosion performance after conversion treatment 
and lacquering  

 
Source: Novelis 

 
It should be noted that for cosmetic corrosion to occur on a vehicle in the service phase, the 
paint system must be damaged to expose the bare metal. This is most likely where there is 
the risk of severe stone chip damage or scratches from minor collisions. However, it is 
therefore good practice to avoid the rectification of formed sheet parts or to minimize the 
effect of the grinding action by the application of appropriate grinding procedures and, if 
necessary, to add additional local protection. 
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3.4.3 Intergranular corrosion 
 
Intergranular corrosion is characterised by a dissolution of the metal which proceeds 
preferentially along the grain boundaries. The cause for the occurrence of intergranular 
corrosion effects are differences of the electro-chemical potential between the grain 
boundaries and the interior of the grains, for example when the segregation of alloying 
elements leads to a distinct enrichment or deletion in grain boundary regions and/or if the 
grain boundaries are closely covered with precipitated particles. Whether intergranular 
corrosion has a detrimental effect on the material properties or not depends on the 
penetration depth. In case of a larger penetration of the corrosion attack, a deterioration of the 
mechanical characteristics can occur. 
 
 

.  
 

Intergranular corrosion an aluminium alloy 
 

Source: Novelis 
 

 
The effective intergranular corrosion mechanisms in two important automotive aluminium 
alloy classes are described below: 
 

a) Corrosion of AlMgSi(Cu) alloys: 
 
If bare AlMgSi sheet is exposed to aggressive corrosive conditions in laboratory tests, 
intergranular corrosion can occur under specific conditions. The corrosion resistance of the 
alloy sheet is mainly determined by the copper content, the silicon to magnesium ratio (or the 
excess silicon content) and the processing conditions. The negative effect of a copper content 
above 0.3 to 0.5% on the corrosion resistance of AlMgSi alloys (AA6xxx) is due to the 
formation of Cu-containing precipitates along the grain boundaries which lead - when the 
material is exposed to aggressive environmental conditions - to the preferential dissolution of 
the adjacent aluminium matrix. If the silicon to magnesium ratio exceeds 2.5, also 
precipitation of silicon particles can occur at the grain boundaries. Under aggressive 
environmental conditions, this effect can cause intergranular corrosion as well. On the other 
hand, the Mg2Si phase which is always present in AlMgSi alloys shows a neutral behaviour. 
The high corrosion resistance of the AlMgSi car body sheet alloys typically applied in Europe 
is ensured by a closely controlled copper content and a silicon to magnesium ratio outside of 
the critical range. 
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Influence of the silicon-to-magnesium ratio and the copper content on the sensitivity of 

AlMgSi alloys to intergranular corrosion 
 

Source: Novelis 

b) Corrosion of AlMg(Cu) alloys: 
 
AlMg alloys (AA5xxx) with less than 3 %  magnesium are not susceptible to intergranular 
corrosion under normal service conditions. In alloys with a higher magnesium content, 
however, a continuous film of Mg-containing intermetallic particles can form at the grain 
boundaries during extended exposure to elevated temperatures (exposure time of 100 up to 
more than 1000 hours; temperature range of 65 to 150°C). In a corrosive environment, a 
selective grain boundary attack is then possible. It is important to always take into account the 
possible occurrence of this type of corrosion when AlMg alloy components are exposed to 
both a corrosive environments and increased temperatures. Such conditions can be expected 
for example for components which are located near the engine, the catalyst or the brakes. 
However, no intergranular corrosion occurs in AlMg alloys with > 3% Mg as soon as 
individual, not connected particles are formed at the grain boundaries. This is the case if the 
material is annealed at temperatures above 150°C. The result of such a stabilisation 
treatment is a material resistant to intergranular corrosion as long as it is not subjected to 
subsequent cold forming operations. The addition of copper has generally a negative effect 
on the corrosion resistance of AlMg alloys. 

 
 

Sensitivity of “O” temper AlMg alloys to intergranular corrosion 
(slow strain rate test data using a NaCl/H2O2 solution – reference AA5754) 

 
Source: Novelis  
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4.4.4 Stress corrosion cracking 
 
When intergranular corrosion attack has started on the surface, the penetration rate of the 
attack into the material can be increased by the presence of tensile stresses (tensile loads 
and/or residual stresses). Thus special care must be taken to avoid or minimize internal 
(residual) stresses, e.g. from forming or assembly operations. Furthermore, for components 
which are subjected to external tensile stresses and/or dynamically loaded parts, it is 
essential to have a microstructure which is not susceptible to intergranular corrosion.  
 
The precondition for the occurrence of stress corrosion cracking is a combination of a 
corrosive environment, external or internal stresses in the elastic range as well as a 
microstructure allowing easy crack propagation. The initial electro-chemical corrosion attack 
is usually characterised by intergranular corrosion. Crack formation under mechanical loads 
initiates a further corrosion attack resulting in crack growth into the depth of the material. The 
crack propagation continues essentially perpendicular to the direction of the applied stresses.  
 
AA 5XXX series alloys and certain AlMg casting alloys, commonly used for structural 
components, with magnesium content above about 3% can be susceptible to stress corrosion 
cracking after extended exposure to elevated temperatures.  Some AA2XXX, 7XXX and 
6XXX with high copper additions are also susceptible to stress corrosion cracking, but these 
are generally not used in automotive applications.  For this reason, it is strongly 
recommended to use only AlMg alloys with a maximum content of 3% magnesium for 
structural components in automotive applications where exposure for long periods to 
temperatures in excess of about 75°C may occur.   
 
When the use of AlMg alloys with higher Mg content is desired, consultation with the material 
producer is recommended and their applicability must be evaluated in detail. The thermal 
exposure of the part during its lifetime should be known and preferably a realistic, full 
component test should be performed.  These guidelines are generally followed and there are 
no known records of field failures of structural components made from AlMg alloys due to 
stress corrosion cracking.   
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3.4.4 Crevice corrosion 
 
Crevice corrosion on aluminium components can occur whenever moisture enters the crevice 
area between two adjoining surfaces, in particular if also salts are present. Often, the two 
adjoining surfaces would be aluminium, but one of the surfaces can also be of another 
material. It should be noted that once the corrosion starts, corrosion attack can also 
propagate intergranularly into the aluminium component.  Crevice corrosion is most critical for 
situations where the crevice is formed by two conducting materials with different 
electrochemical potentials leading to an additional galvanic effect.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Crevice corrosion under a floor cover 
 

Source: Novelis 
 
An example of crevice corrosion underneath a carpet which covered the aluminium sheet is 
shown above. Moisture and salts had penetrated into the crevice between the carpet and the 
aluminium surface. In order to rectify this situation, a sealant was applied over the entire area 
between the carpet and the aluminium sheet, forming a barrier to the penetration of moisture 
and salts. This example illustrates how the use of sealants can be very effective in eliminating 
crevice corrosion issues. 
 

 

Orientation of floor panel and side panel lap joints is important in avoiding entrapment 
areas 

Source: Alcoa 
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In addition to the use of sealants, proper design of joints effectively eliminates the potential of 
crevice corrosion. In essence, components should be constructed in such a manner that 
entrapment areas for moisture, salts and dirt are avoided as much as possible (see above). 
Ideally joints should be designed to allow good drainage and prevent the build up of poultices 
which can trap salts and moisture.    
 
In addition, consideration should be given to allow the access of paint or other corrosion 
protective coatings into crevice areas. This is particularly important whenever electro-coating 
techniques are applied. If a joint area is very tight, the paint cannot penetrate into the crevice. 
However, a small gap between adjoining surfaces is often sufficient to allow access, thereby 
providing a barrier to corrosion activity. 
 
Whenever a sealant is used in any of these applications, it is important to ensure the sealant 
remains pliable. Sealants which dry out and crack will allow the access of moisture into 
crevice areas and can even accelerate the rate of crevice corrosion 
 
Another form of crevice corrosion that should be mentioned originates from the use of certain 
foam materials occasionally used for sound dampening purposes.  Some of these foams can 
retain moisture and salts and may lead to corrosion if there is no barrier material between the 
foam and the aluminium component. It is best to avoid the use of such materials and select a 
product that does not retain moisture. 
 
In summary, guidelines for the prevention of crevice corrosion effects include: 
 
1. Design of the component to allow good drainage and prevention of moisture, salt and dirt 
retention in crevice areas is critical. 
 
2. Wherever possible, sufficient gaps should be left between components on a vehicle body to 
allow the ingress of electro-coat primer into crevice areas.  
 
3. The use of paint and sealers between adjoining surfaces can be very helpful in preventing 
most crevice corrosion issues. 
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3.4.5 Galvanic corrosion 
 
Special care must be taken when other materials are in an electro-conductive contact with 
aluminium, but also when different aluminium alloys are in contact with each other. In this case, the 
potentially resulting corrosion effects are determined by the actual difference of the electro-chemical 
corrosion potential. In most automotive applications, components consisting of different metals 
(most commonly steels and aluminium) have to be assembled. Since the environment of an 
automobile - especially in winter driving - must generally be regarded as aggressive, it must 
be anticipated that situations can occur where galvanic (or contact) corrosion in mixed metal 
structures develops.  
 

 
 

Example of galvanic corrosion of 2xxx inner panel in contact with steel (the corroded 
area corresponds approximately the shape of the steel member that was in contact) 

Courtesy: Alcoa 

Galvanic corrosion can occur whenever two dissimilar metals or - more generally - electrically 
conductive materials are in contact in the presence of an electrolyte. A common incidence of 
galvanic corrosion is caused by the use of steel fasteners in aluminium designs. Often, the 
aluminium component is being fastened to a steel component as well, which then forms 
another source of galvanic action. The primary prevention method involves the use of barrier 
materials to isolate steel from aluminium, thereby eliminating electrical contact. 
 

 
 

Methods of sealing crevices between steel and aluminium surfaces 

Aluminum Steel

Steel

Zinc coated steel or
polymer washer

Primer or sealer

Zinc coated steel or
polymer washer
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The choice of the fastener protection material is critical. There are a number of sacrificial 
coatings which provide excellent protection against galvanic corrosion effects between 
aluminium and steel. Most important are zinc powder and/or aluminium flakes in an organic 
binder. It is also necessary to ensure that the coating is properly applied, otherwise much of 
the protection could be lost prior to or during the assembly. Other types of protective coatings 
on fasteners are also available, including aluminium and tin plated layers. Experience has 
shown that also properly galvanized steel fasteners are very effective in providing excellent 
galvanic corrosion prevention. Stainless steel fasteners can be used without any protective 
coating, but it should be noted that their use does not necessarily prevent the occurrence of 
galvanic corrosion. With the wide variety of available solutions, a detailed discussion with the 
fastener supplier is generally recommended to be sure the applied solution meets the 
requirements for a specific application.   
 
The other alternative to consider is the use of a non-conductive barrier material between the 
steel and aluminium components. It is possible to use paint, a sealer or a polymeric material 
such as a polyester tape for this purpose. There is a wide choice of barrier materials and 
consideration must be given to cost and ease of manufacture as well as the required degree 
of corrosion prevention. In any case, the comment in the previous section concerning the 
requirement for a sealer to remain flexible and not to dry out or become brittle holds as well.  
 
In any situation where moisture and salts can accumulate, additional sealant should be 
applied outside of the immediate joint area to isolate the seam as much as possible.    
It is also important to note that the barrier material should extend beyond the immediate 
contact area between the dissimilar metals. A distance of about 10 to 20 mm is usually 
adequate. If the barrier material covers only the adjoining surfaces, electrolyte can form a 
bridge between the two metals and corrosion can occur. 
 
Pre-painting of the steel component prior to joining to the aluminium sections is often a very 
effective method of preventing galvanic corrosion.  Again, consideration must be given to the 
overall requirements for manufacturing and cost. 
   
Galvanic corrosion concerns are mostly associated with steel to aluminium contact. However, 
also other metals such as copper can result in galvanic corrosion with aluminium if the joints 
are not properly protected. But the measures described above also allow for excellent 
corrosion performance in service. On the other hand, there are alternative joining 
technologies to the use of fasteners which may be considered if concerns over galvanic 
corrosion remain, e.g. adhesive bonding. Care must be taken also in cases where the 
contacting material is not a metal. Examples are rubber or plastic materials containing carbon 
black which can act galvanic ally with respect to aluminium. The selection of the proper grade 
and level of carbon black must be considered to avoid any issues. 
 
Although mixed material designs may result in galvanic corrosion of the aluminium partner, 
they have been successfully used in practice. Long term experience shows that it is possible 
to eliminate or minimize the effects of galvanic corrosion if appropriate precautions are taken. 
In summary, the following guidelines can help prevent galvanic corrosion issues: 
 
1. The design guidelines mentioned above for the prevention of crevice corrosion should be 

strictly followed to avoid entrapment areas where moisture, salts and poultices can 
accumulate in or near a galvanic couple. In particular sufficient space should be left 
between steel and aluminium components to allow electro-coat paint to enter the crevice 
and form a barrier between the dissimilar metals. 
 

2. It is essential to use properly protected fasteners. Primers , sealers and other barrier  
       materials should be applied to fasteners and the adjoining surfaces of a galvanic couple.     
      The barrier material should extend beyond the immediate contact area of the joint. 
 
3. The use of pre-painted components prior to assembly should be considered where  
       possible. If applicable, also the use of alternative joinining methods such as adhesive               
       bonding should be considered. 
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More specific recommendations: 
 
Eliminate or reduce electrical contact  
The possible measures range from the use of sealants between dissimilar metal parts to the 
electrical isolation with insulating washers. In practice, sealants are generally used between 
body panels and non-conductive washers under fasteners. 
 
Prevent contact with the corrosive environment  
Examples are the use of sealants and coatings with inhibiting compounds to prevent the entry 
of moisture to the dissimilar metal interface or simply painting the cathode (e.g. steel) 
adjacent to the aluminium part. The location, environment, expected service life and cost 
dictate the type of the applicable sealant or paint.  
 
Limit time of exposure to corrosive environment  
This point is frequently most easily solved by effective design. Joints between dissimilar 
metals should be designed so that moisture cannot accumulate and soil and dirt are readily 
washed away. Examples are the elimination of crevices that can hold debris, exposed lap 
joints that face downward for ease of drainage and limiting dissimilar metal contact to vertical 
rather than horizontal surfaces.  
 
Use components and/or fasteners with sacrificial or compatible metal coatings  
Zinc plate in the form of galvanized steel is a popular choice because zinc acts as a sacrificial 
anode, i.e., the zinc coating corrodes preferentially and protects the aluminium. Aluminized 
steel has also been used although it is a higher cost material than galvanized steel. Cadmium 
is very compatible with aluminium in most environments. For this reason, cadmium plated 
steel has been frequently the fastener of choice in the past when corrosion compatibility was 
needed. But this solution has been abandoned today.  
 
Avoid gaskets and seals that can hold moisture 
Among the tapes and gaskets available, butyl and butyl-isobutylene provide excellent 
protection. EPDM rubber and neoprene are partially effective. Oleo resinous, asphalt 
impregnated felts and papers are the least effective. 
 
 
In order to minimize corrosion attack in butt welds and lap joints, the weld material (or rivet or 
bolt) should be electro-chemically less active than the larger area metals being joined: 
 

 
 
In lap joints, the use of fillet welds, insulating material or a seam sealer is recommended: 
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Entrapment sites in offset lap welds and standing seams should be eliminated with a sealer or 
a bead weld: 

 
 
Metallic fasteners which join aluminium to a dissimilar metal should be made of a material 
which acts cathodic to aluminium. For example, steel bolts should be used in an aluminium-
steel joint and not aluminium bolts; aluminized steel bolts are even better. 
 

 
 
Coatings should be applied to both the anode and the cathode or to the cathode only, never 
to the anode only. Damage to coating on an anode would result in serious corrosion due to 
small anode/large cathode combination. Protection can be increased by coating the faying 
surfaces of the dissimilar metals as well. Sealants should be applied to crevices for best 
results. 
 

 
 
Joints exposed to direct splash should be protected by flanges. These may have to be angled 
to protect without creating entrapment sites: 
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3.4.6 General guidelines on the corrosion behaviour of aluminium  
         materials for applications in automotive structures  
 

5xxx alloys 

 
The alloys of the 5xxx-series have a high resistance to corrosion, moderate to medium 
strength, excellent formability and good weldability.  
 
Pitting and Shallow Pit Corrosion: All 5xxx-series alloys have a very good resistance 
against pitting and shallow pit corrosion in chloride containing and mostly pH neutral aqueous 
solutions. 
 
Intergranular Corrosion: Alloys with magnesium content below 3 wt.% are not sensitive to 
intergranular corrosion. Alloys with magnesium content exceeding 3 wt.% can show a 
microstructure which may be sensitized to intergranular corrosion when exposed in service 
over extended time periods to temperatures between 60°C and 200°C. The time until 
sensitized microstructure appears depends on the magnesium content (the higher the earlier) 
and on the exposure temperature (worst temperature range between 110°C and 150°C). As 
an example,  an alloy with 3.5% Mg might be able to withstand thermal loadings at 70°C for 
up to 10.000h without getting sensitized while the same alloy might develop a sensitized 
microstructure when exposed for more than 250h at 130°C. Suppliers can deliver products 
stabilized with special processes (e.g. temper H112) which increase time to sensitization, 
however, some subsequent manufacturing processes (e.g. severe cold-forming, welding) can 
decrease time to sensitization again.  
 
Intergranular corrosion attack is most critical since corrosion induced cracking can occur 
under tensile stresses (external loads or internal residual stresses). When the use of AlMg 
alloys with higher than 3 wt. % Mg is desired for structural applications, consultation with the 
material producer is recommended and their applicability must be evaluated in detail. For 
safety critical parts, the thermal exposure of the part during its lifetime must be known and 
preferably a realistic, full component test should be performed.  
 
 

6xxx series materials 

 
The alloys of the 6xxx-series show a good resistance to corrosion, especially to atmospheric 
corrosion, a high level of mechanical properties, a good formability and weldability.  
 
Pitting and shallow pit corrosion: The alloys of the 6xxx-series show a corrosion resistance 
which is similar to that of the 5xxx-series alloys.  
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Intergranular corrosion:  The so-called “Cu-free” 6xxx-series alloys with less than 0.3% Cu 
commonly used for automotive extrusions and sheets ranging from AA6060 to 
AA6082/AA6016 resist this type of corrosion. Care has to be taken only for materials with an 
extreme Si/Mg ratio (> 3) as well as with higher Cu-containing alloys. Copper contents above 
0.3% increase the strength of 6xxx series alloys, but may also affect their stability against 
intergranular corrosion. AA6061 automotive components containing 0.15 – 0.40 wt.% Cu 
proved to be fine, but the higher the Cu content, the more attention is needed to avoid this 
kind of corrosion. Components made out of Cu-containing 6xxx materials should be tested 
against intergranular corrosion or provided with a proper corrosion protection. This is for 
example the case for body-in-white applications where a suitable coating system (pre-
treatment and lacquer) is used. The alloy AA6111 with nominally 0.7 wt.% Cu is extensively 
used for outer body panels with good long-term experience. 
 
 
 
 
 

7xxx materials without copper 

   
The copper-free alloys of the 7xxx-series have moderate to high strength (depending on alloy 
and age hardening temper), excellent toughness, good workability, formability and weldability. 
The corrosion resistance of these materials strongly depends on the temper and the 
manufacturing processes used to get the end product. 
 
When in contact with other aluminium materials, the copper-free 7xxx-series alloys always 
behave anodic (due to the zinc atoms in solid solution), so they might act as a galvanic 
anode. 
 
Pitting and Shallow Pit Corrosion: Due to the high zinc content mainly shallow pit corrosion 
will occur. The resistance against shallow pit corrosion is fair, but lower than that of 5xxx-
series and 6xxx-series materials. 
 
Exfoliation Corrosion: 7xxx material is susceptible to exfoliation corrosion in conditions with 
highly elongated grain structure. Solution heat treatment and aging result in a good resistance 
to exfoliation corrosion. On the other hand, welding may lead to an increased susceptibility to 
exfoliation corrosion in the heat-affected zone. 
 
Intergranular Corrosion and Stress Corrosion Cracking (SCC):  Depending on the 
applied temper, copper-free 7xxx alloys can show considerable susceptibility towards 
intergranular corrosion. Thus care must be taken to select the proper temper for any given 
application. Properly age hardened (T6) or overaged (T7) components show good resistance 
to intergranular corrosion.  
 
The copper-free 7xxx-series alloys are less resistant to SCC than other types of aluminium 
materials under tensile stress conditions (tensile loads and/or residual stresses). The best 
resistance to SCC for these alloys is observed in artificially aged tempers (T6 and T7). 
Therefore applications of these alloys must be carefully engineered and close co-operation 
between design and engineering, manufacturing and material suppliers is strongly advised in 
all cases. 
 
When cold forming and welding is required during manufacturing, a subsequent full heat 
treatment (solution heat treatment, quenching and aging) is recommended to avoid problems 
due to corrosion (exfoliation, intergranular and stress corrosion). Simple re-aging is possible, 
but does not provide optimum performance. 
 
 

7xxx materials with copper 
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When in contact with other aluminium materials the copper-containing 7xxx-series alloys can 
behave either as cathode or stay neutral, depending on the temper (the determining factor is 
the copper in solid solution). 
 
Pitting and Shallow Pit Corrosion: Due to the zinc and the copper content the resistance 
against pitting and shallow pit corrosion is rather poor compared to 5xxx- and 6xxx-series 
materials. 
 
Exfoliation Corrosion: Solution heat treated material shows fair to good resistance, highest 
resistance is reached for over-aged (T7x) tempers.  
 
Intergranular Corrosion and Stress Corrosion Cracking (SCC): Depending on the applied 
temper, 7xxx alloys can show considerable susceptibility towards intergranular corrosion. 
Thus care must be taken to select the proper temper for any given application. 
 
An important aspect is also their susceptibility towards SCC. Most critical are stress loads in 
the non-working directions (ST for rolled material, LT for extrusions). The resistance to SCC 
of the higher copper-containing 7xxx-series alloys depends on the quenching rate and the 
temper. Over-aged tempers (T7x) show a good resistance to SCC, while it is not 
recommended to use materials in temper T6. When cold forming is required, a subsequent 
full thermal treatment (solution heat treatment, quenching and aging heat treatment) is 
recommended.  
 
Thus further processing like forming or mechanical joining can have a significant influence on 
the corrosion behaviour of the product (materials of this alloy group are generally not fusion 
welded). Therefore applications of these alloys must be carefully engineered and consultation 
amongst designer, product producers and suppliers is advised in all cases.  
 
 

2xxx series material 

 
The 2xxx-series alloys, in which copper is the major alloying element, are less resistant to 
corrosion than alloys of other alloy series.  
 
When in contact with other aluminium materials, the 2xxx-series alloys always behave as 
cathode (due to copper atoms in solid solution), so they might act as a galvanic cathode and 
increase the corrosion rate on the partner. 
 
Pitting and Shallow Pit Corrosion: Due to the high copper content, mainly pitting corrosion 
will occur. The resistance against pitting is very poor (compared to 5xxx- and 6xxx-series 
materials) and is also influenced by the temper. T3 and T4 are better for thin material, while 
for thicker gauges over-aged tempers T6 and T8 can be advantageous. 
 
Exfoliation Corrosion: Exfoliation corrosion may occur for non-recrystallized material without 
subsequent solution heat treatment and ageing. 
 
Intergranular Corrosion and Stress Corrosion Cracking (SCC): Intergranular corrosion 
susceptibility can be avoided by proper quenching after solution heat treatment. For thicker 
sections, over-aging can be advantageous. 2xxx alloys generally show low SCC resistance, 
especially in ST-direction (rolled material), therefore tensile loads should be avoided.  
 
Further processing like forming of the material can have a significant influence on the 
corrosion behaviour of the product (materials of this alloy group are generally not welded). 
Therefore applications of these alloys must be carefully engineered and consultation amongst 
designer, application engineers, product producers and suppliers is advised in all cases.  
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Methods to increase the corrosion resistance of high-strength aluminium alloys 

 
The most effective means for minimizing stress corrosion cracking (SCC) in high-strength 
aluminium alloys is the proper choice of alloy and temper. Products with recrystallized grain 
structure are generally more susceptible to SCC than materials with an unrecrystallized 
microstructure. In unrecrystallized materials, the most critical situation is the presence of 
tensile stresses in the short-transverse direction, the resistance in the other direction can be 
fairly good. Whether or not SCC develops in a susceptible aluminium alloy product depends 
on both the level and the duration of the applied stresses. So other important means for SCC 
control are minimizing stresses in the metal by designing the product below the minimum 
(threshold) stress that is required for cracks to develop. However, also the stresses which 
might already be present in the material (intrinsic stresses, thermal loads) have to be taken 
into account.  
 
Controlling sustained stresses: SCC that occurs in service is in most instances the result of 
sustained residual or assembly stresses acting in an adverse direction. The potential 
presence of such residual stresses is not always obvious and therefore not considered by the 
designer. Five important steps can be taken to control sustained tension stresses: 

- Select stress relieved products where possible  
- Avoid residual tension stress introduced by plastic deformation of fully hardened 

materials 
- Observe the proper sequence of machining operations and heat treatment to avoid 

sustained tension stress 
- Guard against assembly stresses  
- Protective coatings should only be used when the coating completely and 

permanently isolates the metal from the corrosive environment. 
 
Surface cladding: To increase resistance against pitting and intergranular corrosion, high-
strength aluminium materials, especially flat rolled products, are clad on one or both surfaces 
with a metallurgically bonded thin layer of pure aluminium or another aluminium alloy. The 
applied material combination must be properly selected. One possibility is to select a highly 
corrosion resistant aluminium alloy as the surface layer which prevents a corrosion attack on 
the core material (as long as the clad layer is not locally penetrated and the cut edges are 
properly protected). The other possibility is to choose the surface material in a way that the 
cladding is anodic to the core so that it also electrochemically protects the core at exposed 
edges and at abraded or corroded areas. For proper material selection and recommendations 
on subsequent manufacturing processes, consultation of the material supplier is strongly 
recommended.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

Corrosion performance of aluminium materials for structural applications 

Resistance against
Mg < 3wt.% Mg > 3wt.% without copper with copper

artifical aged 
(T6/T7)

artifical aged 
(T6/T7)

natural aged 
(T3/T4)

artificial aged 
(T6/T7)

natural aged 
(T3/T4)

artificial aged 
(T6/T7)

natural aged 
(T3/T4)

artificial aged 
(T6/T7/T8)

Pitting & Shallow 
Corrosion

excellent excellent very good good good good moderate moderate moderate poor

Intergranular & 
Exfoliation Corrosion 
(base material)

excellent
depending 

from thermal 
loading

good moderate poor good poor moderate
poor / 

moderate
moderate

Stress Corrosion 
Cracking (SCC)

not applicable not applicable not applicable not applicable poor
T6: moderate

T7: good
poor

T6: poor
T7: good

poor moderate

Corrosion of welded 
joints (HAZ)

very good
depending 

from welding 
good

depending 
from welding 

poor good not applicable not applicable not applicable not applicable

Corrosion of 
mechanical joints

very good very good very good very good moderate good poor poor poor poor

Corrosion protection 
by cladding

not applicable not applicable not applicable not applicable not applicable not applicable

improves 
pitting & 

shallow pit 
corrosion, 

improves 
pitting & 

shallow pit 
corrosion, 

2xxx-series7xxx-series
without copper with copper

6xxx-series5xxx-series
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Design – Aluminium design for cost optimization 
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4 Aluminium design for cost optimization  
 

4.1 Introduction 
 
The success of the various aluminium body design concepts depends in particular on the 
availability of the appropriate aluminium material quality. In this respect, intensive 
development efforts during the last years have led to significant product improvements 
allowing new innovative design solutions. A necessary pre-condition is the convergence of a 
number of factors of commercial, technical and metallurgical nature. A key requirement for a 
positive outcome of the project is also the close collaboration of the development engineers of 
the aluminium supplier with their partners within the automotive industry. 
 
Apart from technical considerations, the design and manufacture of aluminium automotive 
structures requires today the observation of sustainability aspects, i.e. it is necessary to take 
into account:  
 
 ways to minimize production waste and its deposition,  
 recycling processes for the applied materials,   
 health and safety aspects and  
 life cycle assessment views, e.g. savings of fuel and emissions.  
 

Most important, however, are the economical considerations. In this section, the design 
aspects influencing the economics of aluminium use in cars are treated in more details. 
 
When simply compared on a mass basis (i.e. material price per kg), the price of aluminium is 
significantly higher than that of iron and steel. Even compared on a volume (or surface) basis, 
which is more meaningful for specific applications, there is still a clear price difference 
between the two materials. In addition, there may be some design- and/or process-related 
extra cost. An important issue can be the missing know how and experience in design and 
production for aluminium. Furthermore, within a traditional automobile manufacturing plant, 
the existing fabrication equipment will not be optimally suited for aluminium processing. 
 
Detailed studies show that from a user point of view, additional cost for lightweighting are 
accepted by the customer − up to a certain amount. The acceptable cost limit for 
lightweighting measures depends on many factors ranging from external constraints (e.g. 
regulations regarding fuel consumption), the expectations of the customers regarding the 
performance of the considered car model to the specific application (i.e. any additional 
benefits achieved by the weight reduction). Therefore the development of automotive design 
and manufacturing concepts which are optimally adapted to aluminium − and thus also most 
cost-effective − is of highest priority. 
 
An important lightweighting task is the search for the optimum design solution from a weight 
and cost perspective. A too heavy construction uses too much material and thus adds cost 
without providing additional benefits. Too heavy designs can be avoided by the application of 
proper design and engineering methods, supported by a reliable material model, a profound 
material database and the existence of appropriate design standards and/or guidelines, 
numerical simulation programs, etc.  But there is also the danger to choose too extreme 
lightweighting measures by selecting highly sophisticated solutions asking for advanced 
materials and/or manufacturing technologies resulting in a loss of time and money (high 
material qualification cost, investments in new fabrication technologies, etc.). Therefore, it is 
essential to evaluate the cost-efficiency of any lightweightng measure at all times.  
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In lightweighting with aluminium, significant cost reductions can be realized by the application-
orientated selection of aluminium design principles and fabrication technologies. This 
approach led for example to the development of the AUDI spaceframe body concept for small 
to medium production volumes. The spaceframe concept exploits all possibilities offered by 
the aluminium extrusion and high pressure die casting technology with respect to parts and 
function integration and the resulting reduction of tooling cost. 

               
 

Cost-efficient lightweighting with aluminium 
 
Significant cost reduction potential is likewise present in the total production chain of the car 
body when the specific characteristics of aluminium as a construction material are fully 
exploited by the skillful use of the advantages of aluminium in a overall system approach. 
Such considerations are particularly important when applying the sheet design concept, which 
is traditionally used for steel, but is also most favourable for the use of aluminium in high 
volume production.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Body-in-white fabrication cost as a function of the production volume 
 
Furthermore, the reduced body weight may open additional possibilities for weight and cost 
saving. Secondary weight and cost saving potentials may exist in particular in the powertrain 
(adaption of the engine performance). But also potential optimizations of the chassis and 
suspension components should be considered.    
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A substantial contribution to the reduction of the total life cycle cost of an aluminium car is 
also provided by the recycling of the end-of-life vehicle (ELV). The proceeds from the end-of-
life treatment of ELVs originate essentially from the recycling of the metals contained in the 
vehicle - in particular the aluminium fraction. The non-metallic materials generally end up in 
the automobile shredder residue (“fluff”) which must usually disposed liable to pay costs. The 
growing application of aluminium in the automotive market secures therefore in the long term 
also the economical recycling of ELVs. Aluminium is almost completely recovered and used 
again in the form of casting alloys predominantly for the fabrication of new automotive 
components (engine blocks, cylinder heads, transmission cases, pistons, suspension parts, 
etc.). The processing of the recovered aluminium scrap forms the basis of an own, 
economically important branch of the aluminium industry with highly developed processing 
techniques and methods meeting all technical and environmental standards. 
 
 

 

Dyna Panhard (1947) with aluminium closures  
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4.2 The role of the envisaged production volume  
 
The decisive factor in the selection of the optimum body design concept − and as a result the 
applied aluminium product form(s) − is the envisaged production volume. High volume 
production looks for minimum material (or parts) cost and low assembly cost, but can afford 
relatively high investments both in tools and manufacturing equipment. In contrast, low 
volume production asks for minimum investment cost whereas component and assembly cost 
play a less important role. The following figure shows schematically the relationship between 
investment cost and single parts cost for various types of aluminium components. Depending 
on the planned production volume, the various product forms − sheets, extrusions and 
structural die castings − can be used in varying proportions, sizes and shapes. In addition, the 
aluminium components can also be combined with steel parts, plastic elements or 
components produced from fibre reinforced composites.   
 

 
 

Economical factors determine the most favoured aluminium product form  
             (schematic representation) 

 
Taking into account all the various cost factors, a cost estimate for the different part types can 
be made (see below):  

 

 
Cost of aluminium car body components as a function of the production volume 

(schematic) 
 

Source: Novelis 
 
Apart from the parts cost, also the assembly cost have to be considered. The assembly 
techniques suitable for aluminium are not necessarily the same as for steel from a cost and 
quality point of view. Thus, different approaches have to be considered also with respect to 
assembly and surface finishing. 
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In addition, there are other parameters which may influence the actual body-in-white cost. 
Extruded and fabricated aluminium components or structural aluminium castings are usually 
supplied to the car manufacturer as finished parts, ready to assemble. Depending on the 
specific situation (e.g. free fabrication capacity on existing equipment), the use of extruded 
and cast components may result in additional cost savings at the car producer (investment in 
fabrication space and equipment, handling cost, etc.). 
 
As a result of these considerations, different aluminium body concepts are being used today. 
An obvious solution is the application of the monocoque design − which is today the 
established design concept for steel car bodies − also for aluminium sheets. In production 
volumes, the sheet monocoque design has been first realized in the all-aluminium body of the 
Jaguar XJ. This model may serve as an example which was also developed with the objective 
to examine the feasibility of aluminium lightweight solutions for future high volume production. 
The Jaguar XJ body is built mainly based on aluminium sheet stampings (273 parts) with a 
few extruded parts (22) and cast components (15). Also the applied joining technologies are 
highly suited for large volume production. Due to the specific material characteristics of 
aluminium, adhesive bonding combined with self piercing rivets offers significant advantages 
compared to the resistance spot welding technology generally used for the assembly of steel 
bodies.  

 
Sheet-intensive body structure of the Jaguar XJ developed with the objective to 

evaluate the potential application for future high volume production 
 

 
 
On the other hand, the AUDI space frame concept first introduced in 1994 in the A8 is 
primarily suited for medium production volumes. It was further improved by drastically 
reducing the number of parts leading to lower tool and assembly cost. Most important to note 
is the continued replacement of sheet stampings by extruded parts and the integration of 
smaller parts into large, thin-walled structural die castings. 
 

 
 

Second generation of the AUDI space frame concept (A8 model)  
 
Apart from the self-supporting body concepts (sheet monocoque or space frame structure) 
suitable for medium to high volume production, there are also novel aluminium body 
structures derived from the body-on-frame concept. Such body architectures offer 
unprecedented flexibility in particular for the production of low-volume, speciality vehicles. 
These concepts, characterized by functional modularity and low investment needs in terms of 
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manufacturing technologies, are of course also ideally suited for the application of aluminium 
both to produce the lower chassis frame and/or the upper space frame. 
 

Aluminium body architecture concepts for different production volumes 

 
Low volume production (niche models) looks for technologies with minimum tool cost. 
Preferred aluminium components are straight or 2D-bent extrusions, simple sheet parts, sand 
castings, etc., which are joined for example by MIG welding or adhesive bonding and 
mechanical fasteners. In small series models, aluminium is often only used for the chassis 
structure and combined with fibre-reinforced composite body panels.  

Extrusion-based design concepts for low volume production 
 

But there is no clear optimum design solution for a specific production volume. A study which 
examined different space frame concepts (with the sheet volume as a variant, see below) 
showed that in particular for an intermediate range around 50’000 cars per year, there are 
different possibilities showing more or less similar on-cost over a steel body-in-white. 

 

 
Cost difference of an aluminium body-in-white to a steel BIW as a function of the 

production volume 
 

Source: Novelis 
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4.3 Design economics 

  

4.3.1 Life cycle cost  
In engine applications, the application of aluminium castings saves both weight and cost. But 
with most other applications, weight saving with aluminium induces additional production cost. 
However, there are also two possibilities for cost savings which should not be neglected: 
 
 The possibilities to offset the “local” cost increase of a specific component or sub-assembly 

by savings in another part the vehicle (secondary cost savings).  
 The full or partial compensation of the overall cost increase by the resulting improved fuel 

efficiency of the vehicle.  
 
To have any significance, the commercial impact of weight saving must be considered at 
each stage of the vehicle life, its manufacture, use and end-of-life treatment, as shown in the 
figure below. Under these conditions, the added cost per kilogram can often be written off 
over a period ranging from one or two thirds of the life of the vehicle depending on its usage.  
 

 
 

Life cycle cost of lightweighting with aluminium 

Source: BriteEuram project “Low Weight Vehicle”  

 
A weight reduction is particular interest for components and structural modules where the 
lower weight offers additional customer benefits, for example improved driving performance 
(more equal axle load distribution, lower center of gravity, faster accelation, shorter braking 
distances), increased comfort (smaller unsprung masses) or easier handling of hang-on parts 
(doors, tailgates, hoods). Under today’s boundary conditions, the “value “of a saved kilogram 
of car weight varies between one and five Euro, but may be also higher depending on the 
specific circumstances. The limiting value which is accepted by the market depends on the 
specific type of vehicle, the functionality of the component and its location in the vehicle. In 
general, the value of lightweighting decrases from the front to the rear and from the top to the 
bottom of the car body.  
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4.3.2 Relationship between weight and cost 
 
Given the fact that the price of a kilogram of aluminium alloy is three to five times higher than 
the price of steel and keeping in mind that aluminium can save up to 50 % in weight, the cost 
of an aluminium solution is roughly double that of steel. Thus it is of prime importance to 
minimise the metal quantity needed in production 
 
The extra cost per kg saved, that can be defined as the additional cost of the aluminium 
solution compared to that of the steel solution divided by saved weight, is very sensitive to the 
relative weight saving (see the example of a bonnet below). The thickness of the applied 
aluminium sheets (i.e. the total weight reduction potential) has a big influence. 

 

 

Extra cost vs. weight saving for an aluminium bonnet (schematic graph) 

 
If the limit for the acceptable extra cost of lightweighting is around 4 €/kg (and optimally below 
3 €/kg), it is necessary to achieve at least 40 % weight saving. Down gauging and minimising 
the metal quantity used in production are the main levers to reach this target. 
 
The extra cost of aluminium solutions is higher when compared to a high strength steel 
solution which is already offering a weight reduction compared to mild steel (see example 
below). 
 

 

Cost for a bonnet (schematic) 
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4.4 Cost-efficient design solutions with aluminium  
 

4.4.1 Introduction 
 
Some conditions for the success of aluminium automotive designs are described below. Pure 
material substitution is possible in closure applications, but it is generally not the favoured 
path to the optimized lightweight design with aluminium in structural applications. The 
particular properties of aluminium must be combined to get the very best of performance and 
this can involve changing the way in which components or sub-assemblies are made. Key 
success factors are: 
 

 Integration of the specific characteristics of aluminium into the design approach, a 
direct replacement of steel by aluminium would be a misguided approach.  

 The design approach must be globalised by looking at the component in terms of its 
location within the specific sub-assembly and its function. 

 
In addition during the design phase, some important tasks should be carried out:   
 

 The design concept must be optimised to minimise both weight and final cost while 
fulfilling all the technical requirements (stiffness and fatigue characteristics, crash 
performance, etc.).  

 Numerical simulation methods should be used both for the optimisation of design 
(e.g. the dimensioning of the crash management system) and manufacturing 
(stamping, casting, etc.). Such an approach minimises the necessary qualification 
tests and allows a faster optimisation of tool design and processing conditions.  

 Furthermore, a detailed evaluation is necessary if and how far processing techniques  
can be used which are compatible with existing production lines. 

 
In many cases, aluminium is compatible with existing production lines. This is valid in 
particular for aluminium sheets. Forming, assembly (with some limitations) and surface 
treatment (aluminium is compatible with steel paint lines) can be carried out using the same 
manufacturing equipment as for steel. There is a need for a slight adaption of the processing 
conditions, but there a little or no additional manufacturing costs.  
 
A decisive factor is the selection of the proper aluminium product form (e.g. sheet, extrusion 
or cast part) as well as the alloy and temper. Optimised aluminium solutions often result from 
the integration of different parts and/or additional functions into a single component. The 
aluminium bumper beam is an interesting example for the integration of specific 
characteristics of the aluminium technology in order to achieve a cost-efficient solution:  
 
 Use of an aluminium extrusion instead of a pair of stamped sheets  
 Adaption of the cross section design and elimination of the need for joining within the 

section 
 

 

Bumper beams 
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Weight savings can translate into cost savings when a design is conceived:  
 

 to minimise the quantity of material,  
 to integrate different parts into a single component (eliminate joining processes) 
 to combine different functions so as to rationalise the component production process 

and the number of joints.  
 
The integration of functions allows to reduce the number of parts as well as to reduce the 
number of fabrication steps (forming, joining, machining, etc.).  
 
The choice of the alloys and tempers depends on the physical and chemical demands of the 
final application. However, the selection of the appropriate aluminium alloy and temper is not 
just a matter of selecting a certain chemical composition and a specific fabrication process 
which will ensure the envisaged material characteristics. The alloy selection must be made 
keeping in mind the product form (casting, rolled or extruded semi, forging, etc.) as well as the 
subsequent fabrication processes, in particular any surface treatment processes. 
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4.4.2 Stamped sheet components  
Except for the sheet thickness, aluminium and steel sheet solutions will often look alike. In 
principle aluminium car body panels are produced using the same forming methods and 
equipment as for steel panels. Also the tool technology is similar. Aluminium-specific 
characteristics have to be considered only in the detailed tool design and the selection of 
appropriate processing conditions. The main difference in sheet assemblies will be the 
applied joining technique. Cost-efficiency can be achieved in particular by: 
 
 Using alloys showing significant age hardening during the e-coat bake. Proper alloy 

selection may allow significant down gauging of the applied sheets and thus cost savings. 
Today, a separate heat treatment of the body-in-white is not used anymore. 

 Limiting the number of joining methods used on a part/module. The application of multiple 
joining techniques leads to an increase of time cycle and investments.  

 Using existing surface treatment lines. Only minor modifications are necessary, there is 
no need to invest in new lines.  

 
 

General fabrication guidelines 

 
During storage and transport of aluminium coils, sheets or formed panels, some rules have to 
be kept in mind (apart from an adequate packaging method): 

 Environmental conditions leading to condensation of humidity on the sheets have to 
be avoided since this may cause water stains and/or a corrosive attack. 

 During transport, any friction between individual sheets must be prevented because 
friction effects may produce local surface damage by adhesion (“galling”). For the 
transport  of formed panels, special racks have proved to be most suitable. 

 A clean working environment must be ensured as dirt particles, aluminium flitters, 
etc., are easily pressed into the relatively soft aluminium surface. 

 During destacking of the sheets as well as during transport in the press line, the 
formation of scratches must be avoided. 

Also in the press plant, only minor adoptions of the tool design and stamping conditions are 
necessary. Nevertheless, special care is necessary when changing from steel to aluminium: 
 

 When designing for aluminium stampings, it is generally good practice to avoid sharp 
features (if they are not necessary for the fit or function of the panel). In addition, 
deep drawing depth should be avoided, if possible.   

 The aluminium sheet surface is softer and more sensitive to scratches, dents, etc., 
than the steel sheet surface. Therefore aluminium car body sheets are usually 
supplied coated with oil or preferrentially with a dry lubricant ensuring appropriate 
corrosion protection and protection against handling and transport damage.  

 The adaptation of stamping tools to a more aluminium-friendly design is recommended, 
but does generally not present any major problems. Compared to stamping tools laid out 
for steel, it is usually necessary to adjust the geometrical arrangement and the form of the 
draw beads. 

 An important point is the correct consideration of the springback behaviour in the tool 
layout process. As a consequence of the lower modulus of elasticity, spring back will be 
stronger for aluminium sheets compared to steel sheets with similar strength levels. This 
effect – which is normally considered in the numerical simulation programs  for aluminium 
forming − can also be somewhat reduced by appropriate measures with respect to 
material selection  and/or tool design.   

 Furthermore the blank size and shape may have to be adapted for the aluminium-specific 
forming characteristics. The evaluation of the use of shaped blanks to minimise scrap 
and cost is recommended. 

 When cutting blanks from aluminium sheets or coils as well as during trimming of 
formed sheet parts, it is most important to avoid the formation of an excessive bur 
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and in particular the occurrence of aluminium slivers. Slivers as well as sheared off 
bur particles will damage the sheet metal surface and lead to rejects or require 
extensive manual rework.  

 In some cases, it may be necessary to locally grind and polish a formed panel to 
avoid complete rejection. In particular when using dry grinding and polishing 
methods, a strongly disturbed surface layer develops. Consequently the stability of 
the interface between the aluminium surface and the paint is reduced and the painted 
panel may be prone to filiform corrosion. Therefore with respect to long-term 
corrosion resistance in the painted condition, it is more favourable to use wet grinding 
and polishing methods followed by an alkaline etching treatment which removes the 
locally disturbed, thin surface layer. 

 The achieved stamping rates with aluminium are equivalent with those for steel.  In 
general, there are also no differences with respect to tool inspection intervals and tool 
maintenance. 

 For aluminium stamping tools, the same materials can be used as for steel. However, 
a smoother tool surface quality is preferred. Very good results have been achieved 
with surface coatings produced for example by nitrating, chromium plating or vapour-
deposition of titanium carbide (TIC) or titanium nitride (TiN). 

 For aluminium sheet forming, many different lubricants based on mineral oils are 
available, most of them also proven in steel sheet forming. 

 Washing of the blanks is generally not necessary. If necessary, stamped aluminium 
panels are degreased using an alkaline solution. For aluminium parts which have to 
be subsequently spot welded, a pickling treatment is advisable to remove the 
relatively thick and inhomogeneous oxide surface layer produced by prior thermal and 
mechanical processing steps. 

 Hem flange bonding can be done onto the lubricant without the need for any surface 
treatment of the aluminium sheet. When used in structural assemblies, however, 
aluminium panels should be conversion-treated in order to guarantee the long-term 
stability of adhesively bonded joints. The original surface oxide layer is removed and 
replaced by a new, more stable oxide layer. Today, properly surface pre-treated 
materials are increasingly produced by the aluminium sheet supplier eliminating the 
complex and expensive piece by piece surface treatment of the aluminium 
components. 

 Normally, the dry lubricants are washed off only during the alkaline degreasing of the 
assembled car body before zinc phosphatisation. Thus, it must be ensured that the 
selected combination of surface pre-treatment and lubricant is compatible with the 
joining technologies applied in the assembly plant, in particular with the used 
adhesives. In addition they must also be compatible with the surface treatment 
systems used in the paint shop. Any potential interference with the lacquering 
process must be eliminated since the complete removal of the dry lubricant in the 
washing step cannot be guaranteed with absolute certainty.  
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Application of surface treated and lubricated aluminium sheets 

 

Material supply and scrap management  

Aluminium sheets are generally supplied to the press shop in the form of coils and/or 
rectangular blanks. In the past, mainly aluminium blanks were used, in particular for outer 
body applications. Nowadays, coil supply is also more and more standard for outer body 
applications.  

 
Aluminium sheet supply in the form of coils and rectangular blanks 

 
For cost-efficiency, it is of prime importance to minimise the metal quantity needed in 
production, Apart from the selection of the minimum sheet thickness required for the 
envisaged application, the reduction of the blank size (or coil width) is another lever to reduce 
cost for stamped parts. 
 
Proper management of the production process scrap, both in regard to minimizing the amount 
produced, and in its segregation by alloy, is a key to the economic use of aluminium for 
automotive part production. For maximum value preservation, aluminium scrap generated in 
the press shop during blank cutting and trimming of the shaped panel must be collected 
separately from the steel scrap. Aluminium scrap that is sorted according to alloy classes is 
often returned to the sheet supplier and directly used for production of new  car body sheets 
(closed loop recycling). Mixed aluminium scrap is usually fed into the general aluminium 
recycling system. However, scrap segregation is not always easily achieved in automotive 
stamping plants since the scrap from all operations, including aluminium and steel, is 
generally handled through a common conveyor system. Magnetic separation can be used to 
remove the steel from the aluminium and there is now emerging technology for alloy specific 
separation.  
 
Aluminium scrap has a much higher value than steel scrap, but the difference between the 
initial material cost and the scrap value is still significant. Thus the generation of scrap should 
be kept to a minimum (also keeping in mind the handling and transportation cost). This is 
especially important in the production of stamped components where the scrap can be up to 
50% of the original weight supplied.  
 
Material cost can be significantly influenced by the choice of blank shape, orientation and 
size.  For the designer, this means paying attention to the position and shape of split lines 
between panels in order to minimise scrap. An important cost reduction measure is also the 
optimisation of the blank size by numerical simulation of stamping process. 
 
For specific applications, in particular bonnets, cost savings can be achieved by the choice of 
curved or trapezoidal blanks instead of rectangular blanks:  
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Bonnet example: Cost reduction when using curved blanks (chevrons) 

 

 

Bonnet example: Cost reduction when using trapezoidal blanks 

 
With the market introduction of shaped aluminium blanks in any arbitrary geometry produced 
on highly automated laser cutting lines in the rolling mill, additional opportunities are opened. 
The quality of the laser cut edge allows the direct introduction of the blank into the stamping 
tool without the risk of surface blemishes due to excessive sliver formation. As a 
consequence of the omission of the blank cutting operation, substantial cost reduction 
potentials may result in particular for low to medium volume production (elimination of the 
blanking tool, more effective process scrap handling and recycling, etc.).  
 

 
 

Production of laser-cut shaped blanks at the aluminium sheet supplier 
 

Source: Novelis.  
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Room temperature stamping and forming of aluminium 

 
A great many automotive are manufactured from AlMg (5xxx) and AlMgSi (6xxx) series 
aluminium sheet. Room temperature stamping is the most cost effective route for most 
panels. 
 
For stamping of aluminium panels, mechanical or hydraulic presses with upper and lower 
tools are generally used. In a pure stretch-forming process, the blank is firmly clamped at the 
outer edge by the blankholder and the shaping is achieved by increasing the surface area 
while reducing the sheet thickness. During pure deep-drawing, the sheet metal slips 
underneath the blankholder and the sheet thickness remains more or less constant. The 
decisive factor influencing the result of the forming step is an accurate control of the material 
flow under the blankholder. Aluminium alloys exhibit generally an inferior stretch-forming 
capability compared to steel. Therefore recent developments aiming at a more precise control 
and/or local variation of the drawing and blankholder forces (for example by using a 
segmented blankholder) or forming with variable blankholder pressure are of special 
importance. 
 
It is often mistakenly assumed that only hydraulic presses are suited for forming of aluminium 
parts. It is true, however, that the majority of pneumatic and hydraulic drawing cushions in 
mechanical presses are not able to produce a defined, reproducible hold-down force. Severe 
impact shock and force peaks have a negative influence on the sensitive aluminium forming 
process. Impact shock, for example, can lead to a work-hardening under the blankholder or − 
after painting − leave visible marks on the surface of the sheet. Therefore, a freely adjustable 
hydraulic drawing cushion with pre-acceleration is an absolute requirement for the deep 
drawing of difficult parts on mechanical presses. 
 

 
An all-hydraulic modular drawing unit 

 
Source: Schuler 

 
If splitting or wrinkling is encountered, it is generally possible to improve the forming window 
by a combination of one or more of the following well known strategies (not in order of 
priority): 
 

1. Modify radii at critical locations of stretched-in details 
2. Modify draw radii 
3. Modify blank shape and size to change material movement in first draw operation 
4. Optimise blank positioning with respect to the rolling direction of the coil 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 17 

5. Optimise blank lay 
6. Try alternative lubricant 
7. Modify blank holder force 
8. Modify or add draw bead features on blank holder 
9. Add shallow features on non visible surface to reduce wrinkles in critical regions 
10. Optimise roughness of tooling 
11. Check roughness of blanks 
12. Change alloy / thickness of blank 

 
Contrary to standard steel practice it is generally better to start with a slightly undersized 
blank for draw operations with aluminium, and then to gradually increase the blank size until 
splitting occurs in order to assess the forming window during initial tool setting.  This 
approach acknowledges the lower draw performance of aluminium than steel.  In addition, 
this approach automatically identifies the smallest blank size (lowest material cost) that can 
be used to manufacture the parts. 
 
 

 
 

Versatile hydraulic press line for manufacturing aluminum components 
 

Source: Schuler 

Factors influencing build tolerances 

 
Build tolerances are a function of variations in the geometrical shape of the part and the 
assembly process.  This section will not discuss the management of assembly process 
variation since the same principles apply to aluminium as for other materials. 
 

a) Spring back 
 

The shape of stamped parts is influenced by spring back.  Spring back is caused by the 
release of elastic strains introduced by the shaping operation. The magnitude and degree of 
release of the elastic strains is a function of the form of the part and the material properties. 
Spring back is most severe during the unloading phase of bending operations 
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The simple case of a tensile test specimen illustrates the principles related to material 
properties. The elastic modulus influences the size of the elastic part of the total strain.  
Additionally, as the strength of the material increases, so does the elastic part of the total 
strain. Parameters influencing aluminium spring back (SB) include: 
 
Elastic Modulus (E) SB inversely related to E 

Yield Strength (YS) SB related to YS/E 

Material Thickness (t) SB inversely related to t (SB can go negative) 
ref. JEM1321 IMechE 2009 

Hardening Model Isotropic, Kinematic or Mixed 

Anisotropy  

Friction  

Temperature SB inversely related to forming temperature 

Tool / Part Geometry SB related to Punch and Die corner radii 

 SB related to tool clearance/flange length 

Drawing operations SB inversely related to Blank holder force 

Bending Operations Flanging (convex and concave), folding, tube bending etc. 
 
Numerical analysis is used to assess the likelihood of problems with spring back for a given 
geometry.  The actual part shape, however, may be different to the simulation results owing to 
the large number of influencing parameters that encompass material, product form and 
process parameters such as friction. The hardening model (Hill48) used by default in most 
explicit FE stamping codes is usually not accurate enough for aluminium. 
 

b) Thermal processes 
 
A vehicle structure is subjected to temperature variations both during manufacture and in-
service life. Small variations in ambient temperature during production and assembly are 
generally accommodated in the design of datum features (one circular hole and one slot for 
example).  This is standard practice for mono-material assemblies.  Additional measures may 
be necessary where materials having a dissimilar linear expansion coefficient are assembled 
together in order to avoid excessive build tolerances and thermally induced straining in 
locations subjected to large temperature variations. 
 
Major sources of thermal loading are: 

1. Paint cure cycles 
2. Engine compartment (exhaust manifold and catalytic converter) 
3. Heat from the sun 
4. Brake disks. 
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Paint cure cycles can introduce a temperature variation of up to 185°C from normal assembly 
ambient temperature. In all-aluminium designs, no distortion results from typical automotive 
paint bake cycles (170-200°C for 15-20mins). The following measures are recommended for 
multi-material structures: 

 Skin panels may be attached, but not assembled rigidly to the structure (if it is of a 
dissimilar material) for paint cure.  Final assembly may be completed at normal 
ambient temperature. 

 Limit the interface (if possible) to zones that are non-visible. 
 Add a thermal analysis validation load case.  

 
 
 

Cost-efficient manufacturing processes for aluminium sheets 

 
Many advanced forming technologies are available for aluminium.  These technologies should 
be considered in particular for small series and niche applications when the design requires a 
high degree of functional integration or the use of higher strength alloys that may be difficult to 
stamp into the required shapes at room temperature. Their aim is an extension of the 
conventional forming limits of aluminium materials and/or to take into account manufacturing 
aspects looking for improved quality and cost efficiency (in particular reduction of the tooling 
cost).  
 
Hydromechanical sheet forming or rubber press forming require, for example, only a mould 
half. Other advantages of these forming techniques are the ability to achieve larger drawing 
ratios, a better accuracy of shape and dimensions or a more favourable distribution of 
residual stresses. The integration of a pre-stretching operation during hydromechanical deep-
drawing, for example, increases the dent resistance of the final panel which can be of  
particular interest for relatively flat stampings such as roofs.  
 
A second possibility to influence the forming operation is the exploitation of the temperature 
dependence of the forming characteristics of aluminium alloys. In principle, forming at 
ambient temperature is unfavourable for aluminium alloys. Both forming at low temperatures 
(-50°C to -200°C) and at higher temperatures (above 150°C to 200°C) offers advantages. 
Warm forming in the temperature range between 200°C and 300°C and superplastic forming 
(at temperatures above 450°C) are of high interest, in particular for AlMg alloys, but also other 
aluminium alloy systems. Forming at these temperatures using properly adapted forming 
speeds enables the exploitation of the significantly higher values of elongation to fracture 
under these conditions. In warm forming, the elongation to fracture can be increased to the 
range 50 to 100%; with the slower superplastic forming process 300 to 500% can be reached, 
however, at the expense of cycle times of five or more minutes. Warm forming is carried out 
with a conventional tool, superplastic forming requires only a mould half because of the lower 
forming forces. But for both processes, a satisfactory solution of the lubrication problem has 
to be found, i.e. especially the manufacturing of sheet panels with high surface quality 
requirements requires special efforts. Variants of the superplastic forming process with 
considerably shorter cycle times like the QPF technology (QPF; Quick Plastic Forming) are of 
increasing interest today.  
 
Furthermore, interesting effects can be observed when extremely high forming speeds are 
applied. Deformation rates in the range of 104 to 105s-1 can be achieved for example by 
explosion forming or in a electro-magnetic pulse forming operation: because of the good 
electrical conductivity, electro-magnetic pulse forming is particularly suited for aluminium. The 
application of such forming speeds not only increases the forming limits of aluminium sheets 
by a significant amount permitting for example the introduction of very sharp design lines, but 
suppresses for AlMg alloy materials also the formation of the Lüders lines of the type B which 
normally prevents their application for outer body panels.   
 
 

a) Hydroforming 
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In hydraulic deep drawing, the blank is pressed into the die by a fluid medium under pressure 
in order to achieve the final contour.  In the process, the blank can continue to flow from the 
flange area as in conventional deep drawing.  Hydraulic deep drawing is especially well suited 
for the forming of spherical shapes. In addition, two blanks can be formed at the same time 
(interior high-pressure forming of blanks).  In this process a liquid medium is supplied 
between the blanks; the upper blank is pressed into the upper cavity/form and the lower blank 
into the lower cavity/form.  The two cavities can be different, but there must be an identical 
flange gradient to ensure proper sealing of the blanks. 
 
 
 
 
 
Advantages for sheet applications: 
 

Disadvantages for sheet applications: 
 

Re-entrant (under-cut) geometrical features 
possible. 
 

High Cycle time / process cost 
 

Zero friction punch surface. Reduces 
localisation of strain until die features are 
contacted 
 

Expensive specialised equipment 
 

Lower localised strains. Hydrostatic pressure 
on entire exposed blank surface spreads the 
stretching strain, whereas, a metal punch in a 
conventional process will generate localised high 
strains where initial contact is made with the 
blank. 
 

Wet environment
 

Fewer draw operations.  Multiple draw 
operations may be eliminated because of even 
distribution of strain on entire exposed blank 
surface since sharp features are stretched in 
upon contact with the die surfaces when draw 
ceases. 
 

 

Reduced spring back. 
 

 

 
In hydromechanical deep drawing, the blank lies on a water-filled cushion that is only sealed 
in the flange area by means of a hold-down ring.  A punch that provides the contour impacts 
the blank and continues its downward motion until the water pressure, elevated by the 
displaced medium, completely expands the blank over the punch.  The resulting surface 
quality is superior since the outside of the component has no direct contact with the tool.  
Higher drawing ratios can be achieved by this method than by conventional deep drawing.  In 
addition, a lower half of the die is not necessary.  Since the cycle times are faster than in 
hydraulic deep drawing, this method usually involves cost savings for small and medium-
sized production lots 
 

  

Hydromechanical deep drawing 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 21 

Source: Schuler AG 

 
A variant of this process is active hydromechanical deep drawing. This technology differs from 
the hydromechanical deep drawing process in that the blank is initially pre-stressed in the 
opposite direction of the punch movement. Thus the component undergoes some work 
hardening that would be difficult to achieve using conventional deep drawing in the middle 
section of a component. In addition, as is also the case in hydromechanical deep drawing, 
larger drawing ratios are achieved as compared to conventional deep drawing. Since the 
cycle times are faster than in hydraulic deep drawing, there is generally some cost savings for 
smaller and medium-sized production lot sizes. 

 
 

Active hydromechanical deep drawing (example: Maybach roof) 
 

Source: Schuler AG 
 

Aluminium can benefit more than steel from the increased forming window these processes 
deliver. Sheet hydroforming delivers a higher draw ratio from the material than conventional 
stamping.  This is particularly beneficial for medium and high strength aluminium grades since 
they have lower ‘r-values’ than equivalent strength steel. Also the higher work hardening 
exponent ‘n’ of wrought aluminium alloys may be exploited to increase the material strength 
over most of the component.   
 
 

b) Thermally assisted forming of aluminium sheets 
 
The formability of aluminium sheet alloys is generally good enough for most applications in 
vehicle structures and skin panels.  However, panels with tight features and a significant draw 
depth may not be possible in medium and high strength aluminium alloys with conventional 
stamping processes. But it is possible to obtain very different forming properties from 
aluminium if it is stamped at a different temperature.  As an example, the room temperature 
elongation of EN-AW 2024 can be more than doubled if it is stamped at 250°C.  
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There are essentially three methods for thermally assisted sheet forming of aluminium, but 
with many different variations:  
 

1. Superplastic forming  
a. Forming temperature ≈ 550°C 
b. High pressure gas forms sheet over heated punch, or into heated die cavity. 
c. Cycle time > 30 minutes 
d. Maximum elongation 100 – 2000% 

 
2. Quick plastic forming 

a. Forming temperature ≈ 500°C 
b. Hot deep drawing assisted at end of stroke by high pressure gas to form-in 

details on punch surface.                                                                                                                  
c. Cycle time > 5 - 10 minutes 
d. Maximum elongation 100 - 300% 

 
3. Warm Forming 

a. Blank pre-heat to approximately 250°C just prior to draw operation 
b. Heated blank holder and in some cases a pre-heated blank is quenched as it 

is drawn over a room temperature punch. 
c. Cycle time > 20 seconds 
d. Maximum elongation 40-150% (function of alloy, forming speed and 

lubrication) 

 

Superplastically formed closure panels 

Source: SuperformAluminium 
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The superplastic forming process offers an effective alternative for niche vehicle manufacture. 
Forming at 500˚C greatly enhances the formability of the sheet allowing the realization of 
concave or convex shapes without any spring back. The sheet is forced onto the tool using air 
pressure which ensures an A class surface quality as the external panel surface never comes 
in contact with any tools. Using this unique process enables: 

 Faster market introduction of vehicles to the market whilst retaining all the inherent 
qualities of a metal bodied car 

 Lower investment costs: Cast single surface tools are cost effective and can be used 
for production quantities  

 Design large complex panels up to 3000mm x 2000mm x 600mm deep in one piece 
without the need for high investment.  

Single surface tools enable quick manufacture and eliminate the need for a try out period. The 
tools for prototype manufacture can also be used for production as they are capable of 
producing in excess of 20,000 panels. After forming the sheet reverts back to its room 
temperature properties and still has 22% elongation to enable flanging and clinching 
operations.  

General Motors Corporation patented a process that forms superplastic aluminium alloy 
sheet, preferably AA5083, at elevated temperature. The process − referred to as Quick 
Plastic Forming − enables to make more complex forms for production models, shapes 
previously limited to concept and low-volume niche vehicles.  

 



Chevrolet Malibu Maxx liftgate produced with the QPF process 

Source: Alcoa 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 24 

 

 
Advantages of Superplastic & 
Quickplastic forming: 
 

Disadvantages of Superplastic & 
Quickplastic forming: 

Very complex details can be stretched into 
the part owing to the elongation available before 
fracture at these temperatures. 
 

High Cycle time / process cost 
 

Zero friction punch or die surface during gas 
forming. Reduces localisation of strain until die or 
punch features are contacted 
 

Expensive specialised equipment 
 

Potential to integrate several panels into one 
stamping, eliminating assembly cost, visible 
joints and discontinuities. 
 

Final panel is in soft condition.  Heat treatable 
alloys may require several thermal treatment 
cycles if higher strength is required. 
 

Fewer draw operations.  Multiple draw 
operations may be eliminated. 
 

Special high temperature lubricant 

No spring back. 
 

More sensitive to galling and tooling 
pollution defects than room temperature 
stamping. 
 

 
High temperature forming offers tremendous shape capability. However, automotive 
examples are generally limited to low volume bonnets, boot lids and door inner panels 
because of cost. Thus a possibility to exploit the potential of thermally assisted forming would 
be the application of the warm forming process. But this technology is not yet applied in 
industrial practice. 
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Advantages of warm forming (<350°C): 
 

Disadvantages of warm forming 
(<350°C): 

Increased depth of draw possible compared to 
room temperature stamping. 
 

Higher Cycle time / process cost than room 
temperature stamping 
 

 
Cold punch introduces work hardening into 
quenched material.  Heat treatable and non-
heat treatable alloys deliver good post 
forming material strength. 
 

Demands a more complex tooling 
development program to avoid tooling locking, 
since thermal history of blank holder different to 
punch during process start-up and shut-down.   
Increased complexity of blank holder (heaters 
and expansion joints) and punch (cooling 
system). 
 

Potential to integrate several panels into one 
stamping, eliminating assembly cost, visible 
joints and discontinuities. 
 

Higher energy consumption 
 

Fewer draw operations.  Multiple draw 
operations may be eliminated in most cases. 
 

Special high temperature lubricant is needed

Reduced spring back in zones heated by 
blank holder. 
 

More sensitive to galling and tooling pollution 
defects at heated locations than room 
temperature stamping. 
 

 Aluminium becomes sensitive to strain rate at 
these forming temperatures, requiring 
additional material characterisation for modelling 
of the stamping operation. 
 

 Coupled thermal and mechanical modelling is 
needed in order to predict the temperature 
history and hence the instantaneous material 
properties of the material drawn off the blank 
holder surface. 
 

 
 
 
 

c) Solution heat treatment and ageing 
 
Heat treatable alloys (2xxx, 6xxx and 7xxx series) are usually solid solution heat treated 
(SSHT) by the aluminium manufacturers to deliver a guaranteed stamping capability. 
 
The surface quality of AlMgSi outer skin material is particularly sensitive to the SSHT 
schedule. Material manufacturers carefully optimise this process in order to obtain a 
guaranteed minimum paint bake response, high surface quality and hemming capability. An 
important criterion for practical application is the consistency and stability of the relevant 
material characteristics. AlMgSi sheets are supplied in the solution heat treated T4 temper or 
increasingly in the pre-aged (“stabilized”) T4 condition (PX). The T4 condition is by definition 
not stable and even storage at ambient temperature leads to a slow strength increase caused 
by the starting precipitation of the alloying elements which are initially disolved in the 
aluminium crystal lattice. The changes in strength level are largest in the first hours after 
solution heat treatment and quenching. This process phase is completed before the material 
is actually delivered to the customer. After delivery, copper-free AlMgSi only show a very slow 
hardening effect with increasing storage time at room temperature. For the Cu-containing 
materials a somewhat stronger strength increase is observed, which can negatively affect the 
forming behaviour after extended storage (depending on alloy and temper approximately six 
months or more). It is not recommended to use additional SSHT processes on skin sheet 
qualities. 
 
However, the effect of a SSHT can be deliberately exploited for structural (non-visible) 
application using ultra-high strength aluminium alloys of the AlZnMg(Cu) or AlCu(Mg) series. 
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Most of the natural ageing takes place within first few hours of SSHT and then continues 
during the first few days after quenching. 
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If an increased formability is needed for manufacturing, non-visible components can benefit 
from applying a crude SSHT process, followed immediately by the stamping operation.  The 
resulting stampings will increase in strength from an unstable ‘W’ temper to approximately T4 
after a few days. 
 

 

Crude SSHT process (T ≈ 450°C) followed by water quench (‘W’ temper) 

Source: Aleris 

 
This technique is envisaged for non-visible high strength aluminium alloys that are used in 
parts dimensioned by the strength requirements in the final part. The improved formability 
enables the realization of tighter forming radii, greater draw depths and part details in each 
forming step. 

 

FE analysis result for a cross die test with 7xxx W (Fresh SSHT) 

Source: Aleris 

Stamp within 24 
hours of SSHT

 

T = 0 

T = 24 hours 

T = 240 hours 
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A test with the cross tool demonstrates the improvement in draw depth that can be obtained 
using this technique with a high strength alloy. 
 

7xxx T6 
Height = 25mm 

 

7xxx T4 
Height = 30mm 

 

7xxx W (Fresh SSHT) 
Height = 45mm 

 
 

Deep drawing tests with a cross tool 
 

Source: Aleris 
 
In this case, the draw depth was increased by 50% without splitting (compared to the as-
delivered 7xxx in T4 condition).  An increased strength can be obtained by subsequent heat 
treatment processes, if required. 
 
Advantages of SSHT & Ageing: 
 

Disadvantages of SSHT & Ageing: 

Increased depth of draw is possible 
compared to delivered temper of heat 
treatable alloys. 
 

Additional process steps are needed 
 

Potential to significantly upgrade and down 
gauge many simpler stampings with very little 
compromise on geometrical details. 
 
Fewer draw operations.  Some draw operations 
may be eliminated in certain cases. 
 

Precise logistics are needed to ensure 
consistent stamping performance and final part 
strength. 

Reduced spring back 
 

Higher energy consumption is required to 
perform SSHT process. 
 

 The SSHT process described is sub-optimal 
so final strength is likely to be lower than as 
delivered material in T4 or T6 condition, if it can 
be stamped in the same tools. 
 

 
An analogue effect is achieved in locally heat treated blanks. As an example, the local 
formability can be significantly improved in a specific region to realize tighter hemming radii. 
The local heat treatment is carried out by different methods, e.g. by the contact with a locally 
heated tool or by laser treatment.  
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Tailored blanks - Advanced processes enable cost-effective function integration 

 
An efficient possibility to realise overall system cost savings and to reduce the weight of a 
specific component is the adjustment of the local material characteristics to the locally varying 
service requirements. Interesting solutions are offered by “tailored blanks”, i.e. sheet blanks 
consiting of different sheet alloy qualities and/or exhibiting variable material thicknesses. A 
locally varying material thickness can be produced within a  sheet by a controlled variation of 
the roll gap (” flexible rolling “). Even more variations are possible when two or more sheets of 
different alloy composition, sheet thickness and/or shape are combined to a single piece by 
welding (“tailor welded blank“). Selected joining technologies like friction stir welding, laser 
welding or electron beam welding lead to a seam quality which enables - within limits and 
using properly designe tools - the subsequent part production by forming. When fusion 
welding processes are used, the addition of an appropriate filler metal must be considered, 
depending on the specific alloy combination. Linear and non-linear tailor welded blanks or so-
called “patchwork blanks” where the sheet pieces are laid on top of each other open a wide 
range of possibilites for the development and introduction of new, innovative design 
concepts.. 

 
Friction-stir welded blank for a door inner panel 

 
Source: Aleris 

 
Tailored blanks (used both for steel and aluminium) offer the potential for functional 
integration into sheet products: 
 
Advantages: 
 

Disadvantages: 
 

Improved stiffness and fatigue strength Process cost (laser / friction stir welding and 

variable thickness rolling operations) 
 

Reduced geometrical offset at transition of 
thickness or materials improves stability during 
in-plane loading 
 

Increased complexity of stamping tools and 
processes (step in tooling to accommodate 
thickness change, blank stacking considerations, 
more complex draw behaviour and the need to 
model and monitor the movement /straining of 
the transition) 
 

Weight reduction from elimination of 
overlapping material at transition of thickness or 
materials 
 

 

Tighter tolerances compared to assemblies 
 

 

Reduced assembly cost 
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4.4.3 Components made from extruded sections 
 

The right solution depends on the envisaged production volume 

 
An important factor determining the design economics are the investments in product 
development, product verification and validation, tools and equipment. Clearly, the volume to 
be produced influences the acceptable level of these investments.  
 

 
 
It can be very profitable to invest time and effort in product development using numerical 
simulation techniques to obtain optimum product properties in order to save some few 
percentage of weight when the total number of parts is high (e.g. > 1 mio.).  
 
For small series production, the optimising strategy might be different. The same philosophy 
applies to the other investments related to product manufacturing. Extruded profiles for low 
volume applications are typically not formed into complex shapes as this would mean 
investing in tools, which cannot be amortised on the parts price when there are lower cost 
alternatives.  In this case, the alternative would typically be more machining and joining/ 
assembly operations. 
 
Small production volumes (10 – 1000): Use standard profiles (simple, standardized cross 
sections).  
 
Low production volumes (1000 – 10 000):  Use of specifically designed (“tailored”) profile 
cross sections, dedicated extrusion tools, 2D forming in simple tools, simple machining 
(cutting, drilling) and/ or punching.  
 
Medium production volumes (10 000 – 100 000): Use of weight optimised, specifically 
designed profile cross sections, dedicated extrusion and forming tools, standard presses and 
equipment, punching instead of machining.  
 
High production volumes (>100 000): Highly optimised extrusion product, dedicated forming 
tools (bending, hydroforming), punching – very little machining, possibly invest into dedicated 
machines and equipment. 
 
The cost of scrap generation and its re-use makes the supply of near-net shape parts 
(prefabricated extrusions) attractive. The production of ready-for-assembly parts by the 
aluminium suppliers also allows them to manage scrap and its recycling more effectively.  
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Integrate functions with extrusions 

Unlike other forming and shaping processes, the aluminium extrusion technology enables the 
production of shapes in fairly complex geometries in a single operation. As a result, the 
designer is able to position the metal where it is most effective and to combine and 
incorporate complementary functions into the individual components while at the same time 
saving weight:  
 

 increase the stiffness of the structure,  
 facilitate assembly operations,  
 reduce the required amount of machining.  

 
The examples shown in the following figures illustrate some of the advantages presented by 
aluminium alloy extrusions compared with conventional steel solutions. The steel section in 
fig. 1 is obtained by roll forming a longitudinally welded tube. It is superseded by an 
aluminium shape whose stiffness is provided by an additional inner wall. A lug is added to 
facilitate connection to another component, e.g. a car body panel. The finned steel tube in fig. 
2 would probably be made by welding fins onto a round tube, whereas it can be directly 
extruded in an aluminium alloy.  
 

 

Replacement of complex steel sections by simple aluminium extrusions 

 
The ability to accurately produce shapes with fine details minimises the need for additional 
machining (fig. 3). A shape with a cross section of the type shown in fig. 4 which is made by 
folding and welding steel strip is produced in aluminium directly in the extrusion process.  
 

 

Cost-effective substitution of steel sections by aluminium extrusions 
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Extrusions offer many ways of combining functions that reduce the cost of assemblies and 
optimise the use of material. Extrusion tools (dies) are modest in price, making aluminium 
extrusions a very attractive solution, even for low production volumes. 
 

 

Examples of integration of functions in extrusions 

 
The selected examples demonstrate the availability of complex geometrical shapes that 
require little or no fabrication and which can do the work of several components joined 
together while providing a substantial saving in weight at the same time. 
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Design guidelines for aluminium extrusions 

The whole manufacturing and production process starts with the design. In the design phase, 
extrusion takes shape and features are built in to reduce weight, simplify assembly, add 
functionality and minimise finishing costs.  
 
a) Wall thickness 
Strength and optimum cost-efficiency are the two main considerations when the wall thickness of 
a profile is determined. Extrusions with a uniform wall thickness are easiest to produce. 
However, the wall thickness within a profile can also be varied easily. For example, the bending 
strength of a profile can be increased by concentrating weight/thickness away from the centre of 
gravity. 
 
b) Cost-efficient production 
For cost-efficiency, the design of an extrusion should be as production-friendly as possible. 
Thus, the profile should: 
– have a uniform wall thickness 
– have simple, soft lines and rounded corners 
– be symmetrical 
– have a small circumscribing circle 
– not have deep, narrow channels. 
An important parameter is the applicable minimum wall thickness. The factors which have an 
effect on the wall thickness are extrusion force and speed, the choice of alloy, the shape of the 
profile, desired surface finish and tolerance specifications. 
 

 
 

Suggested minimum wall thickness for cost-efficient extrusions 
 

Source: Sapa 
 
The extrusion process cannot achieve razor-sharp corners without additional fabrication. 
Corners should be rounded. A radius of 0.5 – 1 mm is often sufficient. Also in many cases, 
reducing the number of cavities in a hollow profile makes it easier to extrude. For profiles with 
pockets or channels, there is a basic rule that the width to height ratio should be approximately 
1:3. By using large radii at the opening of the channel, and a full radius at the bottom, the ratio 
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can be increased to 1:4. 
 

Bending of aluminium profiles 

The need for bending should be taken into consideration at the design stage. When planning 
a profile bending operation, the alloy, temper and cross section of the extrusions must be 
taken into the account. Deformation of the inside or outside radii can also be a design issue 
and determines which forming process to use. Before beginning the design process, it is 
necessary to consider:   
 

 What tolerances are expected on the inside, the outside dimension radius, 
and the overall length of the part? 

 What surface areas are critical for appearance? 

 What mechanical strength is required? 

Aluminium extrusions can be bent using the same equipment as for other metals. For larger 
radii, bending can take place with age hardened alloys but smaller radii usually require 
bending in the soft annealed or T4 (half-hardened) temper. It is possible to harden the 
extrusions to full strength after bending.  

 
There are different bending methods in practical use, some examples:  

a) Press bending 

Press bending (point bending, push bending) is suitable for simple bending of large series. 
The work piece is formed using compressive force. An upper and a lower die are contoured 
to give the work piece the desired shape. Pressure is applied by some form of eccentric or 
hydraulic press. It is a controlled, programmable, single axis bending process which can 
perform close proximity multiple plane bends. However, only one radius can be bent at a 
time.  

Depending on the exterior of the part to be pressed, dies can be steel or plastic. Press 
bending offers good bend precision with low per-bend cost, the tooling is fairly inexpensive.  

 

 

Press bending of aluminium extrusions 

Source: Sapa 

 
  

b) Rotary draw bending  

Draw bending is the most commonly used bending method with moderate tooling cost. It is 
suitable for tight radii and has a high degree of repeatability. Using an adjustable clamping 
jaw, the work piece is fixed against a rotating die. The clamping jaw and the tool are shaped 
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to reproduce the cross section of the profile. The work piece rotates with the die. This 
stretches the material on the outside of the profile and compresses that on the inside. In 
order to prevent scratches and clamping marks on the profile, the tools are usually made of 
plastic.   

In its simple (hydraulic) variant, only one radius can be bent at a time. Bending can be 
carried out with or without mandrel. Rotary draw bending is a single axis controlled bending 
process with 90° maximum bend per bend. The bend precision is good (resolution to 0.1°)., 
the equipment is not portable. 

In its more complex (electric) variant, the rotary draw bending process offers a faster setup 
and more accurate and repeatable bending. Multiple axis PLC controlled operation allows 
very accurate bends and movements, the bending precision is excellent. Rotations are 
automatic for variable plane bends. The application of this bending technique is beneficial 
for: 

 Numerous bends per part 
 Bends which are in close proximity to each other 
 When multiple bend radii are needed on the same part 
 Bends which are out of plane on round parts 
 When both small and large radius bends are required.  

 

 

 

 
Rotary bending of aluminium extrusions 

 
Source: Sapa 

 
 
 

 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 35 

 
 

c) Roll bending 
 
Roller bending is used for forming large radii in the work piece. The work piece is rolled 
between two drive rollers and a pressure roller. The shape presented by the rollers 
corresponds to the profile’s cross section. Vertical adjustment of the upper roller (the pressure 
roller) alters the radius of the bend. Thus, in CNC machines, a number of different radii can 
easily be pressed into a single work piece. 
 
As rollers are most usually made of steel, lubrication is often required to prevent cutting and 
scratching of the profile. 
 
Roll bending is another moderate tooling cost method; however, only relatively large bending 
radii are possible. The method can roll horizontally or vertically, but is limited to single plane 
bending per cycle. The maximum bend radius is unlimited; the bend precision is very good. 
This process is most suitable for symmetric profiles.  

 

 
 

Roll bending of aluminium extrusions 
 

Source: Sapa 
 
 
 

 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 36 

 
d) Stretch forming 

Stretch bending gives very high three-dimensional shape accuracy and consistency with high 
to medium per–bend cost. It can bend, twist and lift the profile simultaneously. The work 
piece is fixed between two clamping jaws and then gradually stretched over a shaping block. 
The shape presented by the block corresponds to the cross-section of the profile. The metal 
is stretched to its upper elastic limit and spring-back is thus negligible. Also non-symmetric 
profiles are readily formed without twist and minimal surface distortion and damage. The 
maximum bend radius is unlimited; the minimum bend radius is generally 2-3 times greater 
than other forming/bending methods. 
 
As the tooling investment is relatively high (higher than other forming/bending methods), 
stretch bending is best suited to large series production. The bend radius cannot be modified 
without additional tooling charge. 

 

 

 

Stretch bending of aluminium extrusions 

Source: Sapa 
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Hydroforming 

The application of the hydroforming process allows shaping an aluminium profile three-
dimensionally in a single operation. In fact, hydroforming opens the way to unique solutions 
for a wide range of design problems.  
 
Hydroforming is in principle a relatively simple technology, but requires large hydraulic 
presses and sophisticated tooling. Thus it is mainly suited for large series production, 
although the processing time (typically 0.5 – 1 min) limits the production volume. An 
extruded profile is placed in a die that has an inner geometry exactly replicating the shape 
of the finished component. The die is locked securely in position and hydrostatic pressure is 
then set up in the pipe (profile). As the profile is pressed against the die, it takes up the 
shape of the die.  

 

Tube Hydroforming 

Source: Design Light AB 

 
A big advantage of the hydroforming process is the high geometrical accuracy of the final 
part. Therefore, hydroforming is often used also as a calibrating operation for preformed (e.g. 
bent) extrusions. Aluminium tubes may be extruded with internal features and variable wall 
thickness around the section.  This may, however, increase the complexity of pre-forming the 
blank, of correctly positioning the blank in the tooling and may limit the shaping capability 
available from the hydroforming process. Thus, extruded one chamber aluminium profiles with 
a relatively simple cross section or round tubes will be mainly used for the most demanding 
hydroforming operations. 

 
Hydroformed aluminium tube 

Source: Sapa 
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The process offers as yet unexplored possibilities, in particular since it also enables the 
integration of other fabrication processes such as punching of holes, flange and end cutting 
operations, etc. In a single operation, complex parts can be created with very good 
dimensional accuracy. All or parts of the cross section of a profile can be formed using 
hydroforming. In a single hydroforming operation, it is also possible to make local changes 
such as domes or indentations. By eliminating several machining operations, total lead times 
can be shortened. 
 

 
 

 
 

Hydroformed aluminium roof rail integrating all the various fabrication operation into a 
single forming step 

 
Source: Audi 

 
Some advantages and disadvantages of the tube hydroforming process are outlined below: 
 
Advantages for tubular applications: 
 

Disadvantages for tubular applications: 
 

Re-entrant (under-cut) geometrical 
features possible. 
 

High Cycle time / process cost 
 

Punched holes with little distortion of 
tube surface 
 

Expensive specialised equipment 
 

Tight geometrical tolerances Wet environment 
 

Reduced thinning near ends of tube if 
end feeding used 

Pre-forming or pre-bending may be 
necessary for blank to fit into die 
 

Reduced spring back. 
 

Often need to trim off tube ends that 
served as seal surfaces. 
 

 Not recommended for visible surfaces 
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Finishing operations 

a) Sawing 

Most aluminium alloys allow far greater sawing speeds than applicable with steels and in 
most cases, sawing is an economic and very advantageous solution. Aluminium extrusions 
can be sawn accurately without the formation of burrs. The required appearance of the cut, 
the alloy used and the extrusion’s strength determine the size of the teeth, the number of 
revolutions per minute, the number of teeth, the diameter of the blade and the feed. The 
number of teeth should be sufficiently large to give a clean cut effectively. When sawing thin 
extrusions, several teeth should always cut into the material and cutting lubricant should 
always be used. 

 

Sawing of aluminium extrusions 

Source: Sapa 

b) Deburring 

Deburring is a process for removing small chips and any remaining burrs on the extrusion 
cut. The most common deburring method is mechanical using a brush or a grinding 
machine. Abrasive tumbling, where fragments are removed by friction using circulating 
stones, is a suitable method for deburring small and medium sized parts. 
 
 
c)   Milling 

Milling machines for the fabrication of aluminium have larger teeth pitches than equivalent 
tools for steel and therefore a more spacious groove for chips. As for sawing, a high cutting 
speed is required for a good result. A high quality of the milled surface demands high power 
and stability in the tool and feed mechanism.  

 

 
 

Milling of aluminium extrusions 

Source: Sapa 
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d) Drilling 

As with most machining, drilling should be carried out at a high speed. Special bits for 
aluminium are only required for deep holes or soft alloys. It is important to note that the hole 
will be considerably larger than the bit diameter when drilling in aluminium, especially when 
drilling in soft alloys. A significant amount of heat is generated when drilling deep holes, 
especially if the diameter is large. Cooling is therefore essential to avoid contraction of the 
holes. 

 

 
Drilling of aluminium extrusions 

Source: Sapa 

 
 
e)  Turning 
Aluminium can be turned in standard, special and automatic lathes. Turning should be carried out at 
high rotation speeds. Parts to be turned must therefore be fitted securely to avoid any vibration. 
Spacers between the part and the mounting prevent marks on the metal or deformation of the part. 

 
 

 
 

Turning of aluminium extrusions 

Source: Sapa 

f) Threading 

Internal and external threads can be made using all available machining methods as well as through 
plastic deformation. Taps for steel can be used for threads under 6 mm, but special taps should be 
used for larger diameters. Internal threads can either be made with taps in series or with a single tap. 
The groove for chips should be large and wide, well rounded and polished as well as have a large 
cutting edge angle.  
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Threading of aluminium extrusions 

Source: Sapa 

 
External threads are made using ordinary threading tools or screw cutting dies. The threads can also 
be formed plastically by rolling without any forming of chips. This creates a very strong thread. The 
external diameter of the part to be threaded should be 0.2 to 0.3 times the size of the screw pitch 
compared to the nominal thread diameter. It is very important that the centre lines of the metal part 
and the tool are aligned. 

 

g) Shearing 

Press work is normally carried out in eccentric presses with a cutting (shearing) tool. The press tools 
for aluminium are slightly different from those designed for other metals. Punch and die of hardened 
tool steel are recommended. It is important to maintain the correct clearance between the punch and 
the die during the actual cutting process. The clearance is determined by the material’s composition 
and the thickness of the cut material. 

 
 

 

Shearing (pressing, punching) of aluminium extrusions 

Source: Sapa 
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4.4.4 Cast solutions 
 

Introduction 

 
Castings as one-piece components can replace sub-assemblies that consist of a number of 
welded or machined parts. Generally speaking, components should be transposed on the 
basis of functions to be provided and constraints of space, and by disregarding the geometry 
of all existing solutions. The functionality of aluminium castings is a long established fact in 
powertrain applications where they combine a multiplicity of functions. Castings can also help 
to improve the fatigue strength of structural parts while either reducing the number of welded 
assemblies or positioning them more favourably. 
 

 

Rear cradle prototype designed for Audi A8 
 

The aluminium rear subframe shown above consists of a casting that combines all the 
functions of ribbings, caps and other attachment points, and a drawn sheet of simple design 
that closes the casting. Its fatigue strength is considerably improved over a straight 
transposition because it eliminates welds for the attachments and moves the weld line of the 
two parts into zones of lower stress. This new design reduces the number of connections and 
is ideal for use on production lines. It also offers a 35% weight saving.  
 
 

 

Fatigue design of Audi A8 rear cradle prototype 

: 
Many different aluminium casting processes are used in practice to produce automotive 
castings. Thus, it is not possible to provide specific design guidelines for each process 
variant. In the following, only two processes will be considered in more details: sand casting 
and high pressure die casting. 
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Selection of alloy and casting process 

 
Many different casting methods and alloys can be used to produce a wide variety of 
aluminium components. The choice of alloy and casting process determines both the 
properties of the resulting component and the fabrication cost. There are three major factors 
that drive the quality and cost of a cast aluminium component − functionality (service 
requirements), design (shape and size) and production quantity. Each of these factors will 
have a large influence on the choice of the casting method, the alloy selection and the cost, 
as well as the final component quality.  

a) Functionality and service requirements 

Choosing the alloy, casting process and thermal treatment requires knowledge of the service 
conditions of the proposed part, so defining the end-use functions and requirements is always 
the starting point. If high-strength, safety-critical components are required, the number of 
potential casting processes is narrowed, and a high-integrity casting process, such as 
premium sand casting, vacuum-assisted high pressure die casting or semi-solid casting 
process, will be chosen. Also the alloy selection cannot be made until the component’s end-
use requirements are defined. The range of possible mechanical properties varies widely 
because there are many alloy and thermal treatment combinations.  

b) Design 

Once the function of the desired component is determined, design issues such as size, weight 
and part complexity can be considered. The size and design features of the casting and the 
available alloys can drive the choice of the casting process and the cost of the component. 
Sand casting often is used to produce parts with hollow cavities and a complex arrangement 
of ribs and pockets that make them less suitable for casting in permanent molds. On the other 
hand, it might be advantageous to redesign a casting for a lower cost process, such as 
permanent mould or high pressure die casting. In some cases, the finished component cost 
can be reduced by including features in the design that will produce a near net-shape cast 
part and eliminate or minimize additional costs from subsequent finishing processes, such as 
machining.  

Regardless of cost, the process choice might be limited by the size of the component. For 
example, for large or heavy castings, sand casting may be the only option. Although this 
process typically requires lower tooling costs, the unit price of the castings and the finished 
part can be high. Permanent mold casting has higher tooling costs, but the unit price is lower, 
particularly for higher quantities. Die casting has the highest tooling cost, but also the lowest 
piece price on large quantities.  

c) Production quantity 

Another critical factor which determines the selection of the casting process selection and 
cost is the production volume. Permanent mould casting, die casting or automated sand 
casting processes can be used to produce high quantities if the size and design features of 
the component and the available alloys are suitable. However, the tool cost for permanent 
mould and die casting are high, thus large production quantities are required to justify the 
tooling costs. If low-quantity parts and large castings are required, the best option is sand 
casting, which offers the lowest tooling cost with the capability to cast large components.  

d) Aluminium casting metallurgy 

The specification of an aluminium alloy for a cast component is based upon the envisaged 
mechanical properties. The properties of an aluminium casting result from three primary 
factors: the alloy composition, the melting and casting operation, and the final thermal 
treatment.  

e) Aluminium processing 

Molten aluminum has several characteristics that can be controlled to maximize the quality 
and the cast component. It is prone to picking up hydrogen gas and oxides in the molten state 
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as well as being sensitive to minor trace elements. Tight melt control and specialized molten 
metal processing techniques provide enhanced mechanical properties when required.   

Design guidelines for aluminium sand castings 

The sand casting process includes basically six steps: 

1. Place a pattern in sand to create a mould  
2. Incorporate the pattern and sand in a gating system  
3. Remove the pattern  
4. Fill the mould cavity with molten metal  
5. Allow the metal to solidify  
6. Break away the sand mould and remove the casting.  

 

Basic steps of the sand casting process 

In order to control the solidification structure of the metal, it is possible to place metal plates 
(chills) into the mould. The associated rapid local cooling will form a finer-grained structure 
and may thus improve the local mechanical characteristics. Chills are also used to promote 
directional solidification within the casting. By controlled solidification, it is possible to prevent 
internal voids or porosity inside castings. 

To produce cavities within the casting, negative forms are used to produce cores. Usually 
sand-moulded, these cores are inserted into the casting box after removal of the pattern. 
Whenever possible, designs are made that avoid the use of cores, due to the additional set-
up time and thus greater cost. 

The part to be made and its pattern must be designed to accommodate each stage of the 
process, as it must be possible to remove the pattern without disturbing the moulding sand 
and to have proper locations to receive and position the cores. A slight taper (draft) must be 
used on surfaces perpendicular to the parting line in order to be able to remove the pattern 
from the mould. This requirement also applies to cores, as they must be removed from the 
core box in which they are formed. The sprue and risers must be arranged to allow a proper 
flow of metal and gasses within the mould in order to avoid an incomplete casting. Gas 
pockets can cause internal voids.  

After casting, the cores are broken up by rods and removed from the casting. The metal from 
the sprue and risers is cut from the rough casting. Various heat treatments may be applied to 
relieve stresses from the initial cooling and to increase strength and/or ductility. The casting 
may be further strengthened by surface compression treatment (e.g. shot peening) that adds 
resistance to tensile cracking and finishes the rough surface. 
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Sand cast rear control arm 
 

Source: GF Automotive 
 
The thin-walled sand cast rear control arm shown above with a weight of only 2.6 kg is an 
example for an extremely lightweight solution. It is used in the Audi models A4, A5, Q5 and 
A8 (alloy: AlSi7Mg).  
 
 
 

Design guidelines for aluminium die castings 

Die castings are among the highest volume, mass produced items manufactured by the 
casting industry. For aluminium, cold chamber machines are generally used. A precise 
amount of molten metal is transferred from the furnace to the die casting machine where it is 
fed into an unheated shot chamber (or injection cylinder). This shot is then driven into the 
locked die at high pressures by a hydraulic or mechanical piston where it solidifies rapidly.  

Two dies are used in die casting; one is called the "cover die half" and the other the "ejector 
die half". Where they meet is called the parting line.  The cover die contains the shot hole, 
which allows the molten metal to flow into the dies; this feature matches up with the shot 
chamber. The ejector die contains the ejector pins and usually the runner, which is the path 
from the shot hole to the mold cavity. The cover die is secured to the stationary platen of the 
casting machine, while the ejector die is attached to the movable platen.  

The dies are designed so that the finished casting will slide off the cover half of the die and 
stay in the ejector half as the dies are opened. This assures that the casting will be ejected 
every cycle because the ejector half contains the ejector pins to push the casting out of that 
die half. Other die components include the cores and the slides. Cores are components that 
usually produce holes or openings, but they can be used to create other details as well. Fixed 
cores are ones that are oriented parallel to the pull direction of the dies (i.e. the direction the 
dies open), therefore they are fixed to the die. Movable cores are ones that are oriented in 
any other way than parallel to the pull direction. These cores must be removed from the die 
cavity after the shot solidifies, but before the dies open, using a separate mechanism. Slides 
are similar to movable cores, except they are used to form undercut surfaces. The use of 
movable cores and slides greatly increases the cost of the dies. Other features in the dies 
include water-cooling passages and vents along the parting lines. The vents are usually wide 
and thin so that when the molten metal starts filling them the metal quickly solidifies and 
minimizes scrap. No risers are used because the high pressure ensures a continuous feed of 
metal from the gate.  

The most important material properties for the dies are thermal shock resistance and 
resistance to softening at elevated temperature; other important properties include 
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machinability, heat checking resistance, weldability, and cost. The dies used in die casting are 
usually made out of hardened tool steels, resulting in high start-up cost. 

a) Draft  
Draft is the amount of taper or slope given to cores or other parts of the die cavity to permit 
easy ejection of the casting. All die cast surfaces which are parallel with the opening direction 
of the die require a certain draft (taper) for proper ejection from the die. This draft 
requirement, expressed as an angle, is not constant. It will vary with the type of specified wall, 
the depth of the surface and the selected alloy. When proper draft is applied, it is much easier 
to open the die and to eject the casting resulting in a more precise cast part with higher 
surface quality.  
 

b) Fillets and parting line 
A fillet is the curved juncture of two surfaces that would otherwise meet at a sharp corner or 
edge.  While modelling a part all sharp corners and edges should be filleted. Only the parting 
line where the two halves of the casting die meet on the part geometry should be left sharp.  
 

c) Bosses  
Bosses are often added to parts e.g. to act as mounting points. It is critical to maintain uniform 
wall thickness in a boss feature and therefore, a hole is almost always added to the middle of 
the boss.  In addition, draft is required on the outer and inner surfaces of the boss.  Bosses 
may be difficult to fill, as it is hard for molten metal to flow up a tall narrow boss feature.   
 

d) Ribs  
Ribs are often added to increase strength in specific regions of a part. The major advantage 
of ribs is that they can add strength without increasing the typical wall thickness of a die cast 
part.  The resulting part design is lighter and uses less material, but still has the required 
strength.  Ribs also assist in providing molten metal flow to part features that would otherwise 
be difficult to fill.  However it should be kept in mind, in some applications ribs may not be 
necessary and will only add unneeded complexity to the part and die design. 
 

e) Holes and windows   
Considering the effect on molten metal flow through the part, it becomes clear that hole and 
window feature configurations play an important role in the manufacturability and final quality 
of a die cast part. Holes and windows may also have an effect on ejection of the part from the 
die as the perimeter of these features will grip onto the die steel during solidification. To 
counteract this gripping action, generous draft should be added to hole and window features. 
Molten metal flow may be blocked by through holes and windows. However; with the addition 
of bridge like cross feeders or overflows to the die casting die, the flow across through 
windows and holes can be re-established.  
 

f) Uniform walls   
There are no hard rules governing maximum and minimum limits for wall thicknesses. The 
wall thickness should be as uniform as possible throughout the component and, where 
variations are required, transitions should be provided to avoid abrupt changes. However, the 
production of castings with extreme maximum and minimum wall thicknesses and with wide 
variations are possible using high-technology equipment and sophisticated casting 
techniques. This capability should be utilized only as necessary to achieve performance or 
economic advantages otherwise uniform wall thicknesses are preferred. 
 

g) CAD feature order  
One of the most common challenges in creating a parametric model of a die casting design is 
creating features in an order that allows for changes without creating errors in the feature 
tree. In addition, creating as-cast and machined versions of the model may be difficult or time 
consuming. The method for ordering CAD features presented in the following eliminates or 
greatly reduces feature tree errors and eases the development of a die casting design model:  

1. Base geometry features: Features such as extrusions, bosses, cuts, shells, etc., that make 
up the basic geometry of the model should appear at first at the top of the feature tree.  
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2. Cast cored holes: Next as-cast cored holes should appear. These are holes that will be 
cast during the die casting process and may or may not be machined or tapped later.  

3. Parting lines: Parting lines, if needed, should be next. Some castings will have a natural 
parting line that will appear after draft has been applied to the part.  

4. Draft: Draft application should be next.  

5. Fillets: Next fillets should be added to all geometry. In some cases, fillets will not be added 
to the parting lines.  

6. Machining: Finally, all machined features should be added. By having the machined 
features at the end of the feature tree, they can be suppressed and un-suppressed creating 
an as-cast and machined part model very quickly. Adding machined features last also makes 
it much easier to determine the amount of as-cast geometry required to provide the correct 
amount of machining stock.  

Creating as-cast and machined part model configurations is an excellent way to clearly 
convey what features should be as-cast and what features should be machined. In addition, 
creating separate drawings for as-cast and machined parts will be simplified by using this 
method.                                                                                                                                                                         

 

B pillar of the Audi A2 produced by vacuum-assisted high pressure die casting (as-
cast and final shape) 
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5 Case study: Crash Management Systems (CMS) 
 

5.1 Introduction 
 
Crash protection priorities vary with car speed when crash occurs: 

 at speeds up to 15 km/h, the main goal is to minimize repair costs; 
 at speeds between 15 and 40 km/h, first aim is to protect pedestrians; 
 at speed over 40 km/h, the most important concern is to guarantee occupant 

protection. 
The overall objective remains to reduce the aggressiveness of the crash event. 
 
These issues are solved through controlled crash deformation. This case study deals with the 
effectiveness of the crash management system, composed of the bumper and the crash 
tubes. 
 

 
 
Bumper systems influence the following performance measures: 

 Overall vehicle mass 
 Front end nod; related to overhang from the suspension supports and mass of 

system 
 Front end lateral stiffness 

In next sections, bumper systems (i.e. including crash tubes) will be also used to designate 
CMS. 
 

Structural 

Add-on frames

Pedestrian protection

Crash 

Engine 
cradle/Subframe

Longitudinal

Bumper 
beams 

Bumper 
beams 
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5.1.1 Purpose of a bumper system 
 
Minimise damage or injury by absorption of energy through elastic and, eventually, plastic 
deformation during frontal and rear collisions with pedestrians, other vehicles and fixed 
obstacles at relatively low velocities. 
 
Legislative and insurance test procedures are found in FMVSS 581, EC 78/2009 and RCAR 
member sites. They specify the conflicting requirements of a soft absorber for pedestrian 
safety with the following functionality: 

 Prevent structural and visible damage resulting from low speed impacts  
 Minimise cost of repair (insurance rating) resulting from medium speed (15 km/h) 

impacts 
 Manage load path and structural integrity for higher speed impacts to maximise 

occupant protection. 
 

 

Source: Alcan (Constellium since 2011) 
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5.1.2 Additional functionality 
 
Bumper system functions include: 

 structural mounting surfaces 
 lashing points 
 towing points 
 spot light mountings. 
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5.2 Design Aspects 
 

5.2.1 Design Boundary Conditions 
 
The boundary conditions for commencing a new design process can be identified and 
analysed by grouping together requirements using affinity matrix methods. The following 
example captures the major aspects that need to be considered for an aluminium reinforced 
bumper system. 
 

Vehicle 
quality

Occupant 
Safety

Cost of 
ownership

Pedestrian 
Safety

High Stiffness Impact >16km/h
No brittle fracture

Impact <8km/h
Elastic

Low Surface 
Stiffness

Low mass Impact >16km/h
Max. Plastic 

Energy absorption 

Impact <16km/h
Damage Limitation

No Sharp Features 
or Knife edges

Short Overhang Surface Geometry 
Considerations

Good Corrosion 
Resistance

Towing Point
No damage 

allowed

 
 
 
Main conclusions from affinity matrix: 
 

 The bumper should be treated as a system 

◦ Impact energy is shared by the bumper components and the rest of the vehicle. 
 Conflicting requirements should be handled by different parts if the system 

◦ Low stiffness foam on high stiffness beam to satisfy quality and safety 

◦ High elastic limit beam to achieve no permanent damage for low velocity impact 

◦ Vehicle structure protected by force limiting feature of bumper beam or its 
supports (crash tubes) 

◦ High strength to resist towing forces through bumper system 
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5.2.2 Design options assessment 
 
Aluminium enjoys the advantage of being available in a wide range of product forms that may 
closely represent the output from topological optimisation tools. Each product form possibility 
may be combined with the intrinsic properties of aluminium in order to identify the most 
suitable design space for this application. 
 
Herring-bone diagrams are a good way to start to develop a Design Failure Modes and 
Effects Analysis (DFMEA). They are also a good starting point for identification of the key 
design requirements, wishes and constraints in order to assist the selection of candidate 
materials, product forms and assembly methods, etc. 
 

Potential
solution

Extrusion
6xxx
7xxx
MIG

High Performance
Press Bending

Bumper Beam

Elastic limit

Section 
Characteristics

Low mass

Corrosion resistance

Weldability

Property stability

Ductility

Material Characteristics

Variable wall thickness

Multiple cell

Ribs

Swages

Variable section
depth

Continuous joining

Closed Section

Manufacturing

Tooling cost

Bending

Assembly

Finishing

Section collapse 
Initiation features

Weld HAZ

Cycle Time
 

Desired characteristics and manufacturing techniques arranged in a herring-bone 
diagram 
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5.2.3 Whole vehicle system considerations 
 
Experienced automotive engineers design functional components in the context of their 
surrounding elements.  For example, a bumper should not be stronger than the structure it is 
intended to protect.  Likewise, the stiffness of the vehicle structure to which the bumper is 
mounted contributes to the total elastic displacement of the bumper surfaces, and hence to its 
energy absorption. 
 
The accuracy and quality of design and analyses predictions is improved by considering the 
system as a whole. 
 
The following table shows clearly the interaction of each element of the crash management 
system and the surrounding structure for different impact events. 
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5.2.4 Requirements for Crash Management System (CMS) 
components 

 
The functional requirements, the design options and the system considerations have now 
been formalised. Each element of the design may now be assessed for materials selection 
using a prioritisation matrix. 
 
In this case study, we first consider the bumper system, then the beam, its supports, and 
auxiliary parts afterwards. Our system considerations clearly show that a single element, like 
the beam, cannot by itself satisfy all of the conditions required of the system. For example, 
the system needs to have a very low stiffness for pedestrian safety and yet a relatively high 
stiffness to absorb low speed vehicle to vehicle impact energy through limited elastic 
deformation. 
 
A prioritisation matrix enables visualisation of both materials’ characteristics and functional 
requirements together. It can assist the designer to take a holistic view.   
 
As each function is added their specific materials’ requirements can be easily compared to 
existing functions. Functional or property conflicts for the whole system can then be broken 
down into specific requirements for elements of the system, or assigned to an adjoining 
component or system. 
 

Gpa Mpa Mpa % % kgm-3 Mpa Mpa % S-1 10-6m m-1 

K-1
 W/m °C

High Stiffness Max. Max. Max. Max. Max. Max. Max.

Low Mass Max. Max. Max. Max. Max. Min. Max. Max. Max. Max.

Short Overhang Max. Max. Max. Max. Max. Max. Max. Max. Max. Max.

Corrosion Resistance Max. Max. Max.

Occupant Safety No brittle fracture Max. Max. Max. Max. Max. Min. Max. Max. Max. Max.

High plastic energy absorption Min. Max. Max. Max. Max. Max. Max. Min. Max. Max. Max. Max.

High elastic deformation Min. Max. Min. Max. Max. Max.

Damage Limitation Min. Min. Max. Max. Max. Max. Max. Max. Min. Min. Max. Max. Max. Max. Max.

Towing with no damage Min. Max. Min. Min. Max. Max. Max.

Pedestrian Safety Low surface stiffness Min. Min. Max. Max. Max. Max. Min. Min. Max.

No Sharp Features Max. Max. Min. Max. Max. Max.

Surface Geometry Max. Max. Max. Max. Max. Max.

Cost of Ownership
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Prioritisation Matrix for Bumper System 

 
The prioritisation matrix is constructed by listing all of the candidate materials properties and 
characteristics in columns. The functional requirements obtained from the affinity matrix are 
listed as rows. Each of the properties and functional requirements is then assessed as not 
being linked (blank) or as requiring a minimum or maximum value of the related property to 
obtain the best functional performance. 
 
In this case some columns are totally blank.  The judgement (or result of experience / analysis 
or test) indicates that this property does not apply for the load cases or product requirements 
that have been identified for this system. These columns may be collapsed to enable other 
conclusions to be obtained. 
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Bumper Beam 
 
Assigning the low stiffness requirements for pedestrian safety to a foam element in front of 
the beam, and assigning the majority of the occupant protection energy absorption 
requirements to the crash tubes, simplifies the requirements for the beam itself. 
 

Gpa Mpa Mpa % % kgm-3 % S-1

High Stiffness Max. Max. Max. Max. Max. Max.

Low Mass Max. Max. Max. Max. Max. Min. Max. Max. Max.

Short Overhang Max. Max. Max. Max. Max. Max. Max. Max. Max.

Corrosion Resistance Max. Max. Max.

No brittle fracture Max. Max. Max. Max. Max. Min. Max. Max. Max. Max.

High plastic energy absorption Max. Min. Max. Max. Max. Max. Max.

High elastic deformation Min. Max. Min. Max. Max. Max. Max.

Damage Limitation Min. Max. Max. Max. Max. Max. Max. Max. Min. Max. Max. Max. Max. Max. Max.

Towing with no damage Min. Max. Min. Min. Max. Max. Max.

Low surface stiffness Min. Min. Max. Max. Max. Max. Min. Min. Max. Max. Max.

No Sharp Features Max. Max. Min. Max. Max. Max. Max.

Surface Geometry Min. Max. Max. Max. Max. Max.
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Conclusions from Priority Matrix for Bumper Beam 
 
Safety 

 Aluminium does not show any low temperature embrittlement (DBTT). 
 UTS, Ag, A80, n-value, r-value, corrosion resistance, weldability, bondability, 

castability, extrudability and machinability should all be as high as possible. 
 Density should be as low as possible. 

 
Cost of Ownership 

 E should be low for maximising ratio of elastic to plastic strain in conflict with global 
vehicle stiffness requirement. 

◦ Bumper system stiffness has a weak influence on global vehicle torsion stiffness, 
and almost no influence on global vehicle bending stiffness. 

◦ Vehicle global stiffness can be obtained from other components that are better 
located for this purpose, so the elastic modulus does not need to be maximised 
for this component. 

◦ The lower elastic modulus of aluminium than steel has the benefit of enabling a 
higher elastic deformation than an equivalent strength steel beam 

 
Energy Absorbing (EA) elements (crush tubes)  
 
High strength steels (HSS) and ultra high strength steels (UHSS) can employ yield strength 
more than 3 times that of the high and ultra high strength aluminium grades.  At a first glance, 
considering the material densities of steel and aluminium, the aluminium solution would, at its 
best, have the same weight as the steel one.  
 
Thin sections, however, suffer from being susceptible to premature “compression buckling” 
collapse, preventing HSS and UHSS from reducing thickness down to 1/3 that of aluminium. 
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Taking this into consideration and also exploiting the design flexibility of an extruded profile, 
high and ultra high strength aluminium typically allow: 

 between 40 and 60% weight saving compared to HSS used in EA elements; 
 30% compared to UHSS used in bumpers; 
 40% (average) saving compared to steel alloys for full bumper beam and EA system. 

 

Gpa Mpa Mpa % % kgm-3 % S-1

High Stiffness Max. Max. Max. Max. Max. Max.

Low Mass Max. Max. Max. Max. Max. Min. Max. Max. Max.

Short Overhang Max. Max. Max. Max. Max. Max. Max. Max. Max. Max.

Corrosion Resistance Max. Max. Max.

No brittle fracture Min. Max. Max. Max. Max. Max. Min. Max. Max. Max. Max.

High plastic energy absorption Max. Max. Max. Max. Max. Max. Max. Min. Max. Max. Max. Max. Max.

High elastic deformation Min. Max. Min. Max. Max. Max. Max.

Damage Limitation Max. Max. Max. Max. Max. Max. Max. Min. Min. Max. Max. Max. Max. Max.

Towing with no damage Min. Max. Min. Min. Max. Max. Max.
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Conclusions from Priority Matrix for EA elements 
 
Safety 

 Aluminium does not show any low temperature embrittlement (DBTT). 
 UTS, Ag, A80, n-value, r-value, corrosion resistance, weldability, bondability, 

castability, extrudability and machinability should all be as high as possible. 

◦ Since an increase in strength usually results in a decrease in elongation, it is 
necessary to find the right balance of properties using FE modelling and test 
procedures. 

◦ Ultra high strength materials may give the lowest weight or the most economical 
solution depending on section stability, ductility limitations and manufacturing 
costs. 

 Density should be as low as possible. 
 Conflicting requirements for global vehicle stiffness, yield strength and strain rate 

sensitivity. 

◦ Global vehicle stiffness is not the main function of this part as already discussed. 

◦ Crash tubes undergo severe deformation in high speed collisions.  Brittle fracture 
should be avoided by careful alloy and temper selection in order to obtain stable 
predictable behaviour for the life of the vehicle.  This is more important than high 
yield strength. 

◦ Joint strength is critical to ensure system integrity and avoidance of unpredictable 
collapse behaviour. 

◦ Aluminium is not sensitive to strain rate at room temperature. 

▪ Initial peak collapse force is lower than comparable steel section.  This 
reduces the potential for premature collapse of the vehicle backup structure. 

 
At present, age hardenable extruded profiles from the 6xxx alloy series dominate the EA 
segment of aluminium bumper systems. 
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Energy Absorbing Foam for low speed impact and pedestrian safety 
 
Foam is used to improve pedestrian safety and to soften the impulse reaching the structure.  
The special characteristics of foam enable it to absorb relatively high levels of energy with 
complete recovery and no visible damage. 
 
Foam absorbs energy when compressed.  
 
Its characteristics depend on the rate of strain, the plastic and the foaming parameters used 
in its manufacture. Specific foam characteristics should be obtained from the foam 
manufacturers for FE analysis. 
 

 
 
The total energy absorbed by the foam is also a function of the contact area and the 
compression distance. A good starting point is to make the foam thickness roughly equal to 
the external depth of the beam.  
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5.2.5 Main advantages of aluminium components 
 
Extrusions are the most competitive aluminium product form for bumper beams.  

 Variable wall thickness throughout the cross section 
 Complex section shapes and internal features possible with high strength alloys 
 Low tooling and investment costs compared to sheet stamping and high performance 

castings 
 
High toughness and strength needed over -40 to +40°C temperature range.  

 Aluminium is naturally resistant to low temperature embrittlement (DBTT) and 
corrosion weakening mechanisms. 

 
Aluminium joint strength 
 
Joint strength can be either designed out of the potential failure modes or tuned to 
deliver special functionality, but this requires detailed characterisation and analysis of 
these regions in the whole system (aluminium joints do not exhibit the same strength and 
failure modes as those of steel joints).  
 
Weight reduction potential calculations 
 
Weight reduction potential is dependent on differences in the candidate materials’ shape 
capability, their mechanical properties and the design space available. 
 
We have already found that the energy absorption requirements for a bumper system can be 
split into an elastic requirement for parking impacts and elastic plus plastic for higher speed 
impacts that should not normally damage the vehicle structure. 
 
Most of the plastic impact energy is managed through axial collapse of the EA tubes that 
mount the beam onto the vehicle structure. 
 

    
  
The advantage of aluminium in axial collapse is derived from two distinct mechanisms; the 
thickness effect and the section capabilities of the extrusion process. 
 
The thickness effect may be explained as follows: 
 
Impact energy = elastic + plastic deformation energy 
 

Plastic deformation energy from axial collapse of a single cell tube ≈ σ t5/3 

 
σ = average flow stress = (proof stress + ultimate tensile stress) / 2 
t = thickness 

 

Source: Alcan (Now Constellium) 
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Thickness of aluminium compared to another candidate material such as steel 
 

 
 
Rearranging the equation and including density enables us to obtain the weight ratio of the 
two materials for identical energy absorption of a single cell tube in axial collapse 
 

 

Source: Alcan (Constellium since 2011) 

 
Substituting the ultimate tensile strength for a typical ductile high strength steel DP600 Flow 
stress (Strain rate of 100 s -1) ≈ 680MPa, Density = 7,8Tonnes m-3 and two typical 6xxx aluminium 
alloys with Flow stresses of 230MPa and 325MPa, Density = 2,7Tonnes m-3. 
 
Weight ratio range = 0.66 and 0.54 respectively 
 
Conclusion: A 40% weight saving is obtainable from the thickness effect alone. 
 
The collapse mode can be modified by the addition of an internal diaphragm and other 
geometrical features. Forcing the section to deform in a different mode of collapse can deliver 
very much higher collapse energy absorption. Care, however, must be taken to maintain 
section stability. 
 
The extrusion process enables a very high degree of freedom in section design at low 
process costs. 
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5.2.6 Value Analysis 
 
The bumper system as a whole can now be evaluated according to the importance attached 
to each function and the cost required to achieve it.  Value can then be estimated by dividing 
the importance of each function by the real or estimated cost. 
 
Fictitious costs are used in the bumper system case study to illustrate the principle. 
 

<= 15 km/h Minimise repair cost 30 Strong Strong Strong Weak Strong
<= 40 km/h Protect Pedestrian 20 Weak Strong Medium Weak Weak
> 40 km/h Occupant Protection 20 Strong Strong Strong

Assist City Parking 5 Weak Strong Strong Weak
Support Number Plate 5 Strong Weak
Tow hook mounting 20 Medium Medium Strong Strong
Engine Cooling Duct 5 Medium Strong Weak
Styling / Visual Aspect 30 Strong Strong
Aerodynamics 10 Strong

Column 1955 150 415 275 425 220 120 350
Normalised column 100% 8% 21% 14% 22% 11% 6% 18%

Target 87.00 5.00 50.00 5.00 5.00 12.00 5.00 5.00
Real Cost 95.00 5.00 55.00 5.00 10.00 10.00 5.00 5.00

Column / Real Cost 0.1284 0.015 0.004 0.028 0.022 0.011 0.012 0.036

Normalised Value 100% 12% 3% 22% 17% 9% 10% 28%

Weighting
Strong 5
Medium 3
Weak 1

Value

+ Costs are fictitious for this example
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The weighting of the module components has ranked the bumper beam, the joining system, 
the Foam and the EA support in order of most to least important for the functional 
requirements of the module.   
 
The value gives a ranking that is strongly influenced by the cost of the mechanism. Fictitious 
costs are used to show the principle that low normalised value indicates an opportunity to look 
for cost savings. For example EA elements 

 Can the stamping / extrusion cost be reduced? 
 Can some machining costs be eliminated? 
 Is section design and alloy choice optimised to minimise material cost? 
 Can expensive features on this part be handled cheaper on another part or in another 

way? 
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5.2.7 Comparison of two ‘state of the art’ bumper systems 
 

  

Bumper system A    Bumper system B 

 
Assembly 

 System A is welded 
 System B is bolted 

 
Beam 

 Section details are relatively shallow or nicely rounded to deliver a good balance 
between performance and extrudability.  Internal diaphragm ensures good resistance 
of section to local buckling. 

 System A is cut to length, press shaped and punched. 
 System B is cut to length, bent and punched. 

 
EA elements 

 Both utilise extruded sections 
 System A does not utilise additional geometric features to trigger axial collapse.  The 

manufacturer is here exploiting the weld metal properties at each end of the EA 
element as a metallurgical trigger resulting in a cost saving.  Careful assembly 
sequencing and post weld heat treatments ensure that collapse is initiated next to the 
beam rather than the end plate. 

 EA elements in system A are cut to length, but have no further machining 
requirements, resulting in an additional cost saving. 

 EA elements in system B are cut to length, stamped and formed with geometrical 
collapse initiation features. 

 
End Plate 

 System A uses a blanked and punched plate. 
 System B has dispensed with the end plate. The EA elements are directly inserted 

into the vehicle front longitudinal members, resulting in a weight and cost saving. 
 
Despite the apparent simplicity in design of system A, careful attention has been paid to the 
geometry and production variability of the weld material. 
 
Materials 
 
AA-6082 T6/7 is a good choice for high strength complex section beams. Extrusion rates are 
high enough to enable a good compromise on section complexity and minimum wall thickness 
for closed sections at an economical cost. 
 
AA-7XXX T6/7 may be used for very high performance bumper beam sections.  It is usually 
more difficult to extrude than 6xxx alloys.  Avoidance of thin walls, internal diaphragms and 
sharp features improve extrusion speed with a consequent cost reduction.  Fabrication of the 
beam from an open section and a closing plate can make economical sense in some cases 
with 7xxx alloys. 
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AA-6060 T6/7 can be processed to have a good balance between strength, ductility and 
property stability, making it a good choice for EA elements. 

 Both systems use a 6xxx alloy for the EA elements. 
 The beams can be made from 6xxx or 7xxx alloys 

 
Joining 
 
Welds 

 Heat treatable aluminium alloys exhibit a heat affected zone (HAZ).  Properties of 
the HAZ are dependent on the composition of the alloy, its initial temper and any post 
weld heat treatment (PWHT) processes used.  Material characterisation and 
modelling of the properties in the HAZ is one of the key factors used to obtain reliable 
Finite Element predictions of the behaviour of the beam system. 

 Weld metal in the fillet can have low yield strength compared to the parent material. 
However, the weld strength depends on the alloy in the weld metal (combination of 
alloys welded and filler wire, post weld heat treatment cycles and geometry of the 
fillet). 

 Joint strength can therefore be a tunable parameter within the limits of the materials 
and processes available.  Major suppliers have invested in the characterisation and 
detailed modelling of joints in order to correctly represent the complex combination of 
behaviour of the weld metal, the HAZ and the geometrical features.   

 
Failure to correctly represent the weld metal and the HAZ in crash simulations can give as 
much as a 30% error in the peak Force.   In the past, some prototype parts were found to 
exhibit completely different collapse behaviour to the simulations during crash-testing 
because the weld region was not modelled accurately. 
 
The manufacturing of welded automotive components from age-hardening aluminium alloys 
involves a series of thermal and mechanical operations. These alloys have a strong memory 
of the past process steps due to interactions between different types of particles that form at 
various temperatures. In particular, the different heat treatment and welding operations that 
are used toward the end of the process chain have a large influence on the resulting 
structural performance. 
 

 

Source: Welding Journal-2009-Vol88-No2-pp42-45 

 
Variables involved in the fabrication of welded crash components made of age-hardening 
aluminium alloys.  The designations T1–T7, WP1–WP4, and PWHT1–PWHT3, refer to 
different temper, welding, and heat-treatment conditions, respectively. 
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Predicted peak temperature  

Source: Welding Journal-2009-Vol88-No2-pp42-45 

 

 

Calculated stress-strain curves for the three HAZ positions, A, B, and C 

Source: Welding Journal-2009-Vol88-No2-pp42-45 

 
Careful design of the weld and its process history create a controlled metallurgical 
discontinuity that can trigger crush initiation.  Gains include tooling investment and process 
cycle time costs. 
 
Mechanical Fasteners. 

 The bearing strength of the aluminium, rather than the strength of the fastener, 
usually controls the failure mode and strength of the mechanically fastened joint. 

 Joint design detail including position and additional reinforcement influences the 
onset of failure and the mode of failure.  Such parameters are sometimes tuned to 
promote a beneficial failure mode in which energy is absorbed and forces are limited 
in extreme cases through tearing of a bolt through a given length of a support. 

 
All joining systems 

 Joint location should avoid high deformation zones and unfavourable loading 
directions for the specific joining system that is being used.  

 



 

Version 2011 © European Aluminium Association (auto@eaa.be) 18 

Summary of Aluminium Design 
 
Beam:  

 High strength 6xxx / 7xxx alloy 
 Peak stable temper 
 Closed section extrusion mono / multi-cell 
 Cut to length 
 Press bent and punched 

 
EA elements: 

 Soft 6xxx alloy delivering a low initial collapse load 
 Extruded mono / multi-cell section 
 Peak stable temper optimised to crush without fracture 
 Cut to length 
 Geometrical or metallurgical collapse initiation features 

 
End Plate: 

 6xxx thick plate or extruded plate 
 Blanked and punched 
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5.3 Performance evaluation 
 
The critical performance of a crash management system is evaluated by applying test 
methods developed by international bodies to enable insurance ratings to be issued. 
 
We will consider two such tests that demonstrate the efficiency that has been obtained from 
modern aluminium systems. 
 

1. Allianz 10° 16 km/h test procedure to evaluate the potential for repair. 
2. Extreme tow eye loading at 45° to vehicle longitudinal axis. 

 
Allianz 10° 16 km/h test procedure 
 

  
 
The aim is to maximise the energy absorbed by the CMS for a given collapse distance.  It is 
crucial to limit the peak force to a level that is below collapse initiation of the vehicle main 
impact members in order to limit the extent and cost of repair necessary. 
 
 

  
 
 
 
 
 
 
 
CMS Performance (%) =  
 
 
 

CMS Absorbed Energy 

Maximum possible absorption 

Allowable CMS peak

Available 
collapse 

CMS Absorbed

Maximum possible

Force 
[kN]

Displacement
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The following images show the excellent performance that can be obtained from high 
performance aluminium bumper systems delivering a weight saving close to 50% compared 
to steel. 
 
Collapse of the EA element is initiated at around 30mm displacement with almost no initial 
peak force.  This feature ensures that collapse initiation of vehicle impact members cannot be 
initiated by low speed impact (approx. 15km/h) resulting in low repair costs. 
 

 

Source: Hydro & Benteler 

 

 

Source: Hydro & Benteler 
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5.3.1 Comparison of the performance of an Aluminium and a Steel 
CMS 

 

  

Aluminium Development (3,5 kg) 

Source: Alcan (Constellium since 2011) 

 

 

Performance = 60%

 

Recent Steel System (VW Polo, 5.0 kg) 

Source: Alcan (Constellium since 2011) 

 

Performance = 80% 
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Extreme tow eye loading at 45° to vehicle longitudinal axis 
 

 

Extreme towing condition: Test force finally reaches nearly 200kN at an angle of 45° 
with no visible damage to CMS. 

Source: Alcan (Constellium since 2011) 
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5.4 Market Penetration 
 
Aluminium CMS have achieved a high market penetration despite their slightly higher cost 
than competitive systems. 
 

 
European front Bumpers
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Source: Alcan (Constellium since 2011) 
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5.5 Conclusions from CMS case study  
 
Careful design with aluminium can produce very high performance crash management 
systems that satisfy all functional product requirements. 
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6 Case study: Bonnet and boot lid 
 

6.1 Introduction 
 
Bonnet and Boot lid form a sub-segment of vehicle “closures”, which also contains doors and 
tail gate. Bonnet and boot lid usually do not directly open onto the passenger cell which 
greatly reduces the importance (weighting) of certain of the functional requirements normally 
associated with closures such as passenger safety, air tightness, low cycle fatigue strength 
etc. 
 
Legislation for new vehicle registrations in Europe, the United States of America and Japan all 
include requirements for pedestrian safety. EuroNCAP (European New Car Assessment 
Program) and other independent vehicle assessment bodies have been instrumental in 
increasing public awareness of the effectiveness of design for pedestrian safety.  Additionally, 
their test results are factored into the insurance ratings that are delivered for new vehicles.  
The objective of these measures is to reduce the number of road accident fatalities and the 
severity of injuries sustained by pedestrians involved in a collision with a vehicle in urban 
traffic.  
 
Impact frequency and seriousness of injury has been studied for many years, resulting in 
rating systems and improved design.  One such study based on 246 passenger car / 
pedestrian collisions (Bosch Automotive Handbook 4th Edition 1998) clearly shows that the 
bonnet zone accounts for a substantial proportion of the risk associated with pedestrian 
safety. 
 

 
 

This is the major difference between bonnet and boot lid safety functional requirements. 
 
Bonnet and boot lid systems influence the following performance measures: 

 Overall vehicle mass 
 Fore / aft weight distribution 
 Height of vehicle centre of gravity (the bonnet and the boot lid are usually located 

above the C of G of the vehicle, hence weight reduction is beneficial) 
 Vehicle drive-by noise intensity. 

 

6.1.1 Purpose of a Bonnet system 
 
The bonnet system is an access panel to the engine compartment to enable maintenance of 
power train, drive belts, battery, fluid levels and lamp units.   
 
It is fundamentally a reinforced skin panel with many safety and quality requirements. 
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6.1.2 Purpose of a Boot lid 
 
The boot lid system is an access panel to a rear storage compartment often enabling access 
to auxiliary systems such as spare wheel, tool box, jack and rear light units.   
 
It is fundamentally an opening reinforced skin panel. 
 

6.2 Design Aspects 
 

6.2.1 Design Boundary Conditions for Bonnet and Boot Lid 
 
The boundary conditions for commencing a new design process using aluminium can be 
identified and analysed by grouping together requirements using affinity matrix methods.  
Bonnet and boot lid are treated separately and are then compared to highlight major 
differences. 
 

Vehicle quality Occupant 
Safety

Pedestrian 
Safety

Torsional Stiffness Frontal Crash
Collapse

Noise Attenuation

Child Head Impact 
Criterion

Low mass
(Ease of opening) 

Frontal Crash
Maintain integrity 
with hinges etc.

Bonnet Leading 
Edge geometry

Flutter Resistance 
(Bending stiffness)

Adult Head Impact 
Criterion

Corrosion 
Resistance

Bonnet (Hood)

Dent Resistance
(Palm Print)

Dent Resistance
(Hail Stone and 

Stone Chip)

Styling

Tight radii on 
hemmed panel 

edges

Excellent painted 
surface quality

Stretch Flanges

Good Shape: Low 
strain doubly curved 

surfaces

Frontal Crash
Retention of loosed 

components

Manufacturing

Paint drain features

Outer panel
Dent resistance 
during assembly

Outer panel
Clean sheared 

edges

Outer panel
No Lüder lines or 

other visual defects 
resulting from 
stretch forming 

Inner panel
Gauling resistance

Low mass
Weight distribution

Low mass
Vehicle Centre of  

Gravity
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Vehicle quality Occupant 
Safety

Torsional Stiffness RearCrash
Collapse

Low mass
(Ease of opening) 

Corrosion 
Resistance

General

Dent Resistance
(Palm Print)

Styling

Tight radii on 
hemmed panel 

edges

Excellent surface 
quality

Stretch Flanges

Good Shape: Low 
strain doubly curved 

surfaces

Manufacturing

Paint drain features

Outer panel
Dent resistance 
during assembly

Outer panel
Clean sheared 

edges

Boot (Trunk lid)

Corrosion 
resistance 

Seal Surface  

Corrosion 
resistance 

Cut edges & holes

Auxilliary

Electrical resistance
Lighting earth return

Outer panel
No Lüder lines or 

other visual defects 
resulting from 
stretch forming 

Inner panel
Gauling resistance

Low mass
Vehicle Centre of  

Gravity

 
 

Vehicle 
quality

Occupant 
Safety

Pedestrian 
Safety

Torsional Stiffness Frontal Crash
Collapse

Noise Attenuation

Child Head Impact 
Criterion

Low mass
(Ease of opening) 

Frontal Crash
Maintain integrity 
with hinges etc.

Bonnet Leading 
Edge geometry

Flutter Resistance 
(Bending stiffness)

Adult Head Impact 
Criterion

Corrosion 
Resistance

Bonnet (Hood)

Dent Resistance
(Palm Print)

Dent Resistance
(Hail Stone and 

Stone Chip)

Styling

Tight radii on 
hemmed panel 

edges

Excellent painted 
surface quality

Stretch Flanges

Good Shape: Low 
strain doubly 

curved surfaces

Frontal Crash
Retention of 

loosed 
components

Manufacturing

Paint drain 
features

Outer panel
Dent resistance 
during assembly

Outer panel
Clean sheared 

edges

Outer panel
No Lüder lines or 

other visual 
defects resulting 

from stretch 
forming 

Inner panel
Gauling resistance

Low mass
Weight distribution

Low mass
Vehicle Centre of 

Gravity

Vehicle 
quality

Occupant 
Safety

Torsional Stiffness RearCrash
Collapse

Low mass
(Ease of opening) 

Corrosion 
Resistance

General

Dent Resistance
(Palm Print)

Styling

Tight radii on 
hemmed panel 

edges

Excellent surface 
quality

Stretch Flanges

Good Shape: Low 
strain doubly 

curved surfaces

Manufacturing

Paint drain 
features

Outer panel
Dent resistance 
during assembly

Outer panel
Clean sheared 

edges

Boot (Trunk lid)

Corrosion 
resistance 

Seal Surface  

Corrosion 
resistance 

Cut edges & holes

Auxilliary

Electrical 
resistance

Lighting earth 
return

Outer panel
No Lüder lines or 

other visual 
defects resulting 

from stretch 
forming 

Inner panel
Gauling resistance

Low mass
Vehicle Centre of 

Gravity  

Main functional differences between Bonnet and Boot Lid 
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Main conclusions from affinity matrix analysis: 
 

 The bonnet has more safety (pedestrian and passenger) and vehicle quality 
(manufacturing and in-service performance) requirements than the boot lid. 

 An aluminium bonnet may improve fore / aft weight distribution 
 Both seem to have similar manufacturing boundary conditions 

 
From this point onwards we will just focus on the bonnet system. 
 
Design options assessment 
 
Aluminium enjoys the advantage of being available in a wide range of product forms that may 
closely represent the output from topological optimisation tools.  Each product form possibility 
may be combined with the intrinsic properties of aluminium in order to identify the most 
suitable design space for this application. 
 
Herring-bone diagrams are a good way to start to develop a Design Failure Modes and 
Effects Analysis (DFMEA). They are also a good starting point for identification of the key 
design requirements, wishes and constraints in order to assist the selection of candidate 
materials, product forms and assembly methods, etc. 
 

Potential 
solutions

Outer panel
6xxx

Laminated 6/7XXX
Sheet Steel

Inner panel
5xxx
6xxx

Laminated 
5/5/7XXX

High performance 
Plastic / 

Composites
Thin-walled Casting

Sheet Steel

Bonnet (Hood)

Elastic limit

Shape Characteristics

Low density

Corrosion resistance

N-value

R-value

Material Characteristics

Swages

Manufacturing

Tooling cost

Stamping

Face Spot Welds

Finishing

Section collapse 
Initiation features
« Bird Beak »

Self  Pierce Rivet

Cycle Time

Paint Bake Response

Hem f lange capabilities

Flanged holes

Anti-f lutter mastic

Total elongation

Electro Coating

Painting
Surface Roughness

Conversion coating

Lubricated and non-lubricated 
f riction co-ef ficients

Blanking & punching

Stretched  Skin

Drawn inner panel

Flanged panel edges

Rope hem f langed upper 
edge skin panel

Flat hem f langed front 
edges skin panel

Stretcher Strain  defects

Surface hardness

Fatigue resistance

Adhesive bonding

Surface quality post forming

 

Desired characteristics and manufacturing techniques arranged in a herring-bone 
diagram. 

 
Whole vehicle system considerations 
 
Pedestrian impact energy is absorbed by a sequence of different mechanisms. In most cases, 
the leg of the pedestrian is first impacted by the bumper system (lower leg impact is a safety 
critical load case for the pedestrian that is entirely managed by the bumper system). Initial 
contact with the pedestrian is therefore at a point below the centre of gravity of the head and 
torso causing rotation. At relatively low velocity impacts (<= 40km/h) the tendency is for the 
head to impact the bonnet or the lower part of the windscreen.   
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The height, weight and age of the pedestrian all play a role in the kinematics of the event and 
in his ability to survive.  Most fatalities for the younger population are related to brain damage 
caused by head impact on the bonnet.  For older people additional risks include rupture of 
arteries in the lower limbs and pelvis from bumper and bonnet leading edges. 
 
All major insurance and regulating authorities have studied this topic in order to put in place a 
range of measures to reduce mortality rates and the severity of injury resulting from 
pedestrian impacts. These studies have produced test procedures and systems to rank and 
regulate vehicles for pedestrian safety. 
 

 
 
Evaluation of pedestrian safety for a bonnet must be carried out in the context of its 
surrounding elements: 

 Vehicle styling, size (wrap around distance “WAD”) and under bonnet clearance to 
other elements (considered as hard points). 

 Local bonnet stiffness is influenced by mounting point stiffness such as hinges, bump 
stops and latches. 

 This is better understood by superimposing the kinematics of a dummy onto the test 
conditions. 
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Source: Institut für Kraftfahrzeuge, RWTH Aachen University, Dr J Bovenkerk 
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6.2.2 Requirements for Bonnet components 
 
The functional requirements, the design options and the system considerations have now 
been formalised. Each element of the design may now be assessed for materials’ selection 
using a simple prioritisation matrix. In this case study, we first consider the system 
requirements, then the requirements of each constituent part separately. 
 
A prioritisation matrix enables the most important materials’ characteristics to be identified 
and also the clear conflicts that must be handled by the adjoining elements in the system. 
 

Gpa Mpa Mpa % %
kgm-

3 S-1 ohm-
metres

Child Head Impact Criterion Max. Max. Max. Min. Max. Min. Min. Max. Max. Max.

Adult Head Impact Criterion Max. Max. Max. Min. Max. Min. Min. Max. Max. Max.

Bonnet Leading edge Min. Max. Max. Max. Min. Min. Max.

Torsional Stiffness Max. Max. Max. Max. Max.

Flutter resistance Max. Max. Min. Max. Max.

Dent resistance - Palm Print Min. Max. Min. Max.

Dent resistance - Hail /Stone chip Min. Max. Min. Max. Max.

Corrosion Resistance Max.

Low mass - Ease of opening Max. Max. Max. Min. Max. Max.

Low mass - Weight distribution Max. Max. Max. Min. Max. Max.

Low mass - Vehicle C of G Max. Max. Max. Min. Max. Max.

Noise attenuation Max. Max.

Collapse - Frontal Impact Max. Max. Min. Min. Max.

System integrity - Impact Max. Max. Max. Max. Min. Max. Max.

Retention - Impact Max. Max. Max. Min. Max. Max.

Tight hem flanges Min. Max. Max.

Painted surface quality Max.

Stretch flanges Min. Max. Max. Max. Max.

Shape in low strained areas Max. Min. Max. Max. Max.

Paint drain features Max. Max. Max. Max.

Outer panel dent resistance Max. Min.

Clean sheared edges Max. Max. Min.

Surface quality post forming Max. Max.

Galling resistance - inner panel Max. Min.

Manufacturing

Occupant 
Safety

Vehicle 
Quality

Pedestrian 
Safety

Styling
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The prioritisation matrix is constructed by listing all of the candidate materials properties and 
characteristics in columns. The functional requirements obtained from the affinity matrix are 
listed as rows. Each of the properties and functional requirements is then assessed as not 
being linked (blank) or as requiring a minimum or maximum value of the related property to 
obtain the best functional performance. 
 
At this stage, we may have a wide range of materials and product forms in mind.   
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Some parameters such as ‘r’ and ‘n’ value may enable deeper sections or tighter features to 
be stamped into sheet material. If extra depth is feasible from the packaging constraints, then 
these columns may well influence torsional stiffness and head impact performance, in which 
case, a maximum value is desired, but if packaging is limited, then these parameters may not 
be considered linked for such a stamping. 
 
DBTT can be a serious problem for certain grades of steel undergoing large deformation at 
low temperature.  Since our main focus here is on designing with aluminium, this column can 
be ignored. 
 
In this case the resistivity column is totally blank. The judgement (or result of experience / 
analysis or test) indicates that this property does not apply for the load cases or product 
requirements that have been identified for this part. Blank columns may be collapsed to 
enable other conclusions to be obtained. 
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6.2.3 Prioritisation Matrix for Outer Skin Panel 
 
The outer skins of the bonnet and boot lid are very shallow, doubly curved shell surfaces. The 
stiffness behaviour of the unsupported areas of theses panels to loading is dominated by their 
elastic modulus and thickness. 
 
Flat sheet "Oil Canning" stiffness ~ E * t2 

 
Flat sheet bending / buckling stiffness ~ E * t3 

 
Out of plane sheet stiffness from the above relationships is not high enough to provide useful 
energy absorption for head impact. 
 

 
 
Most of the initial phase of impact energy absorption from a pedestrian head form is delivered 
through dynamic effects.  A second phase includes more complex effects as time progresses 
such as panel buckling, stress stiffening of the panel in tension and engagement of the inner 
panel.  Transient dynamic Finite Element analysis techniques are used to model the complex 
interactions between a validated head-form model and bonnet system.  However, some basic 
principles can be derived from simple mechanics that is helpful in understanding why 
aluminium hoods are so effective for pedestrian protection. 
 
Phase I 
A well known criterion (HIC - Head Injury Criterion), is used to study the relationship between 
head impact severity and the probability of injury. HIC takes into account the progression of 
the resultant head acceleration curve with time. It is used to evaluate the pedestrian 
protection performance of vehicles. 
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A theoretically optimal head impact pulse (“figure, left”) to achieve a minimum HIC can be 
derived from the HIC equation itself. If realistic parameters are used, however, it can be 
modified into a practical “optimal” waveform for pedestrian impact situations. Comparing 
various simplified waveforms (“figure, right”), the triangular pulse with an early peak seems to 
correlate best with the practical “optimal” waveform. 
 

 

Optimal head impact acceleration for minimum HIC and comparison of acceleration 
forms 

Source: Jianping Wu, Brian Beaudet; “Optimization of Head Impact Waveform to 
Minimize HIC”; 2007-01-0759, SAE International 

 
Combining this study with the experience obtained from tests with head impactors, a certain 
peak at the beginning of the head impact due to inertia effects is found to be positive for 
reducing the HIC value and necessary deformation space. Moreover, an increase of the 
acceleration at the end of the impact, e.g. because of secondary impact on the bonnet 
underlying structures, is not favourable and leads to high HIC values.  Hence, in order for the 
best HIC performance to be obtained from the bonnet system, it is absolutely essential to 
ensure adequate clearance for deformation of the bonnet outer skin to any hard spots below it  
 
Aluminium generally requires a greater under bonnet clearance than an identically designed 
steel bonnet system.  This problem has been addressed in three ways: 

1. Hard points are lowered or bonnet and front wings are raised in order to generate 
more under-bonnet clearance. 

2. Special inner bonnet designs have been developed to improve the bonnet 
performance and hence, to reduce the under-bonnet clearance requirement (e.g. 
Mercedes SLS AMG and Mazda shock cone). 

3. Active lift (pop-up) system: sensors at the front of the vehicle (that detect a potential 
head impact) send a signal to a control system that actuates a lift mechanism moving 
the bonnet in such a way as to increase under-bonnet clearance before impact 
occurs. 

 
Initial dynamic reaction force is dependent on the progression of the stress wave in the outer 
panel.  Since the speed of the stress wave is a function of the modulus and the density, the 
speed through steel and aluminium is approximately equal when elastic.  The engaged mass 
is then a function of thickness and density of the material in contact with the head-form.  The 
effective or engaged mass (Meff) increases with time, as the head-form is decelerated (A), 
until rebound commences.   
 
Dynamic reaction force   ≈  Masseff * Acceleration 
    ≈  Thickness * Area accelerated * Density * Acceleration 

 
Energy absorbed by bonnet  =  Reaction Force * Distance travelled 
    ≈  Masseff * Acceleration * Distance travelled 
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Phase II 
One of the interesting properties of aluminium is its low elastic modulus.  This property can be 
very useful if it delays the onset of plastic deformation which has a much lower tangent 
modulus than elastic deformation. When the impacted area of the outer panel starts to stretch 
locally, the ratio of elastic to plastic strain plays an important role in the reaction force 
generated and hence the energy absorbed. 
 
Overall bonnet stiffness is derived from the inner and outer panels and their local 
reinforcements and hinges. Considering the bonnet alone, the inner panel contributes most to 
the stiffness from its section properties.   
 
The Mercedes SLS AMG demonstrates well the high pressure differential that can be seen on 
long bonnets. They have succeeded in limiting the deformation to a smooth band toward the 
rear third of the bonnet. 
 

 

Mercedes SLS AMG - Role of stiffness when subjected to air pressure loading 

Source: Aachen Body Engineering Days 2009: Carsten Pech - Daimler AG 

 
Other factors specific to aluminium 
 
Hemming 
 
Hemming is routinely carried out in aluminium and steel bonnet manufacture.  Specially 
prepared versions of standard automotive alloys are used for panels requiring flat hemming 
(bonnets, boot lids and doors). 
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The outer and inner panels of the bonnet and boot lid are typically attached together using a 
hemming operation at the edges. The front and upper edges are always hemmed by folding 
the outer panel around the inner panel. For the left and right edges design solutions exist 
where the inner panel is folded around the outer panel. 
 
During hemming the outer surface of the material is plastically stretched. The plastic strain 
coming from the hemming operation adds to any existing strain introduced into the flange 
region during the panel stamping operations (pre-strain).  As the total plastic strain increases, 
the visible surface of the bent material progressively roughens until, for regions with high 
levels of stamping strain, fine surface cracks become visible. 
 
The internal bend radius is one of the most critical factors influencing the level of plastic strain 
introduced by hemming. 
 
Visual quality of the hemmed edge is also a function of its orientation with respect to the 
rolling direction of the blank.  For this reason, alloys are usually assessed at three or more 
different angles to the rolling direction for a range of internal bend radii and levels of pre-
strain. 
 

 
 
 
Design considerations for visible hemmed edges 

1. Select only specially prepared alloys that deliver guaranteed hemming performance. 
2. Avoid high forming strains (10-15%) in region of panel to be hemmed. 
3. The thinner the panel to be hem-formed the better the appearance of the edge. 
4. Lower strength alloys tend to deliver better hemming performance 
5. Clad and fusion cast materials combine excellent hemming performance with high 

strength core materials. 
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Source: Aachen Body Engineering Days 2009:C. Bassi - Novelis Fusion Technology 
(for cladding aluminium) 

 

 

Hemming Performance Improvement possible from Cladding technologies 

Source: Bad Nauheim 2009 - C. Lahaye Aleris Clad Technology 

 
Dent Resistance 
 
Dent resistance is split into two categories; quasi-static and dynamic.   
 
Quasi-static (very low speed) dent resistance is necessary to avoid plastic deformation from 
handling operations in the assembly plant and from palm or finger tip pressure during normal 
opening and closing operations.   
 
Dynamic dent resistance is necessary to limit or eliminate local dents from high speed 
impacts of free road surface stone chips and other flying objects. 
 
Quasi-static (QS) dent resistance is the more important of the two because it directly 
influences manufacturing costs and scrap rates of skin panels. 
 
QS dent resistance of a product can be defined as the force needed to create a permanent 
dent (with a depth of 0.1 mm for example). One test set up forces a spherical punch into the 
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surface of a stamped cup which has been arranged to have a curved surface in contact with 
the punch. The yield strength of the surface to be tested is a function of forming strain and 
artificial ageing condition. The force required to produce the specified permanent residual 
deformation is quoted as its dent resistance. 
 

 

Test set up for ranking QS dent resistance 

Source: Dr C Lahaye for Aleris Aluminium Duffel BVBA 

 
For 6xxx alloys the following relationship was derived between the mechanical properties of 
the material, the geometry of the product and the static dent resistance: 
 

071.0349.1
2.0

431.1 ***113.0 rRtcetanresisdentStatic p
 

 
Work hardening and artificial ageing from a typical automotive paint bake cycle can increase 
the yield stress of a typical 6016 grade by 100MPa or more, resulting in a dent resistance two 
to three times higher than is available from the initial blank. 
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Correlation of test with predicted values holds good (dashed red lines indicate ±5% of 
perfect correlation) for both pre- and post-aged 6xxx grades. 
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6.2.4 Conclusions: 
 
Dent resistance 

 Thickness is more beneficial than elastic modulus for dent resistance of all sorts. 
 Paint bake response significantly improves QS dent resistance of 6xxx alloys. 

Pedestrian safety 
 Maximise available under bonnet clearance 
 Engage inner panel mass and stiffness as soon as possible 
 Low modulus can be beneficial for energy absorption 

 
We are now ready to construct a priority matrix for the outer skin of the bonnet system. 
 

Gpa Mpa Mpa % %
kgm-

3
% mm S-1

Child Head Impact Criterion Min. Max. Max. Max. Min. Max. Max. Max.

Adult Head Impact Criterion Min. Max. Max. Max. Min. Max. Max. Max.

Bonnet Leading edge Min. Max. Min.

Torsional Stiffness Max. Max.

Flutter resistance Max. Max. Max.

Dent resistance - Palm Print Min. Max. Min. Max.

Dent resistance - Hail /Stone chip Min. Max. Min. Max. Max.

Corrosion Resistance Max.

Low mass - Ease of opening Max. Max. Min. Max.

Low mass - Weight distribution Max. Max. Min. Max.

Low mass - Vehicle C of G Max. Max. Min. Max.

Noise attenuation Max.

Collapse - Frontal Impact Min.

System integrity - Impact

Retention - Impact

Tight hem flanges Min. Max. Max. Min.

Painted surface quality Min. Max. Max.

Stretch flanges Min. Max. Max. Max. Max. Min. Max.

Shape in low strained areas Max. Min. Max.

Max. Max. Max.

Outer panel dent resistance Min. Max. Min.

Clean sheared edges Max. Min.

Surface quality post forming Max. Max.

Vehicle Quality

Styling
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Conclusions from Priority Matrix for Bonnet Outer Skin Panel 
 
Safety 

 UTS, Ag, A80, corrosion resistance, bondability should all be as high as possible. 
 Density should be high to maximise dynamic reaction force.  This effect is most 

important for the first few micro-seconds of head impact, and only for a localised 
patch of material that is engaged in the event when the acceleration of the bonnet 
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skin is at its peak.  This can be achieved more efficiently through engagement of the 
inner panel mass.  Other effects dominate the energy absorption afterwards, hence 
low density is usually judged more beneficial for weight reduction. 

 Low, as-delivered, yield strength is usually accompanied by a high n- value (work 
hardening exponent); both are beneficial for good final panel geometry. 

 Yield strength is increased by forming strain and age hardening of 6xxx alloys during 
the paint bake cycle.  High post forming yield strength is beneficial for the most 
severe cases of head impact.  N-value and BH parameters should be maximised for 
the outer skin. 

 
Quality 

 6xxx alloys are recommended for ‘A’ class painted surfaces in order to avoid the 
formation of stretcher strain (Lüder line) marks. 

 E and Yield strength requirements for global vehicle stiffness 

◦ Global vehicle torsional and bending stiffness is decoupled from the bonnet 
system. 

 Bonnet stiffness is obtained through section properties and material thickness. 

◦ Vibration stiffness is obtained from careful design of bonnet inner panel and anti-
flutter mastic connecting it to the outer surface.  Mastic properties and bead size 
are chosen so as to avoid print through or witness marks on the visible painted 
surface.  The resulting stiffness is designed to be high enough to avoid visible 
flutter resulting from aerodynamic effects. 

 
Considering the priority matrix for the inner panel of the bonnet system. 
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Gpa Mpa Mpa % %
kgm-

3
% mm S-1

Child Head Impact Criterion Max. Max. Max. Min. Max. Max. Max.

Adult Head Impact Criterion Max. Max. Max. Min. Max. Max. Max.

Bonnet Leading edge Min. Max. Max. Max. Min.

Torsional Stiffness Max. Max.

Flutter resistance Max. Max.

Dent resistance - Palm Print Min. Max. Min. Max.

Dent resistance - Hail /Stone chip Min. Max. Min. Max.

Corrosion Resistance Max.

Low mass - Ease of opening Max. Max. Max. Max. Min. Max.

Low mass - Weight distribution Max. Max. Max. Max. Min. Max.

Low mass - Vehicle C of G Max. Max. Max. Max. Min. Max.

Noise attenuation Max.

Collapse - Frontal Impact Max. Max. Min.

System integrity - Impact Max. Max. Max. Max. Max.

Retention - Impact Max. Max. Max. Max. Max.

Tight hem flanges Min. Max. Max. Min.

Painted surface quality Max.

Stretch flanges Min. Max. Max. Max. Max. Min.

Shape in low strained areas Max. Min. Max. Max. Max.

Paint drain features Max. Max. Max. Max.

Outer panel dent resistance Max. Min.

Clean sheared edges Max. Max. Min.

Surface quality post forming Max. Max.

Galling resistance - inner panel Max. Min. Min.
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Conclusions from Priority Matrix for Bonnet Inner Panel 
 

Safety 
 UTS, Ag, A80, corrosion resistance, bondability should all be as high as possible. 
 Low as delivered yield strength is usually accompanied by a high n- value (work 

hardening exponent); both are beneficial for good stretch capability. 
 Yield strength is increased by forming strain and age hardening of 6xxx alloys during 

the paint bake cycle.  High post forming yield strength is beneficial for the most 
severe cases of head impact.  N-value and BH parameters should be maximised if 
possible for the inner panel, however, deeper sections may be possible for non-heat 
treatable 5xxx alloys. 

 R-value should be high for the draw operation, although these panels tend to be quite 
shallow stampings. 

Quality 
 E and Yield strength requirements for global vehicle stiffness. 

◦ Global vehicle torsional and bending stiffness is decoupled from the bonnet 
system. 

 Bonnet stiffness is obtained through section properties and material thickness. 

◦ Vibration stiffness is obtained from careful design of bonnet inner panel and anti-
flutter mastic connecting it to the outer surface.  Mastic properties and bead size 
are chosen so as to avoid print through or witness marks on the visible painted 
surface.  The resulting stiffness is designed to be high enough to avoid visible 
flutter resulting from aerodynamic effects. 
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6.2.5 Overall conclusions of concept evaluation 
 
Value Analysis 
 
The bonnet system as a whole can now be evaluated according to the importance attached to 
each function and the cost required to achieve it.  Value can then be estimated by dividing the 
importance of each function by the real or estimated cost. 
 
Fictitious costs are used in the bonnet system case study to illustrate the principle. 

 

<= 40 km/h Protect Pedestrian 30 Medium Strong Strong Medium Medium

> 40 km/h Occupant Protection 10 Medium Strong Strong

Low Weight 30 Strong Strong Strong Weak Medium Strong Strong Medium Weak

Restraint when open 10 Medium Weak Strong Strong

Flutter resistance 20 Weak Strong Weak Strong Strong

Stone Chip Resistance 10 Strong

Hail stone dent resistance 10 Strong

Quasi-Static Dent resistance 20 Strong Medium

Electrical Noise Insultation 20 Strong Weak

Corrosion resistance 30 Strong Strong

Styling / Visual Aspect 30 Strong Strong

Aerodynamics 30 Strong Weak Weak

Column 3360 300 1010 480 300 180 280 200 50 210 190 160

Normalised column 100% 9% 30% 14% 9% 5% 8% 6% 1% 6% 6% 5%

Target 211.00 30.00 25.00 30.00 60.00 23.00 10.00 23.00 3.00 1.00 2.00 4.00

Real Cost 215.10 32.00 25.00 30.00 65.00 20.00 10.00 23.00 3.00 1.00 1.90 4.20

Column / Real Cost 0.1431 0.003 0.012 0.005 0.001 0.003 0.008 0.003 0.005 0.063 0.030 0.011

Normalised Value 100% 2% 8% 3% 1% 2% 6% 2% 3% 44% 21% 8%

Weighting

Strong 5

Medium 3

Weak 1
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The weighting of the module components is ranked (in order of most to least important for the 
functional requirements of the module) as follows: 

1. Skin panel 
2. Inner panel 
3. Active lift system (if fitted) 
4. Latch points and reinforcements 
5. Gas struts, Palm print reinforcement and Anti-flutter mastic 
6. Hinges (and reinforcements) and bump stops 
7. Bonnet stay 

 
The value gives a ranking that is strongly influenced by the cost of the mechanism. Fictitious 
costs are used here. 
 
This value analysis highlights the following points: 

 Active lift system cost is a limiting factor for most vehicle platforms. 
 Can gas strut and bonnet stay function be integrated? 
 Palm print reinforcement and anti-flutter mastic are very cost effective solutions. 
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6.2.6 Comparison of “state of the art” systems 
 
This comparison will be limited to pedestrian safety and some aspects of stiffness since 
vehicle manufacturers each have their own additional performance criteria that cannot be 
considered in detail in this study. 
 
Pedestrian safety is becoming an increasingly relevant topic for the passive safety of modern 
vehicles. European laws, which define testing procedures with impactors for head, hip and leg 
for the new vehicles, also encourage the developments in this area. Numerous patents 
already exist in the area of pedestrian protection, some of which can find application in the 
automotive industry. Two of the “state of the art systems” are compared in the following 
paragraphs. 
 
 
Two “State of the art” Aluminium designs 
 
Citroën C6, is an example of a series production vehicle equipped with a ‘pop-up’ bonnet 
system. Improved head protection is obtained by actively increasing the available deformation 
space between the bonnet and the engine block underneath. It is the first vehicle to be 
awarded a 4 star-rating in the EuroNCAP pedestrian safety test. The pivot point of the 
bonnet is close to the bonnet lock, whereas the maximum gain of deformation space occurs in 
the cowl area. 
 
The contribution of the light weight material to the performance of the active bonnet system is 
proven with this design. Light weight is very important in order to limit the magnitude of the 
dynamic reaction force on the hinges and pivots when the bonnet is actuated and arrested 
prior to impact. The aluminium bonnet with its steel local reinforcements and the pyrotechnic 
actuator is shown “figure, left”. 
 
The Mazda RX-8 utilizes a passive protection approach.  A “Shock Cone Aluminium Bonnet" 
design (“figure, right) delivers effective energy absorption capabilities across most of the 
bonnet surface. The more commonly used framed structure delivers different levels of energy 
absorption according to the location of the head impact. 
 

 

Citroën C6 aluminium active bonnet and Mazda shock cone aluminium bonnet 

Source: Institut für Kraftfahrzeuge, RWTH Aachen University, Dr J Bovenkerk 
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Comparing Aluminium with Steel bonnets 
 
Test and analysis results show that the stiffness and the pedestrian protection potential of a 
bonnet are linked. A study comparing an aluminium and a steel bonnet [Roberto Puppini, 
Roger Hardy, et al., “Concepts of protection to address child and adult head impacts”, 
APROSYS report AP-SP34-004R, Deliverable D3.4.2C] is referred to here in order to assess 
the effect of different materials on the stiffness and pedestrian safety. This study compares 
the Citroën C6 aluminium bonnet with the Fiat Stilo steel bonnet (“figure, upper”). 
 
Different load cases have been studied for obtaining the lateral, transversal and torsional 
stiffness values. The stiffness test results obtained by applying the defined loads to both the 
outer and inner sheets of the two bonnets are shown in “figure, lower”.  
 
By inspection it is clear that a higher stiffness is always obtained from the steel bonnet.  The 
steel bonnet, in contrast to the aluminium bonnet, has not been optimised for pedestrian 
protection requirements.  
 
The outstanding performance of the Citroën C6 in pedestrian protection results from a 
combination of the aluminium material properties, optimised bonnet geometry and other 
measures such as the active lift mechanism increasing the available deformation space. 
Without structural optimisation for aluminium, the aluminium bonnet would deliver inferior 
results in some areas, owing to a secondary head impact with the engine block. 
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Stiffness tests on Citroën C6 and Fiat Stilo bonnet 

Source: Roberto Puppini, Roger Hardy, et al., “Concepts of protection to address child 
and adult head impacts”, APROSYS report AP-SP34-004R, Deliverable D3.4.2C 
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Performance evaluation 
 
A reference study was carried out on two identical bonnets, one made of aluminium, the other 
of steel, in order to evaluate the pedestrian protection performance implications related to the 
materials used. 
 
The tests were conducted on a vehicle that was available at the time of the study with both 
steel and aluminium bonnet versions, which enables a pure material comparison. The testing 
procedure specified by EEVC-WG 17 was used with both child and adult head impactors to 
assess the energy absorbing behaviour of the bonnets with the aim of determining which 
material is most favourable. Unfortunately, the bonnet design was not optimised for 
pedestrian impact. 
 
While the steel bonnet consists of 0.7 mm thick IF-Rephos steel (outer) and 0.6 mm deep-
drawing steel (inner), the aluminium bonnet consists of 1.0 mm thick 6000 series aluminium 
for both the outer and inner panels. Two test locations are compared for the steel and 
aluminium bonnet. 
 

 

Steel and aluminium acceleration curves for two specially chosen impact locations on 
the bonnet 

Source: Dominik Schwarz, Harald Bachem, Edward Opbroek; “Comparison of steel and 
aluminium hood with same design in view of pedestrian head impact”; 2004-01-1605, 

SAE International 

 
A secondary impact on the underlying structure takes place during the impact of adult head 
location 1 (AH-L-1). This leads to a higher first acceleration peak for the steel version and a 
higher secondary acceleration peak for aluminium version. The aluminium version absorbs 
less energy during the first impact peak than the steel version. As a result, the relative 
velocity, acceleration and HIC in the secondary impact are higher for the aluminium version. 
 
On the other hand, the impact of child head location M2 (CH-M-2) reveals no significant 
secondary impact on the underlying structure. As for AH-L-1, there is a higher initial 
acceleration peak for the steel version and more deformation for the aluminium version. 
However, the calculated HIC value for the aluminium version is lower in this case because of 
the absence of a secondary acceleration peak. 
 
This study demonstrates the influence of a secondary impact with the underlying structure on 
the HIC value.  
 
When designing a bonnet with aluminium: 

1. Ensure that sufficient deformation space is available in order to avoid significant 
secondary impacts. 

a. “Pop up” bonnet 
b. Lower under bonnet “hard” points 

2. Maximise bonnet static stiffness 
a. Check for loss of stiffness 
b. Avoid discontinuities in section stiffness. 

3. Maximise bonnet dynamic stiffness 
a. Maximise outer skin yield strength 
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b. Involve inner structure mass as early as possible in most critical clearance 
locations 

6.3 Conclusions from bonnet and boot lid case study 
 
A constructive solution can be found for both steel and aluminium. 
 
The general assumption that either aluminium or steel bonnets is always better for pedestrian 
head impact is proven to be invalid. The focus should be on optimising the structure 
according to the material properties and the deformation space available. 
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Materials – What to find in this section 
 
Aluminium is a global commodity. The economic advantage of hydropower has shifted 
production sites to countries rich in hydroenergy resources. 
 

 

Aluminium's natural resources are abundant 

 
Stability of supply and price is a dominating criteria for use of materials in product models 
built over a long period of time. What is the situation for aluminium in the foreseeable future? 
 

 

Another growing resource is scrap collected from spent products 
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Recycled aluminium alloys are presently being used predominantly for production of 
castings. Sorting by alloys is needed for wrought products. 
 

 

95% of the aluminium content of existing cars is reclaimed and fed into the recycling 
system 

 
The constitution of wrought and cast alloys is the basis for understanding the 
strengthening mechanisms and the principles of heat treatment. 
 

 

Heat treatment during production or fabrication needs very close control over process 
parameters for optimum quality 
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The international (AA, EN, ISO) aluminium alloy designation systems are the basis for 
global communication among materials engineers, designers, suppliers and fabricators. 
 

 

Each aluminium alloy is defined by a unique designation system 

 
Thermo-mechanical effects during processing - from melt to final product - determine the 
behaviour of products: microstructure is the key. 
 

 

Microstructure governs the properties 
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Apart from its low density aluminium has many other useful physical properties, which are 
different from other materials and make it unique for applications. 
 

 

Knowledge of the physical properties is essential to exploit aluminium's potential 

 
To assess the danger of corrosion is not only the task of materials engineers, but also a task 
for the designer. Material selection, part design and assembly are factors to avoid 
corrosion failures. 
 

 

Corrosion behaviour is governed by alloy composition, processing and environment, it 
also depends on design 
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The mechanical behaviour of aluminium parts under static and dynamic loading make it an 
excellent material for safety parts. 
 

 
 
The main processing steps in manufacturing rolled, extruded, forged or drawn wrought 
products are described to understand properties and design. 
 

 

The DC-cast structure and thermo-mechanical rolling schedule determines the 
properties of sheet 
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Designing for optimum economy and service properties is often a complex task taking 
into account all the parameters that govern the metal flow in dies. 
 

 

Form, size, alloy strength, minimum wall thickness, extrudability and extrusion speed 
are interdependent 

 
Surface treatments can often be provided by the material manufacturer through efficient coil 
coating and finishing operations. 
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1 Resources 
 

1.1 Resources of aluminium materials for cars 
 

 
 
Why care for aluminium resources?  

 
 Aluminium is having a growing potential for mass produced cars.  
 The materials decisions are taken well in advance of the actual production runs.  
 Car models are produced over a period of many years.  
 Wrought and cast aluminium alloys rely on different raw materials resources.  

 
Therefore, the criteria for materials selection, availability and supply must include the 
assured continuity of resources. 

 
Sources of aluminium  
 
At about 7.5% of the earth's crust aluminium is the most abundant metal and the third most 
abundant element in the earth's crust. 
Since the development of the Hall-Héroult process in 1886, aluminium has enjoyed a rapid 
growth. Approximately 22 million tonnes of "primary" aluminium were produced worldwide in 
1998, and another 5 million tonnes of "secondary" (recycled) aluminium.  
Approximately 30% of the consumption of aluminium goes to transportation applications - a 
rapidly growing market and a significant source for recycled aluminium (s. ELV Recycling).  
 
Sustainability  
 
Beyond the question of reliable raw materials resources the sustainability of the industrial 
production processes of materials and the deposition of industrial wastes are further criteria 
in materials selection.  
 
This chapter, therefore, addresses not only the current aluminium production processes and 
the abundance of the raw material resources, but also describes relevant factors from an 
environmental point of view. 
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1.2 Primary aluminium 
 

1.2.1 Brief history 
 
Compounds of aluminium were known many, many years ago. Egyptians used alumen as a 
medicine and a dye fixative. The alumen of the Egyptians we know as alum, that is, 
aluminium sulphate.  
 
The oxide of the metal, alumina, was isolated in its pure form very early in the nineteenth 
century, by Sir Humphrey Davy, in London. He named it alumina and assumed it had a 
metallic base which he called first alumium and later aluminium. 

 
The first aluminium metal was prepared by a Dane, H. C. Oersted, in 1825. This he did by 
heating a potassium mercury amalgam with aluminium chloride and then distilling the 
mercury from the resultant aluminium amalgam.  
 
For much of the nineteenth century, aluminium remained an expensive, and therefore 
relatively rare, metal. It is only with the development of a process based on electrolysis of 
alumina dissolved in a naturally occurring mineral (cryolite) that aluminium metal production 
started to grow rapidly. 
 

  

Paul Hérault (left) and Charles Martin Hall (right) - the inventors of the aluminium 
electrolysis (1886) 

 
The electrolytical reduction process was developed and patented in 1886 simultaneously 
and independently by Paul Héroult in France and Charles Martin Hall in the US. The Hall-
Héroult process has formed the backbone of the aluminium industry for over 100 years. 
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1.2.2 The Bayer process 
 
Production of Al2O3  
 
With a few rare exceptions, all of the pure alumina (Al2O3) used by the industry to produce 
aluminium is manufactured by the Bayer process, the essential features of which remain as 
they were when the process was invented by Karl Josef Bayer in Austria in 1888 (s. figure 
below). 
 

 

Schematic of the Bayer Process 

 

 

Bauxite Strip Mining in Jamaica 

 
Characteristics of the Bayer process: 

 mineral bauxite (above) is dissolved in caustic soda,  

 seeding of the alumina-rich solution precipitates aluminium hydroxide (Al(OH)3)  

 calcination of Al(OH)3 to Al2O3 (Fig.). 
 
Bauxite, the almost exclusive source today for the production of approx. 38 million tonnes a 
year of alumina, takes its name from the town of Les Baux in the South of France, where the 
mineral was first identified in 1821.  
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Bauxite is essentially hydrated aluminium oxide with various other elements present - ferric 
oxides, silica, titania, and other elements in small quantities.  
 
Bauxite occurs primarily in tropical countries where warmth and high rainfall have produced 
weathering.  
 
It takes 2 - 3 tonnes of bauxite to produce 1 tonne of calcined alumina. 
Approximately 90% of world bauxite production is used to manufacture alumina to produce 
aluminium metal via the Hall-Héroult Process (described later).  
 

 

Alumina from the Bayer Process 

 
Bauxites generally contain between 40 and 60% alumina (s. Table) and it is this high 
concentration, combined with the simplicity of dissolving the alumina, that leads to the relative 
economies of the bauxite/Bayer process combination compared with other ways of producing 
alumina. 
 
In a Bayer plant, bauxite mineralogy has an impact on the efficiency of the process by driving 
the chemical reactions occurring throughout the Bayer process. The content and morphology 
of the alumina-bearing minerals as well as of other impurities with varying solubilities in 
caustic soda are critical factors in determining aluminium extraction, end-product purity, 
caustic soda losses and energy consumption. 
 

Typical Mineralogical Composition of Tropical Bauxites: Major Constituents 
 

 
 
The bauxite is first digested with caustic soda solution, usually under pressure. The alumina, 
present mostly as gibbsite and boehmite, is extracted in the form of soluble sodium aluminate, 
which leaves behind most of the impurities, predominantly iron oxide, titania and silica, as an 
insoluble residue. The clear, filtered sodium aluminate solution is diluted and cooled, and a 
'seed' of alumina trihydrate is added. The sodium aluminate solution hydrolyses on the 
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surface of the seed to form crystalline alumina trihydrate. The trihydrate is finally filtered off 
and calcined to anhydrous alumina.  
 
The complete process may thus be represented by the following three reaction equations: 
 

 
 
A typical Bayer plant (see figure) with an output of about 1,000 tons calcined alumina per 
week will use roughly 2,500 tons of bauxite and will have 3,500,000 gallons liquor in 
circulation, containing 2,000 tons of caustic soda and 1,000 tons of Al2O3 in solution. The 
precipitators may contain 4,500 tons of trihydrate.  
 
The process as worked today is essentially identical with that originally invented by Bayer, 
and as long as there is an adequate supply of good quality bauxite with less than about 7 per 
cent silica, it is unlikely that any other process will supersede it. Numerous detailed 
improvements have considerably increased the efficiency of the process. In modern practice 
the extraction efficiency (based on the theoretically extractable alumina in the bauxite) is 
typically 97 per cent. 
 

 

Alumina Refinery at Gove, Australia 
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1.2.3 The reduction plant (Smelter) 
 
Aluminium metal is obtained from alumina by electrolytic reduction, using the Hall-Héroult 
process. Calcined Al2O3 is reduced to aluminium metal in electrolytic cells, or "pots", 
connected in series to a DC power source. The cells are rectangular steel pots lined with 
refractory bricks and carbon. 
 

 

400,000 tpy aluminium smelter at Alma, Canada 

 
Modern smelters (figures below) contain typically several hundreds cells (432 for the smelter 
pictured), operating at currents of 150,000 to 300,000 amperes. New technology is coming 
on-line that operates at 500,000 amperes. 
 

 

Pot line at Grande-Baie Smelter, Québec, Canada 
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1.2.4 The reduction process 
 
The cells contain a molten electrolyte at operating temperatures of approx. 950-970°C, from 
which aluminium is produced (see figure). The electrolyte is a mixture of cryolite (Na2AlF6) 
and certain additives to give an appropriate density, conductivity and viscosity.  
 
Rectangular carbon anode blocks, which are suspended in the electrolyte, act as electrical 
conductors. These anodes are a mixture of baked petroleum coke and pitch.  
 
Electrical current passing from the anode through the electrolyte to the cathode, formed by 
the thick carbon or graphite lining of the pot, reduces alumina into aluminium and oxygen. The 
oxygen is deposited on the carbon anode, where it combines with the carbon to form carbon 
dioxide (CO2) .The carbon anodes are changed frequently, as they are consumed by the 
reaction with oxygen. The aluminium, being denser than the electrolyte, settles to the bottom 
of the cell. 
 

 

Simplified diagram of the reduction process 

 
At regular intervals, the molten aluminium is siphoned from the bottom of the pot into large 
crucibles and transferred to holding furnaces where alloying of the metal takes place; the 
liquid metal is sometimes transported to a remote casthouse (see figure). 
 

 

Road transport of molten aluminium between a smelter and a remote casthouse 
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It takes approx. 2 tonnes of alumina to produce 1 tonne of aluminium metal.  
 
Typical purity of the metal produced is 99.7% , with iron and silicon as principal impurities.  
 
The smelting process is continuous. A smelter cannot easily be stopped and restarted. If 
production is interrupted by a power supply failure of more than four hours, the metal in the 
cells will solidify, often requiring an expensive rebuilding process.  
 
From time to time individual pot linings reach the end of their useful life and the pots are then 
taken out of service and relined. 
 
Considerable electrical energy is consumed in the process. It takes, on average, 15.7 kWh to 
produce 1 kg aluminium. The theoretical limit is 6.34 kWh/kg at 977 °C, so the energy 
efficiency of the process is less than 50%. The remaining energy is lost in the form of heat 
given off to the surroundings.  
Primary aluminium smelters are concentrated in energy-rich environments, in particular where 
hydro-electricity is available. Historically, over 50% of the power used to produce aluminium 
has been hydroelectric power and it is expected that this trend will continue into the 
foreseeable future (s. figures below).  
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1.2.5 The reduction process – Environmental Issues 
 
There are a number of environmental challenges related to the production of aluminium 
metal: emission of fluoride and polycyclic aromatic hydrocarbons (PAHs) compounds, 
particulates (dust) , the generation of greenhouses gases (CO2, PFCs) and the treatment of 
cathode waste (spent potlining).  
 
A number of new technologies exist or are under development to face these challenges and 
maintain the competitive position of aluminium in Life Cycle Analyses. The generation of 
fluorides, PAHs and dust has been significantly reduced by the introduction of recent pre-
bake anode technologies; what is left is controlled by efficient dry scrubbers, with recycling of 
the captured material into the process. Recent smelters are therefore fumeless, smokeless 
and odourless.  
 
Across all aluminium smelting technologies, producers have reduced PFC emissions, which 
are generated when "anode effects" (alumina starvation) occur, by an average of 47% from 
1990 to 1997(see figure), through the use of improved alumina feeding and dynamic control 
of the electrolysis operations. 
 

 

PFC Emission Reductions in the Aluminum Industry 

 
Finally, new materials and technologies (Inert anodes, wettable and / or drained cathodes) 
are being developed that will significantly reduce energy and carbon consumption and CO2 
emissions in the future, while minimising, neutralising and treating cathode waste. 
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1.2.6 Casting 
 
See also: 

 AAM – Materials – 2 Alloy constitution 
 AAM – Materials – 3 Designation system 

 
While aluminium is sometimes used in its commercially pure form, most applications involve 
the addition of small quantities of other metals to create alloys with special properties. Certain 
alloying elements will increase strength or corrosion resistance, while others enhance such 
properties as machinability, ductility, weldability and strength at high temperatures.  
 
Alloying elements include manganese (strength and formability), magnesium and silicon 
(strength and corrosion resistance), copper and zinc (higher strength), titanium and chromium 
(grain size control), etc. 
 

 

DC Casting Pit at Arvida Smelter , Québec, Canada 
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1.2.7 Casting of "Sows" and Ingots 
 
See also: 

 AAM – Materials – 2 Alloy constitution 
 AAM – Materials – 3 Designation system 
 AAM – Materials – 5 Wrought materials production 

 
Molten aluminium is cast into ingots of various shapes depending upon the type of equipment 
that will be used to process the metal. For example, ingots for rolling into plate, sheet and foil 
are typically rectangular and can weigh up to 30 tonnes or more. Aluminium ingots for 
extrusion are usually cylindrical, while those for rolling into rod/wire are square.  
 
Aluminium for remelting can be cast into large blocks called sows, as well as tri-lock shapes 
or T-ingots designed for efficient and secure handling.  
 
A large proportion of aluminium ingots (in particular for sheet and extrusion applications) are 
cast by the semi-continuous, vertical direct-chill casting process (DC Casting), where water is 
directly sprayed onto a solidifying ingot installed on a descending platten. 
 

 

Overview of Metal Processing in a Smelter Casthouse 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 13 

1.2.8 Continuous Casting and Shape Casting 
 
See also: 

 AAM – Manufacturing – 1 Casting methods 
 
Continuous Casting (Strip Casting)  
In continuous casting, molten metal is fed (usually horizontally) directly between rotating belts 
or rolls or in a rotating wheel to produce a continuous strip or bar of metal suitable for coiling 
or immediate rolling. This has the advantage of circumventing the need for large, expensive 
hot mill installations while reducing the number of processing steps.  
While these processes are well established for the production of low-alloyed materials such 
as foil, heat exchanger material and electrical wire and cable, metallurgical issues with 
internal microstructure and surface quality have until now limited the application of these 
processes for more highly alloyed products such as automotive sheet. This is due in part to 
faster cooling rates during solidification (thinner cross-sections) and its impact on 
microstructure development through the extended "freezing range" (difference between 
liquidus and solidus) of highly alloyed products (see table). 

 
Shape casting (Mould Casting)  
Aluminium may also be cast into various shapes by pouring molten metal into moulds. This is 
usually performed directly at the automotive parts manufacturer. 
 

 

Freezing / solidification temperature Range for Some Important 

Commercial Aluminium Alloys 
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1.2.9 Casting Process – Melt treatment 
 
See also: 

 AAM – Materials – 1 Resources > Secondary aluminium 
 
Before the metal is cast, the appropriate alloying elements must be added. In primary 
smelters, this is normally done in a holding furnace in the casthouse. For many applications, 
the metal must also be treated ("cleaned") to remove a number of contaminants. These 
include:  

 alkali metals (Na, Ca, Li) which can cause problems in hot rolling ( edge cracking), or 
with surface discoloration ("blue corrosion"-Li)  

 dissolved hydrogen, which will be released upon metal solidification and can cause 
porosities or blisters  

 non-metallic inclusions (oxides, carbides, borides) which can lead to mechanical 
damage such as tear-offs in cans or marks on rolls. 

 
While Na, Li and carbide contamination are typical of primary smelter environments, the 
processes used to clean and cast aluminium alloys are very similar in primary and secondary 
smelters. Furnace designs and scrap handling specific to the remelt/recycling environments 
are described in the next section ("Secondary").  
 
Techniques used to remove unwanted contaminants include chemical reaction with chlorine-
containing gases or salts injected into the liquid metal, floatation of non-wetted species with 
gas mixtures and filtration.  
 
In a smelter, cleaning may start while the metal is en route for the pots to the holding furnace. 
Solid or gaseous fluxes can be injected with rotors in the transport crucible to start removing 
Na, Li and carbides coming from the reduction process. Inside the holding furnace, a gas 
mixture containing chlorine (Cl2) and argon or nitrogen is typically injected with graphite lance 
to further remove alkali elements and start the floatation of non-metallic inclusions. Further 
processing is performed in-line with multi-stage rotor-based degassers (the figure shows a 
single stage unit), where most of the hydrogen removal is performed. Finally, a cartridge or 
deep-bed filter completes the removal of non-metallic inclusions.  
 

This multi-prong approach is necessary as quality criteria for many critical products now 
require overall removal efficiencies exceeding 98%, with final concentrations of alkali 
elements, hydrogen and inclusions measured in fractions of parts-per-million. 
 

 

Diagram of a Single Rotor In-Line Degasser / Metal Treatment Unit 
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1.3 Secondary aluminium 
 

1.3.1 Scrap sources 
 
Aluminium scrap can generally be divided into two main categories:  
 
1. Old scrap. This is scrap from products that have reached the end of their useful life, e.g. 
ELV (end of life vehicles).  
This group can again be divided into two main categories.  
a) Immediate return products: products with an estimated lifetime <1 year, e.g. packaging and 
lithographic plate.  
b) Installed base: products with a longer lifetime than 1 year, e.g. passenger cars.  
 
2. New scrap. This is scrap generated in the process steps from semi-finished product to the 
end-product fabrication, e.g. scrap from automotive part manufacturers.  
New scrap is normally recycled within the aluminium industry (1st scrap loop, s. fig.) or may 
enter into the open scrap market (2nd scrap loop). 
 

 

Aluminium product and scrap flows 
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1.3.2 Refiners and Remelters 
 
Refiners 
 
Refiners take a broad variety of scrap in their furnaces and are the main recycler of post-
consumer scrap and other scrap which may have contamination or uncertain composition. 
Consequently they need some purity tools or sweeteners1 and use a minor amount of primary 
ingot for cost reasons. 
 
Due to the technology used and the scrap input mix, they also have higher metal loss rates. 
They produce SFA2, specification remelt ingots3 master alloys4 and deoxidisation products5.  
Aluminium scrap from End of Life Vehicles is mainly recycled at these locations today. 
  
Remelters 
 
Remelters use primary aluminium (remelt ingot or liquid metal) and scrap to produce ingot6 for 
wrought aluminium production. While historically using only their own own process scrap, 
today some large scale remelters exist, which use a mix of scrap types in order to produce 
ingot for wrought metal at lowest possible cost. 
 

 

Loading aluminium scrap into a remelting furnace 

 
Explanatory notes 
 
1 Metal units which are mixed into the remelting process in order to decrease iron content or 
any other relevant element.  
2 Secondary Foundry Alloys.  
3 Scrap analysed by refiners and cast in ingot form with a specified chemistry, for further 
remelting.  
4 Alloys for direct use in aluminium remelting, in order to adjust the chemical composition.  
5 Used for deoxidation of steel; these products exit the recycling loop of aluminium.  
6 Billet for extrusion, slab for sheet production. 
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1.3.3 Special recycling issues: Laquered / painted scrap – 
Skimmings and dross 

 
Delaquering  
In view of metal quality and for environmental reasons it is recommended to remove 
lacquer/paint before melting. Several methods exist or have been suggested for this purpose:  

 Mechanical pre-treatment (shears, shredding, shot-blast)  
 Chemical treatment (salt baths, solvents etc.)  
 Biological pre-treatment (bacterial cultures)  
 Thermal treatment  

 
Recycling skimmings and dross 
Melting aluminium may produce residues such as skimmings and dross. The amount 
generated varies largely with operating conditions; main drivers are the technology used and 
purity of the metal being remelted. The following are indicative weight estimates for 
skimmings/dross generated from aluminium remelting: primary smelters 1-2 %, remelters 3-
4%, refiners 5-10% (very dependent from the input scrap quality) of total aluminium ingot 
output. 
Skimmings and dross are always recycled for recovery of the aluminium contained, through a 
range of techniques. The metal content of skimmings is typically around 50%, while it stands 
lower in dross. Typical recovery of metallic Al from skimmings / dross is 50–70%. Most of the 
Al balance is recovered as aluminium oxide, which is re-used in ceramic or other applications  
 
Definition for skimmings and dross (from EN 12258-3)  
Skimmings: material composed of intimately mixed aluminium and aluminium oxides which 
have been removed from the surface of the molten metal or from the bottom and walls of 
liquid metal containers, e.g. furnaces, transport ladles or transfer channels. According to OEA 
(the European secondary aluminium smelters organisation), the metal content of skimmings is 
45% or more.  
Dross: same material with lower metal content 
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1.3.4 Applications in automotive components 
 
Today most shape cast products such as engine block, transmission parts and some 
non-load carrying high pressure die cast components are produced from secondary 
aluminium. 
 
Production of wrought aluminium alloys for automotive parts from secondary aluminium is 
currently limited however, due to alloy compatibility issues with post-consumer scrap.  
 
There is a potential for expanded use of secondary aluminium in the production of sheet 
alloys of the 3xxx-series (lid stock and tubes for heat exchangers, heat shields, panels).  
 
For age hardenable alloys of the 6xxx-series, it is possible to use a minor amount in alloys 
used today (6009, 6016, 6060, 6062).  
For both the 5xxx-series and the 7xxx-series, Si from post-consumer scrap put strong 
limitations on the use of secondary metal.  
 
Increased use of secondary aluminium in wrought aluminium production will result from 
several actions: 

 The development of economical processes for separating aluminium alloys in post-
shredded scrap. 

 Increased dismantling of specific aluminium parts from ELVs. 
 Expand specification limits for alloy elements that are not affecting the properties of 

the end product and accept more composition dependent fabrication processes. 
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1.3.5 Use of secondary aluminium for wrought automotive 
products – compatibility issues 

 
Production of wrought aluminium for automotive parts from secondary aluminium / 
Compatibility issues with post-consumer scrap  
 
Sources for alloy compatibility issues with post consumer scrap:  
 
Fe: from attachment on aluminium and from stainless (non-magnetic) steel not removed in 
post-shredder processes.  
 
Zn: castings (incl. brass) and sheet not removed in post-shredder processes and from 
galvanised/clad aluminium.  
 
Cu: mainly tube and cable not removed in post-shredder processes.  
 
Pb, Cr, Sn, Ni: most important trace elements in ELV scrap that may exceed acceptance 
limits (0.05 wt% for most alloys).  
It should be mentioned that actually the scrap mix of different aluminium alloys (incl. mix of 
different wrought alloys, castings and foreign metal impurities) is the current feedstock for the 
production of secondary casting alloys. In order to utilise part of this scrap for wrought alloy 
production, economical processes are being developed for alloy separation and foreign metal 
removal. 
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1.3.6 Benefits from aluminium recycling 
 
Secondary aluminium has important characteristics related to recycling:  
 
1. The inherent quality of aluminium is not affected by recycling and remains high irrespective 
of the number of recycling cycles.  
 
2. Energy savings through recycling can amount to 95%, depending on the type of aluminium 
scrap, the respective recycling technology and particular fuel sources used.  
 
3. There are a number of other environmental benefits from secondary Al production. The 
graph compares the raw material consumption, air emissions and solid waste generation for 
ingots produced from primary or secondary aluminium (corresponding values shown on 100% 
reference scale). For example, CO2 equiv. savings of 94% can be made with secondary 
aluminium compared with primary metal production.  
Nevertheless, the production of aluminium from bauxite or from scrap via recycling should not 
be regarded as competing processes. They are both essential and integrated parts of the 
aluminium material cycle. 
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1.4 ELV recycling 
 

1.4.1 End of Life Vehicles (ELV) – resource for automotive 
aluminium 

 
See also: 

 AAM – Design – Environment, Health and Safety > Recycling 
 AAM – Design – Environment, Health and Safety > Recycling > Current contribution 

of recycling to aluminium supply 
 AAM – Design – Environment, Health and Safety > Recycling > Future outlook for 

aluminium recycling 
 
Resource: 
 
The present European car fleet contains approx. 10 mio. tons of aluminium, which are 
reclaimed at the vehicles' end of life with a recovery rate of up to 95%. 
 
Economy: 
 
Aluminium in current ELV's represents only a small percentage of the total car weight, about 
5%, yet it accounts for 35 to 50% of the scrap value of the ELV.  
 
Aluminium's high value and its ease of recycling are the reasons for its successful recovery 
from ELV's. 

 
Perspectives: 
 
Currently, ELV-recycled aluminium is only partially filling the demand for automotive 
aluminium.  
 
The expected growth of recycled ELV material calls for optimised sorting techniques in 
recycling, for limitations in range of alloy and product varieties and for recycling-
friendly design of future cars. 
 
Reference scenarios  
 

 Current contribution of recycling to aluminium supply.  
 Future outlook for aluminium recycling. 
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1.4.2 Aluminium usage and recycled content in automotives 
 
Literature: 

 European Aluminium Association: Automotive Aluminium Recycling (Brochure) 
 

 

Source: The Aluminum Association, Ducker 

 

 

Source: EAA brochure 'Automotive Aluminium Recycling' 
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Source: Alcan 

 
Automotive aluminium enjoys a well-deserved reputation for recyclability. Around 110 kg of 
aluminium is used on current North American and European vehicles. Today, virtually all of 
the aluminium in ELVs is recycled by an efficient and dedicated industry. The foundation for 
this success is twofold:  

 The intrinsic value for aluminium recycling requires just 5% of the energy necessary 
to make primary metal.  

 An established recovery and recycling infrastructure, based on sound economics, that 
continues to strive for improvement in metal recovery and cost efficiency.  

The importance of recycling will continue to grow with growth in use of aluminium in 
automotive applications. 
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1.4.3 Recovery of aluminium – Car shredders 
 
Literature: 

 Gesing, A., Stewart, C., Wolanski, R., Dalton, R. and Berry, L.: TMS 4th International 
Symposium on recycling of Metals and Engineered Materials, Pittsburgh, PA USA 
Oct 2000. 

 
The process by which aluminium is recovered begins with the scrap collection and 
dismantling yards. There are over 6000 in North America and over 16000 in Europe. Their 
main function is reuse of spare parts, although some aluminium is usually recovered for 
recycling in the form of powertrain components, wheels and radiators etc. The vehicle hulks 
are sold to car shredders (of which there are 200 in North America and over 200 in Europe) 
where the real process of materials separation begins.  
 
Car shredders employ a series of processes to recover the various materials fractions from 
ELVs.  
 
Figure: ELV car shredders reduce the vehicle to small pieces that can be separated using 
magnets, screens and air classifiers into various concentrates for subsequent processing. 
 

 

Vehicle recovery system: car shredding 

 
The vehicle hulk is fed into a shredder, a powerful hammer mill capable of breaking the 
vehicle hulk into pieces small enough to liberate individual materials. The co-mingled stream 
of metallic and non-metallic materials exiting the shredder is then separated into groups. Air 
classifiers are routinely used to separate the lighter fraction of the non-metallics such as 
paper plastic, foil and foam. Magnets are used to separate the iron and steel from the heavier 
non-magnetics which include non-metals and non-ferrous metals.  
 
The non-magnetic product of magnetic separation is further processed using screening and 
eddy current separation to concentrate the metallic content.  
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Figure: Powerful magnets, usually installed in conveyor rotors, are used for high speed bulk 
separation of ferrous from non-magnetic materials 
 

 

Magnetic separation of ferrous from non-ferrous materials 
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1.4.4 Separation and enrichment of aluminium scrap stream 
 
Literature: 

 Dalmijn, W. J.: 2nd International symposium on recycling of metals and engineered 
materials, ed van Linden, J., Stewart Jr, D. L., Sahai, Y., 1990 pp 303-314 

 
The next phase in aluminium recovery involves passing the nonmagnetic concentrate through 
a series of fluids of controlled density. The materials fractions lighter than each fluid float out 
and are separated from the heavier fraction. The majority of the aluminium is concentrated in 
a fraction also containing rocks and insulated wire, which will be separated further in the next 
processing stage. 
 
Figure: Density separation of non-ferrous concentrates using heavy media or sink/float 
separation. 
 

 

Heavy media or sink float separation of non-ferrous shredder fraction 

 
The final stage in the separation of aluminium utilises an eddy current separator to isolate 
aluminium from the rock and insulated wire. The separator functions on the principle that eddy 
currents are induced in an electrically conductive material passing through an alternating 
magnetic field. The eddy currents in turn generate repulsive forces that are related to the 
conductivity, density, shape and size of the material and can be used for separation. The 
magnetic fields are generated by electromagnets or strong permanent magnets in an array on 
the fast spinning rotor inside head pulley of a conveyor belt. The aluminium is forced away 
from the rotor, follows a different trajectory from the other materials, and is separated from the 
other materials by an adjustable knife.  
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Figure: Eddy current separator works by inducing eddy currents and hence repulsive forces in 
materials according to their density and conductivity. 
 

 

Eddy current separator 
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1.4.5 ELV recycling – Future trends and use of recovered 
automotive aluminium 

 
See also: 

 AAM – Design – 3 Environment, Health and Safety > Recycling > Future ELVs scrap 
supply and demand for standard grade casting alloys 

 
Mixed scrap from current ELVs is currently used to make secondary foundry alloys for cast 
applications. The secondary alloys, particularly A380 (EN AC-46000 and -46200) which is 
used to make cast products for automotive and many other applications, are chemically 
compatible with most aluminium alloys, and magnesium levels in wrought alloy scrap can be 
removed relatively easily in the melting process. However, recycling scrap into the wrought 
alloys is much more difficult as they are governed by stricter chemical composition limits. The 
use of mixed aluminium alloy scrap into secondary foundry alloys is an acceptable practice as 
long as the demand for castings using these alloys exceeds the supply of scrap alloys. 
 
Figure: Significant wrought alloy growth is forecast in both North America and European 
markets. While the ELV scrap arising from this may be used into secondary castings 
applications, it poses an opportunity for scrap separation or melt purification of alloys. 
 

 

Trends in growth of wrought and cast aluminium in European automotive applications. 

 
With the expected growth of aluminium applications in cars, also the amount of aluminium 
scrap recovered from ELV will grow significantly. Studies in Europe have indicated that in 
2015 only under a conservative scenario where all aluminium from ELVs would be recycled in 
Europe, the total amount of recovered aluminium would rise to 1.6 million tons. This is still 
below the needs of the total secondary aluminium production, but already in the range of the 
aluminium casting applications in newly produced automobiles. Some scrap could then 
possibly be in excess of the scrap need for recycling in automotive standard casting 
applications. A similar scenario is forecast for North America. This situation would lead to an 
opportunity for the development of scrap alloy separation or melt purification. 
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Figure: Significant wrought alloy growth is forecast in both North America and European 
markets. While the ELV scrap arising from this may be used into secondary castings 
applications, it poses an opportunity for scrap separation or melt purification of alloys. 
 

 

Trends in growth rates for wrought and cast aluminium in North American automotive 
applications 
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1.4.6 Alloy sorting options for ELVs 
 
Literature: 

 Gesing, A., Stewart, C., Wolanski, R., Dalton, R. and Berry, L.: TMS 4th International 
Symposium on recycling of Metals and Engineered Materials, Pittsburgh, PA USA 
Oct 2000. 

 Shultz, P. B., Wyss, R. K.: Chemical treatment of aluminum alloys to enable alloy 
separation: US patent 6100487, August 8 2000, assigned to Aluminum company of 
America 

 
There are several potential solutions for dealing with the separation or purification of mixed 
automotive alloy scrap. Melt refining is one option that is being considered but a simpler 
approach is to physically separate the various aluminium alloys during the recovery process. 
This may be accomplished by ELV dismantling or post shredder sorting. Dismantling has 
potential for recovery of a percentage of the alloys, but is labour intensive and not considered 
to be commercially viable for smaller, difficult to remove parts. Sorting offers a more 
comprehensive capability but until recently the technology has not been available. A practical 
solution would take advantage of both approaches as shown in the figure.  
 
Figure: A concept for recovering aluminium by alloy type from ELVs using a combination of 
dismantling and alloy sorting. 
 

 

Analysis of recycling of ELV aluminium 

 
The US Aluminium Association in North America is collaborating with the North American 
automakers and Huron Valley Steel Corporation (HVSC), a leading North American and 
international non-ferrous materials processor, to demonstrate HVSC technology for 
automated bulk sorting aluminium of alloys from shredded ELVs. Two techniques are being 
evaluated, one based on colour sorting following a chemical etch, a concept developed by 
Alcoa, the other based on optical emission spectroscopy using lasers. A concept that has 
been worked on by several companies, notably Metallgesellschaft and Alcan, but more 
recently has been developed into a commercially viable opportunity by HVSC. Both 
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techniques rely on HVSC proprietary sorting equipment that is linked to the identification 
process. 
 
Figure: Automated sorting comprises an identification/analysis station where the colour or 
chemistry of the scrap is determined. This is coupled with proprietary technology for 
accomplishing the physical sorting by alloy type. 
 

 

Automated sorting concept 
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1.4.7 Laser induced breakdown spectroscopy for alloy sorting 
 
Literature: 

 Gesing, A., Stewart, C., Wolanski, R., Dalton, R. and Berry, L.: TMS 4th International 
Symposium on recycling of Metals and Engineered Materials, Pittsburgh, PA USA 
Oct 2000. 

 Gesing, A. J., Shaw, T.: Method of sorting pieces of metal; US patent 5813543, Sept 
29th 1998, assigned to Alcan 

 Aluminum Association: Automotive Aluminum Recycling Design Guidelines (1996) 
 
Whereas the colour sorting technique is capable of differentiating alloy families (as the colour 
is a direct consequence of the alloying ingredients), the laser spectroscopic technique 
produces a full elemental spectrum of the composition allowing identification of individual 
alloys (see figure). Furthermore, the technique is compatible with a sorting algorithm that 
allows a target composition to be developed by blending many different alloys. The 
automated sorting techniques identified have already demonstrated capability on a pilot scale, 
and are compatible with commercial equipment installations in Europe as well as North 
America. Thus the prospects are excellent for a near term practical solution for sorting mixed 
alloys into usable wrought alloy products.  
Tramp element pick-up, particularly of iron and silicon, will need to be controlled by the 
separation processes. Design of alloys with increased tolerance to these and other elements 
will help to optimize the recycle loop. 
 

 

Laser induced breakdown (optical emission) spectroscopy 
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Materials – Alloy constitution 
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2 Alloy constitution 
 

 

Equilibrium phase diagram of the Al-Mg2Si system 

 

2.1 Understanding properties, behaviour and heat treatment 
 
Literature: 

 Altenpohl, D., Aluminium von innen, Düsseldorf: Aluminium-Verlag, 1994, ISBN 3-
87017-235-5 

 Altenpohl, D.G., Aluminium: Technology, applications, and environment - A profile of 
a metal, Washington, D.C.: The Aluminum Association, and Warrendale, Pa.: The 
Minerals, Metals & Materials Society (TMS), 1998, ISBN 0-87339-406-2 

 Hatch, J. E. (ed.), Aluminium: properties and physical metallurgy, Metals Park, Ohio: 
American Society for Metals, 1984, ISBN 0-87170-176-6 

 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 
York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 

 
Unalloyed, pure aluminium is very soft and ductile. For structural and other uses alloying 
elements are added to impart desired properties, such as strength, toughness, corrosion 
resistance and physical properties. 
 
According to the theories of metallurgical thermodynamics alloying elements can enter the 
crystal structure as solid solution or build various constituent phases depending on 
composition, temperature and on the kinetics of nucleation and growth processes. The types 
of phases existing in an alloy of given composition and at various temperature regimes are 
mapped in phase diagrams. 
The parameters of the complete chain of thermo-mechanical processes in the production of a 
cast or wrought product influence the type and distribution of alloying elements and 
constituent phases in the microstructure and thereby determine the properties and 
behaviour of the product. 
 
Knowledge of the alloy constitution is therefore the basis for alloy selection and for 
understanding the properties and behaviour during fabrication and service. 
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This chapter describes the effects of the main alloying elements in automotive aluminium 
alloys, the strengthening mechanisms employed as well as the basic effects of heat 
treatment during manufacturing at the materials' supplier and during fabrication at the user's 
end.  
 
Improvement of cold formability, ductility or strength by heat treatments depends on the 
constitution of the individual aluminium alloys and their products.  
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2.2 Basic aluminium alloy groups 
 
See also: 

 AAM – Materials – 3 Designation system 
 AAM – Products – 1 Rolled products 
 AAM – Products – 2 Extruded products 
 AAM – Products – 6 Cast alloys and products > Alloys 

 
Casting alloys & wrought alloys  
 
It is useful to distinguish between casting and wrought alloys, since their constitution is 
typically different according to the respective requirements of castability (fluidity, solidification 

characteristic and resistance to hot cracking) and hot formability (homogeneous -solid 
solution for optimum behaviour during hot rolling, extruding and forging).  
 
Accordingly and traditionally, there is a different designation system for these two groups of 
aluminium alloys in various national and international standards. 
 
Age-hardening alloys & strain-hardening alloys  
 
Wrought alloys and casting alloys may be also distinguished by their prevalent strengthening 
mechanism, which is reflected by the temper designation: 
 

 Non-age-hardening alloys are solid solution strengthened. Wrought alloys may be 
further strengthened by work-hardening (H-tempers).  

 
 Age-hardening alloys are precipitation strengthened and afford a special heat 

treatment (T-tempers) 
 
Process dependence of alloy constitution  
 
The alloy composition also reflects the type of processes used to manufacture the casting or 
the semi-finished wrought product. Alloys are specifically designed for a particular casting 
method (sand, die, high-pressure die casting, etc.) as well as for the type of hot (and cold) 
forming methods (rolling, extruding, forging).  
 
Therefore, alloys used with specific semi-product manufacturing processes should be 
selected from the respective lists provided in the Manual's section "Products". 
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2.3 Elements 
 

 

Source: Vocational TALAT, ATS 1999 

 

2.3.1 Solid solubility of alloying elements in aluminium 
 
Most alloying elements have limited solubility in solid Al.  
 
Beyond the limit demarcated by the solvus on the phase diagram, further amounts lead to 
formation of intermetallic phases. 
 

 
 
The table (above) and the diagram (below) show that different alloying elements have 
different solubilities in solid Al. 
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Binary phase diagrams showing differing solute solubility in Al 

2.3.2 Strengthening of alloying elements in α-solid solution 
 
See also: 

 AAM – Materials – 2 Alloy constitution > Strengthening mechanisms 
 
Literature: 

 Mondolfo, L.F.: Aluminium Alloys-Structure and Properties, Butterworths, 1979. 
 Mahon, G.J., Marshall, G. J.: Microstructure Property Relationships iin O-Temper Foil 

Alloys, JOM, vol 48(6), 1996, pp. 39-42. 
 
Alloying elements are added in Al for different purposes. Si is added to improve the fluidity of 
molten Al and Ti (on its own or as TiB2 or TiC grain refiners) are added to improve castability. 
Most other elements are added to improve strength of the final product in different ways.  
 
The figures below show the effect of strengthening of different alloying elements in super pure 
binary Al alloys. 
 

  

Graphs showing the effect of alloying additions on strengthening super pure Al binary 
alloys 
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Slow and fast diffusing elements in aluminium 

 
See also: 

 AAM – Materials – 2 Alloy constitution > Heat treatment 
 
Literature: 

 Smithells Metals Reference Book (eds: E.A. Brandes, G.B. Brook), Butterworth-
Heinemann Publishing, 7th edition, 1992, chapter 13. 

 
The atomic sizes of different alloying elements in Al vary compared to that of aluminium. 
Consequently, different alloying elements diffuse at different rates in Al during heat 
treatments. 
 

 
 
Figure (below): 
Diffusion coefficients of fast and slow diffusers in aluminium. Alloys containing slow diffusers 
need longer heating times compared to those containing fast diffusers. For a given 
temperature, diffusion coefficients of fast and slow diffusers vary by many orders of 
magnitude. 
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2.3.3 Major and minor alloying elements 
 
See also: 

 AAM – Materials – 3 Designation system > Cast alloys > Designation system for 
casting alloys – EN 1780-1 

 AAM – Materials – 3 Designation system > Wrought alloys > Alloy designation system 
for wrought alloys (EN 573) 

 
Literature: 

 Polmear, I. J.: Light Alloys-Metallurgy of the Light Metals, 3rd edition, chapters 3 and 
4 

 
Major alloying elements are specially added to the alloy to introduce certain specific 
properties (solid solution strengthening, strain hardening, precipitation or age hardening, ease 
of casting etc.) during use.  
 
Minor alloying additions - usually those with low solid solubility - form coarse and fine 
intermetallic phases and indirectly affect properties, e.g. by grain refining during casting or 
heat treatments. 
 

 

Major and minor alloying elements in aluminium 
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2.3.4 Major alloying elements in 6XXX automotive wrought alloys 
 
Literature: 

 Hamerton, R.G., Hirth, S.M., Gatenby, K.M., Court, S.A.., Ricks, R.A.: Al-Mg Alloys 
for Automotive Applications - Design Considerations and Mat'ls Selection, Proc. 
Intern'l Body Eng'g Conf. (IBEC97) (ed: S.G. Kelkar), 30/9 - 02/10 '97, Stuttgart, pp.1-
6 

 
Al-Mg-Si and Al-Mg-Si-Cu 
 
Mg, Si and Cu are the major alloying elements in Al automotive alloys. Mg and Si combine to 
form Mg2Si which affects natural ageing behaviour (slightly) and all three affect paint bake 
response during curing of 6XXX alloys, the natural (T4) and artificial (T6/T8) ageing response 
of body sheet alloys. 

 
AA6016 and AA6111 are shown in figures below. Cu confers additional strength to the 6XXX 
automotive alloys. T4 refers to as supplied sheet. The paint bake response is measured by 
testing the sheet after subjecting it to a 2% elongation followed by heating to 180 °C for 30 
minutes (T8X). 
 

 

This picture shows the response of alloys AA6016 and AA6111 to natural ageing 

 

 

Typical Longitudinal Proof Stresses for AA6016 and AA6111 

Source: Hamerton et al, IBEC97, pp.1-6 
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2.3.5 Major alloying elements in 5XXX automotive wrought alloys 
 
Literature: 

 Gatenby, K.M., Court, S.A.: Aluminium Magnesium Alloys for Automotive Applications 
- Design Considerations and Materials Selection, Proc. Internat'l Body Engineering 
Conf. (IBEC97) (ed: S.G. Kelkar), 30/9 - 02/10 '97, Stuttgart, Germany, pp.137-143 

 
Al-Mg and Al-Mg-Mn 
 
Mg also increases strain hardening, tensile strength (0.2%PS and UTS) and formability 
(uniform and total elongation). However, these beneficial properties to the sheet must be 
balanced by increasing difficulty to roll the higher Mg containing alloys as they strengthen on 
rolling. 
 
The weldability of 5XXX alloys is very composition sensitive and may be related, in particular, 
to the level of Mg within the alloy although the level of Mn and/or Cr may also be important. 
 

 

Stress strain curves from Al-Mg model alloys containing 2-6% Mg 

Source: Gatenby and Court IBEC97, p.137-143 

 

 

This picture shows the weldability of Al-Mg alloys as a function of Mg content 

Source: Gatenby and Court IBEC 97, pp. 137-143 
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2.3.6 Minor alloying elements in automotive alloys 
 
Literature: 

 Hamerton, R.G., Hirth, S.M., Gatenby, K.M., Court, S.A.., Ricks, R.A.: Al-Mg Alloys 
for Automotive Applications - Design Considerations and Mat'ls Selection, Proc. 
Intern'l Body Eng'g Conf. (IBEC97) (ed: S.G. Kelkar), 30/9 - 02/10 '97, Stuttgart, pp.1-
6 

 
Elements with low solubility such as Mn and Fe, and minor alloying elements such as Cr, Zr 
and Ti also have an important role to play in the development of properties of Al automotive 
alloys. Being of low solubility these elements form relatively coarse intermetallic particles 
during casting and pre-heating prior to hot rolling. In small quantities, these particles play 
critical roles in controlling the grain structure which develops during subsequent hot and cold 
rolling and final gauge annealing of the sheet. 
  
On the other hand, if the levels of these elements are too high, there can be detrimental 
effects on properties. E.g., Fe levels can influence properties: formability is reduced if higher 
levels of Fe and hence more Fe containing particles are present. However, low Fe levels are 
costly to achieve and also impose constraints on the use of recycled alloys.  
Optimisation of alloy composition must balance the technical requirements of the end 
application, for example the need to be able to form complex parts, against the commercial 
considerations and practicalities. 
 

 

Optical micrograph showing grains in AA6111 base alloy with 0.06%Fe 

 

 

Optical micrograph showing grains in AA6111 base alloy with 0.17%Fe 
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Optical micrograph showing grains in AA6111 base alloy with 0.31%Fe 

 

 

Optical micrograph showing grains in AA6016 base alloy with 0.03%Mn 

 

 

Optical micrograph showing grains in AA6016 base alloy with 0.07%Mn 

 

 

Optical micrograph showing grains in AA6016 base alloy with 0.32%Mn 
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2.4 Strengthening mechanisms 
 

 
 

2.4.1 Work hardening / Solid solution hardening / Precipitation 
hardening 

 
(for details on metallurgy see AluMatter and TALAT databases) 
 
Annealed 99.8% pure aluminium has a yield strength of less than 20 MPa and a tensile 
elongation of more than 40%. In order to make it versatile for structural application it is 
essential to introduce strengthening effects.  
 
Plastic deformation of metals is due to the existence of linear lattice defects - the dislocations. 
Plastic deformation proceeds by movement and multiplication of dislocations (see figure 
below).  
 
Strengthening occurs when obstacles for dislocation movement are introduced into the lattice. 
 
In aluminium three basic strengthening mechanisms are effective. These are classified as 
work hardening, solid solution hardening and precipitation hardening. In turn, aluminium 
alloys are classified according to prevailing strengthening mechanisms. 
 

 

Plasic deformation by movement ("slip") of a dislocation line through the lattice of a 
ductile metal 
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2.4.2 Strengthening of aluminium alloys 
 
Work Hardening  
Dislocations move in the most densely packed lattice planes - slip planes. Due to the cubic 
symmetry of aluminium four equivalent slip planes with three equivalent slip directions each 
exist - resulting in 12 slip systems. Depending on prevailing stress conditions several slip 
systems are normally active. Interactions of dislocations like cutting will be a frequent 
process. Thus, dense tangles of dislocations develop, forming extended obstacles with 
intense local stress fields. This mechanism is operating in all alloys subject to plastic 
deformation. 
 
Solid Solution Hardening  
Alloying elements in solid solution interact with dislocations mainly by local stress fields 
providing additional friction forces during dislocation movement. This strengthening 
mechanism increases the effect of work hardening. 3XXX and 5XXX alloys are typical 
examples of solid solution hardened alloys.  
 
Precipitation Hardening  
Precipitates of secondary phases in aluminium are very effective obstacles for dislocations 
depending on size and distance. Small coherent precipitates may be cut by dislocations. With 
growing size and/or loss of coherency within the lattice structure the obstacle strength of a 
precipitate particle increases. Assuming constant volume fraction of precipitates the distance 
between particles increases during maturation. This allows dislocations to bow out between 
precipitates. If near semicircular shape is attained neighbouring dislocation segments may 
combine and proceed leaving a dislocation loop at the precipitate. Thus, the increase to peak 
hardness during isothermal ageing is easily explained by progress of precipitation with 
increasing precipitate strength. Decrease of hardness by overageing is due to the increase of 
distance between particles. 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 15 

2.5 Heat treatment 
 

2.5.1 Thermal treatments for specific properties 
 

 

Source: AluNorf 

 
The properties of aluminium and aluminium alloy products are governed by their 
microstructural state, which develops as a result of all thermo-mechanical processing 
steps during the complete processing chain of product fabrications.  
 
Heat treatment of aluminium and aluminium alloy materials - as treated in this chapter - 
comprises a number of different thermal cycles, which are used to achieve specific 
properties for further processing or service behaviour.  
 
A thermal cycle is characterised not only by time at temperature, but also by heating and 
cooling rates. 
 
Thermal treatments are used to revert the hardened state of a material to a softer state or to 
strengthen by precipitation hardening:  

 Recrystallisation anneal: forming a new grain structure which yields the softest, 
thermodynamically highly stable state with best formability.  

 Recovery anneal: improving formability of a strain-hardened material without 
significant loss of strength.  

 Solution annealing and ageing treatments are used to achieve a precipitation-
hardened state with or without intermediate cold working (only applicable to age-
hardening alloys). 

  
For improved formability of age-hardened alloys (e.g. T4, T6 or T7 tempers) the following 
methods retain the age-hardening capability:  

 Resolution treatments recovering the as-quenched state by any solution heat 
treatment, including reversion and retrogression treatments.  

 Reversion treatment can be applied to T4 tempers. It is a flash anneal at 
intermediate temperatures.  

 Retrogression treatment can be applied to T6 tempers. It is a flash anneal at higher 
temperatures. 
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2.5.2 Guidance for heat treatments 
 
See also: 

 AAM – Manufacturing – 3 Forming > Semi-hot forming 
 AAM – Products – 6 Cast alloys and products > Tempers and mechanical properties 

 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 17 

2.5.3 Annealing 
 

Recovery and recrystallisation 

 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys 
 
Recovery anneal  
Purpose: Softening of work-hardened wrought alloys with the aim to improve formabilty and 
toughness. Moderate decrease in yield and ultimate strength with increase in elongation. No 
recrystallisation. Temperature regime: MT < 240 °C. Temper designation: "H2X".  
 
Recystallisation anneal:  
Purpose: Obtain stable temper with highest formability at sacrifice of strength. Highest strain-
hardening rate (n-value) compared to any other temper. Growth of grains out of deformed 
grain structure. Note: grain size depends on amount of prior cold-work, annealing temperature 
and time. Temperature regime: MT = 300 - 400 °C. Slow cooling from MT advised for 5xxx 
alloys. Temper designation: "O".  
___________________________  
MT = metal temperature 

 

 

Annealing response of AlMg3 H18 
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2.5.4 Solution treatment and ageing 
 

Process sequence 

 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > Temper designation 
system for wrought alloys (EN 515) 

 AAM – Materials – 3 Designation system > Wrought alloys > T-Tempers for heat-
treatable wrought alloys (EN 515) 

 
Age-hardening is the most important strengthening mechanism for wrought and casting 
alloys. Virtually all automotive structural extrusions are made from age-hardening 6xxx and 
7xxx alloys and are usually supplied in the fully heat-treated T6 temper, i.e. they have been 
subjected to the process cycle (s. fig.below): solution anneal + quench + RT storage + 
artificial ageing.  
Immediately after quenching the materials is in a very soft state ("W" temper) permitting 
straightening and forming operations at RT.  
Within a short time (approx. 1 hr.) after quenching the alloy begins to harden over a period of 
a week or longer, depending on the alloy system. This is called "natural ageing", the final 
temper being designated T4.  
Various variations of the principle process scheme exist, e.g. quenching from a sufficiently 
high extrusion or forging temperature. 
 

 
 
Various heat treatment phenomena of practical relevance and the metallurgical background 
are explained in the following pages. 
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Solution treatment 

 
In order to achieve significant hardening, second phase particles have to be much smaller 
than 1 µm in size, uniformly distributed throughout the grains and sufficient in volume to 
hinder dislocation motion.  
 
Formation of such fine intermetallic particles from solid solution by suitable ageing treatments 

requires a highly supersaturated solid solution of alloying elements in the aluminium -phase 
as a prerequisite for precipitation.  
 
Aluminium age-hardening alloy systems exhibit a large increase of solubility for the age-

hardening phase in the -matrix with increasing temperature, s. figure at right.  
 
The figure illustrates the quasi-binary Al-Mg2Si equilibrium phase diagram and shows two 
common 6xxx alloys within the system. On annealing these alloys around 500 to 550 °C the 

phase (Mg2Si) is completely dissolved ("solution anneal"). 
 

 

Quasi-binary Al-MgSi equilibrium phase diagram 

Source: ATS/Ostermann 
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Quenching 

(cooling from solution annealing temperature) 

 
Purpose: to obtain a supersaturated state at room temperature requires a sufficiently rapid 
cooling rate after solution anneal.  
Insufficient cooling rate causes premature precipitation of intermediate phases within grains 
and at grain boundaries, which reduces age-hardening capacity, ductility and also corrosion 
resistance, s. TTP diagram and micrographs for extruded 6060 alloy. Increasing alloy 
concentration requires higher quenching rates (increased quench sensitivity).  
 
High cooling rates generate thermally induced residual stresses which cause distorsion. 
Wrought alloys are stretched beyond the yield point to remove residual stresses. Castings are 
quenched sufficiently slowly to avoid distortion, internal stresses and cracking.  
 
To suit metallurgical requirements, quenching rates can be varied (air cool, air blast, cold 
water, hot water, oil and mixtures of water with polymers). 
 

 

TTP diagram for alloy 6060 extrusions 

Source: after C.V. Lynch, Z. Metallkunde 

 
6060 alloy with and without grain-boundary phase: 
 

 

Correctly quenched 6060 extrusion - no grain boundary precipitation 

Source: Alcan 
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Grainboundary precipitation due to slow cooling 

Source: Alcan 
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Ageing 

(precipitation from supersaturated α-solid solution) 
 
See also: 

 AAM – Products – 1 Rolled products > Thermal stability > T4 temper stability for 6xxx 
series alloys (AlMgSi type) 

 

The segregation of alloying elements from supersaturated solid solution ( sss) at lower 
ambient temperatures occurs as a non-equilibrium process by nucleation and growth of 
metastable, intermediate second phases. This process is controlled by diffusion rate and by 
the activation energy for formation and growth of precipitate nuclei. As a consequence and 
depending on the ambient temperature various different intermediate second phases are 
formed, which have different influence on the rate and magnitude of hardening.  

RT  60°C: Formation of "clusters" (Guinier-Preston zones) coherent with the  ss  
  aluminium lattice. This process is called "natural ageing" and results in  
  tempers T1, T4.  
60°C – 220°C: Formation of intermediate coherent and semi-coherent second phases  

  (designated e.g. " and ' in 6xxx alloys). This process is called "artificial  
  ageing" and results in tempers T5, T6. 
 
The ageing curves (s. fig) show the effect of ageing temperatures on the strength and fracture 
elongation properties of extruded alloy EN AW-6082 (AlSi1MgMn).  
 

 

Natural and artificial ageing curves for alloy 6082 (extrusion) 

Source: VAW and Ostermann/ATS 

 
Note the higher ductility and lower strength after ageing at room temperature. 
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Special ageing effects in 6xxx alloys: stabilised T4 tempers (T4*) 

 
Literature: 

 Huppert-Schemme, G.: AlMgSi-Bleche für den Fahrzeugbau - Metallkunde und 
Fertigungstechnik. Düsseldorf: Aluminium-Verlag GmbH, 1997, ISBN 3-87017-255-X 

 
Al-Mg-Si alloys are often supplied in T4 temper for more extensive formability of sheet or 
extruded profiles. Subsequent ageing to higher strength by T6 tempering or by a paint bake 
cycle does not give max. T6 strength, or only after longer ageing times.  
The reason is that T4 strength is mainly caused by 'clusters' (s. fig. below) which reduce and 

retard nucleation and growth of more stable T6 secondary phases ( ", ' ).  
Therefore, various special T4 treatment schemes have been developed - depending on the 
specific alloy composition and product form - which suppress cluster formation and instead 

produce "- and '-nuclei. This improves ageing response time and strength during paint bake 
or T6 ageing treatments.  
These special T4 tempers are called "stabilised" tempers (T4*) and are not standardised, 
since the stabilising treatment depends on composition, semi-product form and production 
method. - Suppliers should be contacted for details. 
 

 

Beta  solvus curves (left) and TTP curves (right) in 6xxx alloys 

Source: G. Huppert-Schemme, 1997 
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Optimum paint bake response of AA6016-T4
*
 car body sheet material 

 
See also: 

 AAM – Materials – 3 Designation systems > Wrought alloys > T-Tempers for heat-
treatable wrought alloys (EN 515) 

 
Literature: 

 Furrer, P. and Bloeck, M.: Aluminium-Karosseriebleche. Landsber: Verl. Moderne 
Industrie, 2001, (Die Bibliothek der Technik; Bd. 220) ISBN 3-478-93250-5 

 Janse, J.E., Zhuang, L., Mooi, J., De Smet, P.: Evaluation of the effect of Cu on the 
paint bake response of pre-aged AA6xxx. Proc. ICAA8 (2002) 

 Zhuang, L., Janse, J.E., De Smet, P., Chen, J.H., Zandbergen, H.W.: Natural ageing 
effect on the bake hardening response in Al-Si-Mg alloys. Proc. TMS2001, (2001) 

 Zhuang, l., de Haan, R., Bottema, J., Lahaye C.T.W., De Smet, P.: Improvement in 
bake hardening response of Al-Si-Mg alloys. Proc. of ICAA7, Materials Science 
Forum, Vols. 331-337, pp.1309-1314 (2000) 

 

 
 
The requirements for automotive sheet are high formability (to allow the forming of complex 
parts) and high yield strength in service application (to provide high dent resistance).  
 
Rolled sheet made of age-hardenable AA 6xxx alloys are deformed in the T4 temper. 
Maximum strength is then reached by artificial ageing treatment of the deep drawn sheet at its 
final geometry in the temperature range around 200°C. For economic reasons, it is desirable 
to age-harden the material during lacquer curing, which is however performed at lower 
temperatures that do not lead to an optimum age hardening effect. Therefore a special 
treatment is applied after solution anneal (T4* -temper) leading to an accelerated age 
hardening effect at 160-190°C, s. figure below. 
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Diagram: red curve shows the more rapid ageing response of 6016-T4* material (1 hr at 
temperature) vs. the behaviour of standard 6016-T4 material (blue curve). 
 

 

Optimised bake-hardening response of AA6016-T4 by special processing 

Source: Alcan 
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Tempers for extrusions: high formability, high strength, high crash performance 

 
Literature: 

 Schwellinger, P.; Lutz, E.: Aluminiumprofilwerkstoffe für energieabsorbierende 
Bauteile im Fahrzeugbau; Zeitschrift Werkstoffe im Automobilbau 98/99 
(Sonderausgabe) 

 

 

AA6014-T7 extruded profile with optimised crash behaviour 

Source: Alcan 

 
Alloy AA6014 extrusions are supplied in either  

 T7 temper for best crash performance,  
 T6 temper for maximum strength, or  
 T4* temper for best formability.  

 
The flow curves (true stress - true strain) for the various tempers are illustrated in the figure 
below.  
 
Crash properties of extruded components depend strongly on composition, processing 
conditions and temper. To ensure a high energy absorption and to prevent the forming of 
cracks during the crash, the microstructure (i.e. the intermetallic particle distribution and the 
grain size) has to be properly adjusted.  
 
To obtain optimum crash worthiness strength, ductility and fracture toughness have to be 
adjusted to a joint maximum level. 
 
T7 is an overageing treatment resulting in slightly reduced strength, yet improved ductility. 
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True stress - true strain curves for AA6014 extruded profiles in various different 
tempers 

Source: Alcan 
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Shape casting: solution annealing (homogenisation) and ageing of crash relevant parts 

 

 
 
To produce structural cast components with excellent crash worthiness, apart from the 
casting technology, the alloy composition and the following thermal treatment are most 
important to obtain the desired microstructure.  
 
The optimised thermal treatment of this B-pillar is done in two steps:  

 The first step is done at high temperature (>400°C) to homogenise the alloying 
elements and to globularize the eutectic phase particles (s. fig.). To limit the amount 
of distortion during  quenching, the soak temperature is decreased as much as 
possible and the cooling rate is kept relatively slow.  

 The second step is artificial ageing at temperatures around 200°C to increase the 
strength. 

 

  

B-pillar of Audi A2: crash relevant shape part 

Aluminium casting with high ductility – Microstructure of the B-pillar shown at right 

Source: Alcan 
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2.5.5 Resolution treatment 
 

Resolution treatments for age-hardened alloys 

(to improve formability) 
 
See also: 

 AAM – Materials – 2 Alloy constitution > Heat treatment > Retrogression heat 
treatment 

 AAM – Materials – 2 Alloy constitution > Heat treatment > Solution treatment and 
ageing > Special ageing effects in 6xxx alloys: stabilised T4 tempers (T4*) 

 
Resolution Treatment (general):  
 
Age-hardening (T4, T6) of aluminium alloys is a reversible process. By re-heating the age-
hardened material above the solvus line the precipitate phase is dissolved. Subsequent 
quenching and ageing restore the mechanical properties of the age-hardened state. The 
freshly quenched state (-W temper) offers improved formability.  
In general, resolution treatments involve re-heating the part into the temperature region for 
solution annealing, which depends on alloy composition. To avoid destruction of the material's 
properties by overheating, solution annealing temperatures must be precisely controlled 
within a narrow process window.  
 
High solution annealing temperatures and quenching are not generally suited for in-line 
processes of manufacturing lines. In particular for shaped components, care must be taken to 
avoid geometrical distortions during quenching. 
 
Reversion Treatment (only T4 temper):  
 
Alternatively, age-hardened alloys in the T4 temper may be treated by a reversion treatment, 
which involves a flash anneal at much lower temperatures.  
 
The temperatures involved depend on the solvus line for the metastable GP-zones. The 
following temperature regimes are suitable:  
2xxx alloys: 220 to 275 °C  
6xxx alloys: 200 to 250 °C  
7xxx alloys: 160 to 220 °C  
 
Annealing times must be less than 5 minutes and can be as short as 30 seconds.  
 
Reversion treatments may, therefore, be suited for in-line processing, when higher formability 
is required than available in the T4 temper.  
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2.5.6 Retrogression heat treatment 
 

Characteristics of RHT 

 
Literature: 

 Benedyk, J. C. / Alumax Extrusions, Inc.: "Method for forming a metallic material"; 
United States Patent No. 5 911 844; June 15, 1999 

 Benedyk, J. C. / Alumax Extrusions, Inc.: "Process for formation of high strength 
aluminum ladder structures"; United States Patent No. 4 766 664; August 30, 1988 

 Benedyk, J. C. / Alumax Extrusions, Inc.: "Space frame apparatus and process for the 
manufacture of same"; United States Patent No. 5 458 393; October 17, 1995 

 Benedyk, J. C., Sheldon Mostovoy, S., McKenzie, S.R.: "Retrogression Heat 
Treatment Applied to Aluminum Extrusions for Difficult Forming Applications"; Part I, 
II and III; Light Metal Age; October 1996, February 1997, June 1997 

 
Retrogression Heat Treatment * is applied to age-hardened (T6) extrusion alloys. 
 
Characteristics of RHT are: 
 

 Rapid heating usually by induction  
 RHT temperatures of 350°C to 450°C are higher than original aging temperatures but 

below normal solutionizing temperatures.  
 RHT times are very short (several seconds)  
 After subsequent water quench the treated parts or areas of parts are softened.  
 The bigest benefit of RHT is a localized increase in elongation by up to several 

hundred percent.  
 RHT makes extensive forming operations possible.  
 Changes induced by RHT recover within hours to days by natural aging.  

 
_____________________________  
* patent of Alumax, held by Alcoa, s. Literature 
 

 

Schematic application of localized RHT to bending of a bumper beam 
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Principles of RHT: Metallurgy 

 
Hardness versus RHT time in seconds 
 
The term retrogression or reversion in metallurgy commonly refers to resolution of GP zones 
and/ or precipitates in age-hardened alloys by heating them to a temperature above the 
original aging temperature but below the solutionizing temperature.  
 
The figure below shows as-quenched hardness measurements on 6061-T6 extruded plate as 
a function of RHT time. (a - Webster "B" or WB hardness change; b - Vickers hardness or HV 
change). Hardness decreased linearly as a function of residence time in the induction coil 
down to an asymptotic value equal to 6 WB (39.5 HV).  
 

 

As-quenched hardness of 6061-T6 extruded plate as a function of induction heating 
time used in RHT 

 
Although the asymptotic value for both 6005-T5 and 6061-T6 materials was equivalent, the 
6005 material softened at a faster rate for the same power level on the induction unit. 
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Aging curves at room temperature and at 177°C (350°F) 
 

 

Aging curves: WB hardness versus time at room temperature, 6061-T6 

 

 

Aging curves: WB hardness versus time at 177°C (350°F), 6061-T6 
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Aging curves: WB hardness versus time at 177°C (350°F), 6005-T5 
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Applications of RHT: Forming  

 
Small radii in rotary draw bending 
 
RHT has been successfully applied to the forming of 6000- and 7000-series aluminium alloy 
extrusions in various tempers and especially the -T6 temper. With this method of processing, 
for example, thin walled tubes of 606 1-T6 have been successfully bent in a rotary draw 
bending operation to an internal radius of one tube diameter without cracking (see picture).  
 

 

Photograph of a 6061-T6 thin wall tube bent to a radius to the 1.D. of one tube diameter 

 
In this case, the localized process took only a few seconds and was incorporated in line with 
the bending operation. Normally, a tube of this cross section and temper would require an 
internal bend radius of six tube diameters or more. 
 
Hardness recovery without cold work 
 
In 6000-series aluminium alloys, the precipitation hardenable aluminium alloys most 
commonly used in automotive applications, RHT usually involves localized heating by 
induction to temperatures of 315 to 535 °C within a few seconds, quenching by air, spray or 
water, then fabricating within a time period of hours or days, depending on the degree of 
deformation imparted by the fabrication operation. Cold work from the fabrication operation 
accelerates natural or artificial ageing. 

 
 

 

Room temperature aging 

 
Although RHT response is dependent on alloy composition and other factors, a typical 
hardness-time response profile for an extruded 6XXX-T6 alloy under natural aging conditions 
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with no cold work introduced in the RHT zone is presented in the table: For a significant 
effect, RHT temperatures of 343°C have to be reached. 
 
Hardness recovery with cold work 
 
The degree of hardness or strength recovery after RHT depends on the temperature-time 
cycle of the RHT and subsequent deformation in the forming operation(s). Generally, the 
combination of RHT and forming deformation can result in a formed zone that has 
substantially better properties than the original -T6 material.  
 
In the case of the bent tubes, the hardness recovery after RHT in the bent region was high 
(see figure below) due to the combined effects of cold work and natural aging.  
 

 

Wall thickness hardness reading 

 
Consequently, artificial aging was not required after forming to achieve minimum -T6 
properties. The figure shows diamond pyramid hardness distribution in 6061 -T6 bent tubes. 
The average hardness was 108.6 VHN (100 g load) in bent portion that previously underwent 
RHT. 
 
Bending with and without RHT 
 

 

Bending of 6061-T6 thinwall tube with RHT 
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Bending of 6061-T6 thinwall tube with RHT 

Radius = 1D is possible! 

 

 

Bending of 6061-T6 thinwall tube WITHOUT RHT 

 
RHT makes bendings possible that otherwise lead to cracking. Also a very promising 
application of RHT is springback reduction of sheet material. Due to the principles behind 
RHT it should be applicable to T4 tempers as well. 
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Applications of RHT: Joining 

 
See also: 

 AAM – Joining – 5 Mechanical joining 
 
Compression Fit (CF) Joint * 
 
Localized RHT has been applied to form a special joint, called a Compression Fit (CF) joint, 
that has been successfully utilized in building aluminium ladders and vehicle frames.  
 
Simple tooling and pressure application are used in making these joints. In principle, the CF 
joint has many possible configurations, and two simple modifications are shown schematically 
in the figures below.  
 
______________________  
* patented by Alumax, held by Alcoa 
 
 
Left: RHT used to make a collar and flange CF joint in a simple I-beam side frame member. 

 
Right: Collar / flange CF joint made in a two piece side frame with the aid of RHT to facilitate 
forming in the cross member. 
 

 

Collar and flange CF joints 
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Examples of CF Joints 
 

 

Cross section of a CF joint made in 6061-T6 extrusions using RHT and an internal 
sleeve 

 

 

Sections of CF joints made in 6061-T6 hollow rectangular extrusions with RHT 
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Applications of RHT in series production 

 
Literature: 

 N.N.: "Panoz AIV Roadster - Leader in the Lightweight Class"; Light Metal Age; 
October 1996 

 
In the USA: CF joints used in Panoz AIV Roadster Spaceframe 
 

 

RHT in series production: Panoz AIV Roadster frame 

 

 

RHT in series production: Panoz AIV Roadster frames 
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Panoz AIV Roadster 

 
The Roadster chassis is made of four large tubular aluminium extrusions which are joined by 
Compression-Fit technology, the rails are then bent to Panoz's specifications using RHT 
technology. These are combined with a boxed-in aluminium backbone and the entire structure 
is tied together with steel subframes in key areas such as the bulkhead. 
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3 Designation system 
 

3.1 Designation system for wrought and cast alloys and 
tempers 

 

 
 

Background 
 
There are about 10 major alloying elements of the Periodic System, which, in 
concentrations of between 0.1 and a few wt.-%, can be used to change significantly the 
properties of pure aluminium according to needs of the producer, fabricator or user. 
 
Consequently, there is an abundance of aluminium alloys, which are currently in use. There 
are about 500 internationally registered wrought and cast aluminium alloy compositions, 
from which only little more than a dozen are used for the manufacture of automotive 
components and cars. 
 
To select and specify an alloy with specific properties for a given application, its composition 
and state of heat treatment (temper) must be defined. This is achieved by a standardised 
designation system for the alloy composition as well as for the temper.  
 
The global character of the European Market demanded a common designation system in lieu 
of various national varieties. For its simplicity and flexibility the designation system for 
wrought alloys created 1954 by the North American Aluminum Association (AA) was 
adopted in 1970 by the International Organisation for Standardization (ISO). 
 
In 1985 the member states of the European Community agreed to adopt harmonised 
European standards in place of respective national ones. For wrought aluminium, the AA 
designation system was adopted by the Comité Europeén de Normalisation (CEN), but for 
cast alloys a separate designation standard was developed.  
 
Since the new CEN standards for aluminium alloy and temper designation have replaced 
previous European national standards, they will be adopted - where applicable - in this 
Automotive Manual and are described briefly hereafter for wrought and cast aluminium 
alloys. 
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3.2 Wrought alloys 
 

3.2.1 Designation system for wrought alloys 
 

 
 
Definitions  
 
Wrought aluminium and aluminium alloys: these alloys are primarily intended for the 
production of wrought products by hot and/or cold working, i.e. rolling, extruding, forging 
and drawing.  
 
They are cast in ingots by direct chill (DC) casting or strip casting processes prior to hot 
and/or cold working.  
 
Wrought aluminium alloys can be divided into groups of heat-treatable and non-heat-
treatable alloys: 
 

 Heat-treatable alloys are capable of being strengthened by suitable thermal 
treatment. 

 
 Non-heat-treatable alloys cannot be strengthened substantially by thermal treatment. 

Their basic strength is determined by the alloying content, but can be increased 
significantly by work-hardening and in some cases also by grain size refinement. 

 
The specification of typical or minimum properties requires the combination of a unique 
designation for the alloy composition and for the temper, i.e. the state of the 
microstructure by thermo-mechanical treatment. 
 
For optimum performance during hot and cold working, wrought alloys are tailored to the 
specific semi-fabrication process. Consequently, the properties of a specified alloy and 
temper may vary, dependent on the type and dimensions of the semi-product. 
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3.2.2 International designation systems for wrought alloys 
 
American National Standard (ANSI)  
(ANSI Standard H35.1(M)-1997)  
 
The registration office for designations of aluminium and aluminium alloys and tempers is The 
Aluminum Association Inc., Washington, DC. (AA).  
 
This standard is also the basis for wrought aluminium and aluminium alloy and temper 
designation standards of ISO and CEN, which therefore permits cross reference between 
these designation standards.  
Alloys registered within the American National Standard are identified by the pre-fix "AA". 

 
Example: AA 5754 
 
International Organisation for Standardization (ISO)  
 

The alloy and temper designation system of ISO/DIS 209 is basically identical with that of AA, 
but alloys are not preceded by the letters AA.  
 

The current ISO alloy designation also uses chemical symbols. However, it has been 
recently decided to fully adopt the four digits alloy designation system and withdraw the 
chemical symbols system. The revised standards are not yet valid, but designation by 
chemical symbols acc. to the valid ISO standards are no more used. 

 
Example: 5754 
 
Comité Européen de Normalisation (CEN)  
 
The European wrought alloy (EN standards EN 573) and temper (EN standards EN 515) 
designation system is basically identical with the ANSI (or AA) and ISO system.  
 
Alloys standardized by EN 573-3 are also registered by the AA, but not all alloys registered by 
the AA are standardized by EN 573-3 and vice versa. Therefore, alloys designated according 
to EN must be preceded by the prefix EN AW (i.e. Aluminium Wrought). 

 
Example: EN AW-5754 or EN AW-Al Mg3 
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3.2.3 Alloy designation system for wrought alloys (EN 573) 
 
CEN Alloy Designation System  
 
The EN designation system for wrought alloy composition is made up of the following: 

 EN for European standard followed by a space 
 Letter A for aluminium  
 Letter W for wrought (followed by a dash)  
 Alloy composition is specified either by  

 a) numericals (4 digits) or  
 b) by means of chemical symbols, followed in each case by a letter and/or 
 digit(s) for temper designation  
 
Example a): EN AW-5754-O  
Example b): EN AW-Al Mg3-O 

 
Numerical Alloy Designation  
 
A 4-digit numerical system is used. The first digit indicates the alloy group as follows: 
 

 
 
The last two digits identify the aluminium alloy or indicate the aluminium purity. The second 
digit indicates modifications (1...9) of the original alloy or impurity limits. 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 6 

3.2.4 Temper designation system for wrought alloys (EN 515) 
 
Basic Considerations 
 
The heat treatment (temper) designation system of EN 515 is used for all forms of wrought 
aluminium and aluminium alloys. Property (mechanical or physical) limits apply to individual 
alloy-temper-product combinations. 
 

 Basic temper designations consist of letters (F, O, H, W, T). 
 

 One or more digits following the letter, where required, indicate sub-divisions of the 
basic tempers. These designate specific sequences of basic treatments. 

 
 Additional digits are added to the designation, if some variation of the same sequence 

of basic thermo-mechanical operations should be applied to the same alloy, resulting 
in substantially different characteristics. 

 
Note that ANSI H35.1(M) is not fully compatible with EN 515. 
 
Definitions  
 
For the purpose of the standard temper designations, the following definitions are applied.  
 
Cold working: Plastic deformation of metal at such temperature and rate that strain-
hardening occurs.  
 
Strain-hardening: Modification of a metal structure by cold working resulting in an increase 
in strength and hardness with loss of ductility.  
 
Solution heat-treating: A thermal treatment which consists of heating the products to a 
suitable temperature, holding at that temperature long enough to allow constituents to enter 
solid solution and cooling rapidly enough to hold the constituents in solution.  
 
Ageing: Precipitation from supersaturated solid solution resulting in a change in properties of 
an alloy, usually occurring slowly at room temperature (natural ageing) and more rapidly at 
elevated temperatures (artificial ageing).  
 
Annealing: A thermal treatment to soften metal by removal of strain-hardening or by 
coalescing precipitates from solid solution. 
 
Basic Tempers  
 
F Temper - As fabricated  

 no mechanical property limits specified.  
 
O Temper - Annealed  

 to obtain the lowest strength temper.  
 
H Temper - Strain-hardened  

 cold worked after annealing (or after hot forming) or in combination with partial 
annealing or stabilizing  

 
W Temper - Solution heat  treated  

 unstable temper, only with indication of ageing time at RT: e.g W 1/2 h.  
 
T Temper - Thermally treated to produce stable tempers other than F, O, or H  

 solution heat treated and aged at room or intermediate temperatures with or without 
supplementary strain-hardening 
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3.2.5 H-Tempers for strain-hardening wrought alloys (EN 515) 
 
H-Tempers  
 
The designations (below) give a brief survey over the various temper designations for non-
heat-treatable wrought aluminium and aluminium alloys. For more extensive information, 
please refer to EN 515. 

 

 
 
For mechanical property limits the user is referred to the respective product standards, e.g. 
EN 485-2 for sheet, strip and plate or special suppliers’ information.  
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3.2.6 T-Tempers for heat-treatable wrought alloys (EN 515) 
 
T-Tempers  
 
The designations (below) give a brief survey over the various temper designations for heat-
treatable wrought aluminium and aluminium alloys. For more extensive information, please 
refer to EN 515.  

 

 
 
For mechanical property limits the user is referred to the respective product standards, e.g.  

 EN 485-2 for sheet, strip and plate,  
 EN 755-2 for extruded products,  
 EN 586-2 for die forgings,  

or special suppliers information. 
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3.3 Cast alloys 
 

3.3.1 Designation system for casting alloys 
 
Definitions  
 
Casting aluminium and aluminium alloys are primarily intended for the production of 
castings by solidification of the molten alloy in a mould.  
 
The properties of castings are related to the composition of the castings alloy, but also 
significantly by the type of mould and mould filling processes, i.e. the casting processes 
employed. Casting alloys are tailored to the casting process.  
 
For this reason the basic casting process used is part of the casting alloy designation system. 
 
Contrary to the international systems of wrought aluminium alloy designation (AA, ISO, CEN), 
the designation systems for casting alloys and castings differ significantly. 
 
In the efforts to develop a unified European designation system for casting alloys and 
castings the standards EN 1780 (designation of alloys) and EN 1706 (composition and 
mechanical properties, incl. temper designations) were developed, which deviate from the 
widely used ANSI (AA) system. To aid cross referencing, both systems are described in this 
chapter. 
  
Specifically, the AA system defines 8 groups of casting alloys, whereas the EN system only 
differentiates between 4 alloy groups and excludes the tin containing bearing alloys. 
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3.3.2 Designation system for casting alloys – EN 1780 
 
Alloy Designation System  
 
The EN designation system for wrought alloy composition is made up of the following:  

 EN for European standard,  
 Letter A for aluminium  
 Letter C for casting  
 Alloy composition is specified either by  

 a) numericals (5 digits) or  
 b) by chemical symbols, followed by a letter for the casting process and 
 possibly by a letter and/or digit(s) for temper designation  
 

Example: 
EN AC-42000KT6 (alloy Al 7%SiMg for chill or permanent mould casting, aged to T6 temper) 
 
a) Numerical Alloy Designation: A 5 digit numerical system is used. 
 

 
 
The 3rd digit is arbitrary and defines the generic alloy modification. The 4th digit is generally 0. 
The 5th digit is always 0 for CEN alloys, but never 0 for aerospace alloys. 
 
b) Alloy designation by chemical symbols: 
 

 Al followed by a space  
 Symbol of the major alloying element usually followed by the percentage of mass  
 Other alloying elements (max. 4 elements) in descending order; if the mass fractions 

are the same, in alphabetical order  
 In case of similar composition, the difference is made by:  

◦ Stating the nominal contents  
  Example: EN AC-Al Si7Mg0.3, EN AC-Al Si7Mg0.6  
or 

◦ Stating the impurities in brackets  
  Example: EN AC-Al Si10Mg(Cu)  

 
Casting process:  
 
The first letter after the 5 alloy numerals or chemical symbols characterises the casting 
process. The following symbols are used:  
 
D: Pressure die casting  
K: Chill or permanent mould casting  
L: Investment casting  
S: Sand casting  
 
Example: EN AC-42000K  
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3.3.3 Temper designation system for castings – EN 1706 
 
Temper designations for castings  
 
The conditions of thermal treatment of castings as defined by EN 1706 are as follows: 
 

 
 
Product designation on drawings  
 
Following is an example for a complete designation of a permanent mould casting of casting 
alloy 42100, solution annealed and artificially aged, according to EN 1706: 
 
Example: EN 1706 AC-42100KT6 
 
 
 
 
 
All details about the European designation refer to the publications: EN 1780: 1999-12 and 
EN 1706: 1998-06, respectively. 
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3.3.4 Designation system for alloy castings according to American 
Standard 

 
Cast Aluminium and Aluminium Alloy Designation System (ANSI H35.1(M)-1997) uses a 
4 digit numerical designation.  
The 1st digit identifies the alloy group. The 2nd two digits determine the alloy or indicate the 
aluminium purity. The last digit - separated by a decimal point - indicates the product form, i.e. 
castings (0) or ingot (1, 2).  
A modification of the original alloy or impurity limits is indicated by a serial letter before the 
numerical designation.  
 
Example: A356.0 (AlSi7Mg0.3) 
 
Numerical Designation System according to ANSI and AA 
 

 
 
Alloys are registered with Aluminium Association Registration Record (AA). The designation 
system is identical to the specification J452 and J453 of the SAE (Society of Automotive 
Engineers). 
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Materials – Microstructure and properties 
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4 Microstructure and properties 
 

4.1 Properties & microstructure determine the behaviour of 
automotive aluminium 

 
See also: 

 AAM – Materials – 2 Alloy constitution 
 AAM – Materials – 5 Wrought materials production > Automotive sheet 
 AAM – Materials – 5 Wrought materials production > Extrusion 
 AAM – Products – 6 Cast alloys and products 

 

 

Microstructure of forged EN AW-6082-T6 etched acc. to Barker 

Source: ATS/ F. Ostermann 

 
The usefulness of aluminium as engineering material is fundamentally related to the 

 mechanical properties,  
 physical properties and  
 chemical properties 

of the metal. 
 
As a rule it is not a single individual property - like e.g. density - which determines its choice 
for a particular engineering application but a full spectrum of these properties.  
 
Example: heat exchangers 

 density  
 thermal conductivity  
 corrosion resistance  
 formability (ductility)  
 strength at service temperatures. 

 
On the other hand, properties of aluminium automotive materials and their behaviour during 
fabrication and service are intimately related to alloy constitution and microstructure.  
 
The purpose of this chapter is to describe the important engineering properties of cast and 
wrought aluminium materials and point out the effects of alloy and microstructural 
constitutions on properties and behaviour. 
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4.2 Mechanical behaviour 
 

4.2.1 Mechanical behaviour: elastic behaviour, plastic behaviour 
and fracture behaviour 

 
Link: 

 http://aluminium.matter.org.uk/aluselect/ 
 

 

Engineering stress-strain curve 

 
Mechanical behaviour (strength, ductility, toughness) of aluminium is described under 
the following aspects:  

 general characteristics,  
 at room temperature,  
 at low temperatures,  
 at high temperatures,  
 under tension and compression,  
 under alternating (variable) loads,  
 under impact loads (high loading rates),  
 wrought, cast, welded microstructures.  

 
The mechanical data of specific alloys: see relevant standards. 
 
Definition of term "Aluminium" as engineering material:  

 aluminium alloys with varying degrees of alloy concentrations,  
 aluminium alloys with Rp0.2 ranging from 20 MPa to 600 MPa,  
 wrought alloy materials in soft, strain-hardened and precipitation-hardened tempers,  
 casting alloys in as-cast, annealed, precipitation hardened tempers,  
 consolidated powder metal and metal matrix compounds (MMC),  
 anisotropy of ductility and strength caused by consolidation conditions (castings) 

and/or microstructure and texture (sheet, extrusions, forgings). 
 
General characteristics of mechanical behaviour of "Aluminium":  

 aluminium's 12 independent slip systems (c.f. Fe: 48; Mg: 3!) provide ample basic 
ductility;  

 high stacking fault energy -> easy cross-slip, wavy slip, no twinning;  

http://aluminium.matter.org.uk/aluselect/
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 no ductile/brittle transition at low temperatures or high load rates;  
 improved toughness at low temperatures and high load rates;  
 little effect of low temperature or high load rates on Rp0.2;  
 improved ductility above 100°C (0.4TM);  
 decreasing creep resistance beyond 100°C. 
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4.2.2 Elastic behaviour 
 
See also: 

 AAM – Design – 1 Design philosophy > Comparison to steel 
 

 

Elastic energy absorption in aluminium and steel components 

Source: Hydro Aluminium 

 
Elastic behaviour  
 
Under tension or compression the slope of the initial part of the stress-strain curve determines 
the Modulus of Elasticity (Young's Modulus). Mostly, the rounded value of E = 70.000 MPa 
is used for aluminium and its alloys. It is 1/3 the value of steels.  
 
Under torsion the Shear Modulus or Modulus of Rigidity is G = 26.000 MPa for aluminium 
compared to 82.700 MPa for steel.  
 

Poisson's Ratio i.e. lateral strain divided by longitudinal strain is  = 0.33.  
 
The modulus of elasticity (and rigidity) is only marginally dependent on alloy composition and 
temper, varying less than +/- 4% from the mean value of 70.000 MPa over the whole range of 
aluminium alloys.  
 
The texture has a distinct influence. The modulus of elasticity is also varied by work 
hardening.  
 
Contradictory information exists on the effect of microstructural conditions on the elastic 
constants. However, it is clear that the influence of a varying microstructure on the elastic 
properties of aluminium alloys is very small. 
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Elastic energy absorption  
 
Due to the lower E-modulus aluminium can absorb elastically the 3-fold amount of energy 
before plastic yielding compared with steel. This property is significant for crash-relevant 
components, like bumpers, etc. 
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4.2.3 Plastic behaviour 
 
See also: 

 AAM – Products – 2 Extruded products > Tempers and mechanical properties > 
Tempers and static properties 

 

 
 
Yielding and plastic deformation  
 
Aluminium and its alloys usually show a smooth transition from elastic to plastic deformation 
(designated by the value of Rp0.2). An exemption are the Al-Mg alloys with more than 2% 
Mg, which exhibit a Luder's effect in the annealed temper.  
 
The onset of plastic yielding is generally not significantly strain-rate sensitive - in contrast e.g. 
to steels -, although there is a slight increase in yield strength at very high loading rates.  
 
There is no difference between the yield stress in tension and compression. 
 
Aluminium and all of its alloys work-harden over the whole temperature regime (also under 
cyclic straining), i.e. they show a stable flow characteristic.  
The rate of work-hardening is not significantly strain-rate dependent until at temperatures 
above approx. 100°C.  
 
Some alloys, particularly the Al-Mg alloys, show a serrated flow curve. The serrations 
appear after a few % of plastic strain, intensifying with increasing strain. This effect, called 
Portevin-le-Chatelier or dynamic strain ageing effect, may result in a growing surface 
roughness at larger strain levels. Above ambient temperatures the phenomenon disappears. 
 
The flow curve can be described by the Ludwik-Holloman equation for parabolic flow. For 
detailed calculations various modification of the L-H equation have been proposed for better 
fit (see special chapters on flow curves for sheet and extrusion).  
 
The flow curve is significantly influenced by anisotropy (texture) resulting from the thermo-
mechanical history (examples for extruded and sheet alloys are given in other sections of the 
Manual.  
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4.2.4 Fracture behaviour 
 
See also: 

 AAM – Materials – 2 Alloy constitution > Heat treatment > Annealing 
 AAM – Materials – 2 Alloy constitution > Heat treatment > Solution treatment and 

ageing > Solution treatment 
 AAM – Materials – 2 Alloy constitution > Heat treatment > Resolution treatment 
 AAM – Materials – 2 Alloy constitution > Heat treatment > Retrogression heat 

treatment 
 

 

REM photograph fracture of 6082-T6 forging 

Source: F. Ostermann, ATS 

 
Typical ductile fracture mode  
 
Fracture of aluminium and its alloys under static tensile loads at ambient and low 
temperatures occurs principally as "ductile fracture", i.e. by growth of microholes originating at 
microstructural discontinuities like precipitates or other constituent particles and by necking of 
the ligaments between holes, s. fig. above.  
 
Fracture sites are regions of localised strain concentrations, as e.g. in the necking region of a 
tensile test bar.  
 
Ductility is a materials property, but strongly dependent on the state of stress.  
 
Effect of state of stress and strain  
 
As with other ductile metals, plastic strain limits are strongly depending on the local state of 
stress and strain.  
 
Therefore, measures of ductility have to be compared under comparable stress and strain 
conditions.  
 
Common ductility measures:  

 Fracture elongation [A5, A10, A80];  
 Reduction in Area [Z];  
 Forming limit diagram [FLD]. 
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Effects of strength level on ductility  
 
As a general rule, the ductility of metals decreases with increasing strength level. In 
correspondence with this rule the ductility of aluminium alloys decreases  

 with increased degree of work-hardening,  
 with increased age-hardening,  
 with increased alloy content.  

 
There are, however, several possibilities to obtain increased ductility levels by suitable heat 
treatments.  
 
Furthermore, there are a number of microstructural influences on ductility, s. next page. 
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4.2.5 Effects of microstructure on ductility and fracture 
 
Literature: 

 Altenpohl, D., Aluminium von innen, Düsseldorf: Aluminium-Verlag, 1994, ISBN 3-
87017-235-5 

 

 

REM photograph of mixed trans- & inter-granular fracture mode in AlSiMg alloy 

Source: B. Grcemba, VAW AG Bonn 

 
Intergranular fracture  
 
The normal fracture behaviour of aluminium and its alloys is independent of the magnitude of 
the elongation at fracture and characterised by a ductile, transcrystalline shear fracture mode.  
Brittle fracture without prior plastic deformation is an exception in aluminium alloys. It is based 
on avoidable, normally intergranular anomalies of the microstructure due to grain boundary 
precipitates or a tendency to stress corrosion. Transcrystalline, brittle cleavage fracture does 
not occur in aluminium. 
 
A low ductility fracture can be caused by weakening of the grain boundaries due to particles 
which were formed preferentially at the grain boundaries. Such grain boundary precipitates 
can form e.g. in AlMgSi alloys with excess of Si, if these are cooled too slowly from solution 
heat treatment temperature. The fracture surface shows a mixture of brittle intergranular 
fracture and ductile shear fracture, s. fig. above.  
 
Impurity level  
 
Ductility is also influenced by impurity elements, especially by the Fe-content. This is true for 
wrought as well as for casting alloys. 
 
Other microstructural effects  
 
Ductility will suffer from  

 coarse grain size,  
 mixed microstructure (partial recrystallisation)  
 large dendrite arm spacing in castings,  
 insufficient purification of melt (oxides),  
 high hydrogen content in castings (pores),  
 shrinkage porosity. 
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4.2.6 Mechanical properties at elevated temperatures 
 
Literature: 

 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 
York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 

 Cobden R.: Aluminium: Physical Properties, Characteristics and Alloys. TALAT 
lecture 1501, EAA, 1994 

 
The modulus of elasticity and the static strength values continuously decrease at elevated 
temperatures (see figure 1 and figure 2). One can assume a decrease in strength of approx. 
5% at 100°C. A significant sharp decline of the elevated temperature strength values takes 
place at temperatures higher than 120°C. Under these conditions, creep processes may 
occur and creep becomes most important for temperatures above 200 – 250°C. For the 
strain-hardened and age-hardened alloys softening (recovery) or overageing, respectively, 
takes place in the same temperature range. 
 

 

Figure 1: Modulus of Elasticity of Aluminium at various temperatures 

 

 

Figure 2: Tensile Strength 
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4.2.7 Fatigue behaviour 
 
See also: 

 AAM – Design – 2 Performance > Fatigue 
 
Literature: 

 Cobden R.: Aluminium: Physical Properties, Characteristics and Alloys. TALAT 
lecture 1501, EAA, 1994 

 
The fatigue (endurance), proof and ultimate tensile strengths of a number of Al alloys are 
compared in the figure at right. The fatigue strength was determined using rotating-beam 
tests at 5 x 10-8 cycles using polished specimens.  
 
In practice, the fatigue resistance is considerably reduced by local stress raisers such as 
sharp grooves, shoulders, abrupt changes in profile or even machining marks and scratches. 
This is particularly the case when the surface imperfection or stress raisers run across the 
direction of the stress field.  
Such surface inhomogeneities produce small zones of intensified stress which have a far 
greater influence on the fatigue strength than the differences which can be attributed to the 
application of different alloys. Design and manufacture are therefore always the key elements 
in influencing the fatigue resistance of a component or structure.  
 
These last statements are particularly true when considering welded structures and they hold 
true both for Al and steel. 
 

 

Fatigue, proof and ultimate tensile strengths of some wrought aluminium alloys 
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4.3 Physical properties 
 

4.3.1 Physical properties of 99.99% pure aluminium 
 
A survey of important physical properties of 99.99% purity aluminium is given in the table 
below. 
 

 

Table of physical properties of 99.99% pure aluminium 

 
Many of the properties shown in this table depend on temperature, degree of purity resp. 
chemical composition and pressure. For most of the cases in application technology the 
pressure dependence of physical properties practically does not play any role.  
 
The physical properties of selected wrought and cast alloys are shown in the following screen. 
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4.3.2 Physical properties of wrought alloys and casting alloys 
 

 

Selected physical properties of wrought aluminium alloys 

Source: EAA/ALUSELECT 

 

 

Selected physical properties of some casting alloys 

Source: EAA/ALUSELECT 
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4.4 Corrosion behaviour 
 

4.4.1 Basic phenomena of corrosion of aluminium materials 
 
See also: 

 AAM – Products – 2 Extruded products > Corrosion resistance 
 AAM – Products – 3 Automotive tubes > Corrosion properties 
 AAM – Products – 3 Automotive tubes > Corrosion properties > Long Life Alloys 

(LLA) 
 AAM – Design – 2 Performance > Corrosion > Galvanic corrosion – Design 

guidelines for dissimilar joints 
 
Objectives  
 
This chapter is devoted to a description of the basic phenomena of corrosion of aluminium 
materials, as they may occur in automotive applications.  
 
More specific details on the corrosion rating of alloys and on design and fabrication related 
aspects, especially those which may be experienced with dissimilar metal designs, are 
treated elsewhere in the Manual. 
 
General definition of corrosion (according to DIN 50900) 
 
Corrosion is the reaction of a metal with its environment that leads to a measurable change of 
the material and can impair the function of a part or of a system.  
 
The generally good corrosion resistance of "aluminium" is based on the stability and 
adherence of its natural, protective oxide film. Since the bare metal is rather reactive in 
aqueous environments, corrosion attack is only experienced where the protective oxide film is 
penetrated or destroyed and prevented from regeneration. 
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4.4.2 Protective oxide film 
 
Literature: 

 Pourbaix, M.: Atlas of electrochemical equilibria in aqueous solutions, Pergamon 
Press, 1966, p.171 

 
The natural compact and adherent film of aluminium oxide forms when a fresh aluminium 
surface is exposed to air. On freshly rolled sheet the thickness of the oxide film is ~2.5 nm 
and grows over the years to ~10 – 20 nm.  
 
The Al-oxide film is stable over the range of pH ~4.5 to ~8.5. When the oxide film dissolves, 
e.g. in strong acids and alkalis, dissolution of the metal occurs too, i.e. the metal corrodes. 
Therefore aluminium is termed an amphoteric metal. The presence of certain anions (e.g. Cl- ) 
or cations (e.g. Cu2+ ) also has an influence on the stability of the oxide film. 
 
Figure: Pourbaix diagram for aluminium with an Al2O3 x 3H2O film at 25°C. Potential values 
are for the standard hydrogen electrode (SHE). 
 

 

Oxide layer with increased thickness (~400 nm) produced by anodisation (H3PO4); 

M = 50.000x 

 
The diagram shows the regions of immunity and passivity as a function of pH-value and 
electrode potential. 
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Potential-pH diagram according to Pourbaix for aluminium with oxide film in aequeous 
solution at 25 °^C 
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4.4.3 Electrochemical nature of corrosion 
 
Literature: 

 Ostermann, F. and 8 Co-authors, Aluminium Materials Technology for automobile 
construction, English translation edited by Roy Woodward, London Mechanical 
Engineering Publications Limited, 1993, ISBN 0 85298 880 X 

 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 
York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 

 Ostermann, F. und 8 Mitautoren, Aluminiumwerkstofftechnik für den Automobilbau, 
Ehningen: Expert-Verlag, 1992, ISBN 3-8169-0773-3 

 
Corrosion is an electrochemical process, i.e. it relies on electron transfer. Corrosion of 
aluminium can be split into an anodic and cathodic part- reaction which can occur at separate 
places on the metal surface provided that they are in electrical contact. 
 
The anodic reaction is an oxidation process and releases electrons:  
 

2 Al  2 Al3+ + 6 e 
(in acid solutions)  
 

Al + 4 OH-  Al(OH)4- + 3 e  
(in neutral and alkaline solutions) 

 
The cathode reaction is a reduction process and accepts electrons:  
 
6 H+ + 6 e-  3 H2  
(in acid solutions)  
 

3 H2O + 3 e-  3 OH- + 3/2 H2  
(in alkaline solutions)  
 

O2 + 2 H2O + 4 e-  4 OH  
(in aerated solutions)  
 
The rate of electron transfer between the anodic and cathodic reactions is a measure of the 
corrosion rate (often called corrosion current).  
 

 

Schematic of the electrochemical corrosion mechanism of Al 

Source: F. Ostermann, Lit. 
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4.4.4 Influence of alloy composition 
 
Literature: 

 Textor M., Néma P., Timm J.: Car body alloys and methods of corrosion protection: 
aluminium sheet; Mat.-wiss. u. Werkstofftech. 26 (1995) 318 - 326 

 
The type, extent and progress of corrosive attack are influenced both by the environmental 
conditions including part design and by the chemical composition, the microstructure and the 
surface characteristics of the material.  
The higher the purity of aluminium, the greater is its corrosion resistance.  
Alloying elements that are added to achieve certain material properties, e.g. to increase the 
material strength, change the electrochemical behaviour of pure aluminium. Important factors 
are the type and concentration of the added elements, e.g. whether they are present in solid 
solution or as intermetallic particles.  
In the table below the corrosion potentials are given of some intermetallic phases and their 
electrochemical behaviour relative to the aluminium matrix.  
The grain structure, the type and size of intermetallic particles and their distribution, e.g. 
preferential precipitation along grain boundaries or homogeneous distribution, are influenced 
by the processing conditions. This allows controlling the microstructure with respect to 
corrosion resistance. 
 

 

Corrosion potentials of intermetallic phases measured in 1 n NaCl + 8g/l H2O2 

 
The table below shows a rough listing of aluminium alloys regarding their corrosion 
resistance. 
 

 

Rough listing of Al alloys regarding their corrosion resistance 
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4.4.5 Pitting corrosion 
 
Literature: 

 Textor M., Néma P., Timm J.: Car body alloys and methods of corrosion protection: 
aluminium sheet; Mat.-wiss. u. Werkstofftech. 26 (1995) 318 - 326 

 
Pitting corrosion occurs when small localised "anodic" areas are present on an otherwise 
passive surface (see Pourbaix diagram, page 2) in an aggressive aqueous solution, e.g. 
containing chloride or heavy metals. The negative effect of chloride ions can be explained by 
penetration of the ions through the oxide layer.  
 
Pitting corrosion leads to more or less circular pits of variable size. The amount of metal loss 
is relatively small and static strength properties of the material are nearly not affected. 

 

 

Typical appearance of pitting corrosion: local attack with irregular distributed, virtually 
roundish dimples of variable size 

 
In contact with neutral, weak acidic or alkaline solutions the metal loss is only small, s. figure 
below. Furthermore often undissolvable corrosion products are formed that hinder further 
corrosive attack. 
 

 

Maximum depth of local corrosive attack of aluminium alloys in different climates 
(typical evolution, d ~ t^(1/2)) 
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4.4.6 Intergranular corrosion 
 
Literature: 

 Textor M., Néma P., Timm J.: Car body alloys and methods of corrosion protection: 
aluminium sheet; Mat.-wiss. u. Werkstofftech. 26 (1995) 318 - 326 

 Godard, P., Aluminium. In The corrosion of light metals, New York-London-Sidney: 
John Wiley & Sons, Inc., 1967 

 Metals HandBook. Volume 13, Corrosion, ASM International, 1987 
 Vargel C., Corrosion de l'aluminium, Dunod, Paris, 1999ISBN 2 10 0041916 

 
Intergranular corrosion (IC) is a form of localised subsurface attack in which a narrow path 
is corroded out preferentially along the grain boundaries of the metal. The corrosion 
mechanism is electrochemical and depends on the presence of local electrolytic cells at the 
grain boundaries. The local cells are usually caused by the presence of intermetallic particles 
at the grain boundaries and adjacent denuded zones having a different solution potential. The 
precipitates may be anodic, e.g. as MgZn2 or Al8Mg5, and corrode preferentially. Or they may 
be cathodic, e.g. as CuAl2, in which case they do not corrode but stimulate corrosion of the 
adjacent denuded zone. In either case selective grain boundary corrosion occurs.  
 
The degree of susceptibility of an alloy to intergranular corrosion can thus vary appreciably, 
depending on its microstructure (amount, size, distribution of second phase particles) which is 
the result of its metallurgical history and thermal treatment. Heat treatments that cause 
precipitation throughout the grain tend to diminish the sensitivity to intergranular corrosion.  
 
Intergranular corrosion can lead to a loss of mechanical properties depending on the depth of 
penetration into the metal. 
 

 

Typical appearance of intergranular corrosion: preferred local dissolution of metal 
under the surface along the grain boundaries 

 
IC can occur in alloys in which grain boundary precipitates exist which have a different 
solution potential as the aluminium matrix, e.g. AlCu alloys. For more information see Lit. 
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4.4.7 Stress corrosion cracking 
 
Stress corrosion cracking (SCC) is characterised by a propagation of intergranular cracking 
due to the presence of stress intensities well below the fracture toughness in an elastically 
loaded material. SCC requires a combination of:  

 a corrosive environment, e.g. a chloride containing electrolyte  
 residual internal or applied tensile stress beyond a threshold limit  
 susceptible microstructure of the material allowing an easy crack propagation.  

 
SCC is characterised by a brittle failure in a material that is otherwise ductile. The crack 
propagates in a plane perpendicular to the direction of applied stress. In the absence of either 
a continuous tensile stress or a corrosive environment, cracking does not occur. The 
mechanism of stress corrosion failure of aluminium alloys involves both electrochemical and 
mechanical processes. In the first stage intergranular corrosion attack occurs by local 
corrosion cell action. In the corroded area small cracks develop by mechanical stresses. This 
leads to further electrochemical action and to a deepening of the cracks. SCC can occur in 
AlCu-, AlMg-, AlZnMg(Cu)-, and AlLi-alloys when a susceptible microstructure is present and 
the pre-conditions mentioned above are fulfilled. 
 

 

Typical appearance of stress corrosion cracking: Crack initiation at the surface, 
preferentially at coarse grain zones, crack propagation intergranular; AlZn4.5Mg1 

extrusion, anodised in Barker's reagent 
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4.4.8 Exfoliation corrosion 
 
Literature: 

 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 
York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 — s. chapter 5.4, page 
124, especially fig. 5.4.8 

 
Exfoliation corrosion, also called layer or lamellar corrosion, is a specific type of selective 
attack that proceeds along multiple narrow paths given by the microstructure of the material 
parallel to the surface of the metal. Generation of corrosion products forces the layer apart 
and causes the metal to swell. Flakes of metal may be pushed up and even peel from the 
surface. The usual preferential corrosion paths are along grain boundaries, if these are in the 
same direction due to mechanical working, e.g. in extrusions with fibrous grain structure or in 
sheet with high degree of cold rolling.  
 
Exfoliation corrosion can occur in AlCu-, AlMg-, AlZnMg(Cu)-alloys when the material is in a 
sensitive temper. In AlZnMg alloys the heat affected zones of fusion welds are sensitive to 
exfoliation corrosion, unless the component is subjected to an additional re-aging at 120°C, s. 
Lit. 
 

 

Typical appearance of exfoliation corrosion: lamellar corrosion attack parallel to the 
metal surface preferably along the grain boundaries. Corrosion products press 

individual, not attacked layers apart  lamellar delaminations. AlZnMg extrusion alloy: 
primary Al(Fe,Mn)Si precipitates act as cathodic attack of the Al matrix. 
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4.4.9 Filiform corrosion 
 
Literature: 

 Bleeker, R., Bottema, J., Sibson, J., Gehmecker, H., Johannpötter, O.: Filiform 
Corrosion of Painted Al Body Sheet AA6016 with Special Attention to Alloying 
Element Copper. Proc. ASST2000, (2000) 

 Bleeker, R., Lahaye, C.T.W.: Filiform corrosion of painted aluminium automotive body 
sheet with special attention to the alloying element copper. Proc. of Eurocorr2000 
(2000) 

 
Filiform corrosion appears as worm like tracks tunnelling under a surface coating, e.g. an 
anodisation or lacquer layer on the aluminium surface. The attack takes place at the 
metal/coating interface.  
 
This type of corrosion can occur when the surface coating has insufficient barrier properties or 
is damaged and the aluminium surface has not been pretreated accordingly, e.g. by means of 
pickling or a conversion pre-treatment. Further important influencing factors are the relative 
humidity and the presence of corrosive agents, e.g. chlorides. 
 

 

Typical appearance of filiform corrosion: vermicular attack of surface-coated, e.g. 
painted or anodised aluminium components at the interface metal/coating. 
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4.4.10 Galvanic corrosion 
 
See also: 

 AAM – Design – 2 Performance > Corrosion 
 
Litterature: 

 Metals Handbook, volume 13 Corrosion, ASM Ohio 1987 
 
Galvanic cells 
 
An electrical potential, or voltage, difference exists between two dissimilar metals when they 
are immersed in a conductive solution, or electrolyte. If these metals are placed in contact (or 
otherwise electrically connected), this potential difference produces electron (current) flow 
between them.  
The metal from which the electrons flow is termed the anodic, or less noble, metal; the metal 
to which the electrons flow is termed the cathodic, or more noble, metal. As the electron flow 
proceeds, the anodic metal dissolves (or oxidizes) in the conductive solution. The 
dissolution process is termed galvanic* corrosion and the combination of the two metals in the 
conductive solution is called a galvanic* cell or galvanic* couple.  
The dissolution (corrosion) rate of the anodic metal is proportional to the magnitude of the 
electric current, or corrosion current between the two metals.  
 
Figure below: typical galvanic couple. The anodic metal is aluminum and the cathodic metal is 
carbon steel. If the metals are not touching each other (left figure) a voltage difference can be 
measured between the two metals; however, the corrosion rates of each metal remain 
independent of the other because no path exists for electrons to travel between them. If the 
metals are connected to each other (right figure), electrons can travel from the anodic metal, 
aluminum, to the cathodic metal, carbon steel. 
 

 
 
Corrosion potentials 
 
The voltage of each individual metal, and hence the voltage difference between any two 
metals, can be measured. Voltages of individual metals are called the electrode potential or 
corrosion potential of that metal. They are usually measured with respect to some reference 
electrode (usually saturated calomel reference electrode (SCE) in a sodium chloride solution).  
The difference in corrosion potential of two coupled materials provides a rough first 
approximation of the relative galvanic corrosion rate (see Table below). As a simple 
approximation, the greater the potential difference between two coupled metals, the greater 
the possibility that galvanic corrosion will occur. It must be stressed, however, that this is only 
a simplistic, rough approximation. 
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1 Measured in a solution of 53 g/liter NaCl + 3 g/liter H2O2 per ASTM G69  
2 Potentials are versus Saturated Calomel Electrode (SCE). The potentials in the Metals HandBook are 
versus 0.1N Calomel. (mVSCE = mV0.1N + 92mV) 

Corrosion potentials for a variety of metals and alloys 

 
Polarization – change of potential 
 
The corrosion potential of a metal is measured under conditions of no current flow. As a 
current is passed to or from a metal, its potential changes. The change is called polarization. 
When two metals are coupled, the galvanic current that flows between them causes them to 
be polarized to the same potential. In some cases, the potential of the anodic metal changes, 
or becomes polarized, to a value close to the potential of the cathodic metal. In other cases, 
the potential of the cathodic metal changes, or polarizes, to a value close to that of the anodic 
metal. In the former case rapid corrosion of the anodic metal takes place; in the latter, little 
corrosion of the anodic metal occurs.  
 
Thus, the extent of galvanic corrosion which occurs is not only dependent on the initial 
potential difference and environment (as discussed above), but the extent to which each 
member of the galvanic couple is polarized.  
For example, the potential difference between aluminium and stainless steel is greater than 
the potential difference between aluminium and copper measured in a neutral chloride 
solution (see Table 1). Yet, stainless steel is galvanically compatible with aluminium, but 
copper is not. This is because stainless steel is easily polarized toward the potential of 
aluminium, while copper is not. Therefore, aluminium corrodes more readily when in contact 
with copper than when in contact with stainless steel.  
 
The same is true for aluminium coupled to mild steel vs. aluminium coupled to stainless steel. 
While the potential difference for aluminium/mild steel is smaller than that for 
aluminium/stainless steel, the galvanic corrosion rate for aluminium coupled to mild steel is far 
greater than that for aluminium coupled to stainless steel. This is again because stainless 
steel is easily polarized toward the potential of aluminium, while mild steel is not. 
 
Anode to cathode area ratio 
 
In addition to the potential difference and polarization of the cathodic metal, the magnitude of 
the corrosion depends on the relative areas of the dissimilar metals. The cathodic member 
of the couple often dominates the corrosion reaction rate. Therefore, an increase in cathodic 
area results in a higher rate of corrosion at the anode. 
 
Thus, galvanic corrosion can be minimized by reducing the cathodic area and/or increasing 
the anodic surface area.  
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The figure below illustrates this effect for alloy 6111 (Al-Mg-Si-Cu), coupled to bare (not 
galvanized) mild steel (test environment: 3.5 weight % NaCl).  
 

 

Galvanic couple: Alloy 6111 / Mild Steel (not galvanised) 

Test environment: 3.5 weight % NaCl 

 
This data is from a laboratory electrochemical experiment. The two specimens are coupled 
through a zero-resistance ampere meter, which allows the galvanic current to be measured 
without external influence from the measuring electronics.  
 
Increasing galvanic current density indicates an increased rate of galvanic corrosion for the 
aluminium. 
 
Environment 
 
The electrical conductivity of the solution or electrolyte is an important factor in corrosion. 
For example, more corrosion will occur on aluminium coupled to steel in high conductivity 
sodium chloride solution (e.g., road salt splash) than will occur in plain water. A more practical 
illustration is the difference in corrosion occurring in the splash zone of an automobile 
(fenders, door, etc.) exposed to a chloride containing de-icing salt as opposed to the 
corrosion that occurs above the splash zone (hoods, deck lids, etc.).  
 
The oxygen content of the electrolyte is also a critical factor. Consider as an example a 
typical 6XXX series aluminium alloy coupled to mild steel (cathode). The severity of galvanic 
corrosion is to a large extent governed by the rate of reaction at the cathode. The cathodic 
reaction rate on steel is highly dependent upon the concentration of oxygen in solution.  
When exposed to the same solution, but now actively aerated (i.e., air bubbled into it) the 
corrosion currents increase by roughly an order of magnitude.  
 
This is illustrated for alloy 6111 on the previous screen. Note that due to the additional oxygen 
available for cathodic activity the difference between aerated and quiescent is roughly an 
order of magnitude.  
 
This example is given to further illustrate the need for caution when using electrode 
potentials as a guideline for galvanic corrosion performance, without considering other 
factors. The environment that the potentials were measured in is a highly oxygenated 
environment. Many application environments are not actively aerated or oxygenated. Using 
electrode potentials as a guideline may provide unrealistically severe estimations of danger of 
galvanic corrosion. 
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4.4.11 Crevice corrosion 
 
Between adjacent aluminium surfaces in close contact, forming a crevice, localised corrosion 
can occur on entry of humidity.  
 
The critical crevice width is ~0.02 to 0.5 mm.  
 
This type of corrosion, termed crevice corrosion, is enhanced by additional presence of dirt or 
salt, e.g. in marine environment or by winter de-icing salts.  
 
The cause of crevice corrosion is the formation of a local galvanic cell consisting of the inside 
of the crevice exhibiting a depletion of the oxygen content of the electrolyte and the oxygen 
rich outside surface (cathode).  
 
A further influencing factor is the formation of acidity within the crevice causing a pH 
decrease. Crevice corrosion is especially pronounced when the crevice is formed by metals 
with different electrochemical behaviour (s. galvanic corrosion). If the crevice or the cathode 
surface dries out, corrosion stops.  
Generally the amount of aluminium consumed by crevice corrosion is small. It is, however, of 
practical importance for metal with thin cross section, e.g. foil, and in cases in which surface 
appearance is important. Furthermore the production of bulky corrosion products in a 
confined space can exert a strong disruptive force and lead to the distortion of assemblies 
made from heavy sections. 
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4.4.12 Corrosion fatigue 
 
The fatigue life of aluminium components decreases substantially when simultaneous loading 
by fatigue and corrosion occurs.  
 
The resulting reduction in the fatigue life depends on the material (alloy composition and 
microstructure) as well as on the geometry of the component. The stress concentration factor 
plays a major role in this respect. Whereas for small notches, the fatigue life is reduced by a 
factor of 2 – 3 by the presence of a corrosive environment, the reduction factor may reach up 
to 5 – 6 for deep notches.  
 
Corrosion fatigue is most relevant for alloys and microstructures which are corrosion-sensitive 
per se. It can be seen clearly that the fatigue performance of AA 5182 alloy is significantly 
influenced by salt spray corrosion. This effect is most pronounced in the high cycle region. 
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5 Wrought materials production 
 
See also: 

 AAM – Materials – 6 Special materials production > Longitudinally welded tubes 
 AAM – Materials – 6 Special materials production > Metal Matrix Composites 
 AAM – Materials – 6 Special materials production > Laminates / Sandwiches 
 AAM – Materials – 6 Special materials production > Foam 
 AAM – Materials – 6 Special materials production > Tailored blanks 

 

5.1 What to find in this section 
 
This section describes the processes for production of major semi-finished automotive 
products, i.e. for sheet, extrusions, forgings and impact extrusions. (Special materials' 
production, such as welded tubes, MMC, Laminates, Foam and Tailored Blanks, are treated 
in a subsequent section.)  
 
The purpose is to illustrate the production processes, which lead to special qualities and 
shapes and to a variety of surface finishes, as background for material selection and 
fabrication. When specifying or designing such products, it is important - for economic 
reasons - to consider the characteristics of the production processes.  
 
Semi-finished automotive products are specialty materials with closely controlled properties 
and tolerances for specific customer requirements and are to be distinguished generally from 
standard mill products and stock materials for general purpose applications. 
 

  
 
Right figure: Run-out table of an extrusion press with cooling/quenching equipment for in-line 
heat treatment of extrusions. 
 
Left figure: Coiling of hot rolled strip. 
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5.2 Automotive sheet 
 

5.2.1 Automotive sheet production 
– Rolled material with special property profile 

 
Literature: 

 Furrer, P. and Bloeck, M.: Aluminium-Karosseriebleche. Landsber: Verl. Moderne 
Industrie, 2001, (Die Bibliothek der Technik; Bd. 220) ISBN 3-478-93250-5 

 
Automotive sheet material is a specialty material  
 
In order to comply with the requirements of the car manufacturer aluminium automotive sheet 
materials have been developed with special property profiles, which are the result of 
combined characteristics of  

 the base material and  
 the sheet surface (s. figure below). 

 

 

Source: M. Bloeck and G. Marshall, Alcan 

 
Sheet production comprises several discrete steps:  

 ingot casting,  
 hot rolling,  
 cold rolling and  
 finishing (heat treatment, surface preparation and/or cutting). 
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5.2.2 Automotive sheet production 
– Process steps influence microstructure and properties 

 
Base material properties are directly related to microstructure which is strictly controlled by 
alloy composition and the processing parameters. Examples of key processing parameters 
are given in the accompanying table. 
 
The sheet surface characteristics have a significant influence on:  

 friction behaviour, i.e. during 

◦ transport of the panels, 

◦ forming, 

◦ mechanical joining, 
 joining performance, e.g. during welding, bonding, 
 adhesion of coatings and lacquers, 
 optical appearance after lacquering, 
 corrosion resistance 

 

 

Source: M. Bloeck and G. Marshall, Alcan 

 
Evolution of Microstructure 
 
The essential microstructural features developing during the complete chain of thermo-
mechanical processing steps from ingot casting through ingot homogenisation, hot rolling, 
cold rolling and intermediate or final annealing are  

 grain structure  
 constituent phase particles  
 precipitations and  
 textures. 
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Typical process chain for rolled products 

Source: L. Löchte, VAW aluminium AG Bonn 
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5.2.3 From ingot to strip and panel 
 

Cast House 

 
Raw metal for production of ingots:  

 Mixture of primary aluminium and sorted fabrication scrap or secondary aluminium 
gained by melting of scrap from recycled products. 

 
Casting:  

 Alloying elements are added (when needed) to the melt to attain precise composition 
control.  

 The molten Aluminium is filtered and degassed immediately before casting.  
 DC casting stands for Direct Chill casting.  

 
For example an aluminium smelter or cast house will produce between 100-600 kt of sheet 
ingots annually with an individual ingot weighing up to 27 t. A casting centre will cast up to 
five ingots in a single operation 
 

 

Casting of aluminium ingots 

Source: M. Bloeck, Alcan, 87331 

 
From ingot to rolling slab  
The cast ingots are typical sawn at head and foot to remove head skrinkage and start of cast 
foot region. The cast surface imperfections and metallurgical inhomogeneities are also 
removed by scalping the rolling faces to a predefined depth that depends on alloy and product 
requirements.  
 
Strip casting  
It is also possible to produce a coil of aluminium by a semi-continuous route using a block, 
belt or roll caster. The semi-fabricated product is a coil in the 3 to 10 mm range which would 
subsequently be cold rolled to final gauge. Casting a thin strip product can have economic 
advantages but there are metallurgical drawbacks associated with rolling a cast surface, lack 
of homogenisation and chemical segregation linked to some alloys. For these reasons 
continuous casters have yet not been adopted for automotive sheet. 
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Rolling ingots are retracted from casting pit 

Source: M. Bloeck, Alcan, 87333 
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Hot Rolling 

 
Preheating: the slabs are preheated at 480-580oC for several hours for homogenization of 
the microstructure.  
 
Hot rolling: the preheated slabs are hot rolled using exactly defined pass reductions and 
controlled temperature conditions.  
In most rolling plants hot rolling is done on a reversing mill (up to ~ 25 mm strip gauge) 
followed by rolling on a tandem mill.  
In some rolling plants hot rolling is performed on a reversing mill only. Depending on the hot 
rolling concept, the gauge of the hot rolled strip can vary between 3-12 mm. The hot rolled 
strip is hot coiled and cooled down to RT. 
 
Cold rolling: The hot rolled strip is cold rolled to final gauge in several passes. Cold 
deformation leads to an increase of the material strength. Therefore, for some alloys an 
interanneal is performed to allow further rolling.  
 

 

Hot rolling on a reversing mill 

 

 

Coiling of the hot rolled strip 
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Annealing of cold rolled strip 

 
At final gauge the strip is annealed to adjust the required material properties:  

 heat treatable alloys, such as AlMgSi alloys, are subjected to an anneal in a 
continuous annealing furnace with rapid heating to the required metal temperature 
(MT), short hold at MT followed by quenching. By this solution anneal the main 
alloying elements Mg and Si are dissolved leading to a good formability of the 
material (T4 temper).  

 AlMg alloys are soft annealed at inter- mediate or final gauge depending on the 
required temper. Usually the coils are annealed in batch type furnaces for several 
hours at 300 to 400 °C. 

 

 

Source: M. Bloeck, Alcan, No. 87 357 

 
(above): Continuous anneal of aluminium strip: surface quality inspection at the exit of the 
annealing furnace.  
 

 

Source: M. Bloeck, Alcan, 2001 

 
(above): Batch type annealing furnace for coils under protective gas. Typical technical 

details of a batch furnace   
 
number of coils:  max. 5-6 coils  
max. strip width: 2050 mm  
coil OD:   max. 2200 mm  
coil weight:  max. 12000 kg  
protective gas:  nitrogen  
max. gas temperature: 600 °C  
heating system:  electric 
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Production of Brazing Sheet 

 
See also: 

 AAM – Products – 1 Rolled products 
 AAM – Joining – 4 Brazing 

 

 
 
Roll Bonding – Brazing packs are normally hot roll bonded following an appropriate 
preheat/homogenisation cycle (460 to 620°C). Bonding is normally complete after 2-3 defined 
reductions. Thereafter, hot rolling is similar to that of standard sheet products. Gauge of the 
hot rolled strip is typically 2.5 to 4.5 mm 
 

 
 
Clad Packs – Clad thickness can range from 5 to 20% of the total pack thickness and can be 
single or double sided clad, sometimes with differential % cladding. For some applications, it 
is also required to produce brazing sheet with a corrosion resistant cladding (AA1050 or 
AA7072).  
Multi-clad products are also available. 
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Brazing Sheet Coil – Material is supplied typically in H14/H24 tempers for radiator tubestock 
products and in fully soft temper for high formability products. 
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Cutting of panels 

 
See also: 

 AAM – Manufacturing – 2 Cutting > Shear cutting > Blanking 
 
Annealed strip is supplied in coil or is cut longitudinally or into individual panels 
depending on customer needs.  
Flatness tolerances for hot rolled and cold rolled strip, sheet and plate: see EN 485-3 and 
485-4. 
 

 
 
For certain parts, e.g. hoods, the strip is cut into panels with special shape. This offers the 
advantage that production costs and scrap can be saved. 
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5.2.4 Special sheet surfaces 
 

Surface topographies 

 
The sheet surface topography affects 

 the formability of the material and 
 the appearance of the panels after lacquering.  

 
Special topographies have been developed for automotive sheet.  
 
The required topography usually is transferred during the last cold rolling pass from carefully 
prepared work rolls to the strip surface using controlled rolling conditions.  
 
In Europe the established surface quality is EDT (Electric Discharge Texturing). To produce 
this topography the roll surface is textured by means of electric discharge. Transfer to the 
strip requires a special rolling practice.  
 
In North America the established surface is mill finish which is achieved without special 
work roll topographies and using standard rolling practices. 
 
Millfinish surface of strip 
 

 

SEM micrograph of the surface structure of automotive sheet with Millfinish 
topography 

Source: Alcan 
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EDT surface of strip 
 

 

SEM micrograph of the surface structure of automotive sheet with EDT topography 

Source: Alcan 

 
EDT surface of dressing rolls 
 

 

SEM micrograph of the surface structure of dressing rolls with EDT topography 

Source: Alcan 
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Chemical & electrochemical pre-treatment 

 
Reasons for pre-treatment of strip:  
 
Following are the main reasons for chemical and electro-chemical pre-treatment:  

 remove residues from rolling: oils and aluminium debris 

 Degreasing  
 generate an oxide layer with homogeneous properties  

 Etch cleaning (pickling) 

 pre-treatment and corrosion protection of adhesive bonds  
 Conversion or anodising layer  

 interlayer before application of a primer or lacquer  
 Conversion or anodising layer 
 
These pre-treatment are performed in coil coating lines.  
 
The contact with the chemical agents can be achieved by means of spray or immersion. The 
conversion treatment is, mainly due to environmental reasons, preferably performed in a No 
Rinse process, i.e. without rinsing after treatment.  
 
The conversion treatment can be done by means of a roll coater or by means of spraying or 
immersion followed by squeezing of excess chemical agents. 
 
Degreasing  
 
Degreasing of aluminium strip is preferably performed using mild alkaline agents that do not 
attack aluminium. 

 
Etch Cleaning (Pickling)  
 
Aluminium is covered by a natural oxide layer that can vary in thickness and composition 
depending on the alloy type and processing conditions. The oxide layer protects the 
aluminium against corrosion, because it is passive over pH ~4.5 to ~8.5.  
 
The surface properties of the material are strongly influenced by its oxide layer, e.g.:  

 the surface resistance has a considerable effect on the spot weldability; a low, 
homogeneous surface resistance is of advantage  

 the chemical composition of the oxide layer influences the performance of adhesive 
bonds and the adhesion of primers and lacquers.  

 
In order to achieve homogeneous surface characteristics a pickling process is done usually 
by means of acidic agents. 
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Conversion treatments 
 
Presently two main types of conversion treatment are applied, a thin stabilising pre-
treatment used mainly for closure sheets and a structural layer used when adhesive bonding 
is required. For a stabilising pre-treatment the natural oxide layer is removed and replaced by 
a chemically modified layer (<10 nm thick) (s. fig. 1) Suitable for this process are e.g. agents 
based on titanium- and/or zirconium-fluoride or on silicates. For environmental reasons 
chromating is not used any more. Thicker layers can be used for aluminium sheet where 
structural bonding is required. An example of this type is a silicate based system with a 50 nm 
layer (s. fig. 2). 
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TEM x-section of chemical conversion layer on Al sheet 
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Pre-coatings 

 
Lubricant application  
 
In order to protect the relatively soft aluminium surface for transport, the strip surface is 
usually covered with a thin film of a corrosion protection or deep drawing oil or alternatively 
with a dry lubricant film.  
 
Panels that are supplied for exterior applications sometimes still are covered for surface 
protection with interleave paper instead of a lubricant.  
 
The oil and dry lubricant usually are applied by means of roll coating or spraying.  
 
The use of dry lubricated sheet has the main advantage that automation is facilitated during 
pressing of panels in the press shop. 
 
Primers  
 
Aluminium sheet can be coated with an organic primer before supply to the OEM. The 
primers fall into two categories, electrical conducting primers that are electro-coat 
compatible and non-conductive primers that are electro-coat replacements with multiple 
layers up to the clear coat. The application of a primer offers a number of advantages:  

 surface protection during transport and handling  
 improved formability  
 in mixed metal constructions a primer coating can protect against galvanic corrosion 

of the aluminium  
 good bondability and long term stability of adhesive bonds  
 appearance after lacquering comparable to that of steel panels  

Primers are applied on the strip surface by means of a roll coater process after degreasing 
and conversion treatment. For curing of the primer the strip has to be heat treated. 
 
Application of Primers to aluminium sheet  
 
Both types of primers require special processing equipment to produce a high quality product. 
Following the final metallurgical heat treatment, the aluminium strip is first cleaned / 
degreased, then conversion treated for adhesion promotion and then coated with a primer. 
The organic based primer is typically roll coated but then has to be heat treated to harden the 
film. The temperature of bake hardening can be as a high as 240°C depending on the system 
chosen. For multiple coating layers a sequence of roll coating and baking steps is needed. 
The most efficient processing is achieved using an integrated line to perform all steps in 
sequence and indeed, when coupled to the metallurgical heat treatment, all finishing 
operations can be economically completed.  
 

Pre-lacquers are applied on the strip by means of a roll coater after degreasing and 
conversion treatment.  
 

Each lacquer layer has to be cured by heat treatment. 
 
Technical Details: 
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Coil Coating Line 

 
In-line treatment process steps: 
 

 levelling  
 continuous annealing followed by air or soft water quench  
 electrolytic cleaning/anodising: 0.05-0.20 µm  
 chemical pre-treatment: roll coater (Chemcoater), No Rinse  
 pre-coating: primers or pre-lacquers, roll coater, followed by curing  
 lubrication  
 lamination with protective films  

 

 

Part I of treatment line 

Source: Alcan 

 

 

Part II of treatment line 

Source: Alcan 
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Part III of treatment line 

Source: Alcan 
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5.3 Extrusion 
 

 
 

5.3.1 Automotive extrusions – Process steps and microstructure 
 
For processing steps from melt to section, see figure below. Base material properties are 
directly related to microstructure, which is controlled by alloy composition and the processing 
parameters. Generally, the higher the alloying content, the higher will be the profile strength 
and the lower the extrudability and cold formability. Microstructural features developing during 
processing steps from ingot casting through homogenising, extrusion, and in some cases 
solution treatment are:  

 grain structure,  
 constituent phase particles,  
 precipitations and  
 texture (fig.: texture at 40% depth). 

 

 

Evolution of microstructure during extrusion 

Source: Asboell, Hydro Aluminium 

 
The resulting microstructure and grain structure of the extruded sections will depend on 
several parameters:  

 The presence and number of dispersoids  
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 The alloy content in general  
 Extrusion conditions; shear deformation rate  
 Area of reduction ratio  

 
The grain size of the sections shown on the previous page are different in the way  
 i. that Alloy 6063 is recrystallised and exhibits the texture shown on p. 1,  
 ii. while Alloy 6082 exhibits only a thin recrystallised surface layer and a texture  
 somewhat different from the other.  
 
In contrast to alloy 6063, 6082 contains about 0.5 % Mn, which forms dispersoids which again 
have effect as a recrystallisation restraining agent. 
 
Alloy 6082 is more highly alloyed than 6063. Without the addition of Mn, this alloy would tend 
to recrystallise to coarse grains in and near the surface and thus exhibit reduced ductility.  
 
Therefore in general the high strength 6xxx- and 7xxx-series alloys are designed to contain 
dispersoids, which inhibit or reduce the tendency to recrystallisation during extrusion and thus 
maintain ductility and toughness.  
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5.3.2 Casting of extrusion log 

 
See also: 

 AAM – Products – 2 Extruded products > Alloys 
 
Metal sources  
are a mixture of primary aluminium and sorted fabrication scrap or secondary aluminium 
gained by melting of scrap from recycled products. 
 
Casting  
Alloying elements are added to the melt to attain precise composition control. On its way to 
the casting station, the molten aluminium is filtered and degassed. The casting process, 
which is a continuous process, (DC casting - Direct Chill casting), cast log lengths of typically 
about 7 m in length. 
 
One charge is typically 50 t metal, which gives about 50 logs of diameter 250 mm. 
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5.3.3 Cutting logs to billets / Preheating to extrusion temperature / 

Extrusion 
 
Cutting  
When the logs have been cooled after homogenising, they are cut to appropriate lengths, 
billets of about 1 m.  
 
Preheating  
Before entering the extrusion press, the billets are preheated to a suitable temperature, 450 – 
500 

o
C. Preheating is done in induction- or gas fired furnaces. Some extruders apply taper 

heating, which means that the front of the ingot is heated to a temperature 50 – 100 
o
C above 

the rear part. The aim of the taper heating is to compensate for the heat being generated 
during the extrusion process. 
 
The extrusion process  
The preheated billet is conveyed into the heated press container. The ram pushes the billet 
forward through the steel die at the end of the container. The finished section, as defined by 
the shape of the die, runs out of the press exit. At the run-out table a puller holds the section 
and pulls at a force suitable for keeping it straight. At the same time it is cooled by forced air 
or in some cases by water. 
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5.3.4 Extrusion presses 
 
See also: 

 AAM – Products – 2 Extruded products > Profile dimensions > Size limitations 
 
Extrusion presses  
Extrusion presses for automotive products range in press force from 1600 to 5600 t. A 
general rule is: the higher the press force is the wider are the ingots and the larger may the 
profiles be. Billet diameters used range from about 185 mm to about 340 mm. The section 
dimension is thus limited to circumscribing circle of about 300 mm, but a special spreader 
technology can be used to extrude some wider sections. See section "Size limitations". 
 

 

Drawing of an extrusion press showing part of the interior 

Source: SMS Eumuco GmbH 
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5.3.5 Factors influencing on quality of extrusions 
 
Metal quality  
 
Large inclusions (> 50 µm) will make surface defects like die lines, longitudinal lines. Quality 
of the billet surface will also affect surface quality of the section.  
 
Chemical composition will affect extrudability and thus surface quality and grain size, which 
again affect properties. 
 
Operating parameters  
 
Higher extrusion speed improves output, but a limit exist above which the die and metal 
surface temperature becomes too high and pick-up, or even worse, local tearing occurs. The 
container temperature should be somewhat lower than the billet. The aim of this is to reduce 
metal flow of the billet surface in order to collect the oxide-rich metal in the discard. Also the 
size of the discard affects quality. Small discards means surface oxide may pass through the 
die. 
 
When a new billet is charged into the press, metal from the new billet flows into the die 
welding chamber/ feeder plate and pressure welds to the old metal, producing a charge weld. 
The charge weld area, which is somewhat enriched with oxides, exhibits visual defects and 
may show reduced mechanical properties. Therefore a sufficient length of the charge weld 
zone should be cut discarded. 
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5.3.6 Die tooling 
 
The die tooling is a package consisting of die slide, die ring, die, backer, bolster and sub-
bolster. The die itself is for open sections a disk of tooling steel quality with a slit that has the 
cross sectional shape of the section. The die slit is designed to control metal flow, such that 
an inlet choke is used to slow metal flow and a relief is applied at the exit side to speed up 
flow. In addition a back taper and an undercut is used, see figure.  
Dies for hollow extrusions are built to divide the metal into several streams flowing over 
bridges. Behind the bridges the streams meet and are welded together by pressure. 
metal flow and a relief is applied at the exit side to speed up flow. In addition a back taper and 
an undercut is used, see figure. Dies for hollow extrusions are built to divide the metal into 
several streams flowing over bridges. Behind the bridges the streams meet and are welded 
together by pressure. 
 

 

Typical die tooling assembly for forward extrusion 

Source: TALAT 1302.01.01 
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Extrusion dies for solid and hollow sections 

Source: SAPA 

 

 

Choking and relieving of metal flow through extrusion die 

Source: TALAT 1302.01.03 
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5.3.7 Extrusion with mandrel 
 
Simple hollow extrusions like tubing can be produced from hollow billet using a mandrel. In 
this case the extrudate has a uniform metallurgical structure across the section. More 
complex sections are made using bridge or porthole dies in which the metal flows around 
shaped bridges and joins again by hot pressure welding in a welding chamber. Extruders 
working with mandrels are rather few and they are more or less specialised in tubing. For 
closer tolerances and smother surface, the tubing is drawn after extrusion. 
 

 

Extruding seamless tubing with die and mandrel 

Source: TALAT 1302.01.09 
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5.3.8 Post extrusion operations 
 
See also: 

 AAM – Materials – 2 Alloy constitution > Heat treatment 
 AAM – Materials – 2 Alloy constitution > Heat treatment > Solution treatment and 

ageing 
 
Cooling and stretching  
At the run-out table the section is quenched by blowing air, or for some alloys and 
thicknesses, by water-cooling. This provides solution heat treatment for heat treatable alloys. 
On reaching room temperature is reached, the long extrusions are stretched to ensure 
straightness and relieve residual stresses. After stretching, the sections are cut to appropriate 
length, which may be standard lengths of 4m, 6m or lengths suitable for the finished product.  
 
Artificial ageing  
In case of heat treatable alloys and where no or limited forming operations are involved for 
the final product, the sections are artificially aged to stabilize their mechanical properties. 
When subsequent forming operations are required and high formability is needed, a separate 
solution treatment or a retrogression heat treatment is required for the more high strength 
6xxx- and 7xxx-series alloys.  
The lower alloyed 6xxx-series alloys are frequently formed in T4 or W temper. 
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5.4 Forging 
 

5.4.1 Automotive die forging – Characteristics of the closed-die 
forging process 

 
Literature: 

 Bittrich, A.: Wirtschaftlicher Leichtbau mit Aluminium-Schmiedestücken. Proceedings, 
1st Landshuter Leichtbaukolloquium, 19/20 February 2003 

 

 
 

 Die forging is a bulk metal hot forming process. The initial forging stock is a cast or 
extruded bar or shaped section depending on the final shape of the component.  

 On the other hand, the cross section usually varies considerably over the extent of 
the envisaged forged part. 

 Thus, starting with the simple geometrical shape of the forging stock, a sequence of 
consecutive pre-forming steps (stretching, upsetting, bending) is required before the 
redundant material is squeezed out into the flash during finish-forging and trimmed 
off.  

 Prior to final inspection the raw forging is heat treated and blast cleaned with 
aluminium pellets.  

 The high production volume of automotive forgings permits the set-up of continuous 
automatic forging lines integrating all necessary process steps. 

 Part and tool design, quality of the forging stock and close control of the processing 
parameters are responsible to ensure a high quality level of the forged products. 

 Quality forgings are produced in a continuous process closely monitoring material 
and process parameters. 
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Process chain for automotive forgings 

Courtesy: Otto-Fuchs Metallwerke 
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5.4.2 Automotive die forging – Process and microstructure 
 

 

Control arm, alloy 6082-T6 

Courtesy: Otto-Fuchs Metallwerke 

 
The characteristic feature of aluminium alloy forgings is a fibrous microstructure. 
  

 Optimum mechanical properties, i.e. strength, ductility, toughness and fatigue, are 
obtained in the fiber direction.  

 Appropriate fiber orientation with respect to the service requirements is the result of 
judicious choice of starting material, die design and process parameters.  

 A dense, fibrous microstructure is achieved by properly designed material flow 
characteristics which are governed by degree and rate of deformation and process 
temperature scheme.  

 Friction and high shear strains in the contact zone between work piece and die can 
lead to a recrystallised surface layer of material which is - up to a certain level - 
normal and does not affect the service properties of the component. 

 

 

Fiber structure of a die forging 

Source: Otto-Fuchs Metallwerke 
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5.4.3 Automotive die forging – Composition and microstructure 
 

 

Alloy 6082-T6 forging 

Note linear orientation of constituent particle along fibrous structure 

 
From the wide range of wrought aluminium alloys only a small group of alloys have become of 
primary importance for automotive applications. The most extensively used forging alloy is the 
age-hardening EN AW-6082 (AlSi1MgMn) because of its excellent combination of 
mechanical properties and corrosion resistance.  
 
The chemical composition of aluminium forging alloys conforms to the relevant European 
standard EN 573-3. As a result of the limited solubility of certain impurities (mainly Fe), 
primary constituent particles are present in the microstructure. It is apparent that volume 
fraction, size distribution and arrangement of constituent particles in the microstructure are 
determining factors for ductility and toughness.  
As seen in the micrograph (above) constituent particles are broken down and aligned in the 
fiber direction during forging. The particle distance perpendicular to the fiber direction is 
largest and explains the excellent ductility along the fiber direction. The fact that ductility is 
inferior in the transverse direction is usually of little practical importance in automotive forging 
applications.  
 
The density of constituent particles is highest along the flash line. Therefore, the flash line 
should not be placed in a highly stressed area of the component, specifically when it is 
subjected to alternating loading conditions.  
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 36 

5.4.4 Automotive die forging – Forging stock 
 
See also: 

 AAM – Applications – 2 Chassis > Wheels > Forged wheels > Manufacturing 
processes 

 

 

Extruded forging stock: bar and various shapes 

 
Depending on the size, type and shape of the forged part the starting material is produced 
either as bar stock or as extruded shapes designed to fill the cavities of the die with minimum 
flash, see figures below. 
 

 

Forging stock (upper), forging (middle), sheared-off flash (lower) 

 

 

Forging stock (upper) and forging (lower) with flash still left in place 
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For larger forgings, particularly with circular symmetries, sections of DC-cast ingots are used 
as forging stock.  
 
The type and quality of the forging stock has a significant effect on quality and properties of 
the forged part.  
 
For longitudinal parts like control arms the fibrous microstructure of the extruded bar stock 
determines the microstructure of the forged part.  
 
Other parts may not require unidirectional fibrous structure and can be forged from sections of 
shaped profiles reducing the number of forging steps.  
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5.4.5 Automotive die forging – Forging temperatures and rate of 
deformation 

 

 

Effect of temperature and deformation rate on flow stress (alloy 6082) 

Source: TALAT 3401 

 
Material flow is governed by the degree and rate of deformation and by the processing 
temperature.  
Forging aluminium alloys is different from forging steels in that the temperature interval 
between forging temperature and solidus temperature is rather narrow:  
 
Example AlSi1MgMn (6082):  
Forging temperature: 430 to 500 °C  
Solidus temperature: 575°C  
 
The pre-heating temperature has to be chosen in view of additional heating due to 
deformation and friction such that reaching the solidus temperature is avoided, otherwise the 
microstructure is irreversibly damaged.  
Temperature rise due to plastic deformation depends on the degree of deformation and the 
characteristic of the flow curve:  

 
with  

 
High rates of deformation produce a larger temperature rise. Mechanical presses have ram 
speeds of ~0.5 m/s.  
At a constant ram travel different deformation rates are generated in the bulk part depending 
on the varying size of the cross section. 
Formability and rate sensitivity of flow stress increases with temperature, s. figure above. Too 
low forging temperatures may lead to cracks and partially unfilled die cavities.  
 
In theory cost effectiveness is improved when the forging heat is used simulatenously for 
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solution annealing, permitting direct in-line quenching of the part when leaving the finishing 
die. In practice, however, the exact temperature for solution annealing necessary to achieve 
optimum mechanical properties can only be guaranteed by a subsequent separate solution 
heat treatment of the forged part.  
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5.4.6 Automotive die forging – Forging presses 
 
A fully automatic forging line consists of all the peripheral and operating equipment of the 
process chain including stock feeder, pre-heating furnace, forging press, heat treatment 
equipment, shot blasting, etc., all in-line connected by robotic manipulators. 
 
The heart of a fully automatic forging line is a fast, multi-step mechanical forging press. Press 
capacity, tool dimensions and number of forming steps are tailored to a specific category of 
forged parts. Forgings weighing between 50 g and 1500 g are produced with presses ranging 
from 16 to 20 MN press capacity. Smaller parts may be produced in multiple-cavities die sets. 
The annual production volume runs up to roughly 4 million parts per press line.  
 

 

Mechanical forging press 

Source: Müller-Weingarten, Germany 
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5.4.7 Automotive die forging – Die tooling 
 

 

Control Arm, alloy 6082-T6 

Courtesy: Otto-Fuchs Metallwerke 

 
The figure below shows the functional elements of a forging die. 
 

 
 
Dies are made of tool steels using high speed machining and CAD modelling. For critical 
geometries computer simulation is used to demonstrate the feasibility of producing the part. 
 
A variety of dies for closed die forging is schematically shown below:  

 single cavity die,  
 multiple-cavity die (with a number of identical cavities in one die block),  
 multi-stage die (for different steps of operation: e.g. stretching, bending, pre-forming, 

final forming).  
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The various functions can also be incorporated in die inserts which adds a further degree of 
flexibility with respect to die modification and substitution of worn-out forming cavities. 
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5.4.8 Automotive die forging – Economic aspects 
 
Literature: 

 Bittrich, A.: Wirtschaftlicher Leichtbau mit Aluminium-Schmiedestücken. Proceedings, 
1st Landshuter Leichtbaukolloquium, 19/20 February 2003 

 

 

Control arm with non-planar die parting, alloy 6082-T6 

Source: Otto-Fuchs Metallwerke 

 
Die parting  
Preferably, the die halves should have plane parting faces. Certain part geometries and 
envisaged material flow characteristics may require steps in the parting face. These steps 
should be as small as possible to avoid lateral forces acting on the die set and the need of 
excessive machining of the die.  
 
Tooling costs  
For simple part geometries and plane parting only 3 dies (pre-form, end-form and shear tool) 
are required. For part lengths up to 360 mm such a tool set may cost Euro 35.000 (s. Lit.).  
More complicated geometries, e.g. with parting steps in two orientations, require additional 
dies for bending and sizing. The costs of such a die set may run up to Euro 65.000. 
For component development, only an end-form die is needed, pre-forming is carried out 
manually. Generally, prototype tooling costs are ~25% to 40% of the costs of a full die set. 

 
Cost estimate of as-forged components  
The cost of forgings depends on a number of factors such as geometric complexity, weight 
and effective yield. A general estimate cannot be given. Nevertheless, there is a rough 
relation between cost and weight of the forged part (s. below). 
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Approximate costs of as-forged parts as a function of part's weight 

Source: A. Bittrich, Otto-Fuchs Metallwerke [s. Lit.] 
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5.5 Impact extrusion 
 
See also: 

 AAM – Products – 5 Impact extruded products 
 
Literature: 

 Siegert, K. and Kammerer, M.: Impact Extrusion. TALAT Lecture Series No. 3500, 
1996 

 Skog S., Asbøll, K.: An Upper Casing for an Automobile Steering Column. TALAT 
Lecture 2101.01. 1992 

 Lange, K.: Lehrbuch der Umformtechnik. Bd. 1 - 3. Berlin, Heidelberg:Springer-
Verlag, 1975 

 Lange, K. (Hrg.), Handbuch der Umformtechnik. Bd. 1 bis 3. 2. Aufl., Berlin, 
Heidelberg, New York, Tokyo: Springer-Verlag 1984 bis 1990 

 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 
York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 

 Siegert, K.(ed.): Fließpressen von Aluminium. Bd. 1. Symposium "Gestalten und 
Fertigen von technischen Fließpreßteilen aus Aluminium". Oberursel: DGM 
Informationsgesellschaft, 1995. ISBN 3-88355-215-1 

 

Work in progress  

(see information in chapter "Impact extruded products") 
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6 Special materials production 
 

6.1 What to find in this section 
 
The portfolio of light weight aluminium products comprises a great variety of long known or 
more exotic product lines which may be termed special due to their unique production 
technology or due to the specific application requirements, for which they were developed.  
 
This section describes some of these special products and their production methods, which 
are already or will be used more readily in the future for special automotive components. 
You will find information on  

 HF tube welding and tube materials,  
 Production of metal matrix compounds (MMC),  
 Aluminium-PP laminates,  
 Various aluminium foam production methods,  

and some initial information on  
 Tailor welded blanks (TWB). 

 

 

HF-welded tubes 

 

 

SiC reinforced MMC 
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Cylinder liners from spray compacted materials: candidate for MMC 

 

 

Floor panel from laminates (Hylite) 

 

 

Aluminium foam filled extruded tube 
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Tailor welded blank stamping (Ford P2000) 
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6.2 Longitudinally welded tubes 
 
See also: 

 AAM – Manufacturing – 3 Forming > Bending 
 AAM – Manufacturing – 3 Forming > Hydroforming (tubes) 
 AAM – Products – 3 Automotive tubes > Aivailable forms and thicknesses > HF-

welded (incl. Clad) 
 AAM – Products – 3 Automotive tubes > Aivailable forms and thicknesses > Laser 

welded 
 

 
 

6.2.1 Production of HF-welded tubes for structural applications 
 
Longitudinally welded tubes serve as starting stock for structural applications, especially in 
the area of the chassis. Welded tubes were specifically developed to meet the requirements 
of hydroforming but are also suitable for other fabrication processes. Compared with extruded 
tubes, longitudinally welded tubes reflect the good material properties of sheet material 
concerning formability and very tight tolerances.  
 
Two kinds of longitudinally welded tubes are available:  
1. High-frequency-welded aluminium tubes  
2. Laser-welded aluminium tubes 
 
This section describes the manufacturing process for HF-welded tubes. 
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6.2.2 Production process for HF-welded tubes 
 
Literature: 

 N.N.: Precision tubes, VAW alutubes GmbH, Hannover, 2001 
 
Longitudinally welded tubes are made from rolled sheet metal coils in a continuous process at 
high speed.  
 
The production sequence is as follows:  
1. Coils are slit into suitably narrow strips by roller shears,  
2. Strip edges are cleared,  
3. Coil is formed into a split tube by multistage roll-forming,  
4. Longitudinal resistance welding of the split tube occurs in a high frequency coil inductor 
under the pressure of upsetting rolls.  
5. After welding, the external and, if required, internal weld bead is removed. 
6. After exiting the cooling station the tube passes a multistage calibration station.  
7. A flying saw cuts the tubes into the desired length. 
8. The tubes are then put into racks by an automatic stracker for subsequent shipment or heat 
treatment. 
 

 

Production line for longitudinally welded tubes at VAW alutubes GmbH, Germany 
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6.2.3 HF-welded tubes process – Technical data 
 
Range and dimensions for large longitudinally welded aluminium tubes: 
 

 Outside diameter range:  Ø 40 - 152 mm 
 

 Wall thickness range:  1.0 – 6.0 mm 
 

 Mill lengths:   3000 – 6880 mm 
 

 Tube welding speeds:  30-120 m/min 
 

 Standard cut lengths:  100 – 3000 mm 
 

 

Production line for longitudinally welded tubes at VAW alutubes GmbH, Germany 
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6.2.4 HF induction seam welding 
 
Heating of the mating edges of the joint is achieved by a Coil-Inductor operating at 
frequencies up to 450 kHz.  
 

 

Schematic of HF induction seam welding process 

 
Because of the "skin effect" the welding current is concentrated on the surface, i.e. the depth 
of heating is small. Therefore, induction welding is preferred for applications of thin wall tubes.  
Characteristics of the process: 

 No mechanical contact; therefore no wear of the inductor,  
 No filler required,  
 Low heat input,  
 Narrow heat affected zone,  
 Little thermal influence on parent metal properties,  
 Suitable for joining alloys sensitive to hot cracking. 

 
The heat affected depth in HF induction welding depends inversely on the current frequency 
as shown in the diagram below. 
 

 

Heat affected depth as a function of HF current frequency 
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6.3 Metal Matrix Composites 
 

6.3.1 Metal Matrix Composites 
 
See also: 

 AAM – Applications – 2 Chassis > Brake system > Discs and drums 
 
Aluminium-based Metal Matrix Composites (MMC) are increasingly becoming recognised as 
attractive alternative materials to aluminium alloys and other materials requiring increased 
stiffness, wear resistance, and strength.  
 
Other attributes include alterations in mechanical behaviour  
(e.g. tensile and compressive properties, creep, notch resistance, and tribology). Physical 
properties of density, thermal expansion, and thermal diffusivity all can be an advantage in 
designing castings and extrusions from aluminium based MMC materials.  
 
Typical reinforcements include aluminium oxide, silicon carbide, graphite, fly-ash, and 
aluminosilicates. All can be used in a wide range of aluminium alloys.  
Main categories of aluminium metal matrix composites:  

 Powder Reinforced Composites  
 Fibre Reinforced Composites. 

 
Methods of Manufacture  

 Mixing/ Vortex  
 Infiltration  
 Rheocasting  
 Powder Metallurgy  
 Spray Atomisation/Codeposition  
 In-Situ Production  

 
These methods are briefly described in this chapter. 
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6.3.2 Methods of manufacture – Mixing/Vortex method 
 
In the mixing / vortex method the filler phase is introduced in a stirred molten matrix and 
then cast either as a foundry pig or a DC billet for extrusion and or rolling.  
 
The use of an inert atmosphere and or a vacuum is necessary to avoid the entrapment of 
gases.  
 
Mixing can be done by an impeller, ultrasonically, or reciprocating rods. 
 
Example:  
 
AA 359 matrix with 20 vol.-% SiC 
 

 

Source: Alcan 
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6.3.3 Methods of manufacture – Infiltration and In-Situ-production 
 
Infiltration 
 
This process involves the infiltration of a final-product-shape ceramic pre-form by a molten 
alloy. The pre-form is normally formed by pressing, slip casting, joining, or injection moulding.  
The molten metal infiltrates through the pre-form and oxidizes or chemically reacts with the 
pre-form material. The final composite phases consist of the oxidation (or reaction) products 
and the remaining matrix material.  
 
The particle density depends on the pre-form density. Normally SiC is used for foundry alloys 
and aluminium oxide for wrought alloys. 
 
In-Situ Production  
 
Many processes can be used to produce in – situ MMC. Usually theses include the formation 
of compounds and their decomposition, phase changes, redox reactions, nucleation, and 
recrystallization. 
 
A typical example is the addition of sand to aluminium producing a reaction to aluminium 
oxide. 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 12 

6.3.4 Methods of manufacture – Rheocasting 
 
Rheocasting is another stir cast method, whereby the particulate or fibers are agitated into a 
solidifying, highly viscous, and thixotropic dendritic slurry of the molten matrix. High shear 
rates are needed to bond the matrix and the filler. Extremely low viscosities are obtained. 
Consequently, only very low vol.-% of particles or fibres can be used in the process. 

 
Example:  
 
AA 359 matrix with 20 vol.-% SiC 
 

 

Source: Alcan 
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6.3.5 Methods of manufacture – Powder Metallurgy 
 
Powder metallurgy involves thoroughly mixing aluminium alloy powder with the particulate or 
fibre, compressing both into a billet and forging or extruding the product to shape. 
 
The advantage of this route is that smaller particulate can be used and large particulate will 
allow greater vol.-% concentrations.  
 
Methods of compaction are varied and can include:  

 single compaction, 
 double compaction, and  
 mechanical deformation following hot pressing as well as  
 hydrostatic and isostatic compaction. 

 
Example:  
 
AA 359 matrix with 20 vol.-% SiC 
 

 

Source: Alcan 
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6.3.6 Methods of manufacture – Spray Atomisation / Codeposition 
 
The Spray-Atomisation/Co-deposition process involves the incorporation of the fine 
ceramic particulate in inert-gas atomised droplets of the molten matrix. The matrix contains 
both the solid and liquid phases. This material is usually finely dispersed in droplets by the 
high-velocity spray of inert-gas jets. The solid mixture is usually collected on a non wetting 
substrate in the form of a reinforced composite mass. This process lends itself to a wide 
range of aluminium alloys.  
 
The figure shows a schematic of the Ospray process. 
 

 

Schematic of Osprey process 
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6.4 Laminates / Sandwiches 
 

6.4.1 Aluminium sandwich sheet (Example: Hylite™) 
 
Sandwich Sheet  
Hylite is a laminate material comprising two thin aluminium layers with a plastic layer in 
between. It was originally developed for non-load bearing car body parts (bonnet, boot lid, 
roof). However, the combination of considerable flexural stiffness and extreme lightness also 
makes it interesting for car body construction.  
 
Choice of Material  
Compared to steel sheet with the same flexural stiffness (0,74 mm) and aluminium (1,0 mm) 
Hylite is 65% and approximately 30% lighter respectively. This result has been obtained by 
uniting the best properties of aluminium and plastic in a single material, with the aluminium on 
the outside and a light plastic filling inside. Polypropylene (PP) was chosen for the filling. 
 

 

Comparaison of mechanical properties based on equal flexural stiffness 

 
Hylite Sandwich Properties  
 

(1,2 mm thickness, soft aluminium outer layers)  
Weight 1,8 kg/m2  
Maximum stretch 22 %  
Plain strain stretch 18 %  
Peel strength 4 N/mm  
Flexural stiffness 7,1 kNmm (equal to 0,74 mm steel and 1,06 mm aluminium sheet)  
Aluminium yield point 140 MPa  
Aluminium tensile strength 280 MPa  
Shape retention to 150 °C (for 30 minutes)  
Expansion coefficient 28*10-6/K  
Heat conduction 0,3 W/mK  
Deep drawing also possible on soft tools 
 
With a view to the design processes currently used in the motor industry and the minimum 
steel thickness required, an aluminium layer of 0,2 mm has been chosen with an inner layer 
of 0,8 mm. The Hylite laminate can now be made in various gauges with a maximum width of 
1540 mm and a maximum thickness of 2,5 mm. The manufacturing process is set up in such 
a way that the thickness ratio - and therefore also the stiffness, dent resistance and 
formability - can be adjusted depending on the application. 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 16 

6.4.2 Application concept / roof panels 
 
Hylite offers a unique integrated roof concept that consists of a sandwich panel of 2.44 mm 
thickness, adhesively bonded to the car structure as if it were a glass panel. A rubber strip for 
edge finish is injection moulded onto the finished part. 
 

 

Construction concept Hylite roof panel 

 
For the NedCar ACCESS concept car the 2.44 mm Hylite sheet (with aluminium skins of 0,22 
mm) has been put into shape by stretch forming; for series production this will normally done 
by conventional deep drawing.  
 
The ACCESS roof has a net surface area of approx. 1.7 m2 and weights only 5.1 kg. The 
stiffness of the roof panel is so high, that reinforcements are not needed. The weight of the 
'traditional solution’, which is a steel outer panel of 0.8 mm married with an inner panel, would 
be at least 15 kg. In addition the Hylite roof concept requires less tooling then the 
conventional solutions.  
 
Performance  
With this concept both an extremely high flexural rigidity and stiffness in the roof are achieved 
as well as very high torsional stiffness in the total body frame at very low weight. Also the very 
high dent resistance is a major feature of the Hylite roof concept. 
 

 
 
Production logistics 
A ready to assemble roof as sketched above fits extremely well in a space frame concept. 
The ideal is a concept where a completely pre-painted roof is added as a subassembly in one 
of the latest stages of assembly. This ensures a maximum accessibility of the interior of the 
car during assembly.  
The production of the roof can be completed off-line, including addition of the interior lining. 
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Product Properties  
Sheet thickness  2,44 mm  
Al-skin thickness 0,22 mm  
PP core thickness 2,00 mm  
Structural rigidity 38,5 kNmm  
Weight   3,0 kg/m2 

 
Cost 
Due to the simplicity of the roof concept and especially due to the reduced number of tools 
required, a considerable cost saving may be achieved. 
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6.4.3 Examples 
 
Examples of application of sandwich sheet in structural applications  
 
Floor panel for compact-class car (see figure)  
 
Material specification:  

 Total sheet thickness 1.4 mm, aluminium skin 0.24 mm  
 Deep draw quality  
 Weight reduction 40% 

 

 
 
 
Floor panel for small car (see figure)  
 
Material specification:  

 Total sheet thickness 2.0 mm, aluminium skin 0.2 mm  
 Hard skin; flat application  
 Weight reduction 45% 

 

 

Hylite floor panel in space frame 
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6.4.4 Process development outer panels 
 
From flat sheet to car bonnet in 10 operations  
 
The process operations for the Hylite bonnet are very similar to those for steel. To produce 
the steel bonnet, 10 processing operations are required, which are determined by the 
complexity of the design. To make a well-defined hem in steel, it takes six process operations. 
In the case of Hylite it takes two preparatory ribbing operations, followed by four hemming 
operations.  
 
The process pre-validation of Hylite was performed on the basis of 500 bonnets, engineered, 
built and installed using complete set of tools for this purpose.  

 
1. Stamping blanks  
The blanks for the bonnet were trimmed appropriately and supplied by Corus Hylite. The 
trimmed blanks form the starting material for processing.  
 
2. Deep-drawing (figure 1)  
The deep-drawing operation for Hylite and steel is essentially the same. For deep-drawing 
Hylite, the press settings have to be adjusted to lower pressing forces. The design of the draw 
beads has to be adjusted to the properties of the specific sheet material. 
 

 
 
3. Ribbing (figure 2)  
Ribbing makes it possible to achieve a sharp, excellently defined hem. The pad retainer and 
ribbing die are applied to the inside of the bonnet. The heated ribbing die (approx. 250ºC) is 
then pressed into the Hylite with a sliding motion. The ribbing operation takes approximately 
20 seconds, which may be performed in the assembly line.  
 

 

Ribbing 
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4/5 Trimming  
The trimming operations are conventional. The cutting clearance is slightly less than with 
aluminium. The cut edge of Hylite is smoother than aluminium as there is less formation of 
burrs. 
 
6/7 Flanging 
The flanging operations are conventional. 
 
8 Hemming (see figure 3) 
The hemming operation is conventional. 
 

 

Hemming 

 
10 Finished Bonnet (see figure 4) 
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6.4.5 Technical information 
 
Hylite product information 
 

 

Hylite product information 
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6.5 Foam 
 

6.5.1 Introduction 
 
Aluminium foam is a fascinating material that has generated considerable interest in the 
automotive industry. New processing techniques that lower cost and provide reproducible 
quality foams will widen the spectrum of applications even more. Long term trends like weight 
efficient structures, increased passenger safety and recyclability favour aluminium foam over 
other materials like polymer foams. 
 
Most promising future automotive applications:  

 crash box, bumper components, foam-filled rails, pillars and other sections for 
increases strength, stability and crashworthiness, 

 Head Injury Countermeasures including interior applications and hoods for pedestrian 
protection,  

 other energy management applications. 
 
Benefits over traditional solutions:  

 increase in energy absorption with increased design flexibility resulting from lower 
weight,  

 space saving component designs, 
 improves the bending strength of a traditional hollow beam by a factor of 2 or more. 

 
Biggest challenges:  

 Bringing costs down,  
 making production routes more robust and reproducible,  
 guarantee acceptable quality of foam in production. 
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6.5.2 Processing routes overview 
 
(from "Metal Foams: a Design Guide", see Literature) 
 
Metal foams are made by one of seven basic processes:  

 Bubbling gas through molten Al-SiC or Al-Al2O3. The ALCAN and CYMAT foams are 
made in this way.  

 Consolidation of a metal powder (typically an aluminium alloy) with a particulate 
foaming agent (typically TiH2) followed by heating into the mushy state when the 
foaming agent releases hydrogen, expanding the material. The expansion can be 
done in a closed mould giving structures of complex shape with a dense outer skin. 
The MEPURA / ALULIGHT and FRAUNHOFER foams are made in this way. 

 By stirring a foaming agent (TiH2 again) into a molten alloy and controlling the 
pressure while cooling. The ALPORAS foam, notable for its relative uniformity, is 
made in this way.  

 Pressure infiltration of a ceramic mould made from a polymer foam precursor, which 
is burned out before the metal is injected. The resulting structure is regular and 
reproducible, has open-cells, and a typical relative density of about 0.1. The "Lattice 
Block" materials marketed by JAMcorp use this process, and the ERG foams are 
made by refinements of it. 

 Vapor phase deposition or electro-deposition onto a polymer foam precursor which is 
subsequently burned out. The result is an open-cell metal foam with hollow cell 
edges. The INCO process works in this way.  

 Expansion of an inert gas trapped in pores at high pressure when a powder compact 
is HIPed. The Boeing process works with titanium alloy powder and argon.  

 Sintering of hollow spheres made by either a modified atomization process or by 
sintering of a metal oxide or hydride followed by reduction. Both the Georgia Tech 
and the MURILITE materials are made in this way.  
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6.5.3 Powder metallurgical processing: For example Alulight 
 

 

Extruded foamable semi products 

 
Characteristics of Powder Metallurgical Foam: 

 Relative Density between 10-35 % (0.3-1 Mg/m
3
).  

 Alloys: All aluminium alloys. Common alloys: 1xxx, 4xxx, 6xxx, 7xxx, i.e.AlSi12, 
AlMg1Si0.6  

 Products: Panels, sandwiches and 3D shapes are common. Geometrical restrictions 
for 3d shapes are similar to castings due to foaming in steel moulds.  

 Deformation mode depends on alloy: High-Si casting alloy foams deform by breaking 
of cell walls (brittle). Kneading alloys deform by plastically collapsing cell walls.  

 Relatively expensive process, costs may be reduced by automatization in the future.  
 Homogeneity of cell sizes throughout a part is a crucial parameter for quality.  
 Automotive prototype applications: Karmann AFS panels, foam filled A-Pillar, 

Bumper, Crossmember, crash box.  
 Automotive series application: Ferrari 360 Spider (Alcoa) 

 

 

Powder Metallurgical Route 

Source: Alulight 
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6.5.4 Melt-based processing: For example Cymat 
 

 

Example of Cymat foam with partially open porosity 

 
Characteristics of Melt Route Foam: 

 Relative Density between 5-20 % (0.13-0.54 Mg/m
3
).  

 Made by stabilizing aluminium foam bubbles with solid particles. Most common alloys 
used: A356 with SiC, A380 with SiC, and 6061 with Al2O3.  

 Possible alloys 1xxx, 3xxx, 5xxx, casting alloys.  
 Products: Flat panels maximum dimensions 1.2m wide, 15.25m long and from 

12.5mm to 100mm thick. 3-D castings using a low pressure casting technique 
(pat.pend.)  

 Deformation depends on alloy but particle inclusions tend to cause brittleness. 
 Relatively inexpensive process, automated continuous production capability exists. 

Future cost will tend towards that of the raw materials.  
 Automotive future applications: Cymat is currently (2001) in a co-development 

program with automotive Tier 1 for a front end crash management system. 
 

 

Melt-Based Processing Route 

Source: Cymat 
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6.5.5 Mechanical properties: Uniaxial compression 
 
Compression Stress-Strain Curves 
 
The figure to the right shows stress-strain curves for powder metallurgic aluminium foam in 
compression. The density clearly determines stiffness, flow stress and energy absorption 
(formulas are given in the literature). Similar curves can be produced with a number of 
different alloys. 
 
Typically, compression curves start (like tensile curves) with a linear-elastic region. Foams 
may show this behaviour but often the yield point is smeared out. This can be explained with 
certain cell walls yielding at lower loads than others because they are either thinner or 
oriented in a way to produce maximum local stresses in the walls. A consequence of this 
picture would be size-dependent flow stresses for foam parts. This is currently under 
investigation. The second region is a plateau with relatively constant flow stress, caused by 
buckling and yielding of more and more cells. At the end the macroscopic stresses raise due 
to densification of the foam. 
 

 

Aluminium foam under compression: Influence of Density 

Energy absorption is equal to area under the curves 

Sources: Alulight 
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6.5.6 Mechanical properties: Stiffness vs. density 
 
Literature: 

 Ashby, M.F., Evans, A. G., Hutchinson, J. W., Fleck, N. A. "Metal foams: A Design 
Guide" (1998) 

 
Foam Property Charts 
 
The diagrams on this and the next four pages are examples of Material Property Charts. They 
give an overview of the properties of metal foams, allow scaling relations to be deduced and 
enable selection through the use of material indices. All the Charts were taken from Ashby, 
M.F., et al. (1998). 
  
Stiffness and density 
 

The figure below shows Young's modulus E plotted against density  for available metal 
foams. For clarity, only some of the data have been identified. The numbers in parentheses 

are the foam density in Mg/m3. The broken lines show the indices E/, E1/2/ and E1/3/. These 
are guidelines for minimum weight design at maximum stiffness of axially loaded parts, 

bending of beamsand bending of plates, respectively. Metal foams have attractively high 

values of E1/3/, suggesting their use as light, stiff panels, and as a way of increasing natural 
vibration frequencies. 
 

 

Young's Modulus vs. Density 

Source: Ashby 
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6.5.7 Mechanical properties: Compressive strength vs. density 
 
Strength and density 
 

The figure below shows compressive strength  C plotted against density  for currently 
available metal foams. For clarity, only some of the data have been identified. The numbers in 

parentheses are the foam density in Mg/m3. The broken lines show the indices  C/,  C 2/3/ 

and  C 1/2/. These are guidelines for minimum weight design at maximum strength of axially 

loaded parts ( C/), bending of beams ( C 2/3/) or bending of plates ( C 1/2/). Metal foams 
have attractively high values of the last of these indices, suggesting their use as light, strong 
panels. 
 

 

Compressive Strength vs. Density 

Source: Ashby 
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6.5.8 Mechanical properties: Specific stiffness vs. specific strength 
 
Specific stiffness and strength 
 
Stiffness and strength at low weight are sought in many applications. Caution must be 
exercised here. If axial stiffness and strength are what is wanted, the proper measure of 

the first is E/ and of the second is  C/. But if bending stiffness and strength are sought then 

El/2/ and  C 2/3/ (beams) or E1/3/ and  C 1/2/ (panels) are the proper measures (see next 
screens).  
 

The figure below shows the first of these combinations. For reference, the value of E/ for 

structural steel, in the units shown here, is 25 GPa/(Mg/m3), and that for  C/ is 24 
MPa/(Mg/m3). The values for 1000 series aluminium alloys are almost the same. Metal foams 
have lower values of these two properties than do steel and aluminium. 
 

 

Specific Stiffness vs. Specific Strength for axial stiffness and strength. 

Source: Ashby 

 
Specific Stiffness vs. Specific Strength for bending or buckling of beams 
 

This chart shows El/2/ plotted against  C 2/3/.  
 
Values for steel are 1.8 and 4.3; for aluminium, 3.1 and 6.2, all in the units shown on the 
figure.  
 
Metal foams can surpass conventional materials here. 
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Specific Stiffness vs. Specific Strength for beams loaded in bending and buckling. 

Source: Ashby 

 
Specific Stiffness vs. Specific Strength for bending or buckling of panels  
 

This chart shows E1/3/ plotted against  C 1/2/. Values for steel are 0.7 and 1.8; for 
aluminium, 1.5 and 3.7, all in the units shown on the Figure.  
 
Metal foams easily surpass conventional materials in these properties, indicating attractive 
fields for structural applications. 
 

 

Specific Stiffness vs. Specific Strength for bending or buckling of panels. 

Source: Ashby 
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6.5.9 Aluminium foam products: Reinforcements 
 

 

A2 rocker reinforcement (repair solution study) 

Source: Alulight 

 

 

Detail of A2 reinforcement 

Source: Alulight 

 

 

Foam reinforced swing arm (lower half of steel sheet shell and aluminum foam core) 

Source: Alulight 
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VW Golf B-pillar reinforcement (study) 

Source: Alulight 
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6.5.10 Aluminium foam products: Permanent cores 
 

 

Cast wheel study with permanent core 

Source: Alulight 

 

 

Foam core of wheel with 5 spokes 

Source: Alulight 

 

 

Section through wheel showing position of cast-in core 

Source: Alulight 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 34 

 

Partially foam-filled engine cradle (hydroformed steel) 

Source: Alulight 

 

 

Casting cores and castings with permanent cores 

Source: Alulight 
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6.5.11 Aluminium foam products: Panels 
 

 

Flat panels: Foam only, Structured sandwich, flat sandwich (sheet on one or both 
sides) 

Source: Alulight 

 

 

Fire wall (study) 

Source: Alulight 
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6.5.12 Panels, cores and 3-D shapes 
(Cymat) 
 

 

Aluminum foam panels from melt route 

 
Cymat offers panels from their melt based process:  

 3 to 20% density foam  
 1/2" to 5" thick  
 up to 50 ft long  
 2300 lbs per hour 

 

 

Foam filled tubes 

 
Filling Tubes with Liquid Melt  

 Minimum cross section 1” by 1 1/2" 
 

 

3-D Shape from melt based route 

 
3-D Shapes:  

 Permanent molds and sand casts  
 20-30% density foam 
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6.5.13 Joining aluminium foams 
 
Metal foams can be joined using techniques for wood: wood-screws, glue joints or embedded 
female fasteners. For higher temperature resistance welding and brazing are viable options. 
 

 

Detail showing brazing 

Source: Alulight 

 

 

Foam joining technologies: welding, brazing, glueing, foamed-in bushings 

Source: Alulight 
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Foamed-in inserts for fastening 

Source: Alulight 
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6.5.14 Aluminium foam series application: Ferrari 360 Spider 
 
Foam-reinforced frame side rail 
 
This reinforcement previously consisted of a welded sheet. The foam solution provides low 
weight, high performance, low cycle time and (in this case) also cost reductions. 
 
This part is the first component made of Al- foam ever introduced in series production. 
 

 

Aluminium foam blocks in place inside side rail enhance bending stiffness 

Source: Alulight / Alcoa 

 

 

Aluminium foam block sawn in two for tight fitting montage 

Source: Alulight / Alcoa 

 

 

Ferrari 360 Spider space frame 

In the area of the red circle two aluminium foam blocks give extra stiffness and crash 
energy absorption 

Source: Alcoa 
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Ferrari 360 Spider 

Source: Ferrari 
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6.6 Tailored blanks 
 

6.6.1 Tailor-welded blanks – Introduction 
 

 
 
A tailor-welded blank (TWB) is a multi-gauge and/or multi-alloy combination of automotive 
sheet to produce a blank that is more optimised in its use of alloy and gauge than a single 
gauge sheet.  
 
The incorporation of a TWB in a closure or structure not only lowers the total weight of the 
component, but may also improve strength, stiffness, and performance. Other benefits include 
parts consolidation, reduced material handling, reduced stamping dies and assembly tooling, 
and increased design flexibility. 

 
Aluminium tailor welded blanks can be produced by fusion welding of butt joints between 
mating blanks. The following pages give a brief account of the characteristics of applicable 
processes for production of TWBs (s. also section "Fusion Welding" of this Manual), which 
are: 

 Laser beam welding 
 Arc welding methods 
 Hybrid processes 
 Non-vacuum electron beam welding 
 Friction stir welding 
 Combination of processes 

 
Most aluminium automotive sheet alloys are suitable for TWB applications. The Al-Mg alloys, 
e.g. EN AW-5754 and EN AW-5182, may be welded autogenously. The Al-Mg-Si alloys, for 
example AA6016 and AA6111, are hot-crack sensitive, and require a filler wire when fusion 
welded. The heat input into the fusion zone can have an effect on forming limits, static and 
fatigue strength properties and on degree of distortion, depending on the type of process 
used and on the quality of the weld.  
 
Currently, the first application of TWB's in automotive structures can be reported, others are 
at a stage of development.  
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6.6.2 Methods for producing aluminium TWBs 
 

 

YAG welding of TWB at CORUS plant, Ijmuiden, NL 

 
Laser beam welding offers many advantages for aluminium TWBs: precise heat input, 
narrow weld bead with parallel fusion boundaries, narrow heat-affected zone, minimal thermal 
distortion, and high welding speeds (typically 6-12 m/min). Several lasers are suitable for 
aluminium TWBs: CO2, Nd:YAG, and high power direct diode. 
 

 

PAC Corus Ijmuiden: Haas Nd:YAG 4,5 kW diode-pumped, mono and double focus, 
seam guiding system 

 
Arc processes, such as Gas Tungsten Arc, Plasma Arc, and Gas Metal Arc (GMA) are 
suitable for welding TWBs. The wider heat input may cause larger heat-affected zones and 
increased thermal distortion, but offers good gap-bridging capability. In general, arc 
processes do not achieve the high speeds of laser (about 2-3 m/min).  
 
Hybrid processes combine laser with arc; for example, laser-MIG and plasma-augmented 
laser. For aluminium TWBs, hybrid methods offer the best of both laser and arc: elevated 
speeds plus excellent gap-bridging capability and process robustness. 
 
Non-Vacuum Electron Beam: NVEB is a high energy density welding method capable of 
speeds up to 20 m/min on automotive gauges. However, the welding apparatus and work 
piece must be enclosed in lead housing to encapsulate X-radiation.  
 
Friction stir welding is a solid state process in which a specialised probe is used to effect 
plastic flow of the material across the joint by a stirring action. Since this process produces no 
fusion, it is suitable even for crack-sensitive alloys. However, the welding speeds are rather 
slow (less than 1 m/min). 
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6.6.3 Properties of TWB Laser seam welds 
 

 

YAG welding of TWB at CORUS plant, Ijmuiden, NL 

 

AA 6016-T4 
 
Process parameters for TWB 2.7/1.3 

 Laser: 4,5 kW Nd:YAG HAAS HLD4506 
 Laser power used: 3.5 kW 
 Filler: AlSi12 
 Welding speed: 3.5 m/min 
 Focus: Mono 
 Shielding gas: Helium 

Surface roughness and visual inspection of face and root are faultless. Roughness may 
change with different filler. 
 

 

Cross section, face and root view of AA 6016 TWB 

Source: CORUS, Ijmuiden 

 
Quality tests:  
(Joint quality acc. to EN 13919-2)  
Reinforcement of joint face and root:  
 → max. 0.2 mm  
Hardness (HV0.2):  
 → max. difference 20 HV  
 → min. hardness 60 HV  
Undercut:  
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 → max. 0.05 mm  
Tensile strength (transverse):  
 → min. 150 MPa (related to cross section of thinner part) 
 

 

Formability of TWB vs. shaped base metal 

Source: Corus 

 
Note: Formability of TWB test piece is equal to the formability of the milled base metal with a 
45° shoulder. 
 

EN AW-5182-0 
 
Process parameters for TWB 2.5/1.2 

 Laser: 4.5 kW Nd:YAG HAAS HLD4506 
 Laser power used: 3.2 kW 
 Filler: none 
 Welding speed: 5 m/min 
 Focus: Mono 
 Shielding gas: Helium 

Surface roughness and visual inspection of face and root are faultless. 
 

 

5182 TWB 2.5/1.2 

Source: Corus 
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Quality tests:  
(Joint quality acc. to EN 13919-2)  
Reinforcement of joint face and root:  
 → max. 0.2 mm  
Hardness (HV0.5): s. figure below  
 → max. difference 20 HV  
Undercut:  
 → max. 0.05 mm 
 

 

Source: Corus 

 

 

Source: Corus, Ijmuiden 
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6.6.4 Application of TWB in the Lamborghini Gallardo: front inner 
wheel house arc 

 

 

Lamborghini Gallardo built with ECOLITE (TM) TWB 

Source: Corus 

 
The figures document a commercial application of TWBs: the Lamborghini Gallardo front 
inner wheelhouse arc:  

 Alloy: ECOLITETM (AA 6016-T4) 
 TWB: 2.7/1.2 mm 
 Welding equipment: Nd.YAG Laser 

 

 

ECOLITE (TM) TWB stamping for front wheelhouse arc 

Source: Corus 
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ECOLITE (TM) TWB finished stamping for front wheelhouse arc 

Source: Corus 

 

 

Assembly of BIW with ECOLITE (TM) TWB stamping for front wheelhouse arc 

Source: Corus 

 

 
 

Front wheelhouse arc of Lamborghini Gallardo 

Source: Corus 
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6.6.5 Stamping of aluminium TWBs 
 

 

EN AW-5754-0 TWB applied to inner door panel (prototype) 

Source: Hydro Aluminium Bonn 

 
To avoid failures in the weld during stamping, TWBs are usually designed with the weld line in 
a relatively low strain region as shown in the figure at right. In addition, the stamping dies 
must be designed to accommodate the step(s) in the blanks due to the multiple gauges.  
 
There is a wide variety of suitable applications for aluminium TWBs. Due to the weld line, 
TWBs would usually be used in automotive inner panels for closures or structures. Fulfilling 
the requirements of series production has been demonstrated in various prototype 
programmes. 
 

 

TWB stamping for Ford P2000 concept vehicle 

Source: Alcan 

 
Example are a liftgate inner, a hood inner, a door inner and a rear body side inner for the Ford 
P2000 concept vehicle, s. fig at right. In each case, the TWB assembly met or exceeded all 
OEM performance requirements. 
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TWB stamping for Ford P2000 concept vehicle 

Source: Alcan 
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Products – What to find in this section 
 
Genuine automotive sheet products are developed for optimum formability and service 
properties within narrow tolerance limits. Relevant properties for selection, manufacturing and 
use are listed. 
 

 

Shaped blank for front hub 

Alloys 6016-T4 

Source: Alcan-Alusuisse 

 
'Put material only where it serves a purpose', is the principle rule of extrusion design. You will 
find data on automotive extrusion alloys for design, fabrication and service in this section. 
 

 
 
Extruded, drawn and welded tubing is available for functional, heat transfer and structural 
use. Automotive tubing products are tailored for specific applications. Often tubing is the 
starting material for complex forms. 
 

 

Source: Hydro Automotive SA 
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Serviceability and reliability under extreme conditions of use and abuse for safety 
components are afforded by aluminium die forgings. Automotive forging products, their 
properties and relevant design considerations are provided in this section. 
 

 

Forged control arm for Porsche 996 

 
Impact extrusions are a largely untapped resource for light weight functional and structural 
components with very complex design features, which can often not be produced as one part. 
 

 

Source: Hydro Aluminium Automotive SA 

 
Properties of cast products are always related to casting methods and process metallurgy. 
Combining the integration of design functions into a single part with optimum process 
technology provides components with excellent structural integrity and service behaviour. 
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1 Rolled products 
 

1.1 Sheet products for automotive applications (examples) 
 

 

Source: VAW 

 
Rolled products as plate, sheet, foil or welded tubes are the second largest fraction of 
aluminium in automobile applications. They are used for many different components to reduce 
weight and enhance part performance.  
 
Special alloys and tempers have been developed and are in use that provides the properties 
needed to meet the specific quality requirements of the various parts.  
 
Sheet products are provided with special surface topographies, claddings as well as with pre-
treatments for lubrication, joining and painting by coil coating processes. 
 

 

Heat shield 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 3 

 

HF-welded sheet metal tubes, hydroformed 

 

 

DC Coupé aluminium sheet stampings 

 

 

Radiator 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 4 

 

 

DC rear axle cradle 

 

 

BMW fabricated wheel 
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1.2 Automotive alloys are specially tailored material qualities 
 

 

Audi A2 

 
Aluminium alloys of the non-heat treatable Al-Mg (EN AW-5xxx series) and the heat treatable 
Al-Mg-Si (EN AW-6xxx series) alloy system, were especially tailored by suitable variations in 
chemical composition and processing for various applications, e.g.  

 for use in chassis the Al-Mg alloys were optimised for optimum strength and corrosion 
resistance.  

 In the field of carbody sheets the Al-Mg-Si alloys are frequently applied and have 
been improved for formability, surface appearance and age-hardening response. 

 

 

Audi A2 sidewall panel, stamped as single piece 
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1.3 Alloys 
 

1.3.1 Special alloys and tempers for automotive use 
 
Special alloys and tempers have been developed and are in use that provides the properties 
needed to meet the specific quality requirements of the various parts.  
 
Aluminium alloys for automotive sheet application are  
non-heat treatable alloys:  

 1xxx series - Al 99,5  
 3xxx series - Al-Mn  
 5xxx series - Al-Mg (Mn) and 

age hardenable alloys :  

 6xxx series - Al-Mg-Si  
 2xxx series - Al-Cu (not in use in Europe)  
 4xxx series - Al-Si  

The latter alloys are used for braze sheet for heat exchanger applications (as clad sheet). 
 
See following subsections for compositions of automotive sheet alloys and typical 
applications. 
 

 
 
The two main body sheet alloy groups are:  
 
a) EN 6xxx Al-Mg-Si: 
  good formability (condition "T4")  
  age hardenable (condition "T6")  
  good surface appearance 
  good corrosion resistance  
  solution annealing required >500°C  
 
b) EN 5xxx Al-Mg-Mn:  
  good formability (condition "O")  
  good corrosion resistance (< 3% Mg; for > 3% Mg prone  to intercrystalline 
  corrosion)  
  good strain hardening (n-values)  
  stress-strain markings possible! 
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1.3.2 Composition 
 

Chemical composition of selected automotive sheet alloys 

 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > International designation 
systems for wrought alloys 

 AAM – Products – 1 Rolled products > Tempers and mechanical properties > Typical 
mechanical properties of rolled products for automotive applications 

 AAM – Products – 1 Rolled products > Flow curve, formability data > Forming limit 
diagram 

 AAM – Products – 1 Rolled products > Microstructure and surface 
 AAM – Products – 1 Rolled products > Corrosion resistance 
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Modifications of heat exchanger alloys 3xxx 

 
See also: 

 AAM – Applications – 1 Power train > Heat exchangers > Radiators > Engine cooling 
system – Water-side corrosion 

 AAM – Products – 3 Automotive tubes > Corrosion properties > Long Life Alloys 
(LLA) 

 
Alloy EN AW-3003 (EN AW-AlMn1Cu) is a widely used generic material for heat exchangers.  
 
Due to various producer developments and specific user requirements there exist numerous 
modifications of the basic alloy 3003:  

 EN AW-3102 (EN AW-AlMn0.2)  
 EN AW-3103 (EN AW-AlMn1)  
 EN AW-3005 (EN AW-AlMn1Mg0.5)  
 EN AW-3105 (EN AW-AlMn0.5Mg0.5)  
 Long Life Alloys 

 
Users are recommended to contact their suppliers for specific information or for a suitable 
selection of alloys for the given purpose. 
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1.3.3 Typical application areas 
 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > International designation 
systems for wrought alloys 

 
(see additional comments on alloy 3003 under "Composition") 
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1.4 Available forms 
 

1.4.1 Hot rolled products 
 
See also: 

 AAM – Materials – 5 Wrought materials production > Automotive sheet > From ingot 
to strip and panel > Hot Rolling 

 
Sheet can be processed directly to final gauge by hot rolling. This process is very economical, 
but available alloys and tempers are limited. Also, dimensional tolerances - typically ± 0.30 to 
± 0.40 mm - cannot match those of cold-rolled sheet. 

 
Hot rolled products are used for many automotive applications, particularly 5xxx alloys for 
structural parts such as wheel stock, suspension components and body reinforcements. For 
details on available tolerances contact your material supplier. 
 

 

Hot rolled plate 

 

 

Hot rolled coil 

 

 

Longitudinal coil shearing 
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1.4.2 Cold rolled products 
 
Cold rolled products are sheet or plate, where the final gauge is processed by cold rolling. 
Often additional annealing treatments are necessary to adjust the properties specified by 
customers.  
 
Cold rolled products are characterised by narrow tolerances on shape and dimensions. 
Thickness tolerances depend on the type of alloy, sheet or strip thickness range and rolling 
width, and are listed in standards EN 485-4.  
 
Example: EN AW-5182-O, 1.10 mm thick  
Rolling width [mm] Thickness tolerance [mm]  
up to 1000  ± 0.05  
1000 – 1250  ± 0.09  
1250 – 1600  ± 0.10  
1600 – 2000  ± 0.12  
2000 – 2500  ± 0.14 
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1.4.3 Clad sheet 
 
See also: 

 AAM – Products – 1 Rolled products > Alloys > Composition 
 AAM – Materials – 5 Wrought materials production > Automotive sheet > From ingot 

to strip and panel > Production of Brazing Sheet 
 
Clad material is fabricated by rolling cladding material on one or both sides of a core material. 
This composite is processed to combine the properties of the core material (e.g. high 
strength) with that of the cladding (e.g. brazeability, surface brightness, corrosion resistance). 
The thickness of claddings is usually between 5 to 20% of total thickness of the composite.  
In automotive applications braze clad sheet is used in heat exchangers. Usually the core 
material is made out of 3xxx or 6xxx alloys (s. Links); 4xxx alloys are chosen for cladding.  
Tolerances on shape and dimensions are the same as for cold rolled products. 
 
Figures (below): Micrographs of brazing sheet. Core alloy 3xxx clad on both sides with 4xxx 
alloy in different cladding thickness. 
 

 

Precipitate microstructure 

Source: VAW 

 

 

Grain microstructure 

Source: VAW 
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1.4.4 Surface pre-treatment 
 
See also: 

 AAM – Materials – 5 Wrought materials production > Automotive sheet > Special 
sheet surfaces > Chemical and electrochemical pre-treatments 

 AAM – Manufacturing – 4 Surface finishing > Pre-conditioning of Al-forms > Sheet / 
strip > Cleaning of coil / sheet products 

 
Many of the rolled products for automotive applications are delivered with various surface 
conditions, pre-treatments and pre-coatings: 
 

 Lubricants (e.g. oil)  
 Dry film lubricants (e.g. semi-dry products, hot melts, acrylate layers)  
 Pre-treatments (e.g. Ti/Zr-conversation layer)  
 Pre-coatings processed by coil coating (substitution of electrophoretic coating)  
 Top-coatings processed by coil coating 

 
Reasons for surface pre-treatment are e.g.: 
 

 Surface protection during transport and handling 

 Improvement of tribological conditions during forming processes  
 Preparing surface for joining operation (e.g. adhesive bonding or welding) 
 Reduced process chain for lean production and cost saving 
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1.4.5 Surface topography 
 
See also: 

 AAM – Materials – 5 Wrought materials productions > Automotive sheet > Special 
sheet surfaces 

 
Typical surface topographies of sheet material are Mill-finish or EDT (Electro Discharge 
Texturing) surfaces. Mill-finish surfaces are strongly anisotropic. They are used in applications 
where the surface appearance of the formed sheets is subordinate. For applications where 
advanced formability and high surface appearance especially after lacquering is necessary 
the EDT surface is used. 
 
Characteristic roughness values for such surfaces of autobody sheets according to SEP 1470 
are:  

 Mill-finish: Ra = 0.3-0.5µm  
 EDT:  Ra = 0.7-1.3µm  

 
 

 

AA5182 (AlMg4.5Mg0.4) with surface topography 'Mill Finish' 

Source: VAW 

 

 

AA5182 (AlMg4.5Mg0.4) with surface topography 'Mill Finish' 

Source: VAW 
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AA6016 (AlSi1.2Mg0.4) with surface topography 'EDT' (Electro Discharge Textur.) 

Source: VAW 

 

 

AA6016 (AlSi1.2Mg0.4) with surface topography 'EDT' (Electro Discharge Textur.) 

Source: VAW 
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1.5 Tempers and mechanical properties 
 

1.5.1 Introductory comments 
 
See also: 

 AAM – Products – 1 Rolled products > Alloys 
 
Static mechanical properties 
 
Standardised static mechanical properties of aluminium sheet alloys for automotive 
application are listed in standards EN 573-3. These data are statistically evaluated property 
data and represent guaranteed minimum properties suitable for design calculations. Users 
are asked to consult the relevant standards  
 
Typical mechanical properties are generally not listed in standards. They represent 
average values of production lots and refer to various semi-finished products in typical 
thickness dimensions. The data are intended only as a guide for comparison of Al-alloys for 
product development. They are not suitable for design calculations. The value of typical 
property data is that they represent more truly the property profile rather than a statistical 
minimum of both strength and ductility, which are inversely related to each other. 
 
Fatigue Properties 
 
Fatigue data obtained with smooth specimen testing in the form of S-N-curves are generally 
of little value for design, since alloy composition and type of material are of much lower 
influence than fabricated notches or other geometric irregularities. For orientation purposes, 
therefore, only endurance limits for various alloys are illustrated and as a case study smooth 
specimen S-N-curves for AlMg3Mn-O (EN AW-5754-O) at various R-values. 
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1.5.2 Typical mechanical properties of rolled products for 

automotive applications
1 

 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > H-Tempers for strain-
hardening wrought alloys (EN 515) 

 
Literature: 

 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 
York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 — The majority of data 
were taken from this reference, p. 664-668.   
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1.5.3 Comparison of static and fatigue strength 
 
The figure below illustrates that the increase in unnotched fatigue strength with increasing 
static strength of the alloy is comparatively small and even less for notched (and welded) test 
pieces.  
 
The component's life is much more affected by stress concentrations which should be 
avoided or minimised in design and fabrication as much as possible. 
 

 

Static and fatigue strength of different Al-alloys 

Source: VAW 
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1.5.4 Fatigue – S-N-curves for AlMg3Mn (EN AW-5454) 
 
The unnotched axial fatigue S-N-curves at right for AlMg3Mn-O are typical for medium 
strength aluminium alloys.  
 
Considering that the yield strength of the material is typically 110 MPa the data show an 
endurance limit at R = 0.5 above the yield strength, demonstrating that the materials are 
cyclic strain hardening, i.e. it also performs in a stable manner when strain hardened by 
forming operations.  
 
On the other hand, the data illustrate the well known fact that the endurable stress amplitude 
is sensitive to mean stress. 
 
Most aluminium alloys suffer some reduction of fatigue strength in corrosive environments. 
The fatigue strengths of the corrosion-resistant alloys used for automotive sheet (1xxx, 3xxx, 
5xxx, 6xxx) are less affected by corrosive environments than are high-strength alloys (2xxx, 
7xxx). 
 

 

S-N-curves for AlMg3Mn-O sheet (3.5mm) for different R values 

Source: VAW 
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1.6 Flow curves, formability data 
 

1.6.1 Basic material data for FEM simulation of sheet forming 
 processes 
 
To optimise forming processes FEM-simulation is a common tool. The plastomechanical 
behaviour of any material is characterised by the following input-parameters:  

 Flow Curves (FC) describe the stress as function of strain, i.e. the strain-hardening 
characteristics of the material  

 Anisotropy of the material is taken into account by the directionality of yield stress 
(yield locus) and the relation between thickness strain and width strain (r-value)  

 Forming Limit Diagrams (FLD) displays the range of two-dimensional strain to 
fracture. It helps to evaluate the FEM results. 
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1.6.2 Flow curve (anisotropy) 
 
See also: 

 AAM – Materials – 2 Alloy constitution > Heat treatment > Solution treatment and 
ageing 

 AAM – Materials – 2 Alloy constitution > Strengthening mechanisms > Strengthening 
of aluminium alloys 

 
The Flow Curve (FC) describes the strain-hardening of the material during deformation, 
determined by tensile test (see EN 10002 for sheet material).  
 
Al-Mg-alloys (5xxx) reveal highest strain-hardening characteristics for high amounts of Mg in 
solid solution.  
 
Al-Mg-Si alloys (6xxx) gain their strength mainly by precipitation hardening (see Links).  
 
Due to anisotropy caused by strong crystallographic texture some sheet metals show 
different flow behaviour in different directions of the sheet.  
 
Figure below: Yield curves of EN AW-5754-0 (EN AW-AlMg3) in different directions to the 
rolling direction. 
 

 

Source: VAW 
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Figure below: Yield curves of AA 6016-T4 (AlSi1.2Mg0.4) in different directions to the rolling 
direction. 
 

 

Source: ALCAN (Suisse) 
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1.6.3 Flow curve – Fitting approaches 
 
Only relatively small strains (20-40%) are achieved until (ductile) fracture occurs in uniaxial 
tensile testing.  
 
The classical description of flow stress is the Ludwik equation. It gives the strain hardening 
exponent n, valid within range.  
 
For extrapolation of the data to higher strain - as needed for FEM-simulations - several 
extrapolation methods are used. The (modified) Voce gives best results. 
 
Figure below: Yield curves of EN AW-5754-O (EN AW-AlMg3) according to different 
regression approaches. 
 

 

Red line marks begin of extrapolation 

Source: VAW 
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Table below: Material data and coefficients of yield curve fittings of EN AW-5754-O (EN AW-
AlMg3). 
 

 

Source: VAW 
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1.6.4 Forming limit diagram 
 
Forming Limit Diagrams (FLD) are used to evaluate and the result of a forming simulation by 
displaying the local distance to strain limits.  
 
FLDs show the maximum amount of strain before failure by necking or fracture as a function 
of the state of 2-dimensional deformation ("major and minor strain").  
 
FLDs are commonly determined by experiments. They can also be calculated using flow 
curves (FC), yield loci and an instability criterion. 
 
Figure below: Forming limit diagram of EN AW-5754-O (EN AW-AlMg3). 
 

 

Source: VAW 

 
Figure below: Forming limit diagram of AA 6016-T4 (AlSi1.2Mg0.4). 
 

 

Source: ALCAN (Suisse) 
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1.6.5 Yield locus 
 
Literature: 

 Banabic, D.: Anisotropy of sheet metal, in Formability of Metallic Materials, ed. D. 
Banabic, Springer-Verlag, Berlin, 2000. ISBN 3-540-67906-5. 

 Vegter, H., An, Y., Pijlman, H.H., Huétink, J.: Advanced mechanical testing on 
aluminium alloys and low carbon steels for sheet forming. Proc. Numisheet99 (1999) 

 Vegter, H., Pijlman, H.H., Huétink, J.: Different approaches to describe the plastic 
material behaviour of steel and aluminium-alloys in sheet forming. Proc. 
ESAFORM99 (1999) 

 
The von Mises criterion is the classical description of the yield locus for isotropic materials. 
For sheets that show some anisotropy a number of extended yield criteria are available, 
some already implemented in commercial FEM codes:  
 
The Hill 1948 quadratic criterion is generally used for basic studies. In forming simulation, 
more elaborate material models are used for a better description of the plastic behaviour of 
the material (e.g. Barlat, Hill 1990, Vegter, etc.). Developments are ongoing, therefore it may 
be advisable to check which material model is specifically implemented in a commercial FEM 
code.  
 
Anisotropy of sheet is caused by texture, depends on alloy and processing history and may 
vary between suppliers.  
 
Figure: Graph showing yield surface of EN AW-5182-O fitted with several yield criteria. 
 

 

Source: Corus Group 
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1.6.6 Comparison aluminium / steel 
 
Literature: 

 Mori, T., Hino, M., Iwaya, J. and Miyahara, M.: Press formability of aluminum alloy 
sheets for automobile parts. Kobelco Technology Review 14, July 1992 pp. 49-53. 

 

 In comparison to steel, aluminium automotive sheet alloys in tensile testing show 
similar uniform elongations, lower total elongations, higher work hardening 
coefficients (n-values) and lower Lankford coefficients (r-values).  

 High work hardening (n-values) generally implies better overall formability. They may 
vary with strain (reaching a maximum around 5%). The correlation of sheet formability 
with tensile test elongation data is limited and poor with r-values.  

 Low yield stress is preferable to control springback and for 6xxx outer panel sheet it is 
beneficial for hem flanging performance.  

 In contrast to steel which shows a significant effect of the material thickness on the 
Forming Limit Diagram (Keeler formula), the influence of the material thickness in 
aluminium is minor (predominantly a geometrical effect). 

 

 

Source: Pechiney 

 
Examples of load-elongation (technical stress-strain) curves for some steel and aluminium 
alloy sheet (tensile tests with identical sample size: 1mm thick, 20mm wide, 80mm gauge 
length). 
 

 

Source: Pechiney 
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1.7 Microstructure and surface 
 

1.7.1 Surface roughening during sheet forming 
 
For outer panels high quality surface finish is required for stamped and painted part. The 
degree of change of surface topography during forming is influenced by the following factors: 
 

 Initial roughness of the sheet surface:  
  Smooth surfaces roughen more! 
 

 Degree of forming: 
  The increase of surface roughness is approximately proportional to the  
  degree of deformation. 
 

 Grain structure and size ("Orange-peel" effect): 
  Coarse grain size (above 40 - 50 µm) or non-uniform texture result in greater 
  roughening! 
 

 Strain markings: 
  Strain markings depend on alloy system and thermo-mechanical processing. 
 
"Strain markings" are roughening with stronger directionality and are typical of non-
"stretcher-strain-free" AlMgMn alloys (Type A and B lines) as well as "ridging" or "roping" in 
highly textured AlMgSi alloys, see examples in fig. below.  
 

 

Left to right: Strain marking due to ''Roping'' (6xxx alloys), Type ''A'' and ''B'' stretcher 
strains (5xxx alloys) 

Source: Corus 

 
All these effects result in a corrugated appearance and in unacceptable finish quality of the 
painted part. Also, severe ridging may decrease formability. 
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1.7.2 ''Roping'' on formed AlMgSi sheet 
 
Literature: 

 Beaudoin A.J., Bryant J.D., Korzekwa D.A.:,Analysis of Ridging in Aluminum Auto 
Body Sheet Metal , Metall. Mater. Trans. 29A (1998) 2323 

 Baczynski G.J., Guzzo R., Ball M.D., Lloyd D.J.: Development of Roping in an 
Aluminum Automotive Alloy 6111, Acta Mater. 48 (2000) 3361 

 
The cause of roping is groups of similarly oriented grains aligned in the rolling direction 
resulting in a series of fine ridges during forming operations. The parallel repetitive nature of 
the lines leads to their description as "paint brush lines".  
 
The markings are not readily visible at the surface of the formed panel, but if present, will 
become evident by stoning transverse to the rolling direction. Roping markings appear 
strongly after electro-coating while successive paint layers may level the effect. 
 

 

Roping microstructure of 6xxx alloy 

Source: VAW 

 

 

No Roping microstructure of 6xxx alloy 

Source: VAW 
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1.7.3 Strain markings on formed AlMgMn sheet 
 
Literature: 

 Rossig, H.H., Ibe G., Gruhl W.: Streckgrenzeneffekte in vielkristallinen Al-Mg-
Legierungen, Teil 1, Metall 28 (1974) 232-237 

 Rossig, H.H., Ibe G., Gruhl W.: Streckgrenzeneffekte in vielkristallinen Al-Mg-
Legierungen, Teil 2", Metall 28 (1974) 357-362 

 Falkenstein H.P., Gruhl W.: Ursache und Vermeidung von Fliessfiguren bei 
Karosserieblechen aus AlMg5, in Gefüge der Metalle ed. Bad Nauheim (1980) 95-
103 

 Lloyd D.J., Court S.A., Getenby K.M.: Luderselongation in AlMg alloy AA5182, Mater. 
Sci. Tech. 13 (1997) 660-666 

 

 

Stretcher strain markings on stamped Al-Mg alloy sheet part 

 
5xxx series (Al-Mg-Mn) sheet alloys are prone to develop strain markings due to serrated 
yielding or strain aging. They are caused by low mobility of dislocations due to solute pinning. 
Two types of strain markings may develop:  
1. Type A: Needle and flame like appearance, caused by serrated yielding (Lüders bands)  
2. Type B: Parallel streaks aligned about 58° to the loading direction, caused by dynamic 
strain ageing (PLC, "Portevin-Le Chatelier effect")  
 

 
 

 

AlMg3, stretched sheet strips with strain markings of type A (left) and type B (right) 

Source: VAW 
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Type A can be avoided and "strecher strain free (ssf)" sheet can be produced by controlling 
grain size, quenching after annealing at high temperature, light deformation after annealing, 
or by alloying with Cu and / or Zn. 
 
The stress amplitude of the serrations of type B and the extent of serrated yielding increases 
with decreasing grain size and increasing Mg content. 
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1.8 Corrosion resistance 
 

1.8.1 General corrosion resistance ratings of automotive sheet 
alloys 
 
Literature: 

 Bleeker, R., Bottema, J., Sibson, J., Gehmecker, H., Johannpötter, O.: Filiform 
Corrosion of Painted Al Body Sheet AA6016 with Special Attention to Alloying 
Element Copper. Proc. ASST2000, (2000) 
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1.8.2 Effects of magnesium on corrosion resistance of Al-Mg alloys 
 
Literature: 

 v.d. Hoeven, J.A., Zhuang, L., Schepers, B., De Smet, P., Baekelandt, J.P.: A new 
5xxx series alloy developed for automotive applications. Proc. IBEC2002, SAE 
Technical papers series 2002-01-2128, (2002) 

 
Al-Mg-Mn alloys show superior corrosion resistance and are therefore used preferentially in 
marine applications.  
 
However, for Mg contents > 3% intercrystalline corrosion may occur after long time exposure 
to elevated temperatures  
(> 60°C). 
 

 

Effect of Mg-content on strength and intercrystalline corrosion of Al-Mg alloys 

Source: Wieser, Miebach, VAW 
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1.9 Thermal stability 
 

1.9.1 Contents 
 
Properties and behaviour of age-hardened and strain-hardened aluminium alloys can be 
affected by exposure to temperature effects occurring at ambient temperatures during storage 
or at elevated temperatures during service.  
 
Storage of naturally aged (T4-temper) material over longer periods may increase the yield 
strength and spring-back and concurrently reduce formability prior to forming operation. At the 
same time, the artificial ageing response during paint baking cycles may be impaired.  
 
Strain-hardened non-age-hardening alloys may experience reduction of static strength at 
paint baking temperatures due to recovery.  
 
The following pages illustrate these temperature effects especially for 6xxx and 5xxx 
automotive sheet alloys. 
 
Contents:  
 
Thermal stability of 6xxx series alloys (AlMgSi type)  

 T4 temper  
- Effect of storage time on strength and formability 
- Effect of storage time on paint bake response 

 Over-ageing of 6xxx series alloys 
 

Thermal stability of non-heat-treatable Al-alloys  
 Reduction of work-hardening due to recovery 
 Sensibilisation of 5xxx alloys for IC 
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1.9.2 T4 temper stability of 6xxx series alloys (AlMgSi type) 
 
See also: 

 AAM – Materials – 2 Alloy constitution > Heat treatment > Solution treatment and 
ageing > Special ageing effects in 6xxx alloys: stabilised T4 tempers (T4*) 

 
Literature: 

 Furrer, P. and Bloeck, M.: Aluminium-Karosseriebleche. Landsber: Verl. Moderne 
Industrie, 2001, (Die Bibliothek der Technik; Bd. 220) ISBN 3-478-93250-5 

 
AlMgSi sheet alloys show good formability in the as-delivered condition (T4 temper) and high 
age-hardening potential after final paint bake cycle (T6 temper) for high in-service strength.  
But both properties can change during thermal exposure and long time storage. In T6 
condition softening due to over-ageing occurs at elevated temperatures; in T4 condition 
natural ageing occurs during room temperature storage, resulting in:  

 T4 yield-strength and springback increases.  
 Bending and hemming performance degrades.  
 Elongation, n-values, and LDH results are hardly affected.  

However, mechanical properties and aging response can be controlled by appropriate heat 
treatment (T4+), which stabilises strength increase during storage and accelerate age-
hardening response during paint baking (see also Links). 
 
Figure: Diagram showing effects of room temperature storage on the T4 yield strength of 
different Al-Mg-Si alloys. 
 

 

Source: ALCAN (Switzerland) 
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1.9.3 Effect of storage time on formability of 6xxx alloys 
 
Literature: 

 Lloyd, D. J. (1999). Ductility and bendability in 6000 series automotive alloys. 
Automotive Alloys III, San Diego, TMS (electronic only). 

 
Mechanical properties of 6xxx-T4 alloys change gradually from the moment the material is 
quenched at the rolling plant (natural ageing). Material stored for long periods (several 
months), may therefore not be representative of production material:  

 T4-strength increases with storage time. It has to be ensured that older material is 
within specified mechanical property limits before using it for forming trials.  

 Springback increases slightly due to the yield strength increase.  
 Elongation, n-values, and LDH results are hardly affected.  
 Bending and hemming performance degrade.  

 
Low temperature storage reduces the effects of natural ageing. Effects are accelerated by 
increased storage temperature. 
 

 

Source: Pechiney 
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1.9.4 Effect of storage time on paint bake response of 6xxx alloys 
 
With progress of natural ageing the yield strength before paint bake cycle increases, whereas 
the strength after paint bake cycle decreases.  
 
By using special heat treatment techniques (e.g. interrupted quenching, pre-ageing or 
retrogression) it is possible to stabilise the mechanical properties, i.e. strength increase during 
storage will be substantially decreased. Furthermore the paint bake response may be strongly 
accelerated. This special, non-standardised temper is designated as "T4+" in this Manual.  
 
Suppliers should be asked for recommended T4 tempers depending on the requirements of 
part design and fabrication. 
 
Figure: Effect of storage time at RT on the yield strength of AA6016-T4 before and after the 
paint bake cycle (180°C/30min). 

 

 

Source: CORUS 
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1.9.5 Over-ageing of 6xxx series alloys at elevated temperatures 
 
Literature: 

 MIL-HDBK-5 E, June 1, 1987 
 
Over-ageing may happen during long term exposure at elevated temperatures. Such 
conditions may prevail in service for parts in body structure and chassis applications near 
heat sources (e.g. engine block or exhaust system). Over-ageing decreases the strength of 
parts, but not their ductility.  
 
Because of the stabilisation effects of artificial ageing or paint curing over-ageing of body 
sheet components will usually not happen during in-service conditions.  
 
In some cases, slightly over-aged 6xxx alloys may provide better crash resistance. 
 
Figure: Effect of exposure at different temperatures on elevated-temperature yield strength of 
AA6061-T6. 
 

 

Source: VAW 
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1.9.6 Thermal stability of non-heated-treatable Al-alloys 
 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > H-Tempers for strain-
hardening wrought alloys (EN 515) 

 AAM – Materials – 2 Alloy constitution > Heat treatment > Annealing 
 
For non-heat-treatable Al-Mg-Mn alloys additional strengthening is achieved by work 
hardening during cold rolling or cold forming (Hxx tempers). Some of it is lost at elevated 
temperatures due to softening mechanisms like recovery and recrystallization. 
 
Example (s. fig.): Cold rolled sheet of AA5454 (temper H18) shows minor exponential 
softening by recovery exposed to temperatures below 200°C. Above 200°C recrystallization 
occurs that leads to fast and significant softening. 
 

 

Isothermal softening curves for AA5454-H18 

Courtesy of VAW 
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1.9.7 Thermal stability of 5xxx series alloys (AlMgMn) 
 
See also: 

 AAM – Materials – 4 Microstructure and properties > Corrosion behaviour > 
Intergranular corrosion 

 
Alloys with > 3% Mg may be affected in their corrosion resistance by extended exposure at 
temperatures between 60 and 200°C. Surplus Mg may precipitate as Al8Mg5 at grain 
boundaries to form a continuous seam which - exposed to a corrosive environment - will be 
sensitive to intergranular corrosion "IC".  
 
A specific thermal treatment can be applied for stabilisation which can significantly reduce IC 
susceptibility.  
 
In any case this must be considered carefully and discussed with the material supplier before 
applying Al>3%Mg alloys to any IC critical application! 
 

Example:  
Microstructure of a stabilized EN AW-5182-O with discontinuous Al8Mg5-precipitates at grain 
boundaries. 
 

 

Source: VAW 

 
Example:  
Microstructure of EN AW-5182-O with continuous seams of Al8Mg5-precipitates at grain 
boundaries (high IC susceptibility). 
 

 

Source: VAW 
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1.10 Crashworthiness 
 
Aluminium and its low to medium strength alloys perform well under high strain rate 
deformation, i.e. both flow curve and ductility increase with increasing strain rate.   
 
Aluminium is therefore successfully applied in crash sensitive and safety parts.  
 
Flow curves under high rates of strain are currently being updated for automotive aluminium 
alloys. Selected data will be presented here when released. 
 

 

Aluminium HF-welded tubes as energy absorbing elements for bumpers 

Source: VAW 

 

 

Impact behaviour of HF-welded tubes made from rolled 5xxx alloy strip 

Source: VAW 
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1 Extruded products 
 

 

Source: Corus Group 

 

1.1 Basic types of extruded shapes 
 
The figure illustrates basic types of extruded shapes, open, semi-closed and closed. A lot of 
different shapes are illustrated in different chapters of the manual. Extrusions represent 
unique design possibilities, clearly differentiating aluminium from steel sheet. 
It is said about products from extrusions that only imagination limits the possibilities. It differs 
from steel profiles in the respect that 

 material thickness can differ in the cross section  
 inner and outer webs and fins are easily made  
 multi chamber hollow profiles are made by standard technology  
 several techniques have been developed for joining extrusions mechanically  

Moreover, extrusion dies have in general low cost. When complexity increases and talking 
about dies for hollow sections for hard alloys, die cost increases considerably. 

 

 

Basic shapes of extrusions - open, semi-closed and closed 
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1.2 Extruded shapes with webs and brackets 
 
Compared to steel profiles, aluminium extrusions can be made more complex and material 
can be added where it is needed. 
 
The figure (below) illustrates 

 a complex profile made stiffer and with added material where needed.  
 tubes – the aluminium tube has improved stability due to inner ribs. 

 

 

A steel sheet profile compared to an aluminium extrusion for similar purpose 

 
External webs can be used as brackets. Areas where the webs are not necessary can be 
removed. See bumper beam below. 
 

 

A bumper beam, a formed hollow extrusion where webs are cut away in areas not 
necessary 

 

 

Profile cut of the bumper beam 
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1.3 Pedals, door hinges - multi-function shaped extrusions 
 
It should be noticed that extrusions are not used as long components only. Many application 
cases are found where extrusions are cut to pieces, and without more reworking there is a 
finished product. Figures illustrate pedals for Lotus Elise. 
 

 

Pedal  box  - Lotus Elise 

 

 

Pedals for Lotus Elise 

 
The casing of a roll over protection bar shown in the figure, illustrates how a number of 
functions may be integrated already in the basic shape of the extrusion – a spectacle shape. 
 

 

Roll over bar assembly for cabriolet 
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A spectacle shaped extrusion 
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1.4 Cost considerations 
 
The graph below seeks to illustrate relations between cost, material strength and profile 
complexity. When more high strength material is applied, the cross-section may be down-
gauged and material cost may be saved. On the other hand, extrudability is reduced and thus 
extrusion cost will increase. 
 

 

Total cost of an extruded product related to material strength and material cost, and 
profile complexity 

 
Increased profile complexity may increase integration of functions, and reduce weight. 
However, it too reduces extrusion speed and thus increases cost. All together, finding cost 
optimum is an intricate, but doable affair, requiring the experience developed in the aluminium 
industry over many years. 
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1.5 Alloys 
 

1.5.1 Extrusion alloys and typical applications 
 
On principle, all wrought alloys (and even casting alloys) can be extruded to profile shapes. 
However, the metal flow through the die cavities at high extrusion temperatures demands 
special flow characteristics in order to fill the die openings uniformly at high flow rates and to 
achieve desired microstructures, properties and optimum surface quality. It is for these 
reasons that extrusion alloys have been specially optimised to suit the process and 
application requirements.  
 

Beside the brief overview on automotive extrusion alloys (see below) more details on 
selected automotive extrusion alloys and their typical applications are presented in the 
following subchapters.  
 

Besides those presented there are numerous varieties and variations of extrusion alloys. The 
user is referred to the suppliers for recommendations. 
The unalloyed, the 1xxx-series is used for non-structural application and are the best 
extrudable among the alloys. 
 

Liquid lines have over years been made in EN AW-3103.  
 

As space frames and other structural body parts are increasing in volume, more and more 
medium to high strength 6xxx-series alloys are applied.  
 

In general, the alloys 6060 and 6063 are the high volume alloys. Each extruder/ supplier 
offers his own family of alloys within each of these basic alloys.  
 

A major part of extrusion based products supplied to the automotive field has over the years 
been bumper beams in special 7xxx-series alloys (different from aerospace 7xxx alloys).  
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1.5.2 Composition 
 

Extrusion alloys in automotive applications 

 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > International designation 
systems for wrought alloys 

 AAM – Products – 2 Extruded products > Tempers and mechanical properties 
 AAM – Products – 2 Extruded products > Fabrication properties 
 AAM – Products – 2 Extruded products > Corrosion resistance 
 AAM – Manufacturing – 3 Forming > Bending 

 
The following table contains some typical extrusion alloys for automotive applications: 
 

 
 
Other alloys which also are in use are: EN AW-1100, 2024, 2618, 3003, 3007, 3102, 4010, 
5005, 6005, 6012, 6014, 6101, 6106, 6262, 7003, 7005, 7029, 7046, 7021 and 7075. For a 
specific selection a contact with suppliers is recommended. 
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1.5.3 Typical applications areas 
 

Typical application examples 

 
See also: 

 AAM – Products – 3 Automotive tubes 
 

   
 
Typical extruded products are: 
 
1. Extruded and drawn tubing  

2. Extruded, drawn and polyamide coated tubing  

3. Multi Port tubing  
4. A selection of profiles used in automotive structural application: 

 Bumper beams 
 Dash board carrier 
 Crash boxes 
 Cant rails 
 Sub-frames 
 A- and B-post 
 Complete space frames 
 Seats and seat rails 
 Wind shield frames  

 
The car (fig. below) is a virtual car, where frequently used extrusion based components have 
been drawn in. 
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Application characteristics of alloy 1xxx series 

 

Alloy 1000 Series 
 

Al  
 
Characteristics: 
 

 High electrical and thermal conductivity  
 High corrosion resistance  

 Poor machinability  
 Excellent finish capability and formability  
 Excellent extrudability  
 Low strength 

 
Pure aluminium is often chosen in products where good corrosion resistance is necessary 
and where excellent formability is desired, such as:  

 tubes,  
 thin walled multiport extrusions,  
 equipment for electrical components, heat exchangers, heat shields 
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Application characteristics of alloy 3xxx series 

 
See also: 

 AAM – Applications – 1 Power train > Heat exchangers 
 AAM – Products – 3 Automotive tubes > Available forms and thicknesses > Extruded 

 

Alloy 3000 Series  
 

Al + Mn 
 
Characteristics: 
 

 Excellent thermal conductivity  
 Good weldability  
 Good corrosion resistance  
 Good extrudability  
 Good formability  
 Poor machinability  
 Low to medium strength 

 
The corrosion properties of these alloys are excellent and so is the formability, and the alloys 
are often used in:  

 Extruded and drawn tubes  
 Automotive heat exchangers such as radiators, heater cores, air condition coolers 

and evaporators 
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Application characteristics of alloy 5xxx series 

 

Alloy 5000 Series  
 

Al + Mg 
 
Characteristics: 
 

 Medium to high strength 
 Low extrudability 
 Good corrosion resistance 
 Good weldability 
 Good machinability and formability 

 
The 5000 alloys combine a wide range of strength, good forming and welding characteristics, 
and high resistance to general corrosion. Alloys with 1% Mg can be extruded at normal rates, 
but with higher Mg-content the extrusion speed will be very low. Examples of applications are: 

 LNG-tanks (liquid natural gas tanks)  
 Decorative alloys with a wide range of strength and bright surface finish capabilities 

are also characteristic of the AlMg alloy system 
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Application characteristics of alloy 6xxx series 

 
See also: 

 AAM – Applications – 3 Car body > Bumpers 
 AAM – Applications – 3 Car body > BIW 
 AAM – Applications – 3 Car body > Seats 
 AAM – Design – 2 Performance > Crash 

 

Alloy 6000 Series  
 

Al + Mg + Si 
 
Characteristics: 
 

 Medium to high strength  
 Good extrudability  
 Good corrosion resistance 

 Good weldability  
 Good machinability and formability  
 Excellent finish capability  
 The most widely used extrusion alloy group 

 
Typical applications: 
 

 Crash box  

 Side impact beams  
 Seat components  
 Bumper beams  
 Engine cradle  
 Space frame  
 Sub frame 

 

 

Windshield frame BMW Z8 

Source: BMW AG and Hydro Automotive 
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BMW Z8 sub assembly front 

Source: BMW AG and Hydro Automotive 
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Application characteristics of alloy 7xxx series 

 
See also: 

 AAM – Applications – 3 Car body > Bumpers 
 

Alloy 7000 Series  
 

Al +Zn + (Mg) 
 
Characteristics: 
 

 High strength 
 Low to medium extrudability 
 Low to good corrosion resistance 
 Variable weldability 
 Good machinability 
 Good cold formability 

 
Typical applications are sections for structural purposes where high strength is required.: e.g. 
bumper beams 
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Typical applications of extrusion alloys 

 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > T-Tempers for heat-
treatable wrought alloys (EN 515) 

 

 
 
General:  
 
Tabled applications were collected in a survey from the participating companies. Note that 
this is only informational. For details concerning your design please contact your supplier. 
 
Remarks:  
 
Temper "soft" in this table applies to non-heat treatable alloys and means states F = as 
fabricated and O = annealed. 
Hard tempers of heat treatable alloys are labelled T6 = solution treated and artificially aged 
(for max. strength).  
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1.6 Extruded shapes 
 

1.6.1 Infinite variety of shapes 
 
See also: 

 AAM – Products – 2 Extruded products > Profile dimensions > Design guidelines 
 
An infinite number of shapes are available. The difficulty of extruding, and thus extrusion cost, 
depends on shape, size and alloy.  
 
Section categories are presented next page.  
 
Below, the figure exhibits shape examples used in modern car space frames. Many of those 
are multi-chamber profiles and many include details facilitating subsequent assembly. 
 

 

Profile examples used in modern car space frame 
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1.6.2 Section classification 
 
See also: 

 AAM – Applications – 3 Car body > Bumpers 
 AAM – Design – 2 Performance > Crash 

 
Literature: 

 Laue, K., Stenger, H.: Extrusion, American Society for Metals, 1981. 
 
Extruded profiles have been classified according to degree of difficulty. The table (below) lists 
section categories A through N in increasing order of extrusion difficulty. Categories are 
illustrated by some sections. 
 

 

Classification according to degree of difficulty 

Ref. K Laue and H Stenger, Extrusion, American Society for Metals, ISBN: 0-87170-094-
8 

 
The most clearly extrudable are simple and shaped bars, followed by standard extrusions and 
simple solid section, semi-hollow sections, section with difficult tongues, tubes, simple hollow 
sections, difficult hollow sections and the most difficult are wide hollow sections. A major part 
of sections used in automotive are in the categories D through K.  
 
Extrusion cost is strongly related to extrudability and thus section category. However, multi-
functional sections will open for more efficient solutions, a higher extrusion cost may 
frequently be acceptable. 
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1.7 Profile dimensions 
 

1.7.1 General 
 
When designing extrusion-based products, one should note certain limitations and special 
characteristics with extrusions.  
In the following, you will find subject like:  

 Minimum wall thickness  
 Tolerances  
 Size limitations  
 Design guidelines  

 
There is a considerable cost impact on doing good design. A close dialog with the extruder is 
therefore recommended to obtain the best possible design. Please note also that some 
extruders have specialised in certain directions. 
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1.7.2 Minimum wall thickness 
 

What factors determine minimal wall thickness? 

 
Literature: 

 R. Cobden: Aluminium: Physical Properties, Characteristics and Alloys. TALAT 
lecture 1501, EAA, 1994 

 
General  
Extrusion is a plastic flow process where the material flow speed through the die must be 
equal at all points of the cross section. The process window is determined by a number of 
factors that interact and where wall thickness is one parameter. Alloy, and relation between 
cross section area and billet diameter, are other factors that affect the process. 
 
What factors determine minimal wall thickness?  
 
Heat generation is a key factor. Pushing aluminium through the die produces heat. The 
larger the degree of forming, the more heat is generated. High temperature creates problems 
on the extrusion surface in the form of pick ups and cracks  
 
Tolerances are strongly related to wall thickness. If the thickness is too small it will be difficult 
to ensure proper flow characteristics and therefore small tolerances.  
 
Choice of alloy affects the minimum achievable wall thickness. Alloys with a high content of 
alloying elements are harder to extrude than those with low content, thus requiring thicker 
walls.  
 
Cross section complexity is an influential factor.  
 
In general it is easier to produce thin walls in simple sections as compared to those in 
complex sections. In hollow sections with several channels it can be difficult to fill the cavities 
between mandrels with metal, c.f. figure below, which in turn may call for increasing wall 
thickness.  
 

 

Multi-channel extrusion with thin walls 

Getting metal into the thin, inner walls may be quite a challenge 

 
Freedom of design is one of the extrusion processes' true strengths, especially the possibility 
of putting the material where it is best used. 

 
Still, when designing a thin walled section it is favourable to consider symmetry and 
constant wall thickness, as these properties contribute to better flow characteristics.  
 
It is easier to make thin walls in small extrusions than in large ones. Also, an extrusion press 
with high specific pressure (ratio between press force and container cross-section) is in 
general better suited for producing thin walled extrusions.  
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Recommended minimal wall thickness 

 
See also: 

 AAM – Applications – 3 Car body > Bumpers 
 AAM – Design – 2 Performance > Crash 

 
Recommendations  
 
The best way to design a thin walled extrusion is by cooperating with an extruder. Each 
press has its own characteristics and the extruder knows what his press is capable of.  
 
The diagram provides a picture of what is possible in terms of wall thickness in relation to 
circumscribed diameter. These curves will vary for each extrusion press. 
 

 

Recommended minimal wall thickness for various alloys and section types 

Source: SAPA 
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1.7.3 Tolerances 
 

Rule of Thumb 

 
Rule of thumb for tolerances is:  
 

Linear dimensions: ± 1% of nominal value  

Wall thickness: ± 5–10 %, thinner walls  higher percentage  

Angular geometry: ± 2 degrees  
 
Factors influencing tolerances are:  

 Cross section complexity  
 Cross section area  

 Alloy  
 Wall thickness 

 
The harder an alloy is to extrude, the more difficult it is to meet dimensional requirements. 
Tubes can be drawn to closer tolerances, but in general extrusions cannot be drawn.  
 
Wide hollow thin-walled extrusions which are difficult to fill with metal, are the most difficult to 
meet on tolerance requirements.  
 
Extrusion tolerances are given in prEN-755-9. Tolerances affect the productivity and thereby 
the price. Most tolerances are quoted as plus or minus deviation of datum value but, if 
required, uni-tolerances can be obtained, either all positive or all negative.  
 
It is essential, however, to agree this requirement before the die manufacture commences, as 
the dimensional datum of the die must be altered. 
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Most important tolerance measures 

 
The most important tolerance measures are:  
 
1. Wall thickness 
2. Gap dimensions / Width 
3. Rectangular tubes 
4. Round tubes 
5. Straightness 
6. Angularity 
7. Flatness (straightness) 
8. Corner radii 
9. Twist in section 
10. Cutting length and angle 
 

 

Source: Hydro Aluminium 
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1.7.4 Size limitations 
 

Maximum cross-section 

 
See also: 

 AAM – Materials – 5 Wrought materials production > Extrusion 
 
Maximum cross section area is related to billet size / container diameter, which again is 
related to each specific extrusion press. This corresponds to the green circle in the figure, and 
maximum theoretical dimension of a quadratic shaped profile is given by the yellow profile. 
However, in practice an open profile can be produced according to a circumscribed circle of 
80 –85 % of the green circle and closed sections 75 – 80 %. 
 

 

Illustration of possible profile dimensions applying 

1. Standard technique and 

2. Spreading technique 

 
Some extruders apply a spreading technique, which increases the possible profile 
dimensions. The red circle indicates the new artificial billet dimension, which in reality is the 
opening of the pressure ring. The blue rectangular profile indicates maximum possible 
dimension of open sections, while maximum possible closed sections are somewhat smaller.  
 
While most presses have cylindrical billets, some few have rectangular ones for production of 
wide shallow sections. The maximum size of a profile is also depending of alloy, wall-
thickness, cross section complexity and tolerances. Each press has its own possibilities for 
extrusion width (max. circumference). Typically, the presses dedicated for automotive 
extrusions range from 1600 tons press force to 6500, and container diameter ranging from 
185 mm to 340 mm. 
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1.7.5 Design guidelines 
 
See also: 

 AAM – Materials – 5 Wrought materials production > Extrusion 
 
Literature: 

 Laue, K., Stenger, H.: Extrusion, American Society for Metals, 1981. 
 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 

York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 — [Lit. 1] 
 
The three figures below illustrate some guidelines and practical hints:  
 
1. Design guidelines for improved extrudability and thus reduced cost.  
 
2. Some design hints improving assembly and making attachments to the profile easier.  
 
Some typical extrusion designs improving structural stability and some other details improving 
functionality. Remember also the use of inner and outer fins when stiffness is demanded. 
 

   

Design recommendations 

Source: SAPA 
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1.8 Tempers and mechanical properties 
 

Tempers and static properties 

 
See also: 

 AAM – Materials – 3 Designation system > Wrought alloys > Temper designation 
system for wrought alloys (EN 515) 

 AAM – Products – 3 Automotive tubes > Mechanical properties 
 
Extrusion tempers:  
Non heat treatable alloys, 1xxx-, 3xxx- and 5xxx-series, are mostly delivered in temper F.  
6xxx-series alloys are normally delivered in temper T5.  
7xxx-alloys are usually solution heat treated before artificial ageing and are therefore 
delivered in temper T6 and in some cases T7, which is an over-aged temper improving 
toughness. 
 
Static properties:  
Static properties in the following table are given as typical only. Min. values are given in EN 
755-2. Several suppliers of extrusions offer their own alloy(s) within the standard alloy, and 
also their own property limits.  
Statistics on open versus closed sections of alloy 7108 show that closed sections of equal 
thickness are about 10 MPa lower in tensile and yield strength, and approx. 3% higher in 
elongation (A5). 
 

 

Source: Hydro 

 
Static properties differ in various directions of the profile. In general static properties are given 
in the longitudinal direction of the extrusion. 
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Load-elongation curves for alloy 7108-T5 

Source: Hydro Aluminium 

 

 

Stress-strain curves for alloy 7108-T5 

Source: Hydro Aluminium 

 
Fig. 1 and 2 show representative tensile tests in various directions for alloy 7108-T5 in which 
the grains are fibrous non-recrystallised. 
 
The tensile properties of a recrystallised profile are somewhat different. 
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Load-elongation curves for 6063-T5 

Source: Hydro Aluminium 

 

 

Stress-strain curves for 6063-T5 

Source: Hydro Aluminium 

 
Fig. 3 and 4 for alloy 6063-T1 demonstrate some difference from figs. 1-2. Strain to fracture is 
lower in L and T direction than in 45o and much more evident in the recrystallised 6063. It 
should be noticed that in temper T1 the strength level is lower than in T5, but the principal 
shape of each curve is equal. The effect demonstrated above is texture effects and applies 
also to sheet material.  
 
Other static properties of relevance may be creep, compression, bearing, shear, creep and 
properties at elevated and low temperatures. For those, see Materials (general) and Talat. 
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Dynamic properties (fatigue) 

 
Fatigue data does not differ much between the different wrought products, sheet, extrusions 
and forgings. All these product types differ in properties related to material flow direction, 
Longitudinal (L) and Transverse (T), and so do also fatigue properties depend on material 
flow direction. In most cases fatigue strength in the L-direction is demanded and more 
favourable than in transverse direction. 
 
In fig.1 fatigue capacity related to loading direction is indicated. In fig. 2, SN-curves of von 
Mises equivalent stress fitted by regression is indicated for a hollow rectangular extrusion 
including bending as well as torsional loading. Tensile strength seems to have very limited 
influence on bi-axial fatigue.  
 

 

Fatigue capacity related to material direction 

Source: Eurocode 9 

 

 

SN-curve, von Mises eq. Stress, fitted by regression 

Bending and torsion loading of hollow extrusion 

Source: Hydro and Sintef 

 
However, in car structures as in many others, highest stress is most probably found in joints 
like welds. Therefore, design and performance of welds and other joints are more important 
considering than the base material itself.  
 
Moreover, it is recommended to see TALAT lectures 2401, 2402 and 2405. 
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1.9 Fabrication properties 
 

1.9.1 Qualitative fabrication properties of extrusion alloys 
 

 

Data contained in this table are of qualitative nature and not guaranteed 

 
General:  
 
All properties were collected in a survey from the participating companies. Note that the 
properties have informational character. For guaranties on certain minimum properties for 
your design please contact your supplier. 

 
Remarks:  
 
1) Temper "soft" in this table applies to non-heat treatable alloys and means states F = as-
fabricated and O = annealed. Heat treatable alloys in soft state are designated as T4 = 
solution heat treated and naturally aged.  
Hard tempers of heat treatable alloys are labelled T6 = solution treated and artificially aged 
(to maximize strength).  
 
2) Ratings based on results from the survey. Feedback was averaged and rounded 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 31 

1.10 Flow curve, formability data 
 

Flow curve 

 
See also: 

 AAM – Products – 1 Rolled products > Flow curve, formability data 
 

 
 

 
 
The flow curve, related to the true cross section area, can be described by Ludwik's law:  

 
where K is the flow resistance (constant), and n is the strain-hardening coefficient. The flow 
curve usually depends on orientation w.r.t. extrusion direction (anisotropy, press effect). 
 
Formability of extrusions is depending on:  

 the ductility,  critical, where necking occurs.  
 the strain hardening, n-value, which influence the ability to distribute the strain.  
 the anisotropy, influencing the deformation in different orientations. 
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Formability – Profile bending 

 
The formability of extruded profiles may be defined as a section's ability to be bent into a 
specific shape (Figure 1-3)  
 
....without exceeding the materials formability (Figure 1)  
i.e. by  

 necking,  
 thinning,  
 fracture.  

 
This depends on the flow curve, as described above. See also chapter on sheet forming, 
since there is reason to believe that parts of this can be applied to profile bending. 
 

 
 
....with minimum distortions of cross sectional members (Figure 2)  
i.e. by  

 sagging,  
 local buckling,  
 volume conservation.  

 
This depends mainly on profile's cross-section geometry. A low profile-width to thickness ratio 
(high compactness) and large bending radii will be beneficial. Also high strain hardening can 
be beneficial to the buckling resistance for compact profiles. Using mandrels the cross 
sectional distortions will be minimised. 
 

 
 
....within the overall dimensional tolerances specified (Figure 3)  
i.e. by  

 elastic springback.  
 
When the deformed section is unloaded, springback occurs due to elastic recovery. The 

phenomenon increases with increased yield strength, decreased bending stiffness (E×I), 
increased bending angle and reduced radius. 
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1.11 Microstructure and surface 
 

1.11.1 Factors affecting microstructure and surface quality 
 
The microstructure of an extruded product is mainly characterized by two parameters:  

 the grain structure (size, geometry)  
 the second phase particles, which can be classified in several families depending on 

size and composition  
 
Examples are given on next pages.  
 
The microstructure depends on the alloy composition and on the manufacturing process 
conditions.  
 
It has a strong effect on most properties of the extruded product: mechanical properties, 
formability, corrosion, weldability... 
 

 

Grain structure of a 6082 extrusion; micrograph is perpendicular to extrusion direction 
(anodic etching) 
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Particle distribution in a 6082 extrusion, perpendicular to extrusion direction 

 
The surface quality of an extruded product depends mainly on the extrusion process 
conditions, but also on alloy composition and on handling / transport / storage 
conditions.  
 
The surface quality requirements depend on the final application: are there visible parts? Is 
there a surface treatment? … These questions should be clarified early between the producer 
and the customer since they can impact the extrusion process conditions.  
 
Several kinds of surface defects can be encountered on extruded products.  
 
Examples are given next pages. 
 

 

6060 extrusion of an automotive door frame 
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Example of visible extrusion parts (door frames) on a prototype car (Matra) 
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1.11.2 Grain structure 
 
Recrystallised grain structure  

 most frequent type of microstructure: occurs naturally, if the alloy is not specifically 
designed to remain fibrous.  

 grain size usually ranges between 50 and 300 microns.  
 maximum grain size should be controlled; large grain size may be detrimental to 

formability. 
 

 

Example of a recrystallized grain structure in a 6060 extruded product 

 
Fibrous grain structure  

 usually observed in higher strength alloys with specific addition elements (like Mn, Cr, 
Zr).  

 induces an increase in mechanical properties along extrusion direction (called "press 
effect").  

 ductility may be reduced compared to a recrystallised grain structure. 
 

 

Example of a fibrous grain structure in a 7xxx extruded product 

 
Mixed grain structure (fibrous / recrystallised)  

 depending on extrusion process conditions, fully fibrous structure may be difficult to 
achieve; surface recrystallises first.  

 may be detrimental (ductility, mechanical properties) if recrystallised grains are too 
large or if recrystallised layer is too thick. 

 

 

Example of a mixed grain structure in a 7xxx extruded product: recrystallization has 
occured near the surface 
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1.11.3 Second phase particles 
 
Typical size range: 1 to 20 microns  
The particles found in this range are:  

 Fe and Si intermetallic phases which are always present in the microstructure.  
 Large Mg2Si precipitates which may be present if process conditions did not allow 

their complete dissolution. 
 

 

AlFeSi intermetallic phases (light grey) and undissolved Mg2Si precipitates (black) in a 
6082 extrusion (optical microscope) 

 
Typical size range: 0.1 to 1 µm.  
When addition elements like Mn or Cr are present, they form small particles called 
dispersoïds. These particles are used to control recrystallized grain size or to obtain a 
fibrous grain structure. They are smaller and denser than the intermetallic phases. 
 

 

Fine AlMn dispersoïds and large AlFeSi intermetallic phases in a 3103 extrusion 
(scanning electron microscope) 

 
Typical size range: 0.01 to 0.2 µm.  
In age hardening alloys, addition elements precipitate during final thermal treatment to form 
hardening precipitates. They strongly increase the mechanical properties of the product. 
Automotive extrusions made of 6xxx or 7xxx series in the T4 and T6 temper will contain such 
hardening particles. 
 

 

Hardening needle-like Mg2Si precipitates in a 6xxx alloy 
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1.11.4 Surface quality 
 
Several kinds of surface defects can form on extruded products. They do not necessarily 
affect the structural properties, but they can be unacceptable for aesthetic reasons, 
depending on the final application of the product. For most structural applications in 
automotive, this is of very limited concern. 
Two common surface defects are:  
 
die lines (figure 1) – scratches in the extrusion direction, always present to some degree; 
they are caused by the friction between the metal and the extrusion die.  
 
pick up (figure 2) – local tearing of metal or oxide particles during extrusion. 
 

  
 
The requirements for surface quality should be precisely defined with the producer since they 
can affect the design of the extrusion die. Three levels of requirements are usually defined: 
high, medium, low. An extruded product for a structural automotive application with no visible 
part may have only low surface quality requirements.  
 
For high surface quality requirements, special care is necessary: choice of the alloy, 
manufacturing process conditions, special care for handling and storage, individual protection 
for transport,... 
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1.11.5 Surface treatment – Reason and methods 

 
Reason: 
 

 Aesthetical and decorative reasons  
 Improved corrosion resistance  
 Improved mechanical and/or physical properties  
 Improved solderability and/or brazeability 

 
Methods: 
 

 Mechanical surface treatment (treated elsewhere)  
 Electrolytic and chemical polishing  

 Anodising  
 Organic coating (powder coating, wet painting, foiling and screen printing)  
 Metal plating 
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1.11.6 Electrolytic and chemical polishing 
 
These two polishing methods are used very often prior to anodising in order to obtain a bright 
surface appearance. In this case the process is called bright anodising. Chemical polishing is 
used more often than electrolytic polishing. The methods are especially suitable for complex 
profile geometry where mechanical polishing is difficult. Sometimes mechanical polishing is 
used prior to electrolytic / chemical polishing when mirror gloss appearance is required. 
Example of electrolytic polishing is the "Brytal" process. Examples of chemical polishing are 
Acid-cleaning, Glossing, buffing, Chromating and Phosphatising. 

 
Electrolytic polishing:  
Electrolytic polishing is carried out by means of current, special chemicals end high 
temperature. The "Brytal" process is one of the commercial electrolytic polishing processes, 
and with this process it is possible to obtain mirror finishes on large flat areas. The profiles 
should be carefully polishes by mechanical means before treatment.  
 
Chemical polishing:  
Chemical polishing is carried out by means of special chemicals (like Phosphoric Acid, Nitric 
Acid and Sulphuric Acid) and high temperature. Mirror-like surfaces are generally produced in 
mixtures of Phosphoric and Nitric Acids to which numerous other additions can be made to 
secure a higher levelling action. Sulphuric Acid is very often added to the mixture to remove 
or minimise the die lines. 
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1.11.7 Anodising 
 
Preface  
 
Anodising is an artificial re-building of the oxide layer by use of current and an electrolyte 
(normally Sulphuric Acid).  
 
The thickness of the layer is dependant on the service-conditions. For indoor (automotive?) 

use the thickness is typically from 3-15 m, and for outdoor (automotive?) use the layer 

should be between 15-20 m or even thicker depending on required service life.  
 
The anodic oxide coating improves some major properties of aluminium. 
 

 
 
Properties and process 
 
Response to colouring. Mainly brown shade colours suitable for outdoor use. Many colours 
available for indoor use. Generally, all colours are heat sensitive by fading  
 
Corrosion resistance. A low porosity oxide film has a good resistance against pitting 
corrosion. Chloride ions have little effect on a uniform layer.  
 
Wear resistance. Anodising improves wear resistance. Especially hard anodising increases 
the abrasion properties, but also normal architectural anodising gives better wear resistance.  
 
Surface hardness. Normal architectural anodising increase the surface hardness from 60-
130 HV to 200-350 HV.  
 
Electrical resistance. The anodic oxide layer has high electrical resistance. Anodised 
aluminium is suitable for electrical components, e.g. transformers and capacitors. 
 

 

Usual process for colour anodising 
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Parameters 
 
To obtain high standards of surface finish it is necessary to control the following parameters:  

 Control of surface finish and metallurgical structure of aluminium alloys used for 
anodising.  

 Control of pretreatment, anodising and, when required, colouring and finally sealing of 
the coating.  

 
Methods of pretreatment used prior to anodising are available that can mask or eliminate 
many of the surface irregularities of the aluminium alloys, but the metallurgical condition of the 
alloy cannot be controlled by the anodiser and is dependent on the processing at the casting 
and extrusion stages of fabrication. 
 

 
 

E = Excellent  
VG = Very Good  
G = Good  
M = Moderate  
U = Unsuitable  
 
* = Only suitable for dark colours  
 
X = A modified etching technique prior to plating is essential 
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1.11.8 Organic coating 
 
Overview  
 
Organic coating is mainly powder coating and wet painting. Powder coating is applied either 
by electrostatic or tribostatic charging of the powder particles. Wet painting is applied by spray 
(incl. electrostatic spraying) or electrophoretic painting. 
 
Reasons for using organic coating  
 
Aesthetic and decorative purposes: a wide range of colours is available and the coating will 
mask irregularities in the suitable (proper) pre-treatment (conversion coating).  
 
Weather resistance: most of the organic coatings for outdoor use have a very good gloss 
and color stability. However, epoxy coatings are not suitable for exterior automotive ?? use. 
The epoxy resin is broken down by the UV-light.  
 
Wear resistance: some special powder coatings (polyamides) have superior abrasion 
resistance. Abrasion tests have shown that such coatings are 600 times superior to 
conventional powder coatings. (See also page 8).  
 
Friction: some special powder coatings (polyamides) have a low friction coefficient in relation 
to conventional powder coatings. 
 

 

Picture of powder coated profiles or process 

 

 

Organic coating of extrusions - main methods 
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1.11.9 Metal plating 
 
Metal plating is deposition of a metal layer on another metal or plastic substrate. The 
precipitation occurs usually from a solution which contains ions of the metal used for the 
coating. Plating could either be carried out by means of electro- deposition, electroless 
deposition or mechanical deposition of a metal.  
 
The main reasons for plating on aluminium are:  

 Formation of an attractive finish,  
 Increased corrosion resistance,  
 Increased surface hardness,  
 Increased solder ability / braze ability. 
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1.11.10 Surface treatment – Comparison of methods 
 

 
 
Application to alloys:  
 
6060: Suitable for decorative and protective anodising, organic coating and metal plating  
 
6005 and 6082: Suitable for protective anodising and organic coating. Less suitable for 
decorative anodising and decorative metal plating due to a gray (black) appearance. Surface 
appearance may be improved by proper desmutting after alkaline etching. However, a 
modified etching technique prior to metal plating is essential. Suitable for functional (not 
decorative) metal plating. 
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1.12 Corrosion resistance 
 

1.12.1 General survey of corrosion resistance of automotive 
extrusions 

 
See also: 

 AAM – Materials – 4 Microstructure and properties > Corrosion behaviour > 
Protective oxide film 

 
Corrosion of extrusions does not differ much from corrosion of rolled products. However, 
some aspects is worth mentioning.  

 Pitting corrosion may occur in lines along the extrusion direction as a result of iron-
containing particles broken up and lined during extrusion.  

 Abrupt changes in grain size as a result of high strain rate differences may cause 
galvanic effects and cause galvanic corrosion in shape end surfaces and drilled and 
punched holes.  

 Part of the heat affected zone of some welded 7xxx-series alloys is a preferred 
corrosion zone.  

 Several alloys of the 7xxx-series are susceptible to stress corrosion. Welding creates 
residual stresses and welding of these alloys should be thoroughly evaluated with 
regard to environment and loading  

 
See also more detailed information on corrosion of aluminium alloys in Materials (general) 
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1.13 Thermal stability 
 

1.13.1 Brief summary of thermal stability of extrusions 
 
See also: 

 AAM – Products – 1 Rolled products > Thermal stability 
 
Thermal stability of extrusions is very similar to rolled products. 
 
Briefly summarised: 
 
Age hardening alloys in temper T4 will increase strength over time, and the rate of hardening 
increases with increasing temperature. At room temperature, the hardening should be 
considered completed after about 2 years. Alloys containing more alloying elements will 
increase in strength more and faster than those lower alloyed. 7xxx-alloys age harden faster 
than 6xxx-alloys.  
 
In all tempers, extrusions will loose strength when exposed to elevated temperatures. At 
temperatures as low as 100 deg. C, yield strength is as low as about 90 % of RT strength. 
From temperatures of about 140 deg. C and above, increased exposure time decreases 
strength. After 1000 h exposure at 250 deg. C, YS is about 20 % of the unexposed YS at RT. 
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1.14 Crashworthiness 
 
See also: 

 AAM – Applications – 3 Car body > Bumpers 
 AAM – Design – 2 Performance > Crash 

 

Information will be provided in 2nd Edition of the Manual. 
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1.15 Fatigue 
 

1.15.1 Main factors affecting fatigue performance 
 
See also: 

 AAM – Materials – 4 Microstructure and properties > Mechanical properties > Fatigue 
 AAM – Materials – 4 Microstructure and properties > Corrosion behaviour > Corrosion 

fatigue 
 AAM – Design – 2 Performance > Fatigue > Investigation of service failures in 

aluminium products 
 
Literature: 

 Lahaye, C.T.W.: An empirical method to predict paint appearance starting with 
substrate roughness data. Proc. IBEC96, (1996) 

 
Fatigue fracture in automotive extrusions is rarely experienced as dimensioning usually is 
done for peak loads as crash, but some extrusion characteristics should be noticed w.r.t. 
fatigue. 
 
In general, fatigue properties of extrusions do not differ much from those of sheet. The most 
important factors are notch effects created by joints of various types, by surface topography, 
internal defects of various size (inclusions, extrusion welds,...), and changes in microstructure 
(recrystallised coarse grained surface layer and fibrous inner grains).  
Closed sections contain pressure welds, i.e. during the extrusion process the material has 
been divided into several „rivers", passing the bearing bridges of the mandrel, and then being 
press-welded behind the bridges. This is an important quality measure of a hollow extrusion.  
 
If these welds are not properly closed/ press welded, defects occur and tensile and fatigue 
properties in the transverse direction will be influenced. Moreover, design of the extrusion will 
also influence on fatigue, again by notch effects from the shape. Influencing factors are sharp 
corners and sharp changes in profile thickness.  
Corrosion will also influence fatigue by way of creating notches. Surface effects may create 
lined pitting corrosion attacks and thus make stress raisers in the transverse direction.  
Local abrupt changes in grain size may also cause notch effects and thus influence fatigue 
performance.  
From the figure shown in Materials > Microstructure and properties > Mechanical properties > 
Fatigue, it can be seen that fatigue strength in general is about 1/3 of tensile strength while 
notch fatigue properties are almost independent of alloy and static strength.  
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1.16 Joining of extrusions 
 

1.16.1 Introduction 
 
See also: 

 AAM – Materials – 2 Alloy constitution > Heat treatment > Retrogression heat 
treatment 

 AAM – Joining – 1 Fusion welding 
 AAM – Joining – 2 Resistance welding 
 AAM – Joining – 3 Friction stir welding 
 AAM – Joining – 5 Mechanical joining 
 AAM – Joining – 6 Adhesive bonding 
 AAM – Manufacturing – 3 Forming > Impact forming 

 
Extrusions can be joined by several methods:  

 Fusion welding (MIG and TIG and laser)  
 Hybrid laser technique (laser/MIG)  
 Friction Stir Welding  
 Spot welding  
 Blind rivets  
 Self piercing rivets  
 Clinching bolting and  
 Adhesive bonding  
 Compression Fit Joint 

 
All these methods are described in section Manufacturing > Joining. In this section those 
methods that have special relevance for extrusions will be described. 
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1.16.2 Fusion welding 
 
See also: 

 AAM – Joining – 1 Fusion welding 
 
MIG welding is commonly used and can be applied within the whole range of extrusion 
thicknesses of practical interest. In cases like T- and K-joints welding is the only well 
developed joining technique. The method is well suited for automation and is therefore an 
attractive candidate for high-volume production. Proper choice of filler material reduces the 
risk of solidification cracking. Other advantages include high productivity and robustness.  
 
TIG welding is an alternative method particularly in welding of thin walled extrusions where 
close control of penetration and quality is crucial.  
 
Laser welding (CO2, YAG and diode) gives high heat intensity causing a correspondingly 
narrow heat affected zone and low distortions. However, the method requires very tight fit-up 
of the parts to be welded, and can usually not accept gaps larger than about 0.2mm, which 
means that the method requires tight tolerances.  
 
The hybrid laser technique, which combines a laser and a MIG heat source, utilises the 
advantages of both methods and can therefore accept larger gaps than the laser method 
alone. Due to the high heat input, the method offers very high travel speeds. 
 
Plasma-arc welding is another highly efficient joining method which yields a very confined 
local heating due to an intensively heated plasma arc.  
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1.16.3 Welding simulation 
 
Thermally induced deformations are unavoidable in fusion welding and may represent a 
challenge to overcome due to tight geometrical tolerance limits. Another phenomena is 
degradation of the base material due to softening of the HAZ.  
 
Recent advances in development of numerical weld simulation tools can now significantly 
reduce these problems, since such tools can be applied to optimise the welding parameters, 
as well the fixture and clamping system. The right hand figure shows an example of output 
from a typical weld simulation applying the toolbox WELDSIM *). The component is a corner 
of a windshield frame and the colours represent different yield stress levels. (The red colour 
corresponds to unaffected base material while the dark blue colour symbolises severe 
softening).  
 
Several software programs calculating distortions are commercially available.  
 
____________________  
*) Not commercially available yet, for information, contact Hydro Automotive Structures. 
 

 

Simulated yield stress after welding of a windshield frame 

Source: Hydro 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 54 

1.16.4 Welding techniques related to extrusions 
 
Various techniques are available to improve weld quality of extrusions.  

 Strength reduction in HAZ can be compensated for by local thickness increase, fig.1.  
 Welding groves are included in the extrusion design, fig. 1 and 2a and 2b.  
 Lap joints, fig. 3 allow some variations in overlap contrary to butt joints and can thus 

help on dimensional adjustment. Transverse loads create a bending moment in the 
weld and may contribute to bending fatigue.  

 Big profiles can be made by welding together two or more sections which are 
prepared for welding by tongue and groove, fig. 4. 

 

 

Increased thickness compensates for reduced strength 

 

 

Welding grooves and backing support are included in the extrusion 

 

 

Lap joints 

 

 

Example making big profiles out of smaller when there is size limitation in the press 
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1.16.5 Adhesive bonding 
 
See also: 

 AAM – Joining – 6 Adhesive bonding 
 
The experience with adhesive bonding of automotive structures is rather limited. The only 
known space frame structure currently in production applying adhesive bonding are the Lotus 
Elise (since 1996) and the Aston Martin Vanquish.  
 
When bonding, in general the design must match the fact that bonding surfaces need to be 
much larger than those used when welding. The forces working on the bonded material 
should be shear loads, and peel load should be avoided, fig. 1.  
 

 
 
Longitudinal joining of extrusions or sheet to extrusion by adhesive bonding is excellent, but 
T-joints and similar joints can also be made when proper design is used, fig. 2.  
 

 

Example of a T-joint  design 
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Adhesive bonding makes no thermal distortion and no changes in material characteristics. 
When two large closed sections are to be joined longitudinally and access from inside is very 
limited, adhesive bonding should be considered, fig. 3. 
 

 

Normally extrusions are thin-walled, which means welding need more attention 
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3 Automotive tubes 
 

 
 

3.2 Types of aluminium tubing 
 
See also: 

 AAM – Applications – 1 Power train > Liquid lines > Applications 
 AAM – Applications – 2 Chassis > Structure and components > Subframe / Rear axle 

> Subframe – BMW 5 Series 
 AAM – Applications – 1 Power train > Heat exchangers 

 
Tubes are defined as hollow semifinished products with a uniform cross-section over the total 
length, which are supplied in straight lengths or coil. The cross-section contains only a single 
hollow with uniform wall thickness.  
 
Cross-sections are either circular or oval round, square, rectangular, regular sided triangular 
or polygonic.  
 
Hollow shapes with uniform cross-section over the total length, but with non-symmetric cross-
sections and uniform or non-uniform wall thicknesses are called profiles. 

 
Aluminium tubes are produced by the following methods:  

 Extrusion (through porthole dies) 
s. standard EN 755-1, -2, -8  

 Extrusion (by mandrel, seamless tubes) 
s. standard EN 755-1, -2, -7  

 Extrusion and drawing 
s. standard EN 754-1, -2, -7, -8  

 HF-welding of rolled strip 
s. standard EN 1592-1, -2, -3, -4  

 Laser welding of rolled strip  
 Brazing tubes are supplied with a clad braze alloy (HF-welded tubes)  
 Tubes are also supplied with external and/or internal coatings.  
 Multiport extrusions (MPE) are for special purposes, e.g. heat transfer. 

 
Aluminium tubes for automotive applications may be divided into  

 functional tubes, i.e. pressurised or non-pressurised gaseous or liquid media guiding 
tubes  

 structural tubes for load carrying structural members 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 3 

 

Functional and structural use of aluminium tubes 
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3.3 Links to properties, processes and fabrication of 
aluminium tubing 

 
See also: 

 AAM – Materials – 5 Wrought materials production > Extrusion 
 AAM – Materials – 6 Special materials production > Longitudinally welded tubes 
 AAM – Materials – 5 Wrought materials productions > Automotive sheet > From ingot 

to strip and panel > Production of Brazing Sheet 
 
Tube Properties  
 
Tube properties depend strongly on the production method used and on alloy composition 
and temper. Alloys are tailored to the respective production methods and application 
requirements, e.g. "Long Life Alloys" for heat exchangers.  

 Mechanical properties of extruded, drawn and MPE tubes 

 Mechanical properties of HF- and Laser-welded tubes  
 Corrosion properties 

 
Tube Production Processes 
 
For a description of the production process of tubes and their dimensional size limits:  

 Extruded tubes ---- s. Production of extruded shapes 
 HF- and Laser-welded tubes ---- s. Longitudinally welded tubes 
 Clad welded tubes ---- s. Automotive sheet production - Roll bonding 

 
Fabrication of Tube Components  
 
Almost invariably, tubes are subjected to cold forming operations, i.e.  

 bending --- s.Bending of tubes and shapes 

 expanding,  
 shrinking,  
 variable geometries ---- s. Hydroforming  
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3.4 Available forms and thicknesses 
 

3.4.1 Specialty vs. standard tubing 
 
See also: 

 AAM – Products – 3 Automotive tubes > Mechanical properties 
 AAM – Products – 3 Automotive tubes > Testing and forming 
 AAM – Products – 3 Automotive tubes > Corrosion properties 

 
Standard and specialty tubing  
 
While for standard tubing of all production types, forms, dimensions and thickness the limits 
and tolerances are represented in relevant standards, automotive tubing is mainly 
characterised by specifically selected alloys, dimensions and tolerances, which have been 
optimised or developed for special automotive applications.  
 
As a rule, special manufacturing and processing procedures and investments were necessary 
to meet the requirements of the automotive customer, which are reflected in special testing 
procedures and property profiles.  
 
In the following subchapters informative data are collected for the main categories of 
automotive tubing:  

 Extruded single and multiple hole tubes or profiles for heat management purposes 
(e.g. heat exchangers),  

 Drawn and drawn & coated tubes for liquid lines,  
 HF-welded tubes for functional and structural use,  
 Laser-welded tubular blanks for structural purposes.  

 
For each of these tubings mechanical properties are listed in a subsequent chapter and 
examples are given which illustrate the types of applications for which the tube materials have 
been developed. 
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3.4.2 Extruded tubes 
 

General 

 
See also: 

 AAM – Products – 2 Extruded products 
 AAM – Products – 3 Automotive tubes > Mechanical properties 
 AAM – Products – 3 Automotive tubes > Testing and forming 

 

 
 
Extruded aluminium tubes are produced essentially by the following two methods: 
  

 Extrusion through porthole dies (Fig. 1)  
 (s. standard EN 755-1, -2, -8) 
 The essential features (including round tubes as drawing stock, hollow profiles and 
 multiport extrusion (MPE) are 

 longitudinal pressure welds (generated in the porthole die) 
 close concentric tolerances (compared to seamless tubes) 

 

 
 

 Extrusion by mandrel (Fig. 2) 
 (s. standard EN 755-1, -2, -7) 
 The essential features are 

 seamless tube wall (no pressure welds, homogeneous microstructure) 
 larger concentric tolerances compared to porthole die extrusion 
 shapes limited to concentric cross-sections 

 

 
Alloy selection of tubes  
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 for structural applications: s. Extruded products 
 for functional purposes:  

s. Round tubes 
s. Multiport extrusions 
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Extruded Round Tubes (for heat exchangers) 

 
See also: 

 AAM – Products – 3 Automotive tubes > Mechanical properties 
 

 
 
Characteristics 
 
Alloys 

 EN AW-3103 (Europe) or AA 3003 (USA) 
 long life alloys (LLA) 
 EN AW-6106 
 EN AW-6005 

 
Dimensions  
outer diameter is typically 6-10 mm 
 
Available forms/shapes  
Inner diameter can be either smooth or enhanced by internal fins.  
 
Application  
Primarily in various types of 'mechanical expanded' type heat exchangers (condensers and 
evaporators). 
 

 

Source: Hydro Aluminium 
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Multiport Extrusions (for heat exchangers) 

 
See also: 

 AAM – Products – 3 Automotive tubes > Mechanical properties 
 

 
 
Characteristics  

 large internal surface enhances heat transfer  
 wide variety in shape and size  
 MPE's are divided into micro and macro profiles  

 
Alloys  

 micro : EN AW-1050, EN AW-1100, and EN AW-3102  
 macro: EN AW-3003  

 
Dimensions  
  height  width  
micro  1.8 - 3 mm 15 - 30 mm  
macro  2 - 8 mm 16 - 105 mm  
 
Available forms/shapes  

 design, dimensions, and tolerances are tailored to customer requirements  
 
Application: various kinds of heat exchangers. 
 

 

Source: Hydro Aluminium 
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3.4.3 Drawn 
 

 
 

Drawn tubes 

 
See also: 

 AAM – Products – 3 Automotive tubes > Mechanical properties 
 AAM – Products – 3 Automotive tubes > Testing and forming 
 AAM – Products – 3 Automotive tubes > Corrosion properties 

 
Drawing process  
The inner and outer diameter of the tube are reduced to achieve the desired geometry. 
Drawing of extruded tubes is more cost effective than extrusion of small diameter tubes.  
 
Characteristics  

 fine tolerances  
 high surface quality  

 (combined effect of lubricants on the mandrels and dies)  
 
Alloys (mostly similar to extruded tubes):  

 3xxx (EN AW-3003, EN AW-3103)  
 5xxx (EN AW-5049)  
 6xxx (EN AW-6005, EN AW-6101, EN AW-6106)  

 
Dimensions  

 OD = typical 2 to 25 mm  
 WT = typical 0.3 to 2 mm 

 
Available forms/shapes  

 round, oval, flat oval, polygonal, hexagonal, and D form  
 
Applications  

 heat exchangers ; inlet/outlet tube ; power steering  
 

 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 11 

Typical applications 

 
See also: 

 AAM – Applications – 1 Power train > Liquid lines > Applications 
 AAM – Applications – 1 Power train > Heat exchangers > Others 

 
Typical applications of drawn tubes for automotive use are liquid lines and mechanically 
assembled heat exchangers or coolers. 
 

 

Liquid lines 

Source: Hydro Aluminium 

 

 

Mechanically assembled heat exchanger 

Source: Hydro Aluminium 

 

 

Mechanically assembled cooler 

Source: Hydro Aluminium 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 12 

Drawn and coated tubes 

 
Application of coated tubes and alloys:  

 transport of air, fuel, other fluids (fuel lines, power steering, etc.) 
 
Coating  

 Protective poly-amide coating. Tubes are extruded and precision drawn. Coating is 
co-extruded. 

 
Application Characteristics  

 internal cleanliness  
 corrosion resistance  
 resistance against stone impingement 

 
Alloys and Applications  

 EN AW-3103 for low-pressure (e.g. fuel lines)  
 EN AW-6106 for high-pressure (e.g. power steering) 

 
Mechanical properties: 
Rm > 290 MPa ; Rp0,2 > 200 MPa ; A10 > 7% 
 

Temperature resistance (limited by coating): 
PA12 from –50 to 150 0C 
 

 

Source: Hydro Aluminium, Hycot ® 

 
Available forms/shapes  
 
Dimensions  

 outer diameter  4 - 22 mm  
 wall thickness  0.5 - 1.8 mm  
 coating thickness 150 - 500 µm  
 Typical tube length 100 to 6000 mm  
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Tolerances 
According to DIN EN 747-7  
 
Fabrication properties  
 
Coating:  
coating is resistant to the stresses of bending and endforming  
 
Bending radius properties:  
dependent on tube radius and thickness, but typical 2 to 3 x OD  
 
Burst pressure:  
dependent on tube radius and thickness, but typical 600 to 1000 bar (for straight tube)  
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3.4.4 HF-welded (incl. Clad) 
 

 
 

HF-welded tubes for thermal management applications 

 
See also: 

 AAM – Materials – 6 Special materials production > Longitudinally welded tubes 
 AAM – Products – 3 Automotive tubes > Testing and forming 
 AAM – Products – 3 Automotive tubes > Corrosion properties 

 
Process  

 HF-welding of roll formed strip  
 
Characteristics  

 Core alloys available with inner and outer claddings give possibility to combine a low 
melting point brazing alloy with a high strength core, and if required a corrosion 
resistant inner cladding  

 
Alloys for thermal management  

 core alloy: 3003; 3005; Long Life Alloy  
 inner cladding: 4343, 4045, 4004  
 outer cladding: EN AW-7072  
 cladding thickness: 8-12% 

 
Thermal management applications  
Heat exchanger tubes and manifolds; dimple tube to cover low flow applications, thin tubes 
for single row radiators, thicker walled tubes for oil cooler and manifolds, short tubes for 
heaters, and tall wide tubes for charge air coolers. 
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HF-welded tubes for structural applications 

 
See also: 

 AAM – Products – 3 Automotive tubes > Mechanical properties > Mechanical 
properties of HF-welded tubes (selection of alloys) 

 
Typical product applications include: rear axle subframes, prop-shaft tubes, and tubes for 
engine cradles and space frames.  
These examples best demonstrate the key criteria for using longitudinally seam-welded tubes.  
The requirements on rear axle tubes, for example, mainly relate to formability and geometrical 
tolerances; these determine the suitability of the product for hydro-  
forming.  
Tubes used for other applications require high formability for bending and flaring operations. 
In contrast, propshafts tubes, for example, must meet tight tolerances for vibration-free 
rotation. 

 
Typical shapes:  
Normally tubes used for hydroforming processes have circular shaped cross sections due to 
the shape of the hydroforming axial punches. But a lot of further tube cross sections are 
available. For example, square cross sections or profiles with integrated grooves.  
 

 

Source: VAW alutube GmbH, Hannover 

 
Diameter and thickness tolerances  
 
A longitudinally seam-welded tube achieves the tolerances of a drawn tube but without 
additional processing costs. The reason for this is that the tube stock, aluminium strip, gains 
its mechanical and geometrical properties from the continuous cold rolling process. The HF-
seam welding process is also continuous and ensures constant wall thickness and very tight 
tolerances. 
 

 

Source: VAW alutube GmbH, Hannover 
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Source: VAW alutube GmbH, Hannover 

 
Materials for precision forming of HF-welded tubes  
 
In principle, longitudinally seam-welded tubes can be made from all wrought aluminium alloys. 
For automotive applications, however, non-heat-treatable AlMg(Mn) alloys (5xxx series) and 
age-hardening AlMgSi alloys (6xxx series) are preferred.  
 
Non-heat-treatable or "work-hardening" alloys offer better forming behaviour, especially when 
they are in the soft (-O) temper; this temper requires annealing subsequent to tube 
manufacturing. These tubes are excellently suited for hydroforming processes as well as for 
other cold forming operations.  
 

 
 
The table shows only part of the product range.  
 
HF-welded tubes for high-strength applications  
 
At reduced annealing temperatures and annealing times, so-called "partial annealing" takes 
place to give tempers (e.g. H24, i.e. half hard) which allow a compromise to be made 
between formability and strength for the particular tube. With no annealing, fully hard tempers 
(H18 / H28) with the highest strength are achieved.  
 
Work-hardening tubes are strain hardened during cold forming processes. Annealing the 
tubes at around 350°C can reduce this strain hardening; the material then has the 
characteristic values of soft temper (O) again. 
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The table shows only part of the product range. 
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Application examples 

 
See also: 

 AAM – Applications – 2 Chassis > Structure and components > Subframe / Rear axle 
> Subframe – BMW 5 Series 

 
Pistons for Air Suspension Systems  
(DaimlerChrysler S-Class)  

 
HF longitudinally seam-welded tubes are chosen as the base material for the production of air 
suspension pistons, because their consistent geometrical tolerances make it easier to meet 
the tight tolerance requirements of the finished part.  
 
The initial diameter of the tube is the mean of the maximum and minimum diameters of the 
finished part.  
 
The final shape is achieved by multiple expanding, reducing and flaring operations on three 
forming stations. 
 
Example:  
 
Alloy: AlMg2Mn0.8  
 
Tube dimension: 82 x 1.5 mm  
 
Manufacturer: VAW alutubes GmbH 
 

 

Source: VAW alutube GmbH, Hannover 

 
HF longitudinally seam-welded tubes for drive shafts of passenger vehicles  
 
On rear–wheel and four-wheel-driven cars with front-mounted engines, the drive shaft is 
usually comprised of different components. Connecting parts, for example forgings, are 
normally joined to the longitudinally seam-welded aluminium tubes by means of friction 
welding.  
 
Properties:  

 Outstanding dimensional tolerances 
 High degree of roundness 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 20 

 High degree of linearity 
 Low eccentric tendency 

 
Example: Drive shaft - BMW 5 Series  
Alloy: AlMg3Mn  
Tube dimension: 60.5 x 3.5 mm  
Manufacturer:  
Tube: VAW alutubes GmbH  
Finished part: BMW AG 
 

 

Source: VAW alutubes GmbH, Hannover 

 
Rear-Axle Subframe - BMW 5 Series  
 
The MIG-welded subframe basically consists of 4 hydroformed HF-welded tubes and several 
sheet metal attachments.  
 
Manufacturing steps:  

 Rotary draw bending  
 Pre-forming  

 Hydroforming  
 MIG welding  

 
Advantages:  

 Optimum use of space afforded by sophisticated cold formed shapes of tubes,  
 Fully automatic manufacturing process due to consistant tube qualities. 

 
Weight: 11.3 Kg  
Lightest rear-axle subframe in its class  
Alloy: AlMg3.5Mn  
Tube dimension: 60.5 x 4 - 95 x 3.5  
Manufacturer:  
Tube: VAW alutubes GmbH  
Finished axle: BMW AG 
 

 

Source: BMW AG 
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3.4.5 Laser welded 
 

 
 

Laser-welded tubes 

 
See also: 

 AAM – Joining – 1 Fusion welding > Laser beam welding 
 AAM – Products – 3 Automotive tubes > Mechanical properties > Mechanical 

properties of Laser-welded tubes 
 AAM – Products – 3 Automotive tubes > Testing and forming 

 
Literature: 

 Buluschek, B.: Manufacture of laser welded composite tubes, Tube Int., Nov. 1998. 
 Schaik M. van., Kägi, B.: Soutube®, a new way of tube manufacturing, Tube Int., May 

1999 
 Eichhorn, A., Motsch, S.: Hydroforming of Taylored Tubes, IDDRG2000-21st Biennial 

Congress - AnnArbor, Michigan, USA, June 2000 
 Niedzwecki, H.: Exploring The Welded Tube Making Process (The basics for 

fabricators), Tube & Pipe, August 1997 
 Rempe, W.: Seam welded tubes for hydroforming and other forming processes, Tube 

Int. September 2000 
 
Characteristics  

 Laser welded tube developed for hydroforming of structural components.  
 Laser welds can be longitudinal, spiral, or radial 

 
Alloys  
typical body sheet alloys such as  

 EN AW-5182-O,  
 EN AW-5754-O,  
 AA 6016-T4,  
 AA 6111-T4 

 
Dimensions  

 Extended D/t Ratio up to 250  
 Diameter (40-250) mm  
 Customized Length and Wall Thickness (t = 0,6 - 3,0 mm) 

 
Applications  

 A-, B-, C-Pillar  
 Roof Rail 
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 Sill 
 etc 

 
Tubular forms  

 cylindical 
 conical 
 oval 
 tailored 

 

 

Source: Soutube 

 

 

Source: Soutube 
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Source: Corus Group 

 

 

Source: Corus Group 
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3.5 Mechanical properties 
 

3.5.1 Mechanical properties of extruded, MPE, drawn and drawn & 
coated tubes 

 

 

Source: Hydro Aluminium 

 

 

Source: Hydro Aluminium 
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3.5.2 Mechanical properties of HF-welded tubes (selection of 
alloys) 

 

 

HF-welded tubes 

Source: VAW alutube GmbH 
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3.5.3 Mechanical properties of Laser-welded tubes 
 

 

Source: Corus Group 
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3.6 Testing and forming 
 

3.6.1 Free Expansion Test (Burst test) 
 
Test Method  
 
In the Free Expansion Test the tube is filled with a fluid, sealed, and pressurized (P). No axial 
force is given on the tube.  
 
The radial expansion is defined as: 

 
S = (D-D0)/D0 x 100%  

 
The test was development[1] as a standard test for critical tubular products like automotive 
tubes.  
 
Figure below:  
Results of Free Expansion Test for different manufactured tubes in comparison with steel 
tubes 
 
_____________________________________________  

[1] developed in "Arbeitskreis: Materialprüfung in der IHU" at the TU-Darmstadt (PTU)  

 

 

Source: Corus 

 
Burst Test Schematic  
(Figure below)  
Characteristics:  

 Uniform elongation in circumference direction [%],  
 Max. expansion in radial direction S in [mm] 
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Copyright Schuler 

Figure below:  
Samples of Free Expansion tested laser welded aluminum tubes (d = 60 mm, t = 1,5 mm) 
with failure in the base metal (upper) and with failure in the weld (lower). 
 

 

Source: Corus 

 
Free Expansion Test Machine for Tubes 
 

 

Copyright Schuler 
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3.6.2 Mandrel Test 
 
Mandrel Tube Test  
 
Test for the evaluation of tube expansion capability and longitudinal weld quality in welded 
tubes.  
 
The mandrel is pushed axially into the tube opening, and the maximum expansion without 
cracking is measured.  
 
The result is expressed as expansion which is defined as  
 (D-D0)/D0 x 100%  
 
Test standard acc. to DIN EN 10234  
 
Test parameters  

 top angle 600 

 sample height 80 mm 
 pressure force 1000 kg  

 
Schematic of test set-up and procedure: (below) 
 

 
 
Test sample: (below) 
 

 

Source: Corus 
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3.6.3 Automotive Tubes – Endforming Operations 
 
To accommodate connections for automotive tubes, some form of endforming operation is 
typically required. Shown below are the most common operations; expanding, reducing, 
flaring, and beading. 
 

 
 
The figure (below) shows some examples of typical tube endforms. Some endforms require 
multiple forming operations. 
 

 

Source: Hydro Aluminium 
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3.7 Corrosion properties 
 

3.7.1 Corrosion resistance of automotive tubes 
 
Corrosion resistance of automotive tubes is one of the key requirements for their use in 
pressurised and non-pressurised liquid and gaseous media lines, such as heat exchangers, 
air conditioning systems. Especially in safety relevant applications like power steering and 
brake lines corrosion resistance is a prerequisite for safe life and reliability.  
 
Aluminium alloy and coating systems have been developed to meet these demands.  
 
The following examples described in this section illustrate the state of the art.  

 Design of alloy systems for optimum corrosion resistance of brazed heat exchangers.  
 Long Life Alloys developed for heat exchanger applications  
 Coated tubes for liquid lines as tested by standard SWAAT test  
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3.7.2 Design against corrosion 
 
In the design against corrosion of a heat exchanger the alloy composition of each of the 
components is tailored so as to direct corrosion attack to the least harmful part. In a heat 
exchanger the least harmful part is the fin and joint fillet, so these parts are designed to 
become sacrificial to the tube. 
 
Figure (below):  
After 10 days of SWAAT test, there is no contact anymore between tube and fin in the poor 
corrosion design, whereas after 30 days the component is still intact in the good corrosion 
design. 
 

 

Source: Hydro Aluminium 

 
Figure (below):  
Individual components of a heat exchanger. 
 

 

Source: Hydro Aluminium 
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3.7.3 Long Life Alloys (LLA) 
 
Long Life Alloys are developed to have improved corrosion resistance over conventional 
tube alloys, with other properties on a similar level.  
 
Application:  

 Automotive thermal management applications, to replace Zn sprayed or coated 
tubes.  

 
Advantages:  

 Avoid chromating (environmental issue)  
 Cost saving by avoiding Zn spraying or coating  
 Definition: withstand 20 days in SWAAT test  

 
The improved corrosion performance is achieved by:  

 Directing corrosion attack; lateral corrosion attack instead of pitting. See figures.  
 
To make optimal use of the improved intrinsic corrosion resistance of Long Life Alloys, a good 
corrosion design is needed.  
The figure (below) shows differences in corrosion behaviour between Long Life Alloy and 
standard EN AW-3103 alloy. 
 

 

Source: Hydro Aluminium 
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3.7.4 SWAAT test 
 
The SWAAT test is used for the ranking of corrosion performance of samples (tubes) or 
components (heat exchangers).  
 
SWAAT is an accelerated test due to aggressive environment with a pH of 2.8 – 3.0 and a 
temperature of @ 50 0C.  
 
For components the requirement of the automotive industry is to withstand 40 days (test 
conditions according to ASTM standard G85-A3).  
 
Evaluation:  

 mechanical properties;  
 time to leak;  

 metallurgical;  
 pit depth;  
 mass loss  

 
Figure (below):  
Typical coated tube sample before and after SWAAT test. 
 

 

Source: Hydro Aluminium 

 
Figure (below):  
Typical bare tube sample before and after SWAAT test. 
 

 

Source: Hydro Aluminium 
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4 Forged products 
 

4.1 Characteristics of automotive forgings 
 
See also: 

 AAM – Applications – 2 Chassis > Wheels > Forged wheels 
 AAM – Materials – 5 Wrought materials productions > Forging 

 
Aluminium forgings are used to save weight of components which require  

 high functional durability,  
 high structural integrity,  
 high fatigue resistance, and  
 high toughness and ductility.  

 
Aluminium forgings in automotive applications are, therefore, generally chosen for 
components which are essential for the safety of the vehicle:  

 system components of front and rear axles: e.g. control arms, knuckles, wheels,  
 components of the brake system: e.g. caliper, hydraulic system components. 

 

 

Concentric slave cylinder, alloy EN AW-6082-T6 

Source: FTE 

 

 

Clutch slave cylinder, alloy EN AW-6082-T6 

Source: FTE 
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Clutch master cylinder, alloy EN AW-6082-T6 

Source: FTE 

 

 

Coupling, BMW-3 

Source: Otto-Fuchs Metallwerke 

 

 

Couplings for drive shaft, alloy 6082-T6 

Source: Otto-Fuchs Metallwerke 

 

 

Control arm, alloy 6082-T6 

Source: Otto-Fuchs Metallwerke 
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Control arm, alloy 6082-T6 

Source: Otto-Fuchs Metallwerke 

 

 

Control arm, alloy 6082-T6 

Source: Otto-Fuchs MW 

 

 

Control arm, alloy 6082-T6 

Source: Otto-Fuchs Metallwerke 

 

 

Control arm, alloy 6082-/6 

Source: Otto-Fuchs Metallwerke 
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Control arm, alloy 6082-T6 

Source: Otto-Fuchs Metallwerke 

 

 

Control arm, alloy 6082-T6 

Source: Otto-Fuchs Metallwerke 
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4.2 Alloys 
 

4.2.1 Forging alloys – Compositions 
 
While in principle all wrought aluminium alloys can be die or hand forged, only a limited 
selection of alloys is commonly used. The preferred alloys (s. EN 586-2) include:  
 
Non-age-hardening alloys:  
EN AW-5754-H112 (AlMg3)  
EN AW-5083-H112 (AlMg4.5Mn0.7)  
 
Age-hardening alloys:  
EN AW-2014-T6 (AlCu4SiMg)  
EN AW-2024-T4 (AlCu4Mg1)  
EN AW-6082-T6 (AlSi1MgMn)  
EN AW-7075-T6, -T73 (AlZn5.5MgCu)  
 
For reasons of strength, age-hardening alloys are used for structural applications. Due to its 
excellent corrosion resistance alloy EN AW-6082-T6 is almost exclusively used for 
automotive suspension and chassis components. 
 
Composition of alloy EN AW-6082: 
 
Element Weight-%  
Si  0.7 - 1.3  
Fe  0.50  
Cu  0.10  
Mn  0.40 - 1.0  
Mg  0.6 - 1.2  
Cr  0.25  
Zn  0.20  
Pb  0.003 max.  
Ti  0.10  
Others  0.05 (single), 

0.15 (total) 
Al  Rest 
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4.3 Tempers and mechanical properties 
 

4.3.1 Static properties 
 
See also: 

 AAM – Materials – 4 Microstructure and properties 
 AAM – Materials – 2 Alloy constitution > Heat treatment > Solution treatment and 

ageing > Special ageing effects in 6xxx alloys: stabilised T4 tempers (T4*) 
 
(see also chapters "Fatigue" and "Crashworthiness") 
 
After hot forming, age-hardening alloys such as EN AW-6082 exhibit the as-fabricated F-
temper with no specified mechanical property limits. Special control of the thermomechanical 
processing conditions may be used to ensure defined property levels. Optimum 
characteristics are achieved subsequently by a complete heat treatment cycle (solution heat 
treatment incl. quenching and age-hardening).  
 
In particular, if the heat treatment is carried out continuously within the production line, the 
obtained strength levels are significantly higher than the minimum standard values (s. table 
below). In a batch process with good process control similarly high values above minimum 
standards can also be achieved. The reason for this improvement of strength is the avoidance 
of room temperature ageing between quenching and artificial ageing. 
 

 
 
Note:  
"L" denotes properties in direction of fibres  
"T" denotes properties transverse to fibre direction 
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4.4 Corrosion resistance 
 

4.4.1 General and intercrystalline corrosion and fatigue of pre-
corroded alloy 6082-T6 

 
See also: 

 AAM – Products – 2 Extruded products > Corrosion resistance 
 
Literature: 

 Lowak, H.; Grubisic, V.: Fatigue life prediction and test results of aluminium alloy 
components. Int. Conference on "Fatigue Prevention and Design", Amsterdam, April 
1986 

 Ostermann, F.; Hostert, B.: Aluminium für hochbeanspruchte Fahrwerksteile. 
Fortschr.-Ber.. VDI-Z, Reihe 12, Nr. 34, Oct. 1978 

 Ostermann, F.; Hostert, B.: Aluminium für hochbeanspruchte Fahrwerksteile. 
Fortschr.-Ber.. VDI-Z, Reihe 12, Nr. 34, Oct. 1978 

 
The general corrosion resistance of alloy EN AW-6082-T6 (AlSi1MgMn-T6) is regarded as 
very good.  
 
When tested acc. to MIL-H-6088 a slight tendency towards intercrystalline corrosion is 
observed. It is important to note that the resistance against intercrystalline corrosion (IC) 
depends strongly on the rate of quenching after solution treatment.  
 
The effects of 3 months pre-corrosion by alternate immersion in 3.5% NaCl solution on 
rotating bending fatigue strength is documented in the figure below. Specimens were stressed 
in fibre direction. The results show only a moderate loss of fatigue strength.  
 

 

Corrosion fatigue of 6082-T6, 3 months salt spray prior to test 

Source: Ostermann and Hostert, 1978 

 
The typically applied blast cleaning of forgings with aluminium shot is beneficial with respect 
to corrosion resistance. 
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4.5 Design guidelines 
 

4.5.1 Fibre orientation and die partition 
 
To achieve a technically and economically sound solution the design of a forged component 
must be tailored  

 to the material and  
 to the forging process.  

 
The following describes some rules which should be considered in design of forgings.  
 
Fibre orientation:  
 
Fibre orientation should follow the principle load direction of the part. Fibre orientation is 
determined by the type of the forging stock, its position in the die and the parting line of the 
die.  
Since these factors largely determine costs and properties of the part, forging experts should 
be consulted at this stage of design.  
 
Die partitioning:  
 
Partitioning of the part's cross section into the die halves affects the fibre flow (see figure 
below):  
a) Good fibre flow and low tooling costs. However, the relatively deep and narrow cavities are 
difficult to fill.  
b) Improved partition, otherwise as a).  
c) Undisturbed fibre flow and good filling of cavities. But there will be higher tooling costs 
because of protrusion of one die face into the other. 
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4.5.2 Mass distribution and effect of radii on metal flow 
 
Mass distribution and plane parting faces:  
 
Symmetric mass distribution over the partition of the die is favourable for good material flow 
(figure below).  
 

 
 
However, if this requires broken parting faces, higher die costs, wear and tolerances are to be 
expected. 
Large changes in cross section produce high transverse flow (large flash!) with concomitant 
danger of fold formation, higher tool wear and detrimental effects on mechanical properties. 
 
Effect of radii on metal flow:  
 
The importance of designing with large radii and soft shape transitions is shown in the figure 
below. Small radii lead to overshooting of the metal at corners and may produce uncomplete 
cavity filling and dangerous folds. 
 

 
 
Tool manufacture is eased when uniform radii are chosen in designing the part. 
 
Recommended minimum radii are listed in EN 586-3. 
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4.5.3 Tapers, walls, ribs and bottoms 
 
Draft angles (tapers):  
 
A large draft angle facilitates forming and removal of the workpiece from the die. Lower draft 
angles require tools with strippers.  
 
A bottom taper also facilitates the metal flow.  
 
The draft angle tolerances depend on the dimensions of the part.  
 
Design guidelines according to EN 583-3 are given in the figure below. 
 

 
 
Bottoms, walls and ribs:  
 
The standard forging process does not allow producing thin-walled, near-net-shaped forms 
with narrow tapers because this would require extremely high press forces and raise the risk 
of structural defects. 
 
Geometrical features with close tolerances required for mechanical fitting and assembly must 
be machined. Machining is therefore invariably a part of the production process for a finished 
forged part. 
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4.5.4 Tolerances 
 
Geometric deviations of the as-forged work piece result from:  

 die tolerances,  
 wear of die,  
 deviations in the process parameters (temperature),  
 mismatch of upper and lower die and  
 machining allowances.  

 
After the forming process, the allowances are machined off. It must be taken into account that 
machining may cut into the fibre structure and, thus, influence the properties of the 
component.  
 
The geometric tolerances in aluminium forgings are divided into form-dependent and form-
independent dimensions (according to EN 586-3).  
 
Form-dependent tolerances depend only on the geometry of the die cavities and vary with 
their nominal size.  
 
Form-independent dimensions depend additionally on the closure and flash extension of the 
die. They depend on the nominal size and content of the projected cross-sectional area.  
 
Tolerances for form-independent dimensions are, as a rule, larger than tolerances for form-
dependent dimensions. 
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4.6 Crashworthiness 
 

4.6.1 Behaviour of forgings under misuse and crash conditions 
 
Aluminium automotive forgings show a high structural integrity and perform well under 
conditions of misuse or maltreatment, i.e., they deform without disintegration to a point where 
the proper function is lost so that the part must obviously be replaced. Furthermore, it is a 
speciality of aluminium and its alloys that its ductility increases with increasing deformation 
rate, see diagram below.  
 
Aluminium forgings are, therefore, particularly suited for parts which are vital to the safety of 
the vehicle under critical driving situations. 
 
Front axle housing (6082-T6) with linkage arm deformed by "misuse" (below). 
 

 

Forged front axle housing, alloy 6082-T6 

Misuse test 

Source: F. Ostermann and B. Hostert, VAW 1978 

 
Effect of deformation rate on strength and ductility of aluminium alloy 6005A extrusion 
(below). 
 

 

Effects of strain rate on mechanical properties of age-hardened 6005A-T6 material 

Source: Blauel, IWM 
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4.7 Fatigue 
 

4.7.1 Fatigue behaviour of forgings 
 
Literature: 

 Lowak, H.; Grubisic, V.: Fatigue life prediction and test results of aluminium alloy 
components. Int. Conference on "Fatigue Prevention and Design", Amsterdam, April 
1986 

 
Forgings exhibit optimum fatigue strength if the main loading direction coincides with the 
fibre direction.  
 
The figures below compare  
a) the cyclic and static stress-strain curves of AlSi1MgMn-T6 (EN AW-6082-T6) forgings in 
comparison with AlSi7Mg-T6 (EN AC-42100-T6) and AlSi12 (EN AC-44200-F) low pressure 
die castings,  
b) the fatigue behaviour of unnotched samples under cyclic strain control.  
 
For a given life time, forged components endure about twice the strain amplitude of cast 
material. 
 

 

Cyclic and static stress-strain curves of 6082-T6 forging compared with 2 casting 
alloys 

Source: Lowak and Grubisic 
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Strain controlled fatigue tests of 6082-T6 forging compared with two casting alloys 

Source: Lowak and Grubisic 
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4.8 Joining of forgings 
 

4.8.1 Connection of forgings to other parts 
 
Literature: 

 Lowak, H.; Grubisic, V.: Fatigue life prediction and test results of aluminium alloy 
components. Int. Conference on "Fatigue Prevention and Design", Amsterdam, April 
1986 

 Ostermann, F.; Hostert, B.: Aluminium für hochbeanspruchte Fahrwerksteile. 
Fortschr.-Ber.. VDI-Z, Reihe 12, Nr. 34, Oct. 1978 

 
Automotive forgings are generally joined to other components by mechanical joining, mostly 
by nuts and bolts made of steel.  
 
To avoid galvanic corrosion between dissimilar metals, bolts, nuts and washers should have a 
suitable coating unless the connection is shielded from the environment.  
 
In cases where high (functional) forces are transmitted by the joint, special care must be 
exercised in the design of such connections like tapered and press fittings. To avoid 
premature failure under repeated (fatigue) loading, the occurrence of fretting must be 
avoided. 

 
Connection by ball bearing protected by rubber sleeve (below).  
 

 

Control arm with ball bearing protected by rubber sleeve 

 
Fretting between tapered seat of ball joint and forging may lead to premature failure at site "B" 
instead of designed failure point "A" (below).  
 

 

Source: Ostermann and Hostert 
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5 Impact extruded products 
 

5.1 Basic characteristics of impact extruded products (IEP) 
 
Literature: 

 Tschätsch, H.: Handbuch der Umformtechnik. Hoppenstädt Technik Tabellen Verlag, 
1987 

 Mayrhofer, K.: Kaltfließpressen von Stahl und Nichteisenmetallen. Berlin, Heidelberg: 
Springer-Verlag, 1983 

 Lange, K.: Lehrbuch der Umformtechnik. Bd. 1 - 3. Berlin, Heidelberg:Springer-
Verlag, 1975 

 Lange, K. (Hrg.), Handbuch der Umformtechnik. Bd. 1 bis 3. 2. Aufl., Berlin, 
Heidelberg, New York, Tokyo: Springer-Verlag 1984 bis 1990 

 Ostermann, F., Anwendungstechnologie Aluminium, Berlin, Heidelberg, London, New 
York, Tokyo: Springer-Verlag, 1998, ISBN 3-540-62706-5 

 Skog S., Asbøll, K.: An Upper Casing for an Automobile Steering Column. TALAT 
Lecture 2101.01. 1992 

 Siegert, K. and Kammerer, M.: Impact Extrusion. TALAT Lecture Series No. 3500, 
1996 Siegert, K.(ed.): Fließpressen von Aluminium. Bd. 1. Symposium "Gestalten und 
Fertigen von technischen Fließpreßteilen aus Aluminium". Oberursel: DGM 
Informationsgesellschaft, 1995. ISBN 3-88355-215-1 

 
Scope 
 
The intention of this chapter is to give ideas about impact extruded aluminium products in 
automotive application.  
 
The products may differ considerably from similar steel products due to aluminium's excellent 
formability.  
 
Economy / Quality  
 
Impact extrusion (IE) can in several cases replace an assembly of multicomponents. E.g. 
instead of welding a sheet to the end of an extrusion, a component can be made in one piece 
by IE.  
 
In general, an IE part will cost more per weight than an extrusion, but when assembly cost is 
included, a smart IE design will compete on price.  
 
Fewer assembly joints will reduce number and intensity of stress raisers and thus reduce risk 
for failure. 
 
Example:  
An impact extruded part with integrated end plate. Note details in end plate. 
 

 

Source: Hydro Aluminium 
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5.2 Recommended alloys and typical properties 
 
Generally, all wrought aluminium alloys can be impact extruded. The limits are determined by 
press force, tool design and formability with respect to part design.  
Alloy 1050A and 3103 are non heat treatable and have low ductility due to the work 
hardening. The others, the heat treatable alloys, exhibit higher elongation because heat 
treatment removes the work hardening. Recommended alloys and typical property data of 
impact extruded products are listed below: 
 

 
 
Properties of interest beside tensile are: formability, corrosion resistance and 
crashworthiness. 
 

 

An impact extruded profile with end boss can be extruded to different lengths (half 
section view) 
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5.3 Gauge, tolerances and about the process 
 
Dimensions 
 
In reality, it is the manufacturing equipment only that sets the limitations on  
max width and length.  
 
Tolerances are related to cost; closer than standard tolerances require additional operations. 
Normal tolerances on profiles will be about 1/3 that of standard extrusions. Close tolerances 
on straightness will require straightening operations. 
 
About the process  
 
Impact extrusion can be run with cold, warm or hot material. Formability increases with 
increasing temperature.  
 
Cold IE needs several processing steps when high reduction ratios are required. 
 
Surface becomes softer when extruded cold. Long extrusions need hot process or cold 
ironing.  
 
Lubrication for cold forming is an "advanced" chemical process which requires a process line 
in itself. 
  
Examples:  
Hollow rectangular profile with flange. Note: Important gauges are indicated.  
 

 

Hollow rectangular profile with flange 
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5.4 Additional forming and product applications 
 
Bending and cross sectional reforming  
 
Longer IE products can be bent and subjected to reshaping like changing cross section 
geometry locally. 
 
Changes in cross section can be done by hydroforming or by mechanical compression or 
expansion.  

 
Product applications  
 
Products which could be considered are extrusions of type which needs flanges including 
details on the flange. Especially when these products are dynamically loaded, such joints are 
superior to welded joints.  
 
Crash boxes, front end parts, A-post and B-post are examples to be considered.  
 

 

Example of an IE product which is compressed and expanded transversally and 1-
axially bent 
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5.5 Typical shapes 
 
An assembly of various shapes that can be formed by impact extrusion. 
 
(a) Cup w/ pin (b) Tube w/ bottom (c) U-joint w/ pin (d) Disk w/ rim and centre 
 

 

An assembly of various shapes that can be formed by impact extrusion 
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6 Cast alloys and products 
 

6.1 General characteristics of castings 
 

 

A collection of parts made via semi-solid forming 

 
Advantages  

 A single operation process; casting is the least costly manufacturing route for a wide 
range of parts.  

 Complex three-dimensional shapes can be produced with intricate internal passages. 
Powertrain components take maximum advantage of this feature for cylinder heads 
and blocks. Many such components cannot be made economically otherwise.  

 Part consolidation is a large advantage in that a single casting can replace an 
assembly of parts produced by other means. This reduces tooling costs, eliminates 
joining operations, and ensures close tolerances. 

 
Disadvantages  

 The properties of a casting are - apart from alloy composition and heat treatment - 
strongly influenced by the casting process and part design.  

 Mechanical properties will vary with the local freezing rate from location to location 
within a single casting. Exact mechanical performance data can thus be difficult to 
obtain in forms other than minimum and typical values and FE analysis is difficult. 

 Close co-operation between the part designer, foundryman, and metallurgist is 
needed very early in the design process in order to ensure a successful outcome.  
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Mercedes 450 SLC-5-1 Engine 

Source: Gesamtverband der Aluminium-Industry e.V. 

 

 

7 kg GD-AlSi8Cu3 Transmission Case 

Source: Gesamtverband der Aluminium-Industry e.V. 
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6.2 Alloys 
 

6.2.1 Foundry alloys – Characteristics and use 
 

 

Typical hypoeutectic AlSi7Mg (AA A356) Microstructure: Al dendrites surrounded by 
Al+Si eutectic 

 
Aluminium Foundry Alloys can be tailored to cover a wide range of mechanical 
performance via chemistry and/or process control.  

 There are four main families based on Al-Si(-Cu), Al-Cu, Al-Mg(-Si), and Al-Zn(-Si)-
Mg systems  

 The vast majority of cast Al components are based on the Al-Si system because of its 
good castability.  

 Some Al-Cu, Al-Mg and Al-Zn alloys exhibit better properties than Al-Si alloys, but 
their casting properties are generally poor. In particular, they show a high tendency to 
hot tearing. 

 
Al-Mg Alloys  

 Highly corrosion resistant, these alloys polish to a high shine and can be anodised. 
Good strength/ductility compromise without need for high temperature heat treatment.  

 Used to produce high-pressure die cast automotive steering wheels and structural 
components. 

 
Al-Zn-Mg Alloys  

 Used to avoid quench distortions, as these alloys are subject to age hardening at 
room temperature without previous solution treatment. 

 
Al-Mg-Si and Al-Zn-Si-Mg Alloys  

 The addition of Si to these alloy systems in adequate quantities gives better casting 
properties. Various alloys have been developed or are under development. 

 
Al-Cu Alloys  

 The strongest of the casting alloys, the Al-Cu family sees use mostly in the aerospace 
industry.  

 They also see service as automotive suspension knuckles, high-end turbocharger 
impellers, etc. 

 The alloys are very hot short and difficult to cast in complex shapes.  
 Limited to low volume production for sports cars and other exotic vehicles. 
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Al-Si Alloys  

 The most popular alloys of the casting industry world-wide.  
 Exhibiting excellent castability these alloys feed well, resist hot tearing, and are in 

general the most manufacturable casting alloys.  

 Addition of Mg results in good mechanical properties after heat treatment, addition of 
Cu gives a better machinability and increases strength at temperature.  

 Al-Si-Mg alloys are used for wheels, structural castings and suspension parts 
requiring moderate to high strength and good ductility.  

 Al-Si-Cu(-Mg) alloys dominate the market for power train components such as 
engine blocks, cylinder heads, pistons, and die castings where strength at 
temperature and/or wear resistance is more important than ductility. 

 

 

Schematic Al-Si phase diagram showing the composition ranges for the most common 
foundry alloys 
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6.2.2 Foundry Alloys – Primary and Secondary Alloys 
 
See also: 

 AAM – Materials – 1 Resources > Secondary aluminium 
 

 

FeSiAl5 needles in  a 1% Fe-containing permanent mould cast Al Si12 

 
 Primary alloys are produced from pure aluminium, melted with addition elements.  
 Secondary alloys are produced at a lower cost from scrap (end-of-life recycled) 

aluminium materials, which are remelted after classifying, with adjustment for main 
elements.  

 
Secondary alloys have relatively high levels of impurities, esp. Fe, as most available scraps 
are contaminated with iron or steel components (e.g. bolts, rings, etc.). Fe is detrimental to 
many properties, mainly castability and ductility, and must be kept at levels as low as 
possible, with an exception for pressure die casting. 
 
Alloys for sand and permanent mould applications  
 
For applications requiring high ductility, Fe content is generally specified < 0.20 %, which 
requires primary alloys.  
 
When ductility is not a criterion, the Fe level may be raised, and the criterion can be 
castability or machinability, and secondary alloys can be selected with Fe content as high 
as 0.5 %, or higher if acceptable. 
 
Alloys for pressure die casting applications 
 

 In this case Fe is a "wanted impurity", as it lowers the tendency of aluminium alloys to 
stick to the mould surface.  

 For this reason Fe content is specified with a minimum value, generally 0.6 % or 
more, and secondary alloys are quite suitable.  

 The maximum value depends on ductility requirements, it is generally around 1 %, 
up to 1.3 %. 
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6.2.3 Composition 
 

Foundry Fluidity – Definition and process parameters 

 
See also: 

 AAM – Products – 6 Cast alloys and products > Alloys > Typical application areas 
 AAM – Applications – 1 Power train > Cylinder block > Alloys: composition and heat 

treatment 
 

 

Thin-veins or intricate thin walled structures require a high degree of fluidity to avoid 
misruns 

 
Foundry Fluidity – Defined 

 
 Fluidity as a foundry term differs from the scientific definition. In science fluidity is the 

reciprocal of viscosity and, as such is an exact measurable quantity.  
 Foundry Fluidity is defined as the distance that a liquid metal will flow into a mould 

cavity and is thus a relative term.  
 As molten metal is introduced into a mould cavity it loses thermal energy to the walls 

of the mould as it flows. Eventually it begins to freeze and at some point the metal will 
cease to flow. 

 
Process Factors: 
 

 The initial metal temperature.  
 The heat extracting power of the mould material including the effect of any insulating 

die coatings that are applied.  
 Kinetic energy of the metal. Gravity die casting, sand casting, etc., all rely on the 

metal flowing downhill under its own weight and momentum. Low pressure or high 
pressure diecasting conditions impart a different, and adjustable, pressure to be 
applied to the metal to cause it to flow.  

 Metal Cleanliness also has a large impact and, while a quality of the metal, is largely 
process dependent.  
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Filtered (Clean) versus Unfiltered (Dirty) metal fluidity comparison 

Source: F. Major, Alcan 
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Foundry Fluidity – Test methods 

 
Implications of Fluidity 
 

 Insufficient fluidity may result in misruns (incompletely filled castings) and poor 
replication of details.  

 Excessive fluidity may cause sand penetration or excessive flashing of molten metal 
along parting lines.  

 In practice it is controlled via alloy choice, casting and mould temperatures.  
 Changes in fluidity may be an indication of dirty metal.  
 Changes in fluidity can be expected when trace impurities change, most important 

are changes in grain refining or modifying practice. 
 
Spiral Fluidity Test (below) 
  

 The oldest of the fluidity tests, the spiral is moulded in sand. Metal at a carefully 
controlled temperature is poured into the mould and, after shakeout, the distance that 
the metal flows is measured. 

 

 

The fluidity spiral, or sand spiral, is one of the oldest and simplest fluidity tests 

 
Vacuum Fluidity Testing (below) 
 

 A pyrex or quartz tube is connected to a vacuum system. The test melt is presented 
to the tube at the same time that the vacuum is applied; again, at a set temperature.  
The distance up, or along, the tube that the metal flows is measured as the fluidity.  

 

 

Vacuum fluidity testing is more complex, but eliminates variables associated with 
moulded sand 
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Foundry Fluidity – Effects of alloying elements 

 
Effect of Alloy Elements  
 

 Alloying elements such as Cu or Si significantly influence the foundry fluidity of 
aluminium alloy melts (s. diagram below). 

 

 

Foundry fluidity of Al with Si or Cu content 

  
 Elements modifying the eutectic morphology (e.g.Sr), grain refiners (Ti, TiB, etc.) and 

impurity elements such as Fe also impact fluidity (s. diagram below). 
 

 

Effects on AA 320 alloy of changes in trace elements or master alloy additions 

 
High Purity Metal  

 The fluidity of aluminium is very sensitive to chosen purity level as shown in the 
schematic diagram (below). 
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Rapid change in fluidity of pure Al with impurity content 

  
 This is most important when casting electrical motor rotors or conductors. 
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Shrinkage – Influence of alloying elements 

 
Aluminium shrinks during solidification, as its density in the liquid state is 6.5 % less than in 
the solid state. Cast parts generally solidify from the surface to the centre. Therefore, any lack 
of material will appear there if not compensated by feeding (mould design, alloy selection, 
temperature regime, etc.).  
The composition of the alloy has an influence on the volume and type of the shrinkage, see 
table:  

 silicon is the only suitable additional element that reduces shrinkage as silicon 
expands 8 % when solidifying;  

 alloys having a low eutectic ratio present scattered "micro-shrinkage" and 
"collapsing";  

 elements such as phosphorus, sodium, antimony and strontium, which determine the 
shape of silicon particles during solidification of the aluminium-silicon alloys, have at 
the same time an effect on the type of shrinkage observed in alloys with high silicon 
contents. 

 

 
 

 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 13 

Hot tearing 

 
Cracks (hot tearing) may appear in cast parts after solidification.  
 
Stresses applied on still "mushy" areas are generated by the contraction of already solidified 
zones. Cracks appear when the "mushy" zone is too thick and the quantity of liquid available 
is too small to fill the resulting gap.  
 
The composition of the alloy has a major influence on this phenomenon, as the selected alloy 
determines the possibility for the liquid eutectic phase to progress through the solidifying 
metal -"mushy" zone - to feed stressed areas. 

 
There are also other factors that the foundry man will take into account to control the "hot 
tearing" defect, among which are:  

 design of the part,  
 grain refinement of the alloy,  
 stiffness of the mould. 

 

 

Shrinkage stresses causing hot tearing 
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Hot Tearing – Influence of alloying elements 

 
See also: 

 AAM – Materials – 3 Designation system > Cast alloys > Designation system for 
casting alloys – EN 1780-1 

 
The sensitivities of main alloys to hot tearing, coded from 0 to 6, are compared in the table 
below. The relation between sensitivity and the ratio of eutectic phase and the freezing range 
of the alloy is obvious.  
 
Silicon plays a major role in this respect, as it is the only practical alloying element that 
reduces the contraction of the alloy in the solid state. 
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Mould sticking 

 
Mould sticking is a defect observed in pressure die casting which leads to surface defects 
on the part and progressive deterioration of the mould.  
 
"Mould sticking" may be in fact the consequence of four different phenomena, as shown 
below:  

 cavitation  
 erosion  
 chemical soldering  
 friction 
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Mould Sticking – Influence of alloying elements 

 
The composition of the alloy may have an influence on mould sticking with two elements: 
 

 Iron is generally considered to be a harmful impurity in gravity casting, mainly 
towards ductility. For pressure die casting applications, on the other hands, the 
solubility for iron originating from the mould in liquid aluminium lowers with the iron 
content of the molten alloy, and 0.5 % is considered as a minimum towards problems 
of sticking by soldering of the steel mould. 

In newer alloy developments, iron is partially replaced by manganese which has a similar 
effect and reduces also mould sticking with less deterioration of the mechanical properties. 
 

 Silicon content may have an effect on sticking by friction as it modifies the 
contraction factor: a high content lowers the contraction of the part. 
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Other properties of cast parts 

 
Different other properties of cast parts are also depending on the composition of the alloy. 
Typical values for electrical resistivity, thermal conductivity and thermal expansion are 
indicated in table for the as cast condition. 
 

 
 

Thermal conductivity and electrical resistivity, which are correlated, depend also on the 
temper:  

 thermal conductivity is maximal in the as cast (and annealed) condition, and minimum 
after a solution treatment, and the opposite for resistivity.  
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Influence of Fe-content on mechanical properties 

 
Effects of AlFeSi intermetallic phases  

 Fe is the main trace impurity responsible for degrading the ductility of conventional 
casting alloys.  

 The phase which forms from the liquid in high Si foundry alloys is -FeSiAl5.  
 Acicular, or needle-like, in morphology, these particles are commonly referred to as -

AlFeSi needles, but they are actually plates.  
 Adding Mn at levels equal to roughly half the Fe content corrects the phase to script 

(Fe,Mn)3Si2Al15 or -AlFeSi. 
 

 

ß-AlFeSi needles 

 

 

Alpha-Fe Script Phase (Fe,Mn)3Si2Al15 in 357 

Less harmful than ß-AlFeSi needles but still embrittling 

 

-AlFeSi needle length  

 The length of the -AlFeSi needles is a function of the cooling rate (of which the 
secondary dendrite arm spacing is a measure).  

 The -AlFeSi needle length also increases with the Fe content. 
 

 

ß-AlFeSi needle length as function of secondary dendrite arm spacing 

Source: Biswal et al. 
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Impact of Fe on mechanical properties  

 The presence of -AlFeSi needles will degrade the mechanical properties of the 
alloys.  

 The ductility is the most strongly impacted property, particularly in secondary alloys 
with high Fe-content. 

 

 

Comparison of low vs. high Fe 357 alloys (0.093% Fe vs. 0.055% Fe) 

Source: F. Major, Alcan 
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6.2.4 Typical application areas 
 

Main Foundry Alloys and their applications 

 

 

Renault Safrane cylindre block 

Source: Renault 
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Primary Si particles in a P-refined hypereutectic Al-Si alloy 

Source: F. Major, Alcan 
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6.3 Tempers and mechanical properties 
 

6.3.1 Strengthening mechanisms in casting alloys 
 
Strengthening Mechanisms in Casting Alloys 
 

 Castings are generally not strengthened by work hardening.  
 Solid solution strengthening occurs and is largely determined by the alloy 

composition.  
 Precipitation hardening is the most commonly applied and flexible strengthening 

mechanism.  
 The alloy is solution annealed at high temperature to dissolve the elements which will 

be used to create the precipitates.  
 The alloy is then hot-water quenched to create a super-saturated solid-solution with 

minimal quench-distortion.  
 Sub-microscopic intermetallic compounds are precipitated throughout the Al alloy 

matrix. The concentration of the hardening elements determines the strength of 
response.  

 The super-saturated solid solution is heated to a low temperature to alloy enough 
atomic mobility for the pre-cipitation hardening elements to form into precipitates. 

 The mechanical result is an ageing curve in which the yield and ultimate strengths 
gradually increase as the ductility comes down. The process is halted when the 
desired properties are achieved.  

 

 

Classic Aging curve for A356-T61 

Source: F. Major, Alcan 

 
General Precipitation Sequence:  
 

Super-saturated solid solution  GPZ  ''  '

 

 Super-saturated solid solution  low strength and soft  
 GPZ (Guinier-Preston zones):  stronger  
 ''+ ' (increasingly large precipitates): stronger still  
 large end-stage particles):  soft again (overaged)  
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Schematic diagram of a Gunier-Preston Zone 

Differences in atomic sizes induce a lattice strain field which hampers dislocation 
motion 

 
Possible Precipitation Hardening Chemistries: 
 

 Al-Cu;  end stage is CuAl2  
 Al-Mg;  end stage is Mg2Si  
 Al-Cu-Mg; end stage is CuMgAl2  
 Al-Zn-Mg; end stage is MgZn2 (Zn > Mg)  
 Al-Mg-Zn; end stage is Mg3Zn3Al2 (Zn < Mg) 

 
Engineering Aspects of Precipitation Strengthening 
 

 Quenching of cast parts from temperatures in the vicinity of 500°C – 540°C may 
cause warpage of the castings. A straightening operation before artificial ageing, 
when the casting is in it's softest condition, is not uncommon. 

 
 The precipitation hardening process may cause growth of the castings. This occurs 

because of the volume change associated with the formation of precipitates from 
solid solution. Alloys may be aged for strengthening reasons or they may be aged to 
stabilize them dimensionally. 

 
 Note that the Al-Zn-Mg and Al-Mg-Zn systems do not grow. 
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6.4 Microstructure and porosity 
 

6.4.1 Microstructure – The Al-Si Eutectic System 
 

 

Schematic diagram of the Al-Si eutectic system 

 
The Al-Si Eutectic System  
 
Importance  
As shown in the schematic Al-Si phase diagram, the majority of commercial foundry alloys are 
based on this alloy system.  

 Hypoeutectic Alloys (<11% Si) are composed of a forest of Al dendrites surrounded 
by interdendritic Al-Si eutectic (1:1 ratio depending on alloy)  

 Eutectic or near eutectic alloys (11 <Si <13) may consist almost entirely of eutectic.  
 Hypereutectic alloys (>13% Si) will consist of a eutectic matrix together with wear 

resistant primary Si. 
  

Eutectic Morphology Control 
 
Why? 

 Aluminium is a ductile metallic element which can be alloyed to give a wide range of 
combinations of strength and ductility.  

 Silicon is a glassy, hard, brittle semi-conductor whose presence in foundry alloys is 
important during solidification as it makes the alloy castable.  

 Once solid, these alloys are in-situ composites.  
 An alloy in which the Al-Si eutectic has been well modified may show a ductility up to 

three times higher than the same alloy unmodified. 
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How?  

 The shape of the Si may be changed by cooling rate. At high freezing rates this is 
called quench modification  

 The shape of the Si may be changed by a solutionizing heat treatment. This is 
thermal modification.  

 Chemical additions of elements like Na, Sr, Sb, or P may be made to the melt. This is 
chemical modification 
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6.4.2 Microstructure – Morphologies of the Al-Si-eutectic 
 
Fig. a: Typical as-cast microstructure with dendites and eutectic.  
Fig. b: Eutectic composition solidified vertically upwards at a slow rate, then quenched and 
the Al phase etched back.  
Fig. c: Large faceted acicular Si plates. The fine white structures surrounding it are quench 
modified Si fibres.  
Fig. d: Chemically modified Al-Si eutectic also forms as extremely fine fibres (F temper).  
Fig. e: Solution heat treatment (T6 temper) causes brittle fibres to coagulate into 
discontinuous particles. 
 

 

Micrograph of hypoeutectic A356 alloy showing the typical dendrite plus eutectic 
structure 

 

 

Classic unmodified acicular Al-Si eutectic 

Quenched solid-liquid interface at top 

 

 

Slowly solidified and then quenched 

This SEM micrograph shows the scale of both acicular and fibrous Si 
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Micrograph of modified A356 alloy as-cast 

A fine, hard to resolve fibrous eutectic 

 

 

Micrograph of modified A356 alloy in the T6 temper 

Discontinuous spheroidised eutectic 
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6.4.3 Microstructure – Thermal modification of the Al-Si-eutectic 
 
Effects of solidification rate (DAS) on thermal modification treatment: Before chemical 
modifiers were discovered, heat treatment was used to round and spheroidise the Si phase in 
order to improve mechanical properties. Some legacy heat treatment cycles still call for 
lengthy solutionising times. 
 
Below: Very coarse microstructures (DAS = 70 µm) cannot be thermally modified.  
 

 
 
Below: Medium coarse microstructure (DAS 50 µm) 12 hours is enough. 
 

 
 
Below: Fine microstructures (DAS 25 µm) thermally modify quickly. 
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6.4.4 Modification of the Al-Si-eutectic by chemical modifiers and 
refining agents 

 
Sodium (Na) 
 

 One of the first chemical modifiers discovered.  
 Na is the strongest of the chemical modifiers in terms of amount required to modify. 

30 ppm will completely modify most Al-Si alloys.  
 The major disadvantage is the fade rate. Na is lost from the melt by volatilisation in as 

little as 20 minutes.  
 Na can be added elementally via Na metal. Packed in sealed cans or foil packs, the 

master alloy must be kept dry and handled carefully as it is a hazardous material.  
 Na can be added by fluxes as well. 

 
Strontium (Sr) 
 

 Strontium is a slightly weaker modifier and amounts ranging from 80ppm to 200ppm 
may be required depending on the alloy and the cooling rate.  

 Generally available in two master alloys: Al-10%Sr and Sr-10%Al. The first is the 
most popular with foundries as it is inert and easy to handle while the second is 
reactive and flammable.  

 Sr is known to cause a reduction in the feeding distance and a greater tendency 
towards porosity.  

 Sr is more popular with many foundries as it fades much more slowly:  hours rather 
than minutes. 

 
Antimony (Sb) 
 

 Sb refines the Si phase as opposed to modifiying it. I.e. the microstructure remains 
acicular but becomes much finer; thermal modification then renders it 
indistinguishable from modified material. 

 Sb does not fade but is incompatible with Sr or Na.  
 
Phosphorous (P) 
 

 Phosphorous poisons the other modifiers/refiners where the Al-Si eutectic is 
concerned.  

 P is added to hypereutectic alloys to refine primary Si for wear resistance. 
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6.4.5 Porosity – Factors affecting hydrogen porosity 
 
Literature: 

 Tynelius K., Major J.F., and Apelian D.: A Parametric Study of Microporosity in the 
A356 Casting Alloy System, AFS Transactions, 93-166, 1993, pp. 401-413 

 
Many factors influence hydrogen porosity formation in Al alloy castings: 
 

 The amount and size of porosity which will actually form at any given gas level is a 
function of metallurgical factors such as the Sr content and use of particulate grain 
refiners.  

 Local process parameters such as the total freezing time (tf) will also influence the 
quantity of porosity. 

 

 

Results from a parametric study of porosity in the AlSi7 (A356) alloy system 

Source: F. Major, Alcan 

 

 

Combustion bridge sections from a number of commercially produced cylinderheads 
showing pores 
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6.4.6 Porosity – Factors affecting elongation 
 
Literature: 

 Major, J.F., Makinde, A., Lee, P.D., Chamberlain, B., Scappaticci, T., Richman, D., 
The Lincoln Mark VIII Cast Aluminium Suspension Control Arm, in Vehicle 
Suspension System Enhancements, SAE SP-1031, Techn. Paper 940874, pp. 117-
128 

 

 

Lower Suspension Control Arm with Regions of Varying Thickness Marked for 
Comparison 

 
One of the easiest microstructural features to measure or predict the secondary dendrite arm 
spacing (DAS) correlates with the ductility of the alloy unless porous (as in Brand "X"). The 
secondary dendrite arm spacing (DAS) varies with cooling rate and hence with part thickness.  
QA data from the three regions in the casting above are shown below. 
 

 

Casting QA data is compared to the handbook curve of DAS vs % Elongation for A356-
T6 
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6.4.7 Porosity – Factors affecting fatigue life 
 
Literature: 

 Major J.F.: Porosity Control and Fatigue Behaviour in A356-T61Aluminum Alloy, AFS 
Transactions, 97-94, 1997, pp. 901-906 

 

 

Tested sample for determining fatigue life of casting with varying porosity levels 
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Source: F. Major, Alcan (s. Lit.) 

 
Fatigue properties are strongly impacted by porosity. The largest pore size in a sample will 
limit the fatigue life.  
The scale of the microstructure is also important and the fatigue life will correlate inversely 
with the secondary dendrite arm spacing or DAS. 
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6.5 Thermal stability 
 

Work in progress 
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6.6 Crashworthiness 
 

Work in progress 
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6.7 Fatigue of components 
 

6.7.1 Fatigue of cast components 
 
Literature: 

 Terjesen, G.: Effects of elevated temperatures on tensile properties and fatigue 
strength of an AlSi10Mg alloy. ALUMINIUM 78, 2002, p. 464-469 

 

 
 
Aluminium castings have had for long a reputation of low fatigue strength.  
 
However, aircraft builders were interested since the 80' in replacing riveted multi-components 
structures by single castings and tested them: it was demonstrated every time that the casting 
had a better fatigue resistance than the equivalent riveted part.  
 
A wide spread application has been for years designed and tested upon fatigue criteria: car 
wheels. 
 
Quality of castings and fatigue strength 
 

 The actual fatigue performances of castings, compared to values obtained on test-
bars, can be lowered mainly by surface or sub-surface defects that act as local stress 
raisers and crack initiators. 

 
 The more detrimental defects are oxides, when in the shape of films, and cold shuts. 

 
 The critical dimension of defects is about 300 µm, defects under 100 µm have usually 

no detrimental influence. 
 
Design and production process provisions  
"Hot spots" of maximal stresses must be indicated to the foundry, so that particular care be 
taken in these areas.  
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Manufacturing – What to find in this section 
 
See also: 

 AAM - Joining 
 
A decisive factor in designing aluminium castings is the knowledge of the characteristics of 
the casting process. These are described for the most interesting casting methods. 
 

 

An example of the numerous aluminium casting methods: High pressure die casting 
(schematic) 

 
While tool life is no apparent problem in machining aluminium, chip formation, minimizing 
lubrication and cooling are important, particularly with regards to HSC machining. For 
optimum results tool materials and tool design must be properly selected. 
 

 

Machinability criteria for aluminium 

Source: Plansee TIZIT, 2001 
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In blanking and trimming special care must be taken to select optimum parameters - 
especially die and punch radii and gap - to obtain good cut edge qualities and to avoid burrs 
and slivers. 
 

 

Simulation of shear cutting of 1.2 mm 5182-0 

Source: IFKM, Dresden, 1999 

 
In drawing aluminium body panels special care must be taken with respect to press tool 
design, tribology and selection of the right press equipment. Recommendations are given. 
 

 

Drawing of sheet parts with nitrogen gas cussion (schematic) 

Source: IfU Stuttgart 
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Basically, bending of tubes and profiles is one of the most demanding forming operations. 
Various bending methods are described, which give satisfactory results for aluminium. 
Extrusion design has to be tailored to the bending method for optimum results. 
 

 

Principle bending methods for sheet, tubes and profiles 

Source: Schnaas, VAW 1992 

 
Hydroforming is particularly suited for aluminium, since it allows larger degrees of formability 
with little decrease of wall thickness. It is often used to calibrate bent tubing and hollow 
profiles. 
 

 

Hydroforming methods for aluminium tubes and sheet (schematic) 

 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 4 

The formability of aluminium increases significantly at temperatures above 50°C. Semi-warm 
forming has a large potential for aluminium, especially in conjunction with coated blanks. 
 

 

Semi warm forming of 5182-0 sheet 

Source: Y. Abe und M. Yoshida, JILM, 1994 

 
Surface finishing of semis supplied by the aluminium producer as well as of components or 
of the BIW assembly at the carmaker or supplier are described in this section. Emphasis is 
put on surface conditioning of aluminium semis and mixed metal assemblies. 
 

 

Methods of surface treatments for aluminium 

Source: Alusuisse 
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Joining methods are key technologies for the application of aluminium to automotive 
structures and components. All important joining methods are reviewed in this section. 
 

 

Welding of exterior body panel 

Source: Audi AG 2000 
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Manufacturing – Casting methods 
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1 Casting methods 
 

1.1 Overview of casting processes and their use in automotive 
applications 

 
Automotive casting processes can be differentiated according to (A) mould filling and (B) 
moulding technologies. The following methods are described in this section and are ranked 
according to current usage in the fig. below:  
1) Green sand casting  
2) Modified DISAmatic casting  
3) Core package casting  
4) Gravity die casting  
5) Low pressure die casting  
6) High pressure die casting  
7) Vacuum die casting  
8) Squeeze casting  
9) Thixocasting  
10) Vacuum riserless casting  
11) Lost foam casting 
 

 

Casting methods ordered for casting and moulding technology, size shows market 
importance 

Source: VAW 
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1.2 Trends in market share of casting methods for engine 
blocks and heads 

 

 

Source: VAW AP 

 

 

Source: VAW AP 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 5 

1.3 Green sand castings 
 

1.3.1 Green sand casting (Horizontal moulding) 
 
The traditional green sand casting process, combined with high-speed moulding lines, is a 
very flexible process with high productivity for the manufacture of aluminium castings. 
Automatic pattern-change stations enable complete sets to be changed within the cycle time.  
 
For automotive applications, the process is used to cast:  

 Intake manifolds  
 Oil pan housings  
 Structural parts  
 Chassis parts  

 
The photographs show a high-speed horizontal moulding line with typical examples of 
castings produced using this method. 
 

 

High-speed horizontal moulding line 

 

 

Green sand castings 
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1.3.2 Moulding process 
 
Loose moulding sand is filled into the mould area formed by the pattern plate/pattern bolster, 
the mould box and the filling frame. Compressed air is then forced through the mould to 
compact the sand. The air flows through the sand from the back of the mould to the pattern 
and escapes through vents in the pattern plate. The air flow thus moves the sand into the less 
accessible regions of the pattern and greatly improves compaction.  
 
The final strength in the mould is achieved in a subsequent pressing stage by means of a 
fixed or flexible pressure plate, a water cushion or a multi-platen press. The pressure of the 
press, as well as the pressure and duration of the air flow, can be controlled. This enables 
optimum mould strengths tailored to the needs of the individual application. 
 

 

Seiatsu process 

 

 

Middle mould process 
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1.3.3 DISAmatic casting 
 

Automated green sand casting: DISAmatic, AGSC 

 
Automated green sand casting offers a reasonable alternative to conventional die casting 
processes (high pressure / low pressure / vacuum-assisted or not). This holds for middle and 
high volume series, especially for automotive applications.  
 
Manufacturing in high pressure die casting is limited by wall-thickness and design. I.e. 
producing a complicated inner structure by using lost cores is still not economically feasible in 
this process. Low pressure die casting's productivity is limited by solidification time, leading to 
cycle times of typically several minutes. Automated green sand casting has no such limits.  
 
The original DISAmatic process was advanced by Alcoa for manufacturing of high-quality 
automotive castings. Alcoa's variant green sand casting is AGSC (Alcoa Green Sand 
Casting). 
 

 

Examples of AGSC castings 

From left: Heat Exchanger, Hat Profile, Brake Calipers, Knuckles 

Source: Alcoa 
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DISAmatic casting 

 
The DISAmatic casting process is a container-less sand casting process. The mold is divided 
upright. Front and rear mold half are formed by the shaped faces of every sand block. 
Stacked on a conveyor belt, the pouring cavity is between two blocks each.  
 
Insertion of individual cores or whole core packets is possible and can be carried out in an 
automated manner. The finished molds are pushed forward when a new sand block is added.  
 
The existing plant can produce and fill up to 200 sand molds per hour. Other machines of 
this type can produce up to 420 molds per hour. By using multiple cavities for smaller parts an 
hourly output surpassing all other casting processes is achievable.  
 
The process was modified in particular with regard to form filling to ensure high-quality 
castings with excellent microstructure. 
 

 

AGSC molds on conveyor belt 

Source: Alcoa 
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Influence of mold filling rate 

 
For a clean microstructure it is necessary to ensure non-turbulent mold filling in addition to 
using clean metal. The purification of the metal is implemented by permanent degassing and 
the use of filters. In order to prevent impurities during mold filling (in particular oxide 
inclusions), attention has to be paid to a uniform filling rate. If the mold filling rate exceeds a 
critical value, separation of metal drops or folding of the metal front occurs, leading to 
formation of additional oxides (see figures). 
 

 

Above: Separation of metal drops and folding of metal surface 

Below: If critical velocity is exceeded, metal drops separate 

Source: Alcoa 

 
The critical velocity of the melt v is determined by the balance between inner pressure and 

the surface tension which is formed by the specific surface energy  and the radius of 
curvature of the surface r:  

 Inner pressure =  · v2  

 Surface tension = 2  / r  

 Critical velocity = (2  / (r · ))^0.5 

 
For molten aluminum, the critical velocity is around 500 mm/s.  
 
In the case of gravity casting, a height of only 13 mm is sufficient to reach this speed. Model 
investigations on test plates by the University of Birmingham confirmed this result.  
The figure on the right shows the occurrence of oxide films and the bending strength in 
dependence of the velocity of filling for plates of 5 mm and 10 mm thickness, respectively. If 
the velocity of filling exceeds 500 mm/s oxides causing cracks are observed more frequently 
and the bending strength of the plates is dramatically reduced. 
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Influence of Velocity of Filling on Oxide Formation and Bending Strength 

Source: Alcoa 
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Mould filling by an electro-magnetic pump 

 
The consideration of the drop height makes using force of gravity for mold filling undesirable. 
Rather, an electro-magnetic pump is chosen which allows feeding fluid metal with a controlled 
rate. In this case, the mold filling does not require a constant mass flow over time but the 
pumping rate has to be adapted to the geometry of the part.  
 
The figure below shows anti-gravity mold filling with an electro-magnetic pump used in the 
AGSC process. 
 

 

Mold filling from below by means of an electro-magnetic pump 

Source: Alcoa 
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Wendy system 

 
The figure below shows the mold filling rate for gravity and electro-magnetic pump in a 
schematic comparison. The so-called Wendy system (second figure) is used for the 
evaluation of the correct mass flow over time. Via detectors in a mold, the raising level of 
metal in the mold is recorded continuously.  
 

 

Comparison of Mold Filling by Gravitation vs. Electro-magnetic Pump 

The Pump Allows a Tailored Filling Curve 

Source: Alcoa 

 

 

Wendy System: Controled Mold Filling By Planning And Verfication 

Source: Alcoa 

 
Deviations from the planned filling curve lead to a patched curve (by means of a computer) for 
pump power over filling time. The optimum control curve is calcated in an iterative process. 
This curve is then used in the later production of the respective part in order to control the 
mold filling. 
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AGSC characteristics leading to cost reductions 

 
Process characteristics of a DISAmatic machine type 2120 (as of 2002, other types are 
available):  
Plate size: 850 mm x 650 mm, usable area: 700 mm x 550 mm. The maximum form height is 
378 mm. The maximum part weight is 30 kg. The minimum wall thickness is 3 mm.  
 

 

Overview of the AGSC Process: Complete Control of Mold Filling Combined With High 
Productivity 

Source: Alcoa 

 
While there is no hard upper limit for wall thickness the process works best for wall thickness 
of up to approx. 35 mm. Over 35 mm, the advantages of the bigger mold area are minimised 
e.g. by bigger risers. 
The use of sand as a mold medium allows a high degree of freedom for design of high-
volume parts. Since the tools only have contact with molding sand, wear is almost 
nonexistent. Therefore, the life of tools is a multiple of the life of ingot molds and die casting 
tools (approx. one million shots). This means that even for high volume parts, investments 
for replacement tools can be omitted frequently. In addition the tool costs are - compared to 
ingot molds and dies for die casting - smaller. The tool changing times are short, less than 
10 minutes. All this reduces costs significantly.  
Plastic tools for prototypes are possible. This means that prototypes can be produced in the 
final casting process - effectively speeding up the introduction of new products.  
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Properties of castings 

 
Today (2001), the main alloy in production in AGSC is A356 (AlSi7Mg) in tempers -T6 and -
T7. AGSC castings are weldable and heat treatable. The process makes it possible to keep 
very narrow tolerances. Parts which are inserted in vehicles are characterized by uncritical 
behaviour in crash.  
 
The figure below shows a bumper bracket (A356-T7) connecting the crash boxes of the 
Mercedes A-Class to the Längsträger. The controlled mold filling of AGSC leads to a very 
clean and dense microstructure.  
 

 

AGSC Bumper Bracket (A356-T7) 

The wall-thickness of this crash-relevant part varies between 3 mm and 6 mm 

Source: Alcoa 

 
Numerous (>500) tensile tests (section is 4.1 mm thick) lead to the following results for the 
bumper bracket:  
Typical (average) TYE:  199MPa, 144MPa, 11%  
95%-99% minimum TYE: 177MPa, 125MPa, 7%  
95%-90% minimum TYE: 188MPa, 136MPa, 9% 
 
Explanation of mechanical properties:  
TYE means three values from tensile tests: Ultimate Tensile Strength, Yield Strength (Rp0.2) 
and Elongation.  
Typical properties are average values and have no statistical assurance.  
 
95-99% minimum properties: 0.99 of the population of values is expected to be equal to or 
greater than this property value with 95% confidence.  
 
95-90% minimum properties: 0.90 of the population of values is expected to be equal to or 
greater than this property value with 95% confidence.  
 
In addition to very good mean values for elongation the standard deviations are small, 
demonstrating high stability of the process. The figure below compares AGSC with 
conventional sand casting. 
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Comparison: Distribution of Rm, conventional sand casting vs. AGSC, schematically 

Source: Alcoa 

 
Cast suspension parts showed the following TYE values in T6: 271.3 MPa, 211 MPa, 8 %. 
(29 samples, thickness of sections 4-16 mm.)  
 
AGSC has demonstrated its suitability especially for automotive parts but also complex 
geometries like heat exchangers. Other examples: Gear parts, knuckles, wheels, calipers, 
guidance cases but also shock towers. Safety parts in particular gain by the high quality 
microstructure.  
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AGSC – Product examples 

 
The pictures show examples of parts demonstrating design possibilities and productivity. 
 

 

Tunnel: Size 400 x 300 x 180 mm3, wall thickness 3 mm, weight 0.9 kg 

Source: Alcoa 

 

 

Tunnel: Size 400 x 300 x 180 mm3, wall thickness 3 mm, weight 0.9 kg 

Source: Alcoa 

 

 

Shock Tower: Size 450 x 400 x 250 mm3, wall thickness 3 mm, weight 3 kg 

Source: Alcoa 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 17 

 

Shock Tower: Size 450 x 400 x 250 mm3, wall thickness 3 mm, weight 3 kg 

Source: Alcoa 

 

 

Rotor, high volume possible:up to 2800 parts per hour 

Source: Alcoa 

 

 

Brake Caliper,  high volume possible: up to 1200 parts per hour 

Source: Alcoa 

 

 

Casing, high volume possible: up to 1200 parts per hour 

Source: Alcoa 
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1.4 Core package casting 
 

1.4.1 Introduction 
 
See also: 

 AAM – Applications – 1 Power train > Engine > Cylinder block 
 
Literature: 

 Smetan, H.: Kernpaketverfahren im Aluminiummotorenguss, MTZ 61, 2000, No.10, 
P.712-715 

 
The core package casting process, where the entire sand mould consists of single sand 
cores, was industrially applied first in 1970 using low pressure filling by means of an 
electromagnetic pump. Due to low productivity, the process was restricted to low volume 
series. However, the increasing interest in the outstanding dimensional quality and possible 
complexity of the castings led to further developments and thus, (e.g.) the Core Package 
System (CPS®) has become an established casting process for the volume production of 
engine blocks within a short period of time.  
In the following screens, the process and design features of the core package  
casting process are described: 

 Design features 

 Core manufacturing  
 Mould filling  
 Roll-over and solidification  
 Process features 

 

 

Core package for V6 engine block 

Source: VAW 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 19 

 

Partly assembled core package for a 4-cylinder engine block 

Source: VAW 

 

 

4-cylinder engine block produced with the CPS® process 
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1.4.2 Design features 
 
The question, which casting process is optimal for a given product, depends, beside other 
factors, on the desired complexity of the casting. Like all precision sand casting processes, 
the core package casting process offers almost unlimited possibilities for product design, e.g. 
for engine block castings:  

 Complicated oil galleries and pre-cast oil channels to feed the crankshaft bearings.  
 Complex exhaust gas return systems.  
 Secondary air ducts.  
 1 mm thick cooling water passages between the cylinders (facilitated by micro-core 

technology).  
 Casting-in of cylinder liners. 

Hang-on and functional parts, such as thermostat housing, oil filter flange and splash wall can 
be integrated into the engine block with the core package process.  
Furthermore, the process provides extensive design freedom, for example in the design of 
undercuts, to reduce weight through the use of additional cores and/ or cavities and curved 
ports. 
 

 

Different designs for oil gallery cores 

Source: VAW 

 

 

Example of a complex oil gallery core design 

Source: VAW 
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Schematic diagram showing the economic relation- ship between complexity, 
production volume and casting process 

Sources: VAW 
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1.4.3 Process description – Core manufacturing  
 
See also: 

 AAM – Applications – 1 Power train > Engine > Cylinder block 
 
This process applies entirely resin bonded sand cores. Specifically, silica sand is used in the 
polyurethane cold-box process. The core package comprises also the whole running and 
feeding system. The core packages are, to a large extent, assembled automatically. 
Production lines with a capacity of up to 160 core packages per hour are currently in 
operation.  
Extremely tight tolerances are achievable, so that e.g. grey iron liners can be placed into the 
core package with a position tolerance of +-0.3 mm.  
Usually, the core packages are stored in a buffer and then fed into the casting line. 
 
Inserted parts such as grey iron liners can be preheated by induction coils in their final 
position in the core package prior to mould filling. This guarantees reproducible and 
repeatable conditions concerning the contact between the grey iron liners and the aluminium 
cast alloy. 
 

 

Fully automatic core package assembly with robots 

Source: VAW 
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Manual assembly of core packages for enging block castings 

Source: VAW 
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1.4.4 Process description – Mould filling 
 
See also: 

 AAM – Applications – 1 Power train > Engine > Cylinder block 
 
Core packages from the buffer are flushed with inert gas and continuously fed into the casting 
line, allowing one casting every 20 seconds. This requires a continuous metal supply which 
is realised by means of a launder with a casting nozzle and a stopper rod.  
 
After an optional inductive pre-heating of grey iron liners, the core package is connected to 
the nozzle and the filling process is started by raising the stopper. The mould filling takes 
place through the feeder, which (only during filling) is located underneath the casting. The 
signal to stop mould filling is given by a control laser which detects the actual metal level. 
 

 

Process steps 1 to 4 ''filling the mould'' of the CPS process 

Source: VAW AG 
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1.4.5 Process description – Roll-over and solidification  
 
Roll-over - Shortly after disconnecting from the metal supply position, the core package is 
rotated into the solidification position with the feeders now being on top of the casting.  
 

 

Rotating of the core package into the solidification position 

Source: VAW 

 
Solidification - The coldest metal which entered the mould first is now in a bottom position 
being in the greatest distance to the hot feeder and solidifies first. Hence, an optimal quasi-
directional solidification towards the feeder takes place. However, due to the fact that, during 
filling the feeder necks are acting as gating, a compromise to find the best possible cross 
sections has to be made, to achieve both, a smooth filling and an optimal feeding. 
 

 

Quasi-directional solidification 

Source: VAW 
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Simulation of temperature distribution during solidification 

Source: VAW 

 
Heat treatment - The core packages containing just solidified but still hot castings inside can 
be directly transferred into a heat treatment furnace, where they are de-cored and solution 
heat treated simultaneously in a very energy effective manner. 
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1.4.6 Process description – Process features 
 
See also: 

 AAM – Applications – 1 Power train > Engine > Cylinder block > Requirements for 
aluminium cylinder blocks 

 
Literature: 

 Heusler, L.; Feikus, F.J.; Otte, M.O.: Alloy and Casting Process Optimisation for 
Engine Block Application. Proc. Conf. 105th AFS Casting Congress, Aluminum 
Division, 2001, Dallas, Texas, AFS, Des Plaines 

 Feikus, F.J.: Optimierung einer AlSi-Gusslegierung und anwendungsorientierte 
Entwicklung der Gießtechnik zur Herstellung hochbelasteter Motorblöcke. Giesserei 
88, 2001, No.11, p.25-32 

 
There are two principal ways to place an engine block into the core package:  
 
1. Filling and feeding via the oil pan flange and optional additionally via the main bearing 
saddles. In this case, a chill cooling may be applied on the joint face providing an optimised 
directional solidification and a fine microstructure in the chilled area. This in turn, improves the 
mechanical properties in terms of elongation and tensile strength. 
 
2. Filling and feeding via the joint face with optional chill cooling on the main bearing saddles. 
This configuration is chosen, when good static and dynamic strength is required in the main 
bearings. 
 

 

Version 1: Filling and feeding via oil pan flange, chill cooling on joint face 

Source: VAW 
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Version 2: Filling and feeding via joint face, chill cooling on main bearing saddles 

Source: VAW 

 
The dendritic microstructure of a casting influences its mechanical properties and is 
strongly depending on the cooling rate in the considered area. The distance between 
secondary dendrite arms (DAS) depends on the local solidification time and is therefore a 
means to check the cooling conditions, s. fig. below. 
 

 

Dendrite arm spacings depending on chill position (feeding from the oposite side) 

Source: VAW 
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1.5 Gravity die casting 
 

1.5.1 Characteristics of process 
 
Gravity die casting is one of the standard processes for the manufacture of high-integrity 
automotive castings. It represents proven and absolute precision technology for the 
production of large batch quantities. This process is used in carousel casting units or in 
shuttle technique particularly for the manufacture of engine castings.  
 
Optimum heat dissipation from the solidifying casting through the die leads to short 
solidification times. This results in castings which have good mechanical properties, 
especially after an additional heat treatment. 
 

 

1, 2 - Carousel casting unit 

3 - Cylinder-head GM 

4 - Engine block VW-Lupo 

Source: VAW AG 

 
In addition to producing ever more complicated cylinder heads for petrol and diesel engines, 
gravity die casting is also used for the manufacture of diesel engine blocks with cast-in grey 
iron liners. 
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1.5.2 Process description 
 
In gravity die casting processes, the melt is metallurgically treated in the holding furnace, 
which is positioned near the dies.  
 
The quantity of melt for one casting is transported in a ladle and poured into the riser system 
of the mould by tilting the ladle. The melt fills the mould cavity smoothly from the bottom up 
until it appears in the risers positioned above the casting.  
 
In the example shown, i.e. the casting of a cylinder head, the mould filling and solidification 
conditions can be influenced by the design of the gating system and the risers in the top core.  
Directional solidification can be forced by using water cooling in the bottom of the die 
(combustion chamber area of the head). 
 

 

Tridem 

 

 

Gravity die casting process 
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1.5.3 Rotacast® 

 
Rotacast® is a new type of casting process*) based on permanent mould casting. This process 
meets the most exacting requirements and has now been introduced for the volume 
production of cylinder heads.  
Rotacast® procedure: cores are inserted in the mould, the die is closed and rotated 180° 
around its long axis. In this way, the combustion chamber of the die cavity shoots upwards. In 
the top core, the gating system comprises the whole length of the cylinder head. A tundish, 
which is filled with molten metal and connected firmly to the die, docks tightly with the top core 
from below. To fill the die with melt, the die and tundish are rotated together around the long 
axis in a numerically controlled process. This ensures that the metal fills the die cavity 
smoothly in laminar flow. Due to the large gating cross-section, high filling speeds are 
avoided. The die cavity is thus filled free of turbulence.  
 

*) developed by VAW aluminium AG 

 

 

Rotacast process scheme 

Source: VAW AG 

 
The gating system can be laid out in the top core in accordance with the respective geometry 
of the casting. Changes can also be made relatively easily. The venting of the die cavity and 
the escape of the core gases take place via the melt-free passages in the top core directly 
into the tundish or via the die joint and core prints. 
 
Through laminar flow die filling, local overheating due to so-called "channelling effects" – 
preferred flow path taken by the melt – is prevented.  
 
The melt flows from the tundish into the die cavity and reaches its final solidification position 
via the shortest route.  
 
The solidification process already begins on the bottom plate during die filling – very high 
cooling rates are achieved – and slows in the area of the core-sand riser. The efficiency of the 
riser is improved when it is subsequently filled with hot melt directly from the tundish.  
Similarly, the build-up of less overpressure in the tundish after reaching the solidification 
position also has positive effects.  
 
With Rotacast® die casting, die filling and solidification can be optimally directed and 
customised material properties achieved.  
 
Rotacast® castings display a very fine-grained cast structure with low porosity, especially in 
the combustion chamber area of cylinder heads. They offer great potential for the 
manufacture of "tailored castings" with the aid of well-devised die cooling technology, 
optimised alloys and subsequent heat treatment. 
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Rotacaster 

Source: VAW AG 

 
Production line Rotacast

®
: closed die with inserted cores before rotation into casting 

position. 
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 33 

1.6 Low pressure die casting 
 

1.6.1 LPDC description and product examples 
 

 

Cylinder head, Low pressure die casting 

 
Low pressure die casting is a well-known casting process, especially for aluminium wheels 
in passenger cars. The process is also used in the production of big V-engine blocks in 
hypereutectic aluminium alloys and in the casting of air-cooled cylinder heads for motor 
cycles. Mould filling is controlled by regulating the pressure in the casting furnace. The melt 
flows through the riser tube which is positioned under the melt surface of the furnace and fills 
the mould very smoothly with clean melt from the bottom up. After mould filling, solidification 
starts from the opposite end of the mould in the direction of the tube. By increasing the 
pressure in the casting furnace, good feeding is guaranteed. Cycle times are long due to the 
fact that the casting is connected to the big melt volume by the riser tube during solidification. 
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LPDC cast ''BBS Challenge'' wheel 

 

 

LPDC cast V-8 cylinder block 
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1.6.2 LPDC machine 
 
With active water or air-cooling channels in the mould, the thermal conditions can be 
influenced during solidification.  
 
Directional solidification and increased pressure lead to small riser volumes. This effect can 
be seen in the pictures of the two wheels below:  
Top - Low pressure die casting  
Bottom - Gravity die casting  
 

 

LPDC wheel as cast, note small riser at hub center 

Source: VAW 

 

 

Gravity Die Cast wheel, note large risers at rim and center hub 

Source: VAW 

 
The casting unit of a low-pressure machine consists of a pressure-tight holding furnace, the 
pressure control unit, the hydraulic die manipulators and usually one die for the casting. 
 

 

LPDC casting machine and furnace 

Source: Kutz 
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1.7 High pressure die castings 
 

1.7.1 The HPDC process 
 

 Filling speed and intensification pressure differentiates high-pressure die casting 
from most other casting processes.  

 After liquid metal is transferred to the shot sleeve (s. fig. below), the plunger slowly 
closes to shut-off the filling port. 

 

 

Schematic drawing of a typical cold-chamber diecasting machine 

This is the only HPDC-type used with aluminium 

 
 The plunger is then moved towards the die at a controlled but high speed in order to 

fill the die cavity.  

 With the potential for highly automated operation, the high-pressure die casting 
(HPDC) process is capable of extremely high levels of productivity.  

 HPDC machines are size rated by the closing force (s. figs.) 
 

 

Photograph of a fairly common 600 ton (5400kN) diecast machine 

Source: IdraPrince 

 
HPDC machines:  
5.4 MN (above), 
35 MN (below). 
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This 4000 ton (35MN) machine is close to the upper end of available size ranges 

Source: IdraPrince 
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1.7.2 HPDC process cycle 
 
Process cycle (s. schemes below): 
 

 

Schematic Plunger velocity-time and pressure-time curves 

 

 The pressure cycle in a modern HPDC machine is closely controlled in all stages.  
 Filling times are typically on the order of 10-25 milliseconds.  
 Once the die is filled, pressures, which may exceed 70 MPa, are maintained on the 

casting, using an accumulator, until solidification is complete (third stage, at right)  
 With the potential for highly automated operation, the high-pressure die 

casting process is capable of extremely high levels of productivity.  
 Multiple hydraulic circuits are used depending on the plunger speed needed at each 

stage as shown below.  
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1.7.3 Typical automotive applications of aluminium High Pressure 
 Die Castings 
 

 

Transmission cases are one of the largest automotive parts commonly diecast 

 
The common size range and close tolerances have been used to good effect in defining the 
hydraulic network in large transmission cases shown above. The Belt Tensioners (below) are 
typical of small die cast parts: 
 

 

Roughly 200g in weight, these belt tensioners are amongst the smaller automotive die 
castings 

 
Productivity for small parts like this is usually enhanced via multi-cavity die designs, e.g. 4 to 
8 cavities per die.  
Production rates are up to 100 parts per hour per cavity. 
 

 

To be die cast, engine blocks must designed with an open deck 
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Source: Teksid Aluminum Ltd. 

 

 

Cast-in and mechanically locked steel inserts such as those in this engine block skirt 
are easy when die cast 
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1.7.4 Design considerations 
 

 

Low magnification view of a section through a typical die cast part 

 
Physical design considerations:  

 Only straight steel core pulls can be used to define internal passages.  
 Core pulls increase tooling costs.  
 Sand coring is generally not possible.  
 Inserts can frequently be cast into the part. Hollow tubes, threaded inserts to fill out 

bosses, engine bore liners, and wear resistant inserts are common.  
 Feeding of shrinkage is via the gates alone; parts should be designed with as uniform 

a thickness as possible. 
 
Metallurgical design considerations:  

 Part ductility is limited by process considerations to <3% on average.  
 Die castings should not be used for load bearing safety critical parts.  
 Die castings are not heat treatable.  
 Die casting are generally produced using secondary (recycled) alloys; this reduces 

cost.  
 Fatigue properties of die castings are good so long as the very smooth as-cast 

surface is not machined away. 
 
Macrostructure:  
Die castings exhibit three regions internally:  

 The surface skin –dense and fine. The skin gives die castings good fatigue life. It 
should not be machined away unless absolutely necessary.  

 The interior body of the casting – sound metal.  
 The core – at the centre of the part, the core is usually porous. It may not be present 

in high quality parts. It is harmless in many applications. Core porosity may be a 
combination of entrained air and shrinkage. 
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1.7.5 Common and special purpose HPDC alloys 
 

 

Al18Si (AA 391) Hypereutectic, Parent Alloy, 2-Stroke Engine Bore 

Source: Mercury Marine Ltd. 

 

 

Macro section showing entrained air frozen into a high pressure die cast part 

 
Entrained Air makes HPDC parts non-heat treatable. Air bubbles entrapped under high 
pressure during solidification will cause HPDC parts to blister during solutionising. 
 
Common Al Die casting Alloys:  
 
AlSi8Cu3 (AA 380)  
Rp0.2%=160 MPa, Rm =325 MPa, A5=0.5-3%  

 
AlSi10Cu (AA 383)  
Rp0.2%=150 MPa, Rm =310 MPa, A5=1-3%  

 These are the most common alloys in use for general-purpose die castings.  
 General utility castings, transmission cases, blocks etc.  

 
Caution: HPDC Properties are very process/part dependent; only typical as-cast values 
are shown. 
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Al18Si (AA 391) Alloy Microstrucuture - Primary Si Imparts Wear Resistance 

Source: Mercury Marine Ltd. 

 

 

Typical AlSi8Cu (AA 380 microstructure), Hypoeutectic Al-Si plus Fe phases 

 
Special Purpose Al Die casting Alloys  
 
AlSi5 (AA C443)  
Rp0.2%=110 MPa, Rm =230 MPa, A5=9%  
Where exceptional ductility at moderate strength is required. Increased corrosion resistance 
(low Cu). (eg. steering wheels)  
 
AlSi12 (AA 413)  
Rp0.2%=140 MPa, Rm =300 MPa, A5=0.5-2%  
For intricate thin castings. 
 
AlSi17Cu4Mg (AA 390)  
Rp0.2%=240 MPa, Rm=280 MPa, A5=1%  
A hypereutectic wear-resistant alloy. Used for parent bore engine blocks, compressor parts, 
pulleys, brake shoes. 
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1.8 Vacuum die castings 
 

1.8.1 Characteristics of VDC 
 
Aluminium-intensive cars like Audi A2, Audi A8 or Ferrari Modena rely heavily on Vacuum Die 
Casting (VDC) for the space frame design. VDC has several characteristics that make it 
highly attractive for automotive applications: 

 thin walls in large structures: Designs using a minimum wall thickness well below 2 
mm. 

 joining with standard welding techniques as well as Laser welding and self-piercing 
rivets. 

 crash worthy structures (i.e. A-pillar of Audi A2, frame Ferrari Modena) 
 wide selection of alloys including heat treatable and non-heat treatable alloys. 
 high productivity. 

 

 

Space Frame of Ferrari 360 Modena using large VDC shock towers 

Source: Alcoa 

 

 

Müller-Weingarten vacuum die caster, closing force: 4400 metric tons 

Source: Alcoa 
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1.8.2 VDC Process 
 
Vacuum Dies  
The principle of vacuum die casting requires the dies to be very tight. Residual pressure is as 
low as 20 - 30 hPa. (Normal atmospheric pressure is 1013 hPa). Therefore tools consist of 
frames and one or several inserts with air seals in between. Good quality tools loose less than 
1.5 hPa/s of vacuum.  
 
Melt  
The melt is kept in the dosage furnace below the filling chamber. Melt cleanness determines 
heat treatability as well as weldability of castings. If the gas content is too high, heat treatment 
produces humps on the surface, also called blisters.  
 
Vacuum Die Casting Step 1: Dosage  
In this step the low air pressure in the filling chamber sucks a portion of melt into the filling 
chamber. The amount of metal can be adjusted. 
 

 

1. Step: Dosage, suction of metal into the feeding chamber 

Source: Müller-Weingarten 

 
2. Metal Transport:  
The piston drives up and seals the suction pipe. The melt is pressed to the gate. Metal 
velocity in this phase is low. 
 

 

2. Step: Transport of metal to the gate 

Source: Müller-Weingarten 
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3. Injection:  
After the vacuum valves are closed the melt is injected into the die at high rate. During the 
"shot", metal velocity is high. 
 

 

3. Step: Injection 

Source: Müller-Weingarten 

 
4. Post injection densification:  
After injection the piston exerts high pressure (> 150 bar) until complete solidification. This 
leads to a dense microstructure. 
 

 

4. Step: Post Injection Pressure, important to prevent blisters in heat treatment & 
guarantee weldability 

Source: Müller-Weingarten 

 
Process Control:  
Modern die casters allow controlling and documenting up to 40 parameters per shot. This 
allows precise control and high reproducibility. 
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Shot control using defined parameters 

Source: Alcoa 

 

 

1: Müller-Weingarten Vacuum Die Casting machine, closing force 4400 metric tons 

Source: Alcoa Soest, Germany 

 

 

2: The opened mold is sprayed with mold release agent by a robot 

Source: Alcoa 
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3: After the mold is closed, the piston injects liquid aluminium into the mould (Shot) 

Source: Alcoa 

 

 

4: Part is ejected and removed by another robot. 

Source: Alcoa 

 

 

5: Water quench right after removal (air quench is also possible) 

Source: Alcoa 
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6: Part is now cool and ready for further processing: deburring, heat treatment, 
machining etc. 

Source: Alcoa 
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1.8.3 Examples of VDC parts 
 

 

Ferrari Modena Spaceframe: light colored nodes are produced in AVDC 

Source: Alcoa 

 

 

A-Post 

Source: Alcoa 

 

 

B-Post DC S-Class Coupe 

Source: Alcoa 
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Shock tower Audi A8 

Source: Alcoa 

 

 

A8 Lower A-Post Audi A8 

Source: Alcoa 
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1.8.4 Vacuum Die Casting product examples 
 

 

Audi A2 Space Frame: colours indicate different processes 

 

 

Audi A2: High-Q-Cast "B-pillar" 

 

 

Assembly from the front area of Audi A2 Space Frame 
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1.8.5 Mechanical properties 
 
*The table gives typical and minimum mechanical properties for two alloys in production in 
Alcao's plant in Soest, Germany.  
 
AlMg3Mn is a non-heat treatable alloy with ca. 3.5 % Magnesium and 1.3 % Manganese. This 
alloy is based on solid-solution strengthening, hence no heat treatment required.  
 
AlSi9Mg is a heat treatable alloy with ca. 10 % Silicon and 0.2 % Magnesium. This alloy is 
precipitate-hardened (Mg2Si) and requires a heat treatment of solid solution, subsequent 
quenching and ageing.  
 
Both alloys are low on Iron and Copper. 
 

 

Source: Alcoa 
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1.9 Squeeze castings 
 

1.9.1 Squeeze Casting – Characteristics 
 
What is Squeeze casting?  
 
This technique was initially similar to forging, with a mould made of a hollow lower dye and an 
upper dye used as a stamp, which are set on a drop forging press. And the press is started as 
soon as the liquid metal is poured in the lower dye.  
 
This method is no more widely used, if ever, as 2 problems rise: the thickness of the cast part 
depends on the quantity of metal poured; and parts must be of rather uniform thickness, 
unless thinner areas, which solidify before thicker ones, will prevent pressure from applying 
any more on areas subject to shrinkage.  
As a matter of fact, "squeeze-casting", which is then sometimes said "indirect" SC, is now 
commonly an evolution of pressure die casting, using the same machines, with differences 
only on the injection speed and on the design of the pouring system:  

 the speed of the metal is drastically lowered, so as to avoid any turbulence – typically 
0.5 m/s, against 30 to 60 m/s in HPDC – ;  

 the solidification must be progressive from the thinner area of the cast part to the 
biscuit.  

In other words the channels must be thicker than the cast part, and the gates set so as to 
feed any area.  
 
The high cooling speed and the pressure applied give the parts excellent mechanical 
properties, and squeeze casting is therefore particularly suitable for suspension parts. 
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1.9.2 UBE squeeze-casting machines and particular tilting-docking 
shot unit 
 
The "indirect" squeeze casting technique is widely used in the USA and, above all, in Japan, 
where the machine maker UBE has developed a particular technique of tilting sleeve, using 
either vertical or horizontal presses. 
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1.10 Thixocastings 
 

1.10.1 Semi-solid forming 
 

A process at the border between casting and forming 

 
This process makes use of the thixotropic behaviour of semi-solid metallic alloys. Under some 
conditions the metal behaves like a solid (high viscosity) if not sheared. As soon as shearing 
occurs, viscosity decreases by orders of magnitude. Under some conditions this effect is 
reversible. 
 

 

Source: JP Gabathuler, Alcan 

 
Metallic alloys have strong thixotropic behaviour if:  

 it is possible to bring the metal homogeneously to the required semi-solid state, i.e. 
enough solidification range is present,  

 a microstructure with very fine and round grains exists. 
 

 

Source: JP Gabathuler, Alcan 
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Main processes used today in production 

 
All semi-solid forming processes are characterised by:  

 10 to 70% solid phase during forming,  
 Thixotropic properties: initially the metal's viscosity is high. After being sheared its 

viscosity decreases strongly.  
 the metal solidifies during forming.  

 
Specific properties of the products:  

 Since only part of the metal is liquid, shrinkage porosity is reduced.  
 Solidification takes place very rapidly and little heat extraction is necessary.  
 Since the viscosity of the metal is high, mould filling occurs in a very laminar way.  
 Net-shape parts can be produced. 

 
Thixocasting: Liquid metal is first DC-cast to fine grained billets which are then reheated to 
the semi-solid state and formed to the final product. This process has been mainly used 
during the last 20 years.  
 

 

Process steps of Thixocasting 

Source: Alcan 
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Rheocasting: Liquid metal is directly cooled down to the semi-solid state and processed to 
the final product. Since 1999, this process family is gaining new attention. 
 

 

Process steps of Rheocasting 

Source: Alcan 
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Metallurgical aspects of semi-solid processes 

 
Thixocasting  
The metal used has to show very fine and spherical grains to increase the shear thinning 
effect during forming.  

 DC-casting is normally combined with strong electromagnetic stirring. This leads to 
fine rosette like grains (fig. below), 

 

 

Microstructure of AlSi7Mg0.3 before re-heating 

Source: Alcan 

 
 During re-heating the metal, grains become spherical, as required for semi-solid 

forming (fig. below), 
 

 

Microstructure of AlSi7Mg0.3 after re-heating 

Source: Alcan 

 
During forming, the weak bridges between the grains break, leading to a strong reduction of 
viscosity (shear thinning). 
 
Rheocasting  
During cooling the liquid to the semi-solid state, some specific conditions have to be fulfilled to 
get the fine grains required.  

 A very high amount of grain seeds have to be built. This can be produced by using 
chemical grain refiners, suitable thermal conditions or mechanical vibrations in the 
melt,  

 During the process of partial solidification, the many grain seeds grow and, after 
touching their neighbours, get spherical (fig. below). 
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Microstructure of AlSiMg0.3 alloy ready for forming 

Source: Alcan 
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1.10.2 Suitable alloys and their mechanical properties 
 
Requirements for alloys suitable for semi-solid forming:  

 The metal can be brought homogeneously to a liquid fraction between 40 and 60% 
(i.e. no pure metal or eutectic alloy),  

 The solid phase is prone to build a fine globular structure,  
 The flow behaviour of the alloy is good. 

 

 

Static mechanical properties of AlSi7Mg0.3 (most used aluminium alloy) in various 
temper conditions 

Source: Alcan 

 

 

Fatigue properties of thixoforming samples, A356, T6-temper (R=-1) 
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1.10.3 Examples of part produced for the automotive industry 
using semi-solid forming processes 
 
Examples of parts which have already been in production 
 

 

Master brake cylinder 

 

 

Wheels 

 

 

Fuel rails 
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Multilink suspension component 

 

 

Suspension part 

 
Examples of parts which are today  
in development 
 

 

From left to right: steering knuckle, injection pump, space frame note 
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1.10.4 Main process parameters of semi-solid forming and their 
influence on quality 
 
Casting speed  
It is important that the metal front stays together during mould filling. A too high speed can 
lead to turbulences and air entrapment. At too low speed mould filling could be incomplete. 
 
Geometry of the runner system  
Due to the fact that metal is already partly solid, thicker cross sections and short runners are 
necessary in comparison to die casting. Numerical simulation is a very valuable tool for 
designing runner systems.  
 
Die temperature  
To avoid cold shots, die temperature has to be high enough. Very often, die temperatures of 
200 - 250°C lead to good results. 
 
Die parting agent 

 Main requirements on mould release agent are:  
 Good separation between mould and metal;  
 Good wetting and adhesion on the mould;  
 Low gas production in contact with metal;  
 Low build up on mould. 

 
Die venting  
The air in the mould cavity has to be evacuated during mould filling. This is achieved by 
venting slots positioned at places which are filled last. These slots should not be thicker than  
0.2 mm. 
 
Final metal pressure  
Due to the partly solid metal, the risk of shrinkage porosity or hot tears is limited. To avoid it 
completely, a high final pressure of 500 to 1500 bars is often necessary.  
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1.10.5 Possible defects and ways to avoid them 
 

Defect Non-fills and cold shuts Gas porosity and blisters 

Possible main 
cause for defects 

Solid fraction too high; 
mould filling speed too 
low; mould too cold. 

Turbulent mould filling; runner's geometry 
not adequate; not enough venting; water 
in mould; die parting agent produces 
gases. 

Way to avoid 
defects 

Increase liquid fraction; 
increase speed; heat 
mould more. 

Use smooth runners with cylindrical cross 
sections. If necessary, use vacuum. 

Examples 

 

Non-fills 

Source: EFU 

 

Gas porosity and blisters 

Source: Alcan 

 

Defect Inclusions (mainly oxides) 

Possible main cause for 
defects 

Retention system for oxide skin of metal not efficient 
enough; two metal fronts hit together. 

Way to avoid defects 
Use and optimise oxide retention systems; fronts with 
oxides should be brought into overflows. 

Examples 

 

Inclusions 

Source: Alcan 

 

Defect Shrinkage porosity 

Possible main cause for 
defects 

Feeding of large cross sections is not good enough. 

Way to avoid defects 
Dimension runner and gating systems for good feeding; 
use numerical simulation to control and optimise them. 
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Examples 

 

Shrinkage porosity 

Source: EFU 

 

Defect Segregations 

Possible main cause for 
defects 

Geometry of channels, high flow velocities can lead to 
separations between solid and liquid phases. 

Way to avoid defects 
Increase mould filling speed gives often good results; 
improve channel's geometry (smoother flow path). 

Examples 

 

Segregations 

Source: Alcan 
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1.11 Vacuum riserless castings 
 

1.11.1 VRC / PRC – Introduction 
 
VRC / PRC is a combination of Vacuum Riserless Casting (VRC) with Pressure Riserless 
Casting (PRC) (fig.1). This variant of low pressure die casting has been developed by Alcoa 
mainly for automotive chassis parts.  
"Riserless" means no mechanical feeding of melt into the mould. In addition, the level of melt 
in the feeding furnace is kept constant by replacing every shot from a holding furnace. 
Furthermore, the direction of solidification is controlled by active heating and/or cooling. 
Thicker sections can be fed directly in most cases, leading to lean gating systems.  
VRC / PRC castings have a dense, fine grained microstructure with excellent mechanical 
properties. 
 

 

Fig. 1: Elements of Alcoa's VRC/PRC process, schematically 
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1.11.2 VRC / PRC – Process 
 

 

Fig 2: VRC / PRC casting machine, schematically 

Source: Alcoa 

 

 

Fig. 3: VRC/PRC Gen III casting machine 

Source: Alcoa 
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1.11.3 VRC / PRC – Processing of chassis parts 
 
Fig. 4 is a flow chart of chassis parts production using VRC / PRC. The alloy most commonly 
used for this process is A356 / AlSi7Mg. First, raw material is analysed metallurgically. After 
melting, liquid aluminium is distributed by a channel system feeding furnaces equipped with 
impellers. From there the melt flows to dosage furnaces feeding the casting furnaces after 
every shot.  
 

 

Fig 4: Flow chart of chassis parts production 

Source: Alcoa 

 
After solidification the chassis parts are removed either manually (small parts) or robotically 
(large, heavy parts). Sawing and deburring is usually automatized. This is followed by X-Ray 
with automatic image analysis, heat treatment to achieve suitable mechanical properties, 
crack detection, eventually machining and shipping. 
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1.11.4 VRC / PRC – Mechanical Properties 
 
See also: 

 AAM – Manufacturing – 1 Casting methods > Vacuum die castings > Mechanical 
properties 

 AAM – Manufacturing – 1 Casting methods > Green sand castings 
 
Due to anti-gravity turbulance-free filling and directional solidification, the good microstructure 
leads to excellent mechanical properties. Some parts are used as cast, higher strength 
requirements are met after heat treatment.  
 
   A356-F subframe A356-T64 knuckle  
   as cast   heat treated 
 
Yield strength  85 MPa   230 MPa  
(typical)  
 
Ultimate Strength 150 MPa  300 MPa  
(typical)  
 
Elongation  12 %   11 %  
(typical)  
 
Mechanical properties can be adjusted by heat treatment to meet various requirements. 
 

 

Fig. 5: Comparison of Alcoa's automotive-oriented casting processes VRC / PRC, 
AVDC and AGSC 
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1.11.5 VRC / PRC – Examples of parts 
 
See also: 

 AAM – Applications – 2 Chassis > Structure and components > Subframe / Rear axle 
 

 

Knuckles from Generation II Machine: 

A356 - T6 

UTS - 276 MPa 

YS - 207 MPa 

EL - 8% 

Source: Alcoa 

 

 

Subframe produced with VRC / PRC : this part is a one piece casting approx. 1200 mm 
wide 

Source: Alcoa 
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1.11.6 Ultra Large Caster (ULC) 
 
The VRC process was developed by Alcoa during the 1950s. PRC was added during the 
1980s. The Ultra Large Caster has been built during a further development effort targeting 
large castings.  
 

 

Ultra Large Caster (ULC) at Alcoa Technical Center, Pittsburgh, PA 

 
The parts produced demonstrated the potential of the process: the tailgate weights 11 kg, 
replacing 11 stampings and reducing the weight by 25 % (at that time). Wall thickness was 
between 2.5 mm and 6 mm. The alloy in this case was A356-T5. Mechanical properties (TYE) 
were: 170 MPa, 130 MPa, 10 %.  
 
Molds for this machine can be as big as 3400 mm x 1700 mm. This allows using a two-out die 
for parts like the tailgate below.  
 

 

One piece tailgate produced by ULC 

Cycle time was 2 minutes: this makes ULC economically attractive 

Source: Alcoa 
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1.12 Lost foam castings 
 

1.12.1 Introduction 
 
Lost Foam Casting (LFC) or expandable pattern casting (EPC) involves the replacement of 
a low density foam pattern by liquid metal. LFC offers the possibility of a direct  production of 
nearly any complex geometry including complicated undercuts and cavities without tapers 
and the need for considerable finishing work. Compared to the conventional sand casting 
methods it has economical and ecological advantages.  
 
Initial applications of LFC have used patterns cut and milled from foam blocks to the same 
tolerances as conventional patterns. This process, called full mold process, was primarily 
used to produce large, one-only stamping dies in bonded sand. It is still used for rapid 
prototyping of intricate components or large castings.  
The actual LFC-process uses patterns of expandable polystyrene (EPS) for industrial 
applications. These patterns, directly foamed to shape, are immersed in a moulding box with 
binderless sand. The liquid metal, which is poured into the cups of the downsprues, vaporises 
the EPS pattern, which is precisely replaced by the metal. With the possibility of assembled 
patterns very complex shapes can be created and the castings can be reproduced with 
remarkable dimensional accuracy.  
 
The steps of the production process, its application potential and the properties of LFC 
castings are described in the following. 
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1.12.2 Pattern making & cluster assembly 
 
Pattern making. The initial material required for pattern making is expandable polystyrene 
(EPS). First step in the LFC-process is the pre-expansion of EPS beads.  
 
After maturing the beads are blown into a mould forming the pattern sections. The mould is 
then steamed to expand the beads further and tightly fill the cavity of the mould. Hot steam 
and expansion of the beads causes them to weld together.  
 
Cluster assembly. Complicated parts including undercuts and hidden cavities cannot be 
moulded in one working step, but are assembled from pattern segments into a final pattern. 
Joining techniques used are gluing, heated platen welding and plugging. In order to increase 
the efficiency of the total process several patterns are combined into a cluster and supplied 
with a common gate system, also made of EPS. 
 

 
 

 

Pre-expansion unit 

Source: LWF/ZVG Paderborn 
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Pattern molding unit 

Source: LWF/ZVG Paderborn 

 

 

Pattern assembly 

Source: BMW AG Landshut 

 

 

Cluster with two cylinder heads 

Source: BMW AG Landshut 
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1.12.3 Coating & embedding 
 
Coating: The clusters are coated with a refractory coating layer by immersion in a water 
soluble ceramic slurry. The coating layer has the function of guiding the gasification process 
of the pattern and to form a barrier between the moulding material and the gas-filled bubble 
which exists between the still solid EPS-pattern and the intruding aluminium melt. After the 
coating has dried, a thin, hard and permeable coating remains. The coatings are typically 
applied to a foam cluster by dipping, spraying or pouring.  
 
Embedding in sand: After the coating has dried, the cluster is placed in a flask and backed 
up with unbonded quartz sand without chemical additives. The sand is compacted through 
vibration with various frequencies, which causes the sand to fill all hidden cavities of the 
patterns. 
 

 

Production steps 

Source: LWF/ZVG Paderborn 

 

 

Coating of a cluster with two cylinderheads 

Source: BMW AG Landshut 
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1.12.4 Pouring & finishing 
 

 

Simplified decomposition of EPS during form filling 

Source: LWF/ZVG Paderborn 

 
Pouring: During the filling process the molten metal flows via the gate system into the EPS-
patterns, which is gasified, filling up the cavity and replacing exactly the pattern geometry. 
During this stage it is important to avoid turbulences, support the casting cavity wall and to 
realise a progressive elimination of the foam pattern. The gas originating from EPS 
decomposition permeates the coating layer and escapes into the sand, possibly supported by 
an external vacuum (see schematic fig. above). Form filling velocity and type of metal flow, 
i.e. laminar or turbulent, determine the part's quality by influencing the amount of oxide 
inclusions and porosity. Specifically, the following sets of parameters have to be tuned to 
each other:  

 permeability of coating,  
 optional external vacuum,  
 metal temperature,  
 EPS-pattern density and type of adhesive,  
 geometry of the gating / riser system and of the patterns. 

 
Dumping, quenching and trimmig:  
After solidification of the casting, the sand can be removed from the flask and be prepared for 
the following moulding. Clusters are quenched and knocked-off from the gate system. The 
castings are purged and controlled w.r.t. defects. In many applications the castings don't 
require any further mechanical finishing. 
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Production steps 

Source: LWF/ZVG Paderborn 

 

 

Experimental foundry for lost foam casting at the University of Paderborn 

 

 

Pouring by hand for experimental or short runs 

Source: LWF/ZVG Paderborn 
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1.12.5 Advantages and disadvantages 
 

 

Source: Albert Handmann 

 
Advantages:  

 freedom of design, possibility to build-up complicated geometries by assemblies of 
several EPS parts,  

 no draft angles necessary,  
 no burrs, less cleaning of castings,  
 reduction of amount of machining,  
 binder-less recirculated sand,  

 reduced environmental burden,  
 potential for Rapid Prototyping,  
 economicy,  
 dimensional accuracy and less finishing work,  
 no sand reclaiming system,  
 long life of moulding tools for EPS patterns (up to 1 mio.),  
 high productivity,  
 high flexibility,  
 good surface quality. 

 
Disadvantages:  

 possible deformation of pattern during sand fill and compaction,  
 possible entrapment of plastic residues caused by non-optimised gating systems,  
 large number of process parameters need to be controlled for optimum form filling. 

 

 

Cylinder heads 

Source: BMW AG Landshut 
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Source: Albert Handmann 
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1.13 Comparing casting techniques 
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1.13.1 Comparing casting techniques for engine blocks and 
cylinder heads 
 

 

Source: VAW AP 

 

 

Source: VAW AP 
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2 Cutting 
 

2.1 What to find in this section 
 

 

Shearing with wide or narrow gap influences the edge quality and the generation of 
slivers and galling 

 
From a component manufacturer's viewpoint the field of "cutting" (or "separating") comprises 
essentially  

 the chipless shear separation of sheet and extrusion as well as  

 the machining of bulk parts like castings and forgings.  
 
The understanding of the mechanisms involved in both technology fields has progressed 
significantly in recent years to allow highest productivity and machine times in the fabrication 
of aluminium components. To exploit fully the productivity potential of aluminium requires, 
however, the exact tuning of  

 working parameters,  
 tooling,  
 machinery and  
 lubrication  

to the specific requirements of the component's material. 
These aspects are treated in the following chapters:  
 
Machining of aluminium parts and components  

 Machining methods  
 Machinability (planned for 2nd edition)  
 Tools  
 Lubrication  
 Machine requirements (planned for 2nd edition)  

 
Shear cutting of sheet, stampings and extrusions  

 Blanking  
 Trimming  
 Piercing  

 
(More information will be added in forthcoming editions of the Manual) 
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2.2 Machining 
 

2.2.1 Introduction 
 

 

Milling with cooling fluid 

Source: TIZIT Plansee-Werke 

 
The general trends in machining aluminium parts and components can be summarised as 
follows: 

 Increased productivity (tool life of cutting materials, HSC, optimised sequence of 
operations), 

 Process monitoring, intelligent tools, 
 Dry machining, minimum quantity lubrication. 

 
Against this background initial information is given in the following subchapters which 
address:  

 Machining methods  

 Machinability of wrought and cast alloys (planned for 2nd edition)  
 Tools  
 Lubrication/coolants  
 Machine requirements (planned for 2nd edition)  

 
(More detailed information is planned for the 2nd edition of the Manual) 
While machinability of aluminium alloys is generally very good, the medium strength wrought 
automotive alloys, e.g. the forging alloy 6082, require close control over cutting parameters, 
tool design and lubrication for satisfactory surface quality and productivity. 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 4 

 

Machinability rating of aluminium alloys according to TIZIT/Planseewerke 
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2.2.2 Machining methods 
 

Overview 

 
Machining of aluminium calls for special considerations regarding tooling and cutting data. 
Therefore special care must be taken before a design and manufacturing strategy is decided. 
Machining operations described here are divided into milling, turning, drilling, deburring 
and sawing. 
 

 

Milling 

 

 

Turning 

 

 

Drilling 
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Deburring 

 

 

Sawing 

 
Generally speaking cutting speed is much higher for aluminium than for steels, etc. 
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Milling 

 

 
 
Milling is one of the basic operations to manufacture aluminium components. Depending on 
part complexity a multi-axis milling machine is often used.  
Both dry milling and milling with coolant fluid is used. 
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High speed milling 

 
General  
The definition of high speed milling varies. Generally speaking it means that cutting speed is 
increased dramatically compared with "normal" machining. For aluminium cutting speeds 
above approx. 2500 m/min are considered as HSM. The idea is that temperature in the 
workpiece is kept down as 80% of the heat goes into the chip. 
  
Cutting speed  
Cutting speed is defined as multiplying the circumference of the tool (or work piece when 

turning) with the rotational speed. This means that to reach 2500 m/min with a 20 mm 

milling tool the rpm must be approx. 40.000, but for a 50 mm tool it is enough with approx. 
16.000 rpm. 
 
Feed rate  
The feed rate is normally kept at 0.03 – 0.2 mm/cutting edge. 
 
Advantages 

 Due to small cutting forces thin sections can be produced  
 Productivity gain is 40-60% over traditional milling 

 
Disadvantages 

 Special cutter holder necessary due to high centrifugal forces. HSK better than ISO.  

 Cutters have to be well balanced, higher demands as the rpm increases.  
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Turning 

 

 
 

Work in progress for 2nd edition. 
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Drilling 

 

 
 
Drilling is one of the basic operations, either to create a finished hole or to open up a work 
piece for plunge roughing etc. Drilling usually requires emulsion blends of 10-12%.  
The drills are made of solid carbide or high speed steel with various coatings to reduce friction 
and adhesion. 
 

 
 

Twist drill  
Cutting speed 200-300 m/min  

Feed rate < 1500 mm/min 
 

 
 

Step drill  
Used to create two diameters in one operation.  

The two diameters complicate choice of cutting data. 
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Tube drill  
Cutting speed 120-150 m/min  
Feed rate 100-140 mm/min.  

Pressurised emulsion important for chip removal.  
Lengths <100xD 

 

  
 

Long twist drill... ...right through  
Water channels through entire drill give longer drill life and better cutting data.  

Cutting speed 200-300 m/min, feed rate <1500 mm/min.  
Lengths <25xD 
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Deburring 

 

 
 

 
 
Manual deburring with deburring tool, file, knife etc. Only suitable when other methods 
cannot be used or at low production volumes. 
 

 
 
Brush deburring 
Brushes (normally Nylon covered with Al2O3 or stainless steel), either in a fixed equipment or 
a hand operated machine. 
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Tumbling 
Workpieces are placed in a large cylinder either alone or together with ceramic chips. A 
compound (water emulsion) is used to flush away contaminations.  
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Sawing 

 

 
 
Aluminium extrusions are cut to specified lengths using specially designed cutter blades. If 
several cutter blades with different diameters are used beside each other, different shaping 
operations can be performed at the same time when the end is cut (instead of separate 
milling operations). 
  
Typical cutting speeds are 4000 – 6000 m/min. 
For often used cutter dimensions the following rpm is used:  

600 = 1700 - 2000 rpm  

850 = 1500 - 1900 rpm 
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2.2.3 Machinability 
 
Literature: 

 Johne, P., Handbuch der Aluminiumzerspanung, Düsseldorf: Aluminium-Verlag, 1984 
 

Work in progress 
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2.2.4 Tools 
 

Cutter types 

 
Solid Carbide 
Used for drills and small diameter mills (D< 20 mm) 
 

 
 
High Speed Steel 
Used at lower cutting speeds. This type of tool can tolerate vibration without damage, as it is 
not brittle. Can be refurbished numerous times. 
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Polycristalline diamond (PCD)  
Gives very good surface finish and long life. Can be used at high cutting speeds. Expensive 
tool, but often gives better overall economy than alternatives due to long life. Can be re-
sharpened 4-6 times. 
 

 
 
Inserts 
For mills and drills with D>20 mm. Inserts screwed or soldered to master tool and exist in a 
variety of sizes and shapes. When a cutting edge is blunt you turn the insert (screwed inserts 
only). 
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Cutter holders 

 
Cutter holders exist in a number of different versions. Depending on requirements for stability, 
torque, space etc a holder suitable for each application can be chosen. 
 
Hydraulic holder 
(+) torque 181 Nm on 20 mm pin  
(+) inserts cover D2 – D20 mm  

(–) loosening of clamping force and torque over time 
 

 
 
Hydromechanic holder  
(+) torque 579 Nm on 20 mm pin  
(+) inserts cover D2 – D20 mm  
(+) small radial movement (0,002 mm)  

(–) large diameter  
 
Used when you need high accuracy, stability and torque. 
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Shrink holder  
(+) torque 243 Nm on 20 mm pin  
(+) little maintenance, no moving parts  
(+) small radial movement (0,003 mm)  
(+) small outer diameter  

(–) requires heating and cooling equipment 
 

 
 
Regofix  
(+) low torque  
(+) quick and easy cutter change  

(–) large radial movement  

 
Often used for threading and simple drilling operations 
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Fixtures 

 
All machining operations subject the work piece to large forces. Therefore, it must be clamped 
rigidly during the operation. When designing a part for machining suitable clamping surfaces 
must be provided. 
 

 
 
Clamping can be done mechanically or with vacuum, magnet or hydraulic devices. 
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Hydraulic fixture 

 
A hydraulic fixture can be used for non-flat work pieces as it adapts to the shape of the work 
piece. 
 

 
 
The sketch and picture below show the principle behind the hydraulic fixture. Hydraulic 
pressure presses the pistons towards the work piece with uniform force. 
 

 
 

  
 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 22 

Vacuum fixtures 

 
A vacuum chuck can be used for flat and thin work pieces. A silicone O-ring between work 
piece and chuck gives the necessary seal as vacuum is applied through holes in the chuck 
(table).  
 
The method can not be used with porous or non-flat work pieces. 
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2.2.5 Lubrication 
 

Introduction 

 
Lubrication in cutting operations serves several purposes:  
1. To remove chips from tool and work piece,  
2. To reduce the temperature of the tool,  
3. To avoid adhesion between chip and tool.  
 
When drilling without lubrication, chips are collected around the hole and can also be 
squeezed between drill and work piece, causing surface lacerations.  
 
In this case, chips should be removed with compressed air. 
 

 
 
For deep holes the most efficient way of removing chips is to flush with coolant liquid through 
the drill, thereby forcing the chips out of the hole (see coolant holes). 
 
In some cases compressed air is used in combination with a small amount of oil, creating an 
oil mist that lubricates without causing fumes. 
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Milling without lubrication 

 
In many cases milling and turning without liquid lubrication is a better alternative. The reasons 
for this are: 

 Lubrication liquid causes fumes when heated by the tool, 
 New cutter inserts are often designed to work dry, 
 No problem with thermal shock of the cutter inserts from liquid. 

 
There is also another alternative, where "minimal" lubrication is used. In this case the cutter is 
flushed with air containing a very small amount of oil. This gives better lubrication than dry 
cutting without causing problems with oil fumes.  
 
HSM is always done without lubrication, as the heat generated in the cutting operation is 
removed with the chip. 
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2.2.6 Machine requirements 
 

Work in progress 
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2.3 Shear cutting 
 

2.3.1 Definitions 
 
Literature: 

 Tool and Manufacturing Engineers Handbook, Vol. 2 : Forming, Society of 
Manufacturing Engineers, 1984 

 Metals Handbook, Vol. 14, ASM International, 1988. 
 
The most common method of shear cutting aluminium sheet in high volume is to use a punch 
and die set mounted in a single acting press.  
Punch-and-die tools used for aluminium are very similar to those used for steel. The main 
difference is the clearance required between the punch and die blades.  
 
Blanking: separation of required blank shape from incoming sheet or coil stock.  
 
Trimming: cutting of excess material from the periphery of a drawn or formed part.  
 
Piercing: punching of holes. 
 

 

Punch-and-die cutting process of sheet metal (schematics) 
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2.3.2 Cut Edge Quality 
 
Blanked or sheared edge aspect varies over the sheet thickness. It is described by four 
regions:  

 rollover 
 burnish 
 fracture 

 burr  
 
Small rollover radius, small burr height and burnish depth less than one quarter of the 
gauge are required for sheet metal forming of autobody applications.  
 
Cut edge aspect depends on alloy mechanical properties and thickness, and on tooling 
characteristics (clearance, blade radius, cutting angle, blade material…)  
 
Cut edge aspect affects formability of the free edge: 

 forming of stretch flanges  
 hem flanging between inner and outer autobody panels  

 

 

Cut edge surface aspect and characteristics 
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2.3.3 Blanking 
 
See also: 

 AAM – Materials – 5 Wrought materials production > Automotive sheet > From ingot 
to strip and panel > Cutting of panels 

 
Aluminium coil stocks are cut into blanks, which are stacked prior sending to stamping 
workshop.  
 
Rectangular blank shape is often used but more complex shape may be required to optimize 
subsequent forming operations and to minimize material scrap quantity.  
 
Main requirements are:  

 No slivers or particles on blank surface  

 Low burr height  
 Geometrical tolerance (e.g.: ~2-3mm over 1500mm length) 
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2.3.4 Trimming 
 

Trimming quality 

 
Literature: 

 Tool and Manufacturing Engineers Handbook, Vol. 2 : Forming, Society of 
Manufacturing Engineers, 1984 

 Daniel D. , Shahani R., Baldo R., Hoffmann JL., Development of 6xxx Alloy Aluminum 
Sheet for Autobody Outer Panels: Bake Hardening, Formability and Trimming 
Performance, IBEC 1999 - SAE CD-Rom proceedings (Paper N° 1999-01-3195) 

 Li M. and Fata G.: Sliver reduction in trimming aluminum autobody sheet, 
Proceedings of SAE congress 1999, SAE Paper 1999-01-0661 

 
Trimming quality depends on:  

 punch/die clearance  
 cutting angle  
 penetration depth  
 rake  
 tool materials 

 sharpness of cutting edge  
 
Good cut edge quality must be obtained to avoid slivers or fine particles generation in the 
tools. The slivers can carry through the downstream processes and cause damage to the 
surface of formed parts which results in high repair rate for outer panels. Also particles 
accumulation can generate galling problems.  
 
Good cut edge quality may be required to maintain formability of the free edge for 
subsequent forming operations.  
 

 

R&D trimming tool 
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Sliver generation 

 
Literature: 

 Li M. and Fata G.: Sliver reduction in trimming aluminum autobody sheet, 
Proceedings of SAE congress 1999, SAE Paper 1999-01-0661 

 Daniel D. , Shahani R., Baldo R., Hoffmann JL., Development of 6xxx Alloy Aluminum 
Sheet for Autobody Outer Panels: Bake Hardening, Formability and Trimming 
Performance, IBEC 1999 - SAE CD-Rom proceedings (Paper N° 1999-01-3195) 

 
Sliver generation is associated with galling, induced by excessive blade friction on the cut 
surface in the fracture region.  
 
In high volume production of aluminium outer autobody panels, slivers generated by the 
trimming can accumulate in the stamping tools, resulting in surface defects requiring costly 
manual rework.  
 
The robustness of the trimming process and, consequently, the productivity of the stamping 
lines of high volume aluminium outer autobody panels is improved by specific metallurgical 
development for outer panel applications. 
 
Guidelines for trimming tool parameters are established to minimize sliver generation. 
 

 

Left: Optical micrograph of the cut surface of 1mm 6016 sheet 

Right: Particles and sliver collected on self-adhesive tape 

 

 

Good quality cut surface 
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Guidelines – Effect of clearance 

 
Literature: 

 Daniel D., Shahani R., Baldo R. and Hoffmann J.L.: Development of 6xxx Alloy 
Aluminum Sheet for Autobody Outer Panels: Bake Hardening, Formability and 
Trimming Performance, Proceedings of IBEC 1999, Paper 1999-01-3195 

 Li M. and Fata G.: Sliver reduction in trimming aluminum autobody sheet, 
Proceedings of SAE congress 1999, SAE Paper 1999-01-0661 

 

 

Schematic of punch-and-die cutting process 

 
Punch/Die Clearance 

 
~ 8-10% of the gauge for low strength alloys (UTS up to 230MPa)  
 
~10-14% of the gauge for high strength alloys (UTS over 230MPa)  
 
These values apply for blanking.  
 
Smaller clearance is used if subsequent forming operation requires free edge formability.  
 
Tool wear is increased when small clearance is used. 
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Example :  
 
Cut edge aspect of AA6016-T4 (1mm) trimmed with a 0° cutting angle and different punch/die 
clearances.  
 

 

Effect of clearance 
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Guidelines – Tool design 

 
Literature: 

 Li M. and Fata G.: Sliver reduction in trimming aluminum autobody sheet, 
Proceedings of SAE congress 1999, SAE Paper 1999-01-0661 

 Daniel D. , Shahani R., Baldo R., Hoffmann JL., Development of 6xxx Alloy Aluminum 
Sheet for Autobody Outer Panels: Bake Hardening, Formability and Trimming 
Performance, IBEC 1999 - SAE CD-Rom proceedings (Paper N° 1999-01-3195) 

 
Cutting angle  
Good cut edge quality, with no burr and sliver/particle generation, can be obtained by 
trimming at an oblique angle (up to 40°) with a large range of clearance (2-20% of sheet 
thickness).  
 
Contrary to steel, zero cutting angle, i.e. normal trimming should be avoided.  
 
Rake or "guillotine" effect  
Rake, used to reduce cutting load, should be kept small to avoid part distortion and to limit 
penetration depth which could increase slivers/particles generation. 
 
Punch penetration or cutting edge entry  
For recommended clearance, penetration depth of 50% of gauge thickness is enough for 
fracture to occur.  
 
In practice, higher penetration should be used to ensure total shearing of the part but it may 
increase slivers/particles generation.  
 
Cutting tool material and surface treatment  
High-grade steels (hardness below 58HRC) are used for high volume production. Surface 
treatments used for aluminium cold forming are recommended.  
 
Sharpness of cutting edges  
Tool wear increases burr height. 
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2.3.5 Piercing 
 

Punching of holes 

 
Guidelines  
 
Most of the guidelines for Blanking/Trimming may be applied for Piercing. Specific 
recommendations are:  

 A gap clearance between die and punch radii of 5% of the gauge thickness is 
recommended.  

 The piercing die hole should be tapered to allow the slugs to drop into tool  
 The sharpness of the cutting edges is a key factor  

 The work piece must normally have a shape that permits a support. (In some cases 
high-speed punching can be performed without support).  

 Round holes must have a diameter that is at least as big as the material thickness.  
 Edges are never straight (due to shear zone) and surface is often rough.  
 The outgoing edge is often sharp, the ingoing edge normally rounded. 

 

 

Action of punch in piercing operation 
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Examples – Punching holes into extrusions 

 
Punching is normally the fastest and most economical way to create a hole or to trim material 
along an edge. Although it calls for special tooling this is compensated by fast operation in a 
relatively cheap machine.  
 
Punching is therefore a particularly useful method to extend the form spectrum of extruded 
shapes. 
 

  

Source: G. Olsson, SAPA 

 

 

Seat tracks 

Source: G. Olsson, SAPA 

 

 

Source: G. Olsson, SAPA 
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Manufacturing – Forming 
 
Table of contents 
 
3 Forming .................................................................................................................................... 2 

3.1 Mastering aluminium cold forming technologies .............................................................. 2 
3.2 Sheet forming ................................................................................................................... 3 

3.2.1 Approach and contents ............................................................................................. 3 

3.2.2 Forming methods ...................................................................................................... 4 

3.2.3 Tooling / tool surface .............................................................................................. 18 

3.2.4 Tribology ................................................................................................................. 22 

3.2.5 Forming practice ..................................................................................................... 27 
3.3 Bending .......................................................................................................................... 34 

3.3.1 Methods, materials and tempers ............................................................................ 34 

3.3.2 Combining additional forming during bending of extruded shapes ........................ 35 

3.3.3 Estimating deviations from design due to bending ................................................. 36 

3.3.4 Forming methods .................................................................................................... 39 

3.3.5 Tooling mandrels .................................................................................................... 48 

3.3.6 Phenomena during bending .................................................................................... 49 

3.3.7 Forming practice ..................................................................................................... 54 

3.3.8 Post-bending reshaping .......................................................................................... 62 
3.4 Hydroforming (tubes) ...................................................................................................... 69 

3.4.1 Hydroforming of tubular shapes .............................................................................. 69 

3.4.2 Hydroforming in general ......................................................................................... 70 

3.4.3 Hydroforming tools .................................................................................................. 72 

3.4.4 Hydroforming feedstock .......................................................................................... 79 

3.4.5 Development of components .................................................................................. 82 

3.4.6 Examples of forming practice ................................................................................. 87 
3.5 Impact forming ................................................................................................................ 91 
3.6 Semi-hot forming ............................................................................................................ 92

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 2 

3 Forming 
 

3.1 Mastering aluminium cold forming technologies 
 
Mastering aluminium forming technologies, especially those performed at room 
temperature, is the key to successful high volume lightweight automotive engineering.  
 
While the principles of cold forming are equally applicable to all common metals, it is 
important to appreciate the differences as well.  
 
It is the objective of this Section to summarise the important cold forming technologies 
applicable to aluminium and point out the potentials and limits. 
 

 Sheet forming of inner and outer closure panels summarises the experiences in part 
and tool design. 

 
 Bending of tubes and shapes has become a key technology field in the 

development of space frames and other structural application using tubes and 
especially extruded shapes as starting materials for complex shaped components. 

 

 Hydroforming of tubes and extruded shapes has developed as important cold 
forming technology for aluminium components, particularly with respect to minimising 
tolerances. 

 

 Impact forming is of particular significance for aluminium extrusions, since it permits 
to obtain local increases in cross-section, which otherwise must be attached by 
joining techniques.  

 

 Semi-hot forming - a necessity for magnesium - dramatically extends the forming 
limits of aluminium. It may well become of more significance in the future.  
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3.2 Sheet forming 
 

3.2.1 Approach and contents 
 
Aluminium alloy car body sheet materials can be cold formed using the same investments in 
equipment as for forming of steel sheet. However, aluminium sheet requires special attention 
due to its lower formability (when compared with mild steels), higher springback and surface 
sensitivity in contact with forming tools.  
 
For difficult part designs the approach is to use special car body sheet qualities and shapes, 
adhere to allowable tool design features, select the right lubrication and follow established 
aluminium sheet forming strategies.  
Tips & tricks for successful aluminium car body sheet forming are summarised in this Section 
by DO-s and DON'T-s with respect to  

 Forming methods  

 Tooling  

 Tribology and 
 Forming practice.  

 
The contents are intimately related to information given in other sections of this Manual:  

 see: Rolled products, 
 see: Flow curve and formability, 
 see: Joining 
 see: Surface finishing. 
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3.2.2 Forming methods 
 

General remarks on forming aluminium sheet 

 
See also: 

 AAM – Products – 1 Rolled products > Flow curve, formability data 
 
Specific DOs and DON'Ts are presented for the following aluminium sheet forming 
methods:  

 Blank preparation 
 Drawing 
 Stretching 
 Bending 
 Flanging 
 Hole expansion 
 Embossing 
 Feature lines 
 Roll forming 
 Handling 

 
Design of each operation must consider  

 Springback 
 
DO 
 

 use processes specifically designed for aluminium 
 

 use geometries and methods suitable for aluminium 
 
DON'T 
 

 use straight substitution of steel by aluminium 
 
See also chapter "Flow curve & formability". 
 

 

Strain distribution in aluminium product as simulated by DiekA 
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Blank preparation 

 
Literature: 

 Furrer, P. and Bloeck, M.: Aluminium-Karosseriebleche. Landsber: Verl. Moderne 
Industrie, 2001, (Die Bibliothek der Technik; Bd. 220) ISBN 3-478-93250-5 

 
Blank preparation concerns blanking, washing, etc. 
 
DO 
 

 For critical stampings use EDT finish of < 1.5 mm. EDT reproducibly shows better 
forming and paint appearance.  

 
 Use developed blanks rather than rectangular ones to improve formability and 

springback predictability.  
 

 

Developed blank 

Source: Alcan 

 
 
DON'T 
  

 Use more than 1.5 mm of roughness: it will cause blanks to fret and paint appearance 
will worsen. 

 
 

 

EDT surface topography 

Source: Corus Group 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 6 

Drawing 

 
Literature: 

 Schuler GmbH: Handbuch der Umformtechnik. Berlin: Springer-Verlag, 1996. ISBN 3-
540-61099-5 

 K. Siegert (Hrg), Neuere Entwicklungen in der Blechumformung. Symposium 
Stuttgart 1992., Oberursel: DGM Informationsgesellschaft-Verlag, ISBN 3-88355-182-
1 

 Siegert, K. (Hrg.), Neuere Entwicklungen in der Blechumformung Symposium 
Stuttgart 1996, Oberursel: DGM-Informationsgesellschaft-Verlag, 1996 

 
Drawing, or deepdrawing, is a forming method, where the shape is stamped into a sheet by 
means of dies allowing for the material to flow inwards. 
 
DO 
 

 Use of a developed blank minimises formability and springback problems. 
 

 Drawbeads can be used to control material flow. 
 
DON'T 
 

 Be careful not to induce too much strain in areas where flanges will be later on. Both 
for flanging and for clinchability 

 

 

Single acting drawing tool setup 

Courtesy: Schuler GmbH 
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Stretching 

 
Stretching, is a forming method stamping the shape into a sheet by means of dies restricting 
the material from flowing inwards. 
 
DO 
 

 Make sure a minimum strain of 1-2% is obtained in the whole panel for dent 
resistance and tightness. Use lockbeads wherever possible to achieve this 

 
 However, using bakehardenable material the dent resistance will be largely 

independent of strain 
 

 Try and achieve uniform strain distribution for dimensional quality and predictable 
springback 

 
DON'T 
 

 Be careful not to induce too much strain in areas where flanges will be later on. Both 
for flanging and for clinchability 

 

 

Increase in dent resistance of exterior panel with plastic strain 

Source: Corus Group 
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Bending 

 
Bending is a forming method in which positive strain develops on one side and negative strain 
on the other. Average strain is zero, so length remains intact.  
 
Bending can be done in several ways:  

 free bending (here),  
 die bending (here) or  
 flanging (next page). 

 
DO 
 

 Layout cutting process such as to have the cut edge on the outside radius of the 
bend, i.e. the burr on the inside  

 
 Set inner radius to >3t if in doubt of capabilities of the alloy of choice  

 
DON'T 
 

 Bend along a line in rolling direction (RD) if you can avoid it. Because this will 
increase orange peel 

 

 

V-bending (left) and die-bending (right), schematically 
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Straight flanging 

 
Flanging is the forming (bending) of flanges to a panel using stamping techniques. 
 
DO 
 

 Calculate the outside strain by  
εβ = 1/2 ln(1 + t/Ri)  

 This accounts for the shift of the neutral plane in bending. Thickness is t and inner 
 radius of flange is Ri 

 
 Compare the strain εβ to the uniaxial elongation A80. When εβ is smaller than A80, 

there is absolutely no problem. This criterion is very conservative and hence higher 
strains might be allowed with care  

 
 Have a nominal clearance of 5% of t 

 
DON'T 
 

 Use downflange radius less than 2•t, if panel is to be hemmed 180 degrees (smaller 
radii can however be reached with optimised aluminium products) 

 

 

Schematic straight flange 
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Stretch flanging 

 
Stretch flanging is the flanging operation performed on a (partial) hole. 
 
DO 
 

 Calculate maximum strain at edge of the hole from ε = ln(R2/R1). Where R1 is inner 
radius of hole prior to flanging; R2 is radius after flanging  

 
 Make sure this strain is less than elongation A80. Unlike in straight flanging this is not 

a conservative criterion 
 
DON'T 
 

 If the flange is to be hemmed 180 degrees subsequently, the final strain will be twice 
the now calculated one 

 

 

Schematic stretch flange 
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Shrink flanging 

 
Shrink flanging is a flanging operation on a concave edge. 
 
DO 
 

 Shrink flanges are prone to wrinkling. Critical strain is limited to:  

 
 

R is radius of panel,  flange angle (usually 90 degrees), K and n stem from Hollomon's law. 

E is the elastic modulus and  Poisson's ratio. 
 
DON'T 
 

 Subsequent hemming to 180 degrees will set sin to 2 in the formula on the left 
 

 

Schematic shrink flange 
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Hole expansion 

 
Hole expansion is comparable to stretch flanging. However, it can also be achieved using a 
conical punch (JFS-T1001-1996). 
 
DO 
 

 For high hole expansion ratios in aluminium use a conical punch comparable to the 
one used in the JFS norm. 

 

 Calculate maximum strain at edge of the hole from = ln(R2/R1). Where R1 is inner 
radius of hole prior to flanging; R2 is radius after flanging. 
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Embossing 

 
Embossments are brought in local features pressed in at the end of the forming process by 
pure stretching. 
 
DO 
 

 Estimate strain from surface change between flat sheet and embossment. Make sure 
this strain is well below FLD. 
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Feature lines 

 
Feature lines, or plane strain embossments are stretched in only one direction. 
 
DO 
 

 Assuming no movement outside the feature: calculate line length along feature L and 
line length without feature present L0.  

 

 Estimate strain from these lengths as  =ln(L/L0). Make sure this strain is less than 
1/2 FLD0.  

 

 

Example length calculation over feature line 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 15 

Roll forming 

 
Roll forming is the continuous forming of sections through subsequent roll sets. 
 
Aluminium profiles are often extruded but sheet alloys can be stronger. 
 
DO 
 

 Obey minimum bending radii as found in suppliers data sheets. In general R/t > 3 is 
considered to be safe 

 
 Set relaxed tolerances on large radii in the cross section, because they are difficult to 

maintain  
 

 Stiffen wide sections by adding local bendlines 
 
DON'T 
 

 Use extruded profiles where strength is needed  
 

 Try forming short legs with roll forming  
 

 Use narrow high rolls if it can be avoided, to prevent breaking 
 

 

Schematic of roll formed profile 
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Handling 

 
Handling refers to all secondary processes in transport of material in between forming steps. 
 
DO 
 

 Take care in handling aluminium. It easily scratches.  
 

 Preferably use a dry-film lubricant to avoid scratches instead of a paper interlayer. 
 
DON'T 
 

 Simply use steel handling installations available. 
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Springback 

 
Springback refers to the phenomenon of shape change after forming due to residual stresses. 
 
DO 
 

 Use drawbeads / lockbeads to induce 1-2% strain in the whole of the panel.  
 

 Induce some stretching to alleviate springback due to bending stresses. 
 
DON'T 
 

 Overlubricate, this will reduce friction so less strain can be induced and springback 
will be worse. 

 

 

Springback scales linearly with stress level and elastic modulus 

However, lager thickness reduces bending springback 
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3.2.3 Tooling / tool surface 
 

Draw beads 

 
Draw beads are used to restrict the material flow into a die cavity. By restricting the flow, more 
stretching strain can be induced in the centre of panel, and a tighter appearance is achieved. 
 

DO  
 
Use the following general design rules:  
Typical radii used in draw beads for aluminium body panels:  
R1= 3 to 6t; R2 = 6t; B1 = 12t; B2 = 15t; h = 6 to 10t.  
With: t = sheet thickness  
 
The centre of the draw bead is traditionally placed about 25 times the sheet thickness from 
the side of the draw die (punch opening line). The radius at this side should be 5 to 10 times 
the sheet thickness 
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Lock beads 

 
Lock beads are used to completely stop the material from flowing into the die cavity. In this 
way all deformation is stretching deformation. This ensures ensuring a panel to be as tight as 
possible. 
 

DO  
 
Use following general design rules:  
 
Typical radii used in lock beads for aluminium body panels:  
R1= 3t; R2 = 2t; B1 = 12t; B2 = 15t; h = 6t.  
With: t = sheet thickness  
 
The centre of the lock bead should be placed about 24 times sheet thickness from the side of 
the draw die (punch opening line). The radius at this side should be at least 9 times sheet 
thickness. 
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Radii 

 
Die and punch radii should generally be chosen a bit larger when compared with radii for steel 
sheet of the same thickness. 
 

DO  
 
Use following general design rules:  
R > 10 times sheet thickness for low ribs (h< 20 mm)  
R > 15 times sheet thickness for high ribs (20 < h < 30 mm)  
 
Rcorner > 20 times sheet thickness 
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Tool material & coating 

 
Choice of tool material is wide, coating is most important for performance. 
 
DO 
 

 Preferably use cast steel as tool material 
 

 Consider using a coating on the tooling: Japan & North America commonly use 
chrome plating. Alternatively nitriding, or titanium nitride, vanadium nitride or titanium 
carbide may be applied. Also consider DLC coatings as an alternative. 

 
DON'T 
 

 simply use flame hardened cast iron. Cast iron has a porous surface which will cause 
marks on the sheets when drawn. 
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3.2.4 Tribology 
 

Issue of the tool / sheet interface 

 
See also: 

 AAM – Manufacturing – 4 Surface finishing > Pre-conditioning of Al-forms > Sheet / 
strip 

 
Tribology is concerned with the behaviour of the tool / sheet interface. It includes friction, 
lubrication and wear topics of the sheet / tool interface.  
 
Tribological aspects (can) have a major influence on the forming characteristics of a part.  
 
Information on important tribological factors and phenomena can be found under the following 
topics: 

 Friction 
 Galling 
 Lubrication 
 Surface roughness 

 
DO 
 

 Use lubrication, suitable for processing aluminium.  
 Consider using a dry-film lubricant. 
 Use optimised surface roughness texture, eg. EDT. 
 Take into account that Aluminium generally shows lower friction than steel. 
 Take into account all sheet-lubricant- tool-process parameters when analysing the 

frictional behaviour of the sheet/tool interface. 
 
DON'T 
 

 Use the same tooling used for steel panels regardless. These are very likely to be 
unsuitable for friction, wear and due to more general formability issues. Dedicated 
tooling material and/or geometry is usually required. 
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Friction 

 
The friction and wear behaviour is clearly a system characteristic. The friction and the wear 
of an aluminium sheet material do not exist.  
 
Friction under sheet metal forming conditions is mildly dependent on contact pressure and 
sliding speed. However, all properties of sheet material and the tool (mech. properties, 
coatings, roughness, geometry) and also lubricant properties and operational (process) 
conditions (e.g. temp.) should be taken into account.  
 
Different kinds of surface textures that influence the friction (MF, EDT) can be applied to 
aluminium.  
 
The friction coefficient is mainly determined by the lubrication regime. In case all the normal 
load is carried by the lubricant film (i.e. full film lubrication) then friction is relatively low (EHL = 
elasto-hydrodynamic lubrication). However, in case the entire load is carried by direct metal-
to-metal contact of tool and sheet metal (i.e. boundary lubrication, BL) then friction is much 
higher. Commonly, the lubrication regime during deep drawing of aluminium is somewhere 
between full film and boundary lubrication (i.e. mixed lubrication, ML). 
 

 

Stribeck diagram, illustrated with different ratios of film thickness to roughness Ra 

Source: Corus 
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Galling 

 
Galling is the type of wear in which transfer of material from one contact surface to the other 
takes place. In Sheet Metal Forming: from sheet to tool. Ultimately this will cause severe 
damage to the sheet surface.  
 
Severe scratches in the direction of sliding arise from the ploughing of tiny sheet material 
particles, sticking to the tool surface.  
 
Galling also implies more frequent tool inspection and thus production interruption. 
 

Galling can be reduced by avoiding direct metal-to-metal contact between the sheet and the 
tool. This can be achieved by pre-coating aluminium or alternatively by applying sheet with a 
certain roughness, which is capable of generating micro-pockets containing lubricant. These 
micro reservoirs may act as a source of extra lubrication in the process of severe asperity 
flattening. This favours certain surface textures like EDT above MF.  
 
Avoid sharp edges and radii (i.e. high pressures), apply tool coatings. Polish the surface. 
 

 

Typical scratch pattern on sheet as a result of galling 
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Lubrication 

 
Some form of lubrication is usually needed to reduce friction and avoid galling. This can be 
liquid based, usually mineral oil based. Alternatively, dry-lubricants are gaining popularity.  
 
Severe flattening of the asperities under friction causes this different behaviour of aluminium 
compared to uncoated steel. Due to this flattening, a small amount of lubricant is already 
sufficient to induce mixed lubrication. As a result of all this, in deep draw operations the 
friction in the blank holder can become extremely low if sufficient lubricant is applied. Pure 
boundary lubrication is hard to obtain.  
 
Dry lubricants show a more stable frictional behaviour than mineral fluids. Regardless of 
conditions these systems retain the same friction coefficient (s. fig. below). This is usually 
good for process stability. The frictional behaviour is hardly influenced by minor process 
variations. 
 

 

Dryfilm lubricant vs 'oil' on different materials in the Renault Multifrottement test 

 
Fig. (above): Multi-friction-test, number of passes between flat and cylindrical tool. Steep 
increase of Coeff. of Friction for mineral fluids demonstrates the effect of galling. 
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Surface roughness 

 
Roughness and waviness have an impact on paint appearance of sheet material.  
 
Apart from that, it also has an influence on the frictional and wear behaviour during forming.  
 
The difference in frictional behaviour of EDT and MF is due to the difference in roughness 

level (EDT: Ra  1µm, MF: Ra  0.4 µm), the directionality of MF and the difference in closed 
void area fraction / volume (3D roughness). 
 
One would expect a lower friction for lower Ra values. However, the fig. below demonstrates 
that this is not true. The randomness and the higher content of closed voids of EDT compared 
to MF are of major influence on the level of friction. Therefore, 3D roughness cannot be 
neglected in understanding tribological behaviour. 
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3.2.5 Forming practice 
 

Tips & tricks 

 
Forming practice is concerned with the practical tips & tricks to get the forming process to 
deliver the panels and deliver them with the desired quality. 
 
DO 
 

 All practical forming principles for steel equally apply to aluminium. 
 

 As aluminium is generally less formable than the traditional low strength steels more 
care in process design is needed. 

 
 The emphasis on some questions may be different in aluminium than in steel. For 

instance springback will be a larger problem in aluminium. On the other hand press 
tonnage will generally be less. 

 
DON'T 
 

 use an existing tool for drawing steel panels to evaluate the (possible) performance of 
aluminium. 
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Minimum strain 

 
For a tight appearance, especially important in outer panels, a minimum equivalent 
strain of 2% is recommended. 
 
DO 
 

 use drawbeads or lockbeads to achieve minimum required strain. Controlling strain 
by beads is more robust than by blank holder force (BHF). 

 
 Static dent resistance also increases with a strain and more than 2% may be 

favourable from this point of view. 
 

 Edges are easily stretched. Extra lubrication on the punch may put more strain in the 
middle of the panel as well. 

 
DON'T 
 

 try inducing the minimum strain by stretching in one direction. Equibiaxial stretching is 
needed for best results. 

 

 

Schematic strain distribution 
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Flanging 

 
Flanging induces high strain levels in the material. If flange areas had been deformed 
significantly in the previous operations, tearing problems may occur. 
 
DO 
 

 Avoid excessive straining on points were later on flanges will be formed. 
 

 

Surface of a flat hem of sheet alloy 6016-T4 

Source: Corus Group 
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Storage 

 
Storage of material also influences formability. 
 
DO 
 

 In winter: bring material in a room temperature environment appr. 24 hrs before 
pressing. Low temperatures decrease ductility markedly. 

 
 Scratches occurring during transport of blank on e.g. a pallet can be avoided by 

specifying dry lube's. These provide much higher resistance to scratching than oil 
does. 

 
DON'T 
 

 carelessly transport aluminium blanks without any inter sheet protection. They will 
easily scratch. A paper sheet, some oil or (preferably) dry lube is much better. 
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Developed blanks 

 
In applications which are critical due to limited formabilty for aluminium (when 
compared to low strength steel) developed blanks (also called form blanks) are 
recommended. 
 
DO 
 

 Use a developed blank when splitting problems are experienced.  
 

 Make sure the cutting edges of the tool used to cut the developed blank are sharp 
and clean. Otherwise build up or galling eventually produces slivers which will scratch 
and cause pimples in the drawing operations. 

 
DON'T 
 

 save on washing & re-oiling after blanking. Even with sharp knives the old 
contamination will get on the sheet leading to pimple problems in drawing. 
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Extra lubrication 

 
Use of extra lubrication in the process will add cost but makes the process more 
robust. 
 
DO 
 

 Add extra / controlled amount of lubricant if much variation in process performance is 
seen or expected. This may be due to redistribution of oil during transport.  

 
 Oiling both sides of the blank reduces the risk of fretting during transport. 

 
DON'T 
 

 use manual application or redistribution of oil using a cloth. This may contaminate 
sheet surface and cause pimples in drawing. 
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Strain uniformity 

 
Strain uniformity enhances predictability and dimensional accuracy. 
 
DO 
 

 Aim for as uniform a strain as possible. Strain distribution can be measured by optical 
measurements of grid patterns. Commercially available systems include circle grid, 
ASAME and PHAST

TM
.  

 
 This will increase dimensional quality, as well as the predictability of springback, 

though not necessarily the amount of springback. 
 

DON'T 
 

 try to achieve low springback at the cost of strain uniformity. Even if springback is 
lower, its variability is higher and control is more difficult. 
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3.3 Bending 
 

3.3.1 Methods, materials and tempers 
 
Links: 

 AAM – Manufacturing – 3 Forming > Semi-hot forming 
 AAM – Materials – 2 Alloy constitution > Heat treatment > Retrogression heat 

treatment 
 AAM – Manufacturing – 3 Forming > Hydroforming (tubes) 

 
Automotive tubing and extruded profiles are rarely used in as-fabricated straight lengths. To 
comply with design requirements, various forming techniques are employed. The most 
frequent forming operation is bending - often succeeded by mechanical local reforming, 
calibration and sometimes hydroforming. 
 
Bending of tubes and extruded shapes can be performed with various methods suitable for 
the purpose. 
 
To achieve the required end form and tolerances, attention must be paid to tooling 
techniques, but also to the shape design required for optimum forming behaviour. 
Bending of tubes and shapes is mostly done by cold forming. Depending on the formability 
requirements the material must be supplied in a suitable temper. 
 
For large degrees of cold forming the following tempers may be selected from:  

 Non-heat-treatable alloys (3xxx and 5xxx): soft tempers (O, H111, H112) 
 Heat-treatable alloys (6xxx, 7xxx): solution annealed, quenched and naturally aged 

(T4). If in-line process heat treatment facilities are available, the as-quenched (W) 
temper, RHT or re-solution heat treatment procedures may be used. 

 
While cold forming is usually preferred, forming at moderately high temperatures, sometimes 
by localised heating, can be used to improve the material's formability. 
 
Note, however, that any thermal treatments during processing change the microstructure and 
properties. Therefore, care should be exercised to avoid detrimental effects on design 
properties. 
 
Post-bending re-shaping may offer a variety of solutions for part forming and must be 
considered in the design of the cross-section shape. 
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3.3.2 Combining additional forming during bending of extruded 
shapes 

 
Bending of tubes is a well established technology and due to their rotational symmetry, tubes 
can be bent with equal force and spring back around any axis. As regards non-tubular 
shapes, the situation is different. Therefore, high volume (> 10000 pcs./yr.) production until 
now, to a large extent, has been bending around one axis - 2D. However, high volume 3D 
bending of profiles is under development. 
 
Bumper beams (s. figure at right) have for years been 2D bent in high volumes in high speed 
forming lines. Included in the forming lines are also: 

 pre-cutting (removing material before bending), 
 solution heat treatment (applied to 7xxx-series alloys) 
 punching holes and removal of external webs and flanges, various embossments, 

and calibration operations, 
 mounting of fastening elements like steel nuts, 
 mechanical joining of various brackets. 

 

 

Bumper beams 

Courtesy: Hydro Automotive Structures 
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3.3.3 Estimating deviations from design due to bending 
 
Bending defects like sagging or local buckling (wrinkling) of flanges, undesirable wall-
thinning or elastic spring back are estimated by simple design formulas or determined 
more accurately by use of Finite Element Analysis. 
 
Design formulas for predicting bendability are especially useful for quick and relatively 
accurate estimates of hollow sections. 
 
An overview of important parameters with respect to bendabiliy of rectangular hollow sections 
follows below (pure bending): 
 

 

Design formulas for pure bending 

 

where: 
b = width of section 
h = height of section 
t = wall-thickness 
R = bending radius 
E = Young's modulus 
I = second moment of inertia 

 = yield stress (0.2% offset) 
n = hardening coefficient 
D = diameter of tube 
 
Examples of the design formulas for rough calculation of sagging and buckling depth of a 
single chambered hollow section are incorporated in the design diagrams shown on next 
page. 
 
Example of diagram for determining flange sagging of a rectangular hollow section: 
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Flange sagging deflection w normalized with height h of the section 

 
Example of diagram for determining flange buckling of a rectangular hollow section: 
 

 

Post buckling depth w normalised with width b 
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Influences on dimensions and tolerances 

 
The amount of wrinkling and the sagging depth are sensitive to variations in material 
parameters and dimensions of the extrusion going into the bending process.  
 
A process with fluctuating sagging or wrinkling affects elastic spring back, which in turn 
affects dimensions of the final product.  
 
The impact of variations from the extrusion process are determined by Finite Element 
Analysis or estimated by use of design formulas. 
The dimensional tolerances set on a location of a point, a line or a surface on the product 
must reflect possible variations in the bending process.  
 
Tolerance requirements are often ruling the forming process and thus also cost. For instance, 
simple press forming is, due to die cost, less costly than stretch forming. If the product can be 
accepted with wrinkling, high degree of sagging, and in general lower tolerances, it can be 
formed at lower cost. In small series production like frames for niche cars, low cost forming 
processes are usually used, but more work is required in the joining process to meet frame 
tolerances. 
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3.3.4 Forming methods 
 

Bending methods for tubes and extruded shapes 

 
Most common industrial bending methods are: 

 Press bending 
 Rotary draw bending 
 Compression bending 
 Stretch bending 
 Rotary stretch bending 
 Roll bending 

 
The following slides give a brief description and pros and cons. 
 

 

Source: Hydro 
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Press Brake Bending 

 
Description  
The tooling consist of a two die half (male and female part) that is mounted into a standard 
hydraulic press. The dies are basically a negative imprint of the part to be produced. The 
shape is normally supported laterally in the bending area to reduce local distortion. The profile 
/ shape is positioned into the lower die half, and the tooling closes. 
 
Pros  
Relative low tooling cost. Suitable for high volume production as well as low due to high 
productivity (low cycle time) and low to medium die cost.  
 
Cons 
Limited repeatability with respect to spring-back and problems with wrinkling in the 
compressive side due to limited control of the material flow. Sections to be bent using this 
methods require strict control with material properties and geometrical cross-sectional shape. 
Very often it is necessary to use an internal support (i.e. flexible mandrel) to reduce local 
distortion. 
 

 

Press brake bending (schematic) 
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Ram Press Bending 

 
Another tool concept for the press bending process is where wiper dies are used instead of a 
stationary lower die.  
 
This concept gives better possibilities for supporting the section during bending and may 
reduce local distortion of the cross-section. 
 

 

Source: Hydro 
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Rotary Draw Bending 

 
Description  
A clamp die clamps the tube or profile to the rotating form. The rotating form defines by its 
dimension and rotating angle the bend radius and bend angle respectively.  
A pressure die is used to support the tube at the outside and to guide material into the 
bending area. At the inside of the bend a wiper die is used to prevent tubes from collapsing. 
A mandrel can be placed in the tube to support the tube form collapsing and wrinkling. The 
mandrel can be extended with balls, so called ball mandrel.  
The free tube end can be pushed in the bend to reduce wall thinning and sagging. In this case 
we speak of a positive end boost.  
A tool stack may be used when bending different radii at the same tool set-up.  
 
Pros  
Rotary draw bending has been used for relatively small bending radii, down to 1D (the radius 
of the bend equals the diameter of the tube or profile)  
Both 2D, 21/2D and 3D bending is applicable.  
 
Cons  
Another important parameter is the diameter thickness ratio of the tube (D/t). The larger the 
D/t-ratio the more difficult the bending process is. 
 

 

Rotary draw bending 

Source: Metals Handbook, vol. 13, ASM, 1988 

 

 

Source: Corus 
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Compression Bending 

 
Description  
The tool set-up for compression bending looks similar to rotary draw bending. For 
compression bending the clamp has been exchanged by a wiper shoe. The bending die is 
fixed.  
The tube has been bent by a movement of the wiper shoe around the bending die.  
 
Pros  
Bending large radii (large R/D)  
 
Cons  
No sharp bends 
 

 

Source: Metals Handbook, vol. 13, ASM, 1988 
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Ram Stretch Bending 

 
Description  
The equipment consists of a stationary ram (die) where the section is forced / stretched over 
the ram normally using force control. Additional stretching after bending may be used to 
increase repeatability with respect to springback.  
 
Pros 
Good repeatability with respect to global shape (springback) and no / limited problems with 
buckling.  
Relatively simple and thus low cost of the tooling.  
Possible with 2D or 3D shapes.  
 
Cons  
Sagging or ovalisation tendency increases if excess stretch is applied. This, however, strongly 
depends on the cross-sectional geometry. An internal support might be used to reduce 
sagging.  
Relative low productivity. 
 

 

Source: Hydro 
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Rotary Stretch Bending 

 
Description  
In principle this is a rotary draw bending process with a negative end boost. The profile is 
clamped to the die using a clamping device. The tool is then rotated while restraining the 
other end of the profile. In case of symmetrical parts or producing left and right hand side 
parts simultaneously two counter-rotating dies might be used.  
This variant of the rotation stretch bending process is commonly used for high volume 
production of simple/ 2D bending. Highly mechanised lines makes this process run at cycle 
times down to 12 s/cycle. Local forming/ reforming, punching, machining etc. are done later in 
the line.  
Again, pressure die and mandrel might be used to support the tube.  
 
Pros  
Very good control with overall shape control due to the stretch applied. Limited spring-back. 
No or limited tendency of wrinkling.  
Counter rotating dies applicable for high volume production using press line technology.  
 
Cons  
Due to the stretch, sagging tendency is increasing.  
 

 
 

 

Source: Hydro 
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Oscillating Collet Bending 

 
Description  
The tube has been pushed through a movable bending die. By shifting the bending die out of 
the centre of the tube, the tube has been bent.  
 
Pros  
Because no fixed bending die has been used varying bending radii can be applied. The 
bending radii can be changed continuously to achieve a 3-dimensional bend.  
 
Cons  
The bending radii can't be to sharp, minimum bending radii to 3D are possible, 3 times the 
tube diameter. 
 

 

Source: Vollertsen et. al.; J. Mat. Proc. Tech.; 87, 1999 
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Roll Bending 

 
Description  
The profile is placed onto two fixed rolls and is bent by an additional vertically movable roll 
between the other two rolls. By turning the rolls the material is moved in the axial direction 
and bent continuously. The local curvature can be varied by the indentation depth of the 
centre roll.  
The method is used to make framework for windows and doors to the building sector and 
more rarely for cars. 
 

Pros  
The advantage of four-roll compared with three-roll bending is the enhanced accuracy of the 
cross section of the bent part.  
The accuracy of the cross section will also be improved by using a mandrel inside the profile.  
 
Cons  
Roll bending is a forming method that is suitable for larger radius where the demands on 
accuracy are less important. 
 

 

Courtesy: Metals Handbook, vol. 13, ASM, 1988 
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3.3.5 Tooling mandrels 
 

Internal support mandrel 

 
During bending, deformation of the ideal cross section of the extrusion can occur like sagging, 
bulging or wrinkling.  
Basically there are two possibilities to avoid or minimise distortion in cross-section - either by 
use of a mandrel or by use of a filler material.  
 
Mandrels are a part of the tool having an outer shape almost identical to the inner shape of 
the unbent extrusion. The mandrels are inserted into the extrusion before the bending 
operation and are pulled out when bending is finished. 
A linked or laminated mandrel will be bent together with the extrusion compared with a plug 
that will not.  
 
The elements of the link mandrel are connected by flexible joints. This design avoid very 
effectively change in cross section. The drawback of linked mandrels may increase 
production cost due to more handling. 
 

 

Courtesy: Metals Handbook, vol. 13, 1988 
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3.3.6 Phenomena during bending 
 

Bendability 

 
Bendability covers the ability of the tube or profile to be bent into a given shape:  

 without exceeding the formability of the material  
 with a minimum of local distortion  

 within the tolerance requirements specified by the product 
 

 

Phenomena occurring during bending 

Source: Hydro 
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Elastic Springback 

 
Elastic springback is due to relaxation of elastic stresses imposed by the bending tool when 
the component is released.  
 
Elastic springback is  

 reduced by increasing tension 
 increased by increasing flow strength and hardening of the material 
 increased by decreasing bending stiffness (E·I) 

 
Elastic springback can be foreseen and variations depend on variations in geometry and 
material properties. 
 

 

Source: Hydro 
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Wrinkling 

 
Wrinkling is buckling of the inner flange during bending. The behaviour reflects the stability of 
the flange due to compressive forces.  
 
Wrinkling tendency is  

 reduced by increasing external tension 
 increased by increasing width of flange and height of web 
 decreased by increasing bending radius 
 decreased by increasing strain hardening and initial yield strength. 

 

 

Source: Hydro Aluminium AS 
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Sagging 

 
Sagging is movement of the outer flange towards the neutral plane during bending. It is a 
result of inwardly directed components of the bending stress  
 
Sagging is  

 reduced by reduced width to thickness ratio of the flange 
 increased by increasing flange height and decreasing radius 
 increased by increasing tension (decreasing radius) 
 altered by changing plastic anisotropy 

 

 

Source: Hydro 
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Thinning 

 
Thinning is reduction of thickness of the material in the tensile flange during bending due to 
volume conservation.  
 
Necking is localised thinning in the tensile flange. It is a consequence of the materials lack of 
ability to compensate for increased strain due to thinning by strain hardening.  
 
Thinning and necking tendency is  

 increased by increasing plastic anisotropy 
 increased by increasing tension and by restraining sagging by mandrels 

 

 

Source: Hydro 
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3.3.7 Forming practice 
 

Stretch bending – Manufacturing sequence 

 
See also: 

 AAM – Manufacturing – 3 Forming > Bending > Forming methods > Press Brake 
Bending 

 AAM – Manufacturing – 3 Forming > Bending > Forming methods > Rotary Stretch 
Bending 

 AAM – Manufacturing – 3 Forming > Bending > Post-bending reshaping 
 

 
 
Forming Practice  
 
In the following, some examples of forming practice will be described. The processes 
mentioned are: 
 

 Stretch bending 
 

 Press brake bending 
 

 Rotary swaging 
 

 Beading 
 

 End forming operations of tubes 
 
Stretch Bending  
 
Stretch bending is the most frequently used forming method in high volume forming. See pros 
and cons under forming methods. With this method different bend radii can be obtained along 
the profile. Typical manufacturing sequence is: 
 

 Pre-cutting webs and top flange close to ends 
 Solid solution heat treatment (heating to SS temperature, and quenching which 

should be done softly to minimise distortion. Applied to 7xxx-alloys and 6082 and 
other highly alloyed 6xxx-alloys.) 

 Lubrication 
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 Global bending 
 Local forming (various embossments) 
 Material removal (punching of holes and removal of external webs and flanges) 
 Possible calibration operations 
 Final end cutting and deburring 
 Washing 
 Artificial ageing 
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Stretch Bending – Minimising Spring Back 

 
See also: 

 AAM – Manufacturing – 3 Forming > Bending > Phenomena during bending > 
Wrinkling 

 
In stretch bending, the amount of elastic spring back can be controlled by adjusting the 
degree of superimposed stretching in the process, as illustrated in the figure.  
 

The net bending strain,  b i.e. the difference in straining between the inner and outer fibre of 
the section, is directly proportional to the curvature (1/R). The corresponding difference in 
stress depends on the slope of the stress-strain curve. In the case of a high level stretching, 
the stress and strain state is far to the right on the stress-strain curve, thus giving small stress 
gradients through the section and a correspondingly low degree of spring back. 
 

 

Differences in spring back under high and low tension 
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Stretch bending – Alloy temper and tolerances 

 
See also: 

 AAM – Manufacturing – 3 Forming > Bending > Phenomena during bending > 
Wrinkling 

 
Temper 
The forming is preferably done in the best formable temper. Lower alloyed 6xxx-series alloys 
can be formed in temper T1 (press quenched and stored at ambient temperature). The 7xxx-
series alloys start age hardening within less than half an hour and are therefore usually 
solution heat treated just before forming. This is also the case with the high alloyed 6xxx 
alloys. 
 

Tolerances 
Tolerances of formed products are very much depending on profile tolerances, microstructure 
and flow stress during forming, and friction condition between die and profile. Typical 
tolerance measures in e.g. bumper applications are as shown in the figure; global bending: ! 2 
mm, local reference surfaces: ! 0.2 – 1 mm. These surfaces refer to two basic points as 
shown in this case, two bolt holes. In this case tolerances are tightest in the x-direction 
(vertical in the drawing). 
 

 

Typical tolerance measures of bent and formed profiles 
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Press Brake Forming – Manufacturing Sequence 

 
See also: 

 AAM – Manufacturing – 3 Forming > Forming methods > Press Brake Bending 
 

 
 
Press brake forming is frequently used for very small series. 
 
This particular example has two rather sharp bends, several holes and parts of the webs are 
cut away. To prevent sagging at the bends, the profile is filled with water, and frozen. It is 
subsequently press brake bent with ice as an internal support. Ice is an adequate material for 
this purpose, but much additional handling is needed which means additional cost, thus 
limiting the method to use in prototypes or very small series only. 
 
Essentially the same bending principle is in practice applied in numerous other processes. 
Some of these are applicable for high volume applications, but all suffer from a poorer global 
shape precision, than stretch bending. 
 

 

Part of rear structure of a low volume car 
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Rotary Swaging 

 
Rotary swaging is a chip-less forming process to make net shape tolerances and reduce 
diameter of a bar or tube.  
 
Usually four sets of dies (two to eight is possible) perform small, high frequency radial 
movements whilst rotating around a centre. The work piece is fed in axial direction, 
simultaneously rotating, but at a lower speed than the dies. Every inward movement of the 
work-piece reduces a small part of the diameter or wall-thickness, and makes it a little bit 
longer.  
 
Through swaging over a mandrel, non-cylindrical internal geometry like hexagonal or splined 
sections can be made.  
Non-cylindrical outer shapes can be maintained through stopping the rotation of work piece 
and dies. The number of dies will have to correspond with the required shape, and the 
method is not very often used.  
 
When swaging aluminium, outer tolerances are between ±0,03mm and ±0,1mm, depending 
on size and geometry of the part. Inner tolerances are ±0,02 till ±0,05 mm, in splined sections 
also.  
 
The commonly used material is alloy 6082, although 7000-series is used where high strength 
is required. 
 

 

Source: Steertec 

 

Figure: Rotary swaged steering shaft part, which has been swaged over a mandrel with 
longitudinal teeth.  
 
For assembly, adjustment and collapse reasons, the tube is fit into a shaft with corresponding 
plastic coated teeth.  
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Tubes convolutions 

 
Convolutions angular to the centre line are created by a hydro forming technique. The applied 
inner pressure is created either by liquid or an elastomer, and the geometry of the enclosing 
die constitutes the outer shape. At sufficient pressure, the material plasticizes and flows in 
such a way that it fits into the die cavity.  
 
This example is applied on impact extruded tubes, but the technique can be used to extruded 
tubes as well.  
 
The figure shows a steering shaft tube with convolutions. The convolutions help the tube meet 
requirements on compression force and bending, and also to keep its integrity in a crash. 
 

 

Steering shaft with convolutions 

Source: Steertec 
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End forming operations – Magnetic pulse forming 

 
See also: 

 AAM – Applications – 1 Power train > Liquid lines 
 
Tube endforming is made by applying inner and outer tools to have very tight control of 
tolerances.  
Threaded connections are often based on various bead shapes. 
There are a number of fittings that need various endfoming shapes. Bead shapes are also 
needed for Hose to tube connections like  

 Hose crimp shell connection 
 Hose clamp connection 

Magnetic Pulse Forming (MPF) is described under Application/ Power train/ Liquid lines. This 
method is used when crimping tubes to various fittings.  
This contact-free shaping is mainly used for tubes and rings. Possible coatings of the parts 
are not damaged, and it is also an ecologically beneficial process.  
Fig. 1 shows examples of shaping and crimping of parts.  
Fig. 2 shows before and after crimping (MPF) of tube to fitting.  
 

 

MPF forming, shaping of tubes or rings 

Source: Pamphlet: Magnet-Physik Dr. Steingroever GmbH 

 

 

A HYCOT tube (nylon coated tube) crimped to a steel fitting by MPF 

Source: Hydro 
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3.3.8 Post-bending reshaping 
 

Post-Bending processes 

 
Post-bending and reshaping processes described in the following screens are: 

 Punching (holes, removal of webs and ribs) 
 Embossment and various calibration operations 
 Local impact extrusion/ Local impacting 
 Machining and deburring 
 Forming / bending of webs, twisting of webs 

 

 
 

 
 

 

Some of the processes involved in a bumper forming line 

Source: Hydro 
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Punching 

 

 

Hole punching 

Source: Hydro 

 
Punching is a cost efficient way of making holes.  
 
Circular, oval, rectangular and many other shapes can be punched in one stroke, and in more 
than one direction. 
 

 

Contour punching 

Source: Hydro 

 
Moreover, contour punching of webs can be done. 
 
Please note that aluminium tends to stick to steel, and special attention should be paid to tool 
design. Softer qualities tend to stick more than hard ones. 
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Knife cutting of webs 

Source: Hydro 

 
Knife cutting of webs is frequently used for removing webs not needed in certain areas. 
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Embossment 

 
See also: 

 AAM – Applications – 3 Car body > Bumbers > Beams / armatures > Closed Flexible 
Beam 

 
Embossments are generally used for changing the profile section locally where functionality 
calls for such change. Also, it may create reference surfaces to be used in assembly, and are 
thus means of calibration.  
 
High local strains are frequently involved when making embossments. Embossment as well 
as die design is therefore critical in order to minimise local strains. Strain to fracture when 
making embossment is lower than it would be in unbent extrusions. The material in the 
outmost fibre is stretched when bent, and therefore some of the strain capacity is already 
used. Local heating or local soft annealing, which is rarely necessary, will improve strain to 
fracture. 
 

 

Embossment - local reforming 

Source: Hydro 
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Local Impact Extrusion (Local Impacting) 

 
Local impact extrusion is not frequently used, but it demonstrates some of the design 
possibilities with aluminium in general and extrusions particularly. Material is taken from the 
surroundings and impact extruded forwards or backwards.  
 
The guide pin, which is the impact extruded detail in this case, is essential for assembly. In a 
corresponding steel design, this pin is mechanically joined to the part. 
 

 

Principal drawing of local impact extrusion 

Source: Hydro 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 67 

Machining / Deburring 

 
Machining and end trimming is frequently part of the post bending processing. For larger 
series, end trimming is done by robotic milling, for smaller series, lower degree of automation 
is used. In cases when support from below is difficult or impossible (closed sections), holes 
are drilled or milled, rather than punced during forming.  
 
Deburring by various methods is used to remove sharp edges and thus prevent handling 
injuries. 
 

 

End trimming of bent bumper beam 

Source: Hydro 
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Bending / Reshaping of webs 

 
The curve shaped web of the extrusion to the right - Detail "A" - is removed over part of the 
extrusion, some part of it is reshaped and becomes a bracket.  
If this web was intended to have this bracket function only, it would be extruded to this shape 
like the one in the lower right corner of the profile - Detail "B" -, but other parts of it is used for 
other purposes (other types of brackets).  
 
The bending operation shown in the figure is included in the forming line operations. 
 

 

Reforming of web 

Source: Hydro 

 
Webs like the one of the extrusion below - Detail "C" - can be twisted to meet bracket needs. 
 

 

Twisting of partial web 

Source: Hydro 
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3.4 Hydroforming (tubes) 
 

3.4.1 Hydroforming of tubular shapes 
 

 

Source: BMW, VAW 

 
Hydroforming is an efficient means for manufacture of automotive components of complex 
shapes and with close tolerances.  
 
In this context, hydroforming of hollow sections is becoming an established manufacturing 
technology as a cost-effective process for the production of car components.  
 
Whereas steel initially played a totally dominant role in this relatively new production 
technique, aluminium has in the recent period gained importance as a feed material.  
 
This is largely due to the favourable strength to weight ratio of modern aluminium alloys as 
well as recent advances in formability and joining properties, not to mention the known 
advantages offered by aluminium in terms of corrosion resistance and recyclability. 
 

A major advantage of complex shaped closed section structures is the high stiffness-to-weight 
ratio in bending and torsional loading as compared to open section structures. While this 
general benefit is independent of feed material, the achievable stiffness-to-weight ratio of an 
aluminium component is higher than a comparable steel version. 
 
Benefits  

 Forming of 3D-components in a single operation, 
 Excellent component stiffness-to-weight ratio, 
 Material savings and overall reduction in number of components, 
 High precision ready to install components 
 Suitable for volume production. 

 
Drawbacks  

 Hydroforming equipment prompts high investments 
 Manufacturing process is rather complex 
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3.4.2 Hydroforming in general 
 

What is hydroforming? 

 
The hydroforming process principle 
 
Step 1. A hollow section (tube or hollow extrusion) is placed into a die.  
 
Step 2. After closing the die, the hollow section is sealed by axial cylinders and filled by a 
pressure medium (water or water emulsion). 
 

 

Schematic hydroforming process, steps 1 and 2 

 
Step 3. Under high pressure the hollow section expands into the cavity of the die. Material 
flow into the expanding areas may be assisted by end feeding with the axial cylinders, and/or 
by retreating pressure pads.  
 
Step 4. Opening of the die. 
 

 

Schematic hydroforming process, steps 3 and 4 
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Application overview 

 
See also: 

 AAM – Applications – 3 Car body > Seats 
 AAM – Applications – 1 Power train > Heat exchangers > Radiators 
 AAM – Applications – 2 Chassis > Structure and components > Subframe / Rear axle 
 AAM – Applications – 3 Car body > BIW > Space frame > Audi A2 (1999) 
 AAM – Applications – 2 Chassis > Structure and components > Engine cradle / Front 

axle 
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3.4.3 Hydroforming tools 
 

Hydroforming equipment 

 
The two main elements of the hydroforming equipment are the 
 

 hydroforming press 
which opens and closes the die, provides the clamping force and supplies of the pressure 
medium for the forming process, and the 

 hydroforming dies 
which define the shape of the part to be formed. 
 
Hydroforming dies usually consist of an upper and a lower die. The dies may feature 
integrated operations such as 

 flange cutting, 
 hole piercing or 
 trimming. 

 
In addition to the dies the axial cylinders are directly involved in the hydroforming process. 
They are used for sealing the component to build up and maintain the internal forming 
pressure, and, most often, for end feeding to assist the material flow into the expanding 
areas. 
 
An integral part of the hydroforming press is the hydraulic equipment for supply of the 
pressure medium and for operating the press and the incorporated features. Details on the 
hydraulic equipment such as pumps, valves, hydraulic cylinders or pressure intensifiers are 
beyond the scope of this compendium and should be discussed with suppliers of 
hydroforming equipment. 
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General description 

 
Finally, a central role is played by the generally computerized control system for control of the 
fluid pressure, the movement of the axial cylinders and other operations including their 
interaction. Especially the control of the interaction between pressure build-up and axial 
cylinders has crucial significance for a successful hydroforming process. The pressure and 
the axial cylinders can either be simply operated by independently prescribed functions over 
time or more sophisticated by dependent control of pressure and axial cylinders, where for 
example, the pressure is increased depending on the force (or displacement) controlled 
movement of the axial cylinders. 
 
Cost factor clamping force  
A decisive cost factor is the clamping force, since it defines the size of the press, a fact which 
should be taken into account when designing a hydroformed component. Typically the 
clamping force is provided by hydraulic means. However, efforts to reduce costs have also 
lead to the ongoing development of mechanically assisted clamping systems. 
 

 

Example of a standard four column press (25.000 kN clamping force) 
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Sealing systems 

 
Sealing systems  
Metal-metal, polymer, or elastomer seals are used to build up and maintain the internal 
forming pressure with minimal fluid leakage.  
 
Simple elastomer seals can be used at lower pressures, but are prone to mechanical 
damage.  
 
Metal-metal seals or specially designed polymer-metal seals are needed for higher pressures.  
Most seals are designed for round tube where the sharp sealing edge engages the wall near 
midradius as shown in figure 1.  
 
For thin wall aluminium extrusions with a more complex shape, special sealing methods as 
depicted in figure 2 have been developed.  
 
Since the work piece material is an integral part of the seal, its dimensional tolerances and 
mechanical properties must be taken into consideration.  
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Integrated hole piercing 

 
Hydroforming with integrated hole piercing  
 
Hole piercing can be integrated in the hydroforming process for improved efficiency of the 
production process. Two piercing methods can be differentiated, active hole piercing and 
passive hole piercing. 
 

 

Hydroforming tool for integrated hole piercing 

Note the punch cylinders on the upper die 

 

 

Inner surface of upper die with punches for integrated hole piercing 
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Integrated hole piercing – Active piercing 

 
As depicted in the process scheme below, the hole is pierced by the punch intruding the work 
piece. Active hole piercing has the following benefits: 

 Other than in a passive piercing process the piercing force is independent of the 
internal fluid pressure resulting in almost no limitations with respect to the minimal 
size of a hole. 

 The slug remains in the work piece and does not need to be removed within the cycle 
time of the press. 

 On the other hand there are some drawbacks to active hole piercing: 
 There will be an indentation of the work piece at the vicinity of the hole, depending on 

the level of the stabilizing internal fluid pressure. 
 Automated slug removal from the work piece is difficult. 
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Integrated hole piercing – Passive piercing 

 
With this method the punch controlling the piercing process retreats and the hole is pierced by 
the internal pressure. Passive hole piercing has the following benefits: 

 The geometrical accuracy in the vicinity of the hole is better compared to active hole 
piercing. 

 Automated slug removal from upper die is easily achieved by controlled ejection of 
the punch. 

On the other hand there are some drawbacks to passive hole piercing: 
 The minimal hole size is limited depending on the internal pressure, wall thickness of 

the part and strength of the pierced material. 
 Automated slug removal from lower die is difficult. 
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System for volume production 

 
A system for volume production of hydroformed automotive parts may consist of bending 
equipment (e.g. rotary draw bending or stretch bending) and/or other pre-forming equipment, 
a hydroforming press for the key forming procedure and possibly other integrated operations 
(e.g. hole piercing), and, finally a cutting station for end trimming (e.g. laser cutting equipment 
or a CNC-processing centre which can perform additional milling operations). To reduce cycle 
time, thus costs per part, the hydroforming unit is typically automated. Since the hydroforming 
unit is the main cost factor, the remaining units are designed to match the cycle time of the 
hydroforming press. 
 

 

Robot-automated 35000kN hydro-forming press for series production of Audi A2 
components at Alcan in Dahen- feld, Germany 
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3.4.4 Hydroforming feedstock 
 

General overview of options 

 
See also: 

 AAM – Products – 3 Automotive tubes > Available forms and thicknesses > HF-
welded (incl. Clad) > HF-welded tubes for structural applications 

 AAM – Products – 3 Automotive tubes > Available forms and thicknesses > Laser 
welded 

 
Hydroforming feedstock  
 
Usually aluminium alloys used in hydroforming are either 

 work hardening 5xxx-series or 
 precipitation hardening 6xxx-series alloys. 

 
Typically the 5xxx-series feedstock is produced from sheet as seam welded tube whereas 
the 6xxx-series feedstock is produced as extruded stock. Accordingly, two types of feed 
material for internal pressure hydroforming can be differentiated: 

 Roll formed and seam welded sheet material and 
 Extruded hollow aluminium sections. 

 
A very common alloy for seam welded aluminium hydroforming stock is AlMg3.5Mn, supplied 
in a soft temper to provide maximum formability. For similar reasons, 6xxx-series extruded 
hollows are supplied in a solutionized temper that will respond to age-hardening by natural or 
artificial means after hydroforming. 
 
For hydroforming feedstock from 

 Longitudinally HF-welded and Laser-welded tubes, refer to section Automotive 
Tubes. 

 Extruded hollow sections, see next pages. 
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Aluminium extrusions as feedstock 

 
See also: 

 AAM – Products – 2 Extruded products 
 
The main driving forces for automotive component hydroforming are weight and cost 
reductions. Hollow aluminium extrusions provide additional benefits. The decisive advantage 
offered by extruded sections is the fact that there are virtually no limits to the shape of the 
starting section. Features, such as varying wall thickness, flanges, or multi-section extrusions 
permit the production of even more complex components, i.e. cost-effective, integrated 
solutions, resulting in a further reduction of parts. 
 
Moreover, extremely tight radii can easily be formed by extrusion of cross-sections with 
corners. 
 

Generally, some component zones will be subject to much stronger forming during the 
hydroforming process than others, even in conjunction with less complex components. 
According to the local degree of forming these zones become thinner. If the final component 
is subjected to heavy loading under operating conditions in these locations, the starting 
material must be sufficiently thick. With extruded sections the distribution of material thickness 
can be tailored to the local requirements so as to accomplish an optimum weight of the 
component. Hence, extrusions represent tailored tubes without limitations! 
 
The dimensional tolerances of extruded stock are typically inferior to sheet material. As an 
additional benefit of hydroforming the dimensional tolerances of extrusions can be 
significantly enhanced.  
 
Extrusions provide a variety of options in designing hydroforming feed stock, only limited by 
the hydroforming process itself. 
 

 
 
Notes on temper conditions of extruded 6xxx-series alloys for hydroforming  
 
Typically, the extruded hollows for hydroforming are precipitation hardening 6xxx-series 
alloys. To provide maximum formability, they are supplied in a soft temper that will respond to 
age hardening by natural or artificial means after hydroforming. Since natural age hardening 
can influence the formability, the feedstock should either be supplied in stabilized temper 
condition or hydroforming must be performed within a short time period after the extrusion 
process. 
 
The ability to change the material properties of 6xxx-series alloys with heat treatment 
provides some advantages: The hydroforming process can be performed at a temper 
condition with low strength and high formability. Then, with an ageing heat treatment the 
strength of the material can be increased according to the requirements of the component. 
 
The table shows typical mechanical properties of EN-AW 6014:  
The material is hydroformed in the stabilized T4 condition. After the hydroforming process 
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within a heat treatment process the mechanical properties can either be tuned to maximum 
strength (T6) or crash-worthiness with considerable strength and ductility (T7). 
 

 
 
See also chapter "extruded products" for further information on extrusions, available alloys 
and general notes on cross section design. 
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3.4.5 Development of components 
 

Simple design recommendations 

 
Some simple design recommendations for hydroformed components 
 
Owing to the complexity of hydroforming processes, the optimum design solutions must be 
developed on a case-by-case basis. 
 
Nevertheless, there are a few simple design recommendations: 
 

 Less problems arise if the cross sections of the component are designed with 
approximately constant circumference. 

 
 Tight corner radii are prone for necking. Furthermore, they need higher internal 

pressure, thus implying higher capital investments in hydroforming equipment. 
Extremely small radii can be formed using extrusions with corners; however, changes 
in cross section will then be limited. 

 
 Sharply bent components imply high strains in the pre-forming process, limiting the 

formability in the hydroforming process. 
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General development process 

 
Compared to deep drawing processes, the deformation process in hydroforming has normally 
less constraints. As a consequence, the layout of a reliable hydroforming process tends to be 
quite difficult, i.e. the definite feasibility of a forming process is often not foreseeable at an 
early stage of development. Accordingly, the development of a hydroforming process is 
frequently an iterative process.  
 
After an initial layout of the basic process including the choice of the feed material, it is 
recommended for most hydroforming components to check the initial layout in a virtual 
process by FE-simulation before entering the prototyping phase. The results of the virtual 
process might indicate that design changes are necessary. Only if the virtual process is 
successful, should the actual prototyping phase be entered. 
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Computer Aided Engineering 

 
Why is CAE essential for successful development of hydroformed automotive 
components?  
The observation of hydroforming procedures by way of direct experimenting is very difficult. 
Owing to the complexity of the forming process and the high investment costs associated with 
hydroforming tooling, the purely experimental design of hydroforming processes, i.e. the 
selection of feed material, design of the forming operations and the determination of process 
parameters, is time-consuming, cost-intensive and risky.  
Hydroforming applications are therefore a prime example for the successful use of computer 
aided engineering (CAE). Besides the optimization of hydroformed components in terms of 
strength or crash behaviour, the simulation of hydroforming processes is of special interest. In 
FE-simulations, process parameters can be changed and the effects analyzed at 
comparatively low expense. Feasibility of a part fabrication, i.e. forming limits and other 
problems, can be foreseen, possibly resulting in design changes at an early stage of the 
design phase and prior to investments in hydroforming equipment. Only if the virtual 
hydroforming process looks promising, the prototyping phase should be entered. 
 

 

FE-simulation of a combined roll bending and hydroforming process 

 
Difficulties of hydroforming simulations 
 
The mechanical model, upon which a hydroforming simulation is based, represents an 
extremely sophisticated problem, generally involving nonlinear material behaviour, finite 
deformation, frictional contact with large scale sliding, deformation-dependent external forces 
and also instability problems due to buckling. For this reason the expertise required for the 
successful performance of process simulations should not be underestimated. 
 
Although failure prediction based on forming limit curves (FLC) is common practice in 
hydroforming simulation, one should be aware of the involved dilemmas. 
 
At first, for hydroforming feed material FLCs are difficult to determine, e.g. the manufacturing 
process for roll formed tubes significantly influences the actual forming limit, and, since tubes 
do not possess sufficiently large flat areas, standard FLC-testing is not possible. Furthermore, 
a proportional strain path, the precondition for the validity of a FLC, is a rare exception in 
hydroforming. Typically, strain paths are non-proportional, see example shown in the figure 
(next page), where rotary draw bending results in a close to plane strain deformation and the 
subsequent circumferential deformation in the hydroforming process produces a radical 90° 
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turn of the main strain direction. Finally, necking is not the only failure mechanism in 
hydroforming. Material failure in bending cannot be predicted by FLCs. 
 
Besides the difficulties of failure prediction, an additional challenge is the appropriate 
consideration of the actual friction conditions, which can have significant influence on the 
outcome of a hydroforming process. Coulomb friction is by far the most popular model for 
frictional contact and often the only model provided by a simulation code. Nevertheless, 
ongoing research indicates that the assumption of Coulomb friction with a constant coefficient 
of friction and no rate-effects does not match up with reality in hydroforming. 
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Tribology 

 
Friction conditions can have significant influence on the outcome of a hydroforming process. 
Therefore, the quality of lubrication is a decisive factor on how the material slides within the 
die as the internal pressure rises. Once the internal pressure reaches a level that provides a 
significant degree of work piece-die surface interaction, sliding is retarded and strains tend to 
localize upon subsequent expansion. Without adequate lubrication, hydroformed parts neck 
or fracture prematurely during the forming process. 
 

A number of commercially available lubricants have been successfully utilized with aluminium. 
Final selection of a lubricant for a particular hydroforming application requires consideration of 
starting material, effects on subsequent operations, lubricant removal and environmental 
aspects. 
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3.4.6 Examples of forming practice 
 

BMW rear axle 

 
See also: 

 AAM – Products – 3 Automotive tubes 
 AAM – Manufacturing – 3 Forming > Hydroforming (tubes) > Hydroforming 

feedstocks 
 
Literature: 

 N.N.: Precision tubes, VAW alutubes GmbH, Hannover, 2001 
 Glockner, Kulka, Meyer, Oberloher: Aluminium-Fahrwerk der neuen BMW 5er 

Baureihe. ATZ Automobiltechnische Zeitschrift 98 (1996) 
 
BMW 5 series rear-axle subframe 
Made from HF longitudinally seam-welded tubes 
 
Process chain longitudinal member: 
1. Bending: CNC-Rotary-draw bending machine 
2. Pre-Forming: Special press 
3. Hydroforming: 
 Closing force hydroforming press = 16.000 kN 
 Calibration pressure = 1.100 bar 
 
Advantages due to hydroforming:·  

 Complex shape in one forming step after bending 
 Complete plastification of the components 
 Narrow dimensional tolerances 

 
Alloy: AlMg3,5Mn  
 
Tube dimension: Diameter  
82, 89, 95 mm  
 
Tube manufacturer:  
VAW alutubes GmbH 
 

 

BMW 5 Series rear axle subframe 
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Longitudinal member made from HF longitudinally seam-welded tubes 

 
Forming properties of HF-seam-welded tubes  
 
Test sample:  

 Alloy AlMg3,5Mn 
 Tube dimension: 60,5x4 mm 
 Circumference expansion of 20 % 
 Forming of square cross section 
 Constant wall thickness in forming area due to axial feeding 
 Closing force hydroforming press: 12.500 kN 
 Calibration pressure: 1.300 bar 
 Axial feeding: 30,5 mm 
 Tube manufact.: VAW alutubes GmbH 
 square cross section 
 Welding seam on purpose in main forming area 
 tube end with piston formed welding seam and formed tube end due to sealing 

system 
 

  

Test sample of formed HF longitudinally seam-welded tube with 20% circumference 
expansion 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 89 

Volvo air charge tubes 

 
Feed material: EN-AW 5049 
Nominal force of hydroforming press: 25.000 kN 
Forming operations: Multiple step rotary draw bending 
Hydroforming at 1300 bar 
 
Other information: 
The socket is welded to the tube after the forming process. 
 

 

Source: Alcan Fabrication Europe 
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Audi A2 roof frame 

 
Feed material: EN-AW 6014 
Nominal force of hydroforming press: 35.000 kN 
Forming operations: Stretch bending 
Hydroforming at 1700 bar 
 
Other information: 
The hydroforming process includes punching up to 33 holes 
 
Interior of Audi A2 body in white, marked section shows roof frame. 
 

 

Source: Alcan Fabrication Europe 
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3.5 Impact forming 
 
See also: 

 AAM – Manufacturing – 3 Forming > Bending > Post-bending reshaping > Local 
Impact Extrusion (Local Impacting) 

 
Cold impacting of aluminium, especially of extruded profiles, but also of pressed sheet parts, 
is a most fascinating forming technology. It helps to attach functional form elements to 
extrusions and sheet parts, often by local impacting. One well known example is the back 
extrusion of tube connectors in extruded manifolds for heat exchangers (Hydro Aluminium). 
Other examples are local extrusions in profiles as substitution of rivets or screws.  

 
This work is in progress! 

 



 

Version 2002 © European Aluminium Association (auto@eaa.be) 92 

3.6 Semi-hot forming 
 

Materials behaviour 

 
Literature: 

 Schmoeckel, D. und Heller, C.: Umformen von Aluminiumblechen bei erhöhten 
Temperaturen. DFB-Forschungsbericht Nr. 34. Hannover: Europäische 
Forschungsgesellschaft für Blechverarbeitung, 1988 

 Heller, C. und Schmoeckel, D.: Umformen von Aluminiumblechen bei erhöhten 
Temperaturen. Aluminium 64 (1988) 4, p. 398-406 

 
Plastic formability of aluminium can increase sharply at temperatures above 50

o
C 

 

At ambient temperatures aluminium alloys have less plastic elongation capacity compared to 
common steels.  
However, at temperatures above 50°C the plastic elongation capacity increases considerably. 
 
Characteristics of 5000 series alloys:  
 
Particularly alloys of the 5000 series family (Mg) exhibit an increase of total plastic elongation 
with rising temperature to more than 100% at 250°C, s. figure below. 
 

 

Source: Alcan Deutschland GmbH 

 
Remarks: As indicated, flow stress and work hardening rate decrease with increasing 
temperatures. On the other hand, flow stress and formability limits become increasingly 
sensitive to the rate of deformation, s. Lit. Schmoeckel et al. 
 
The effects of working temperature on formability depend on the type of alloy. 
 
Characteristics of 6000 and 1000 series alloys:  
 
In comparison to 5000 series alloys plastic elongation of the age-hardening alloys of the 6000 
family (MgSi) increases to a lesser extent with rising temperatures. Unalloyed aluminium 
(1000 series family) remains practically unaffected, s. figure below. 
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Source: Alcan Deutschland GmbH 
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Principal methods – Forming with hot tools 

 
Literature: 

 Schmoeckel, D. et. al.: Temperaturgeführte Prozeß-Steuerung beim Umformen von 
Aluminiumblechen. DFB-Forschungsbericht Nr. 55. Hannover: Europäische 
Forschungsgesellschaft für Blechverarbeitung, 1994 

 Schmoeckel, D., Liebler, B.C. und Speck, F.-D: Deep drawing of aluminium in 
partially heated tools. Production Engineering 12 (1994), p. 55-58 

 
High thermal conductivity of aluminium permits efficient heat transfer from hot tools to thin-
gauged parts like sheet metal components.  
 
Depending on the forming process partial heating of tools allows to apply heat only in 
sections, where the effects are most beneficial (e.g. under the blank holder in deep drawing). 
Example of forming with partially heated tools: 
The figure below shows the forming limits of 1.2 mm thick 5182-0 sheet  
a. at room temperature (note crack line) 
b. between 140 and 180 °C (part is fully formed). 
 

 

Source: Schmoeckel et al.: Temperaturgeführte Prozess-Steuerung beim Umformen 
von Aluminiumblechen, EFB-Report No. 55 

 
Remarks: When using cold tools, pre-heating of sheet aluminium blanks is normally not 
sufficient for semi-hot forming operations, because heat is dissipated very quickly to the 
colder tool material. 
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Principal methods – Hydroforming or blow forming with hot media 

 
Literature: 

 Rösch, F.: Wärme macht Alu dehnbarer als Stahl. NC-Verlag, Blech 4 (2000) 6, p. 
18-21 

 Geiger, M., Vollertsen, F. und Hein, P.: Neue Wege der Innenhochdruckumformung. 
EFB-Kolloquium, Tagungsband T16. Hannover: Europäische Forschungsgesellschaft 
für Blechverarbeitung, 1996 

 Alcan Patent DE-PS 195 31 035 
 
A hot pressurised medium (gas or liquid) is used  

 to heat the work piece and 
 to generate flow stresses in the material during forming into the tool cavities. 

 
Hollow sheet metal components can be hydroformed with hot media by pressurising a sealed 
assembly of two blanks. Sealing of flat, clean sheet blanks may be easily done by welding, 
brazing or roll bonding. 
 
An example of a very complex shaped fuel tank is shown in the figure below and 
demonstrates the advantages of semi-hot forming processes for aluminium sheet metal 
components. 
 

 

Source: Alcan Deutschland GmbH 
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Advantages and disadvantages of methods 

 
Forming with hot tools 

Greatly improved formability  

Producibility of parts, which otherwise could not be produced  

Tool costs and dimensional accuracy  

Maintenance of dies and presses  

Lubrication of dies and work piece  

Influence of heat on forming presses  

Handling 
 

Hydroforming with hot media  

Greatly improved formability  

Producibility of parts, which otherwise could not be produced  

Use of non-heated tools  

Little influence of heat on tools, dies and forming presses  

Hot hydroform media  

Controlling temperatures of media  

Equipment for using hot media 
 

Sheet metal forming with hot media  

Greatly improved formability  

Producibility of parts, which otherwise could not be produced  

Use of non-heated tools  

Very little influence of heat on tools, dies and forming presses  

Forming process control by varying temperature and binder pressure  

For deep drawing and stretch forming  

Hot hydroform media  

Controlling temperatures of media  

Equipment for using hot media  

Fully sealed sheet assembly needed 
 
Possible applications of semi-hot forming: 

 A- and B-posts 
 door and door frames 
 single-part car body floors from tailored blanks 
 shock absorber towers 
 fuel tanks 
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Manufacturing – Surface finishing 
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4 Surface finishing 
 

4.1 Scope of contents 
 
In this chapter, the surface finishing of aluminium for auto applications is considered in 2 
parts: 
  
1. Pre-conditioning of aluminium forms.  
 
This covers the range of surface conditioning treatments applied by the Al-industry to semi-
fabricated forms  

 sheets / strip / blanks,  
 extrusions,  
 castings and wrought parts 

before supply to the auto-manufacturer. 
 

2. Finishing of BIW & assemblies. 
 
This covers the surface conditioning treatments typically applied by the auto-manufacturer 
after assembly of the BIW or sub-assemblies:  

 Phosphating 
 Electro-coating 

 
In addition, a few comments on emerging technologies are included. 
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4.2 Pre-conditioning of Al-forms 
 
This section describes the main surface conditioning processes applied by the 
aluminium supply industry: 
 

 sheet products (coil or blanks) 
 extruded products 
 cast & wrought products 

 

 

Coils products 

Source: Alcan 

 

 

Examples of extruded products 

Source: Hydro 

 

 

Example of a cast engine block 
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4.2.1 Sheet / strips 
 

Surface conditioning of sheet & strip 

 
This section describes the main surface conditioning technologies which are typically applied 
to aluminium auto-sheet prior to supply to the auto manufacturer (as coil or blanks). 
 

 Surface texturing (to produce increased roughness and a more isotropic surface) 
 

 Cleaning of aluminium sheet & strip (to remove process oils, contamination etc) 
 

 Coil pre-treatment (examples of anodising and chemical conversion options are 
described) 

 

 Lubrication of the surface (for enhanced formability of press-shop blanks) 
 

 Pre-Primed & Coated sheet (selected examples are described). 
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Surface texturing (EDT & Mill Finish) 

 
Background: 
 

 The established surface topographies for Al auto-sheet are Mill-finish and EDT 
(electric discharge texturing). 

 
 Mill-finish is the standard surface used in N. America. 

 
 Although Mill-finish is used in Europe, EDT is more common (particularly for outer 

panels). 
 

 

SEM image of a conventional mill-finish surface on AA6016 sheet 

Source: Alcan 

 

 

SEM image of an EDT surface on AA6016 sheet 

Source: Alcan 

 
EDT surface texturing is produced by applying an additional cold rolling pass on coil products 
using specially textured work rolls (EDT). This is typically <4% cold reduction and is applied 
as the final pass to the desired sheet gauge. 
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Advantages of EDT over Mill-Finish 

 
Literature: 

 Lahaye, C.T.W., Emmens, W.C., Bottema, J., Schoepen, F., Verhoeven, G.: 
Influence of substrate texture on forming and paint appearance of aluminium sheet 
material. Proc. IBEC'97, (1997) 

 
Claimed advantages of EDT surface texture over Mill-Finish: 
 

 isotropic structure (no directional influence on the forming behaviour) 
 

 lubrication pockets lead to build up of hydrostatic pressure 

◦ low and regular friction coefficient 

◦ better formability than with millfinish surfaces 

◦ improves press-shop handling (de-stacking of blanks etc) 

◦ less pick-up of work piece material on the tool surface 

◦ more consistent press parameters 
 

 improved lacquer appearance and panel matching (irrespective of orientation) 
 
NOTE: The acknowledged disadvantage of EDT texturing is the cost of applying an additional 
cold rolling pass to final gauge. 
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Cleaning of coil / sheet products 

 
Background:  
 
For most auto-sheet products, coil cleaning is generally the first surface conditioning 
treatment applied by the aluminium producer. For European products, the application of a 
controlled surface texture (via EDT cold rolling) can precede cleaning. 
 
Purpose of Coil Cleaning: 
 

 Cleaning is widely considered to be an important process in the establishment of key 
properties (e.g. adhesion & corrosion resistance). 

 
 Coil Cleaning methods vary, but as a minimum, they all remove process 

contaminants (mill oils, fines etc). 
 

 Certain auto-products require greater levels of cleaning to remove disturbed oxides & 
surface layers. This depends upon subsequent processing & the requirements in end 
use. 

 
Typical coil cleaning processes: 
 

 Mixed Acids: This is the most commonly used coil cleaning process for auto-sheet. 
Typical formulations are combinations of sulphuric and/or phosphoric acid with small 
additions of hydrofluoric acid and operate at ~50 to 70°C. Processing can be by spray 
(recirculation) but is more typically by passage of the strip through a bath. Acid 
concentrations are usually << 5%. 

 
 Electrolytic cleaning: In Europe, high speed, electrolytic cleaning is becoming 

increasingly established. This involves the counter flow of phosphoric acid (~20%) at 
~80 to 90°C in recirculating, "straight through" cells (see opposite). The moving strip 
is connected (via liquid coupling) to an AC-power source which forces a controlled 
level of dissolution. 

 
NOTE: Alkali etching is also used in the cleaning of aluminium, however it is generally 
restricted to batch type processes (e.g. extruded products) or to non-auto products (e.g. foil).  
 

 

Schematic design of the straight through cell arrangement for the electrolytic cleaning 
or anodizing of coil products 

Source: Alcan 
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NOTE: The effectiveness of subsequent processes are very dependent on adequate 
cleaning. An inadequately cleaned surface is likely to result in poor product performance 
(adhesion/corrosion) irrespective of the quality of pre-treatment or coating. 
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Pre-treatment of coil / sheet products 

 
Literature: 

 Lahaye, C.T.W., Bleeker, R., Vrenken, J., Heyvaert, S., Verboom, E.: Importance of 
pre-treatment of aluminium sheet for automotive applications. Proc. IBEC2002, SAE 
Technical papers series 2002-01-2090, (2002) 
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Pre-treatment options 

 
Chemical Conversion Coatings 
 
A very wide variety of chemical conversion coatings are commercially available for coil 
products. For automotive applications, they can generally be considered in 3 groups: 
 

 Cr-based: These have excellent properties but are now largely phased-out (toxicity) 
 Ti / Zr based (Cr-free): are becoming increasingly favoured as stabilizing treatments 

for inners & outers (particularly in Europe). 
 Si-based (silanes, silanols): Less commonly used, but are being exploited for 

applications requiring full structural adhesive bonding. 
 
Anodizing 
 
This form of surface pre-treatment is of increasing interest (particularly in Europe). A wide 
spectrum of film types are possible, but they can be summarised in 2 general groups:  

 Thin barrier: These are equivalent to thin, chemical stabilizing pre-treatment, such 
as the Ti / Zr type films. They are sufficiently conductive to allow resistance spot 
welding. 

 Thicker barrier +/- porous layer: More advanced films which provide enhanced 
bond durability for temporary surface products, or organic adhesion for pre-coated 
products. 

 

 

TEM cross section of a Ti / Zr chemically stabilized surface 

Source: Alcan 

 

 

TEM cross section of a barrier anodized surface 

Source: Alcan 
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TEM cross section of an anodised surface with both barrier and porous film structure 

Source: Alcan 
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Lubrication of coil products 

 
Literature: 

 Lahaye C.T.W., Janson, I., Olofsson, A., Maurus, N.: Influence of the application of 
dry-lubricant on the production route for aluminium hang-on parts at Volvo. Proc. 
IBEC98, 982304, (1998) 

 
Background: 
 

 Almost all flat sheet products are press-formed to create useful 3-dimensional parts 
for auto-manufacturer. Hence, all sheet products are used in a pre-lubricated form, 
(occasionally they are lubricated as discrete blanks before pressing). 

 
 The press-forming of parts is usually the first stage in auto-manufacture (it precedes 

assembly/joining and BIW painting). 
 

 Irrespective of the inherent formability of the sheet alloy, inedaquate lubrication can 
lead to failures in the press-shop. 

 
 For all of these reasons, lubrication of sheet products is a crucial part of the 

surface conditioning sequence. 
 
Lubricant Options: 
 
There are a very wide variety of lubricants available for press-forming applications. These can 
be summarised in 2 groups: 
 

 Oils: Usually mineral oils, these are the most common type of lubricants employed in 
North America for thinner gauge closure applications (inners / outers). They are 
typically used in combination with a mill-finish surface. 

 
 Dry-Films: These wax type lubricants are increasingly favoured in Europe. They are 

almost always used in combination with a roughened isotropic surface texture, such 
as EDT (see earlier section). 

 
A further category of dry-lubricants is based on acrylate films.  These are not yet widely used 
and are generally considered as development products. 
 
Lubricant Requirements: 
 

 Formability: The first & most fundamental requirement is the ability to form the part. 
Sheet stocks of standard gauges are required to form a variety of parts. (i.e. the level 
/ quality of lubrication must be adequate for the most difficult to form parts).  

 
 Stability in Storage / Transit: Lubricants are always applied at a specified coat 

weight (usually defined by forming needs). It is important that the originally applied 
coat weight is maintained during storage / transit of either coils, or stacks of blanks. It 
is also essential that lubricants are stable over a range of ambient conditions 
(temperature & humidity).  

 
 Handling & runnability: Most sheet products are supplied as stacks of pre-

lubricated blanks. Hence, ease of de-stacking is a key handling requirement in the 
press-shop. Also, most modern press-shops are highly automated. Hence, it is 
essential that lubricants are compatible with all handling equipment.  

 
 Compatibility: Lubricants must be compatible with other stages of the auto-

manufacturing sequence. It is unusual for press-formed parts to be cleaned prior to 
joining & assembly. Hence lubricants usually need to be compatible with processes 
such as adhesive bonding, mechanical fastening or resistance spot welding. 
Lubricants are generally removed from sheet surfaces during the first cleaning stages 
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of the BIW during painting. "Remove-ability" is, therefore, a further essential 
requirement. 

 
ADVANTAGES of dry, wax type lubricants  

 Increased deep drawing capability. The less widely used acrylate type dry-film-
lubricants (DFL) can also provide some formability advantage (see opposite).  

 For more difficult parts, higher lubricant coat weights can be applied / maintained.  
 Dry lubricants are generally more stable in storage / transit.  
 De-stacking can be easier since surface tension effects from liquid surfaces are 

avoided (however, it is essential to avoid melting of the wax under hot ambient 
conditions as this can cause blanks to stick together).  

 Compatibility with joining and paint shop processes is generally equivalent to oils.  
 

 

Comparison of deep drawing capability of lubricants on a common AA6016 substrate 

Source: Alcan 

 
DISADVANTAGES :  

 Die sets need to be set up differently for dry type lubes than mineral oils (this can 
sometimes cause problems during "change-over" periods).  

 Depending upon the nature of the forming process and the lube coat weight, wax can 
accumulate in die sets (requiring occasional cleaning).  

 Wax type lubes can be more difficult to spot weld (this is more of a problem in North 
America where spot welding is more widely used). 
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Pre-coated sheet 

 
Pre-coated aluminium sheet has been increasingly used in Europe in recent years (it is 
uncommon in North America). There are essentially 3 types of pre-coated sheet: 
 

 Electrically conducting, pre-primed types: These single coat products are the 
most commonly used in Europe and are usually used for non-cosmetic applications 
within the BIW (they are compatible with established E-coat processes).  

 Non-electrically conducting pre-primed types: Usually based on polyurethane 
primers. Because these are not currently considered to be compatible with E-coating 
they are less widely used.  

 Fully painted sheet: This is an emerging area of aluminium sheet usage. Selected 
outer panel applications exist for sheets with multiple coatings, (including cosmetic 
finishes). 

 

 

An example of an auto sub-assembly manufactured using pre-primed sheet, adhesive 
bonding and mechanical fastening 

 
Significant progress has been made in establishing suitable joining methods for all forms of 
pre-coated sheet. The main joining options include adhesive bonding and/or mechanical 
fastening. Strength / durability and fatigue properties have been demonstrated to be generally 
equivalent to conventional, uncoated sheet. 
 
Main advantages of pre-coated sheet: 
 

 Formability : Up to 30% improvement in draw capability is possible compared to 
conventional bare/ lubricated sheet (see comparison below). This can be exploited to 
form more difficult parts, to use less lubricant, or to exploit lower grade metal.  

 Corrosion Resistance: Pre-coated sheet has excellent corrosion resistance. This 
can be exploited for parts/assemblies which are added to the BIW after the paint line, 
or for repair/replacement parts.  

 Paint-line: Minimise Al build up in paint line processes, e.g. phosphating. 
 

 

Square pan pressing of an uncoated blank using ~1.5g/m² of wax lubricant 

Source: Alcan 
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Square pan pressing of a pre-primed blank using ~1.5g/m² of wax lubricant 

Source: Alcan 

 
The main disadvantages of pre-coated sheet options are cost and that, with few exceptions, 
they cannot be spot welded. 
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4.2.2 Extrusions 
 

Surface Treatment – Reasons and methods 

 
Reasons for controlled surfaces: 
 

 Aesthetic and decorative reasons  
 

 Improved corrosion resistance  
 

 Improved mechanical and/or physical properties  
 

 Improved soldering and/or brazing  
 

 Creation of durable inter-phases for painting and adhesive bonding 
 
Methods of surface finishing: 
 

 Mechanical surface treatment  
 

 Electrolytic and chemical polishing  
 

 Etching and conversion coatings  
 

 Anodising  
 

 Organic coating (powder coating, wet painting, foiling and screen printing)  
 

 Metal plating 
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Electrolytic and chemical polishing 

 
General Notes: 
 

 The 2 polishing methods are often used prior to anodising to obtain a bright surface. 
In this case the process is called bright anodising.  

 Chemical polishing is used more often than electrolytic polishing (examples are Acid-
cleaning, Glossing, buffing, Chromating & Phosphatising).  

 The methods are suitable for profile geometries where mechanical polishing is 
difficult.  

 Sometimes mechanical polishing is used prior to electrolytic / chemical polishing 
when a mirror / gloss appearance is required. 

 
Electrolytic polishing: 
 

 Electrolytic polishing is carried out by means of an applied current, special chemicals 
and elevated temperature.  

 The "Brytal" process is one of the commercial electrolytic polishing processes. With 
this process it is possible to obtain mirror finishes on large flat areas. The profiles 
should be carefully polished by mechanical means before treatment. 

 
Chemical polishing: 
 

 Chemical polishing is carried out by means of special chemicals (e.g. Phosphoric 
Acid, Nitric Acid and Sulphuric Acid) and elevated temperature.  

 Mirror-like surfaces are generally produced in mixtures of Phosphoric and Nitric Acids 
to which numerous other additions can be made to secure a higher levelling action.  

 Sulphuric Acid is very often added to the mixture to remove or minimise the die lines. 
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Etching and conversion coatings 

 
General Notes:  

 In the as-rolled, or as-extruded condition, Al surfaces often exhibit a corrosion 
susceptible "Near Surface Active Region (NSAR)." This region is typically ~1µm in 
thickness. The nature of the NSAR is a consequence of the thermo-mechanical 
history of the aluminium surface (extrusion, hot rolling, cold rolling, etc.).  

 In the case of painting and adhesive bonding, the passivation or removal of this 
reactive region can improve the corrosion resistance of the system. Established 
alkaline or acid etch cleaning (i.e. prior to pre-treatment) generally provides the 
necessary passivation for good corrosion resistance. 

 The surface must be further stabilised by a conversion coating or by anodising to 
withstand the degrading effects of water. Water will attack the oxide, the 
oxide/polymer interface and the polymer. Therefore, retention of wet adhesion, 
especially under stress, is a determining factor.  

 
Some examples of conversion coatings include:  
 
Chromating:  
Chromating usually shows excellent durability behaviour, but due to environmental reasons, 
chrome pre-treatment are no longer accepted for automotive applications.  
 
Titanium (Ti) and/or Zirconium (Zr) based coatings:  
These are increasingly used in automotive applications. Originally developed to prevent 
further oxide growth to maintain stable welding conditions. For bonding and painting, they 
provide excellent environmental durability.  
 
Alternative coatings:  
The search for further Cr-free alternatives is ongoing. Strong candidates include silanes, and 
permanganates. 
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Anodising – Overview 

 
 Anodising is an artificial re-growth of the oxide layer by use of current and an 

electrolyte (normally Sulphuric Acid).  
 

 The thickness of the layer is dependant on the service-conditions. For indoor use, the 
thickness is typically from 3-15 µm, and for outdoor use the layer should be between 
15-20 µm (or even thicker depending on required service life).  

 
 Anodic oxide films improve some major properties of aluminium. 

 

 

Examples of extrusions 

Source: Hydro 
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Anodising – Properties and process 

 
Response to colouring. Many colours available for indoor use. Mainly brown colours for 
outdoor use (fading is a concern for most colours).  
 
Corrosion resistance. A low porosity oxide film has a good resistance against pitting 
corrosion. Chloride ions have little effect on a uniform layer.  
 
Wear resistance. Anodising improves wear resistance. "Hard anodising" increases abrasion 
properties (normal architectural anodising also gives better wear resistance).  
 
Surface hardness. Normal architectural anodising significantly increases the surface 
hardness.  
 
Electrical resistance. The anodic oxide layer has high electrical resistance. Anodised  
aluminium is suitable for electrical components, e.g. transformers and capacitors. 
 

 

Usual process order for architectural colour anodising 

Source: Hydro 
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Anodising parameters 

 
For high standards of surface finish, the following parameters need to be controlled:  

 surface finish and metallurgical structure of Al- alloys used for anodising.  
 pre-treatment, anodising &, when required, colouring and sealing of the coating. 

 
Pre-treatment (prior to anodising) are available that can mask, or eliminate many of the 
surface irregularities of Al-alloys, but the metallurgical condition of the alloy cannot be 
controlled by the anodiser & depends on the processing at the casting and extrusion stages 
of fabrication.  
 
NOTE: The list of alloys below includes all extrusion alloys. Automotive extrusions are 
generally limited to 6xxx alloys. 
 

 

Anodising parameters 

Source: Hydro 

 
Legend:  
E = Excellent  
VG = Very Good  
G = Good  
M = Moderate  
U = unsuitable  
 
* = Only suitable for dark colours  
X = A modified etching technique prior to plating is essential 
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Organic coating – Overview 

 
Overview: 
 

 Organic coatings are mainly powder coatings and wet painting.  
 Powder coating is applied either by electrostatic or tribostatic charging of the powder 

particles.  
 Wet painting is applied by spray (incl. electrostatic spraying) or electrophoretic 

painting. 
 
Reasons for using organic coating :  
 
Aesthetic and decorative purposes: a wide range of colours are available and coatings will 
mask irregularities in the pre-treatment (conversion coating).  
Weather resistance: most of the organic coatings for outdoor use have a very good gloss 
and color stability. However, epoxy coatings are not suitable for exterior architectural use. The 
epoxy resin is broken down by the UV-light.  
Wear resistance: some special powder coatings (polyamides) have a superior abrasion 
resistance. Tests have shown that abrasion results are 600 times greater than the results of 
conventional powder coatings.  
Friction: some special powder coatings (polyamides) have a low  
friction coefficient relative to conventional powder coatings. 
 
NOTE: Most of the above noted comments are relevant to architectural applications.  
There are currently few automotive applications for coated extruded sections. 
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Organic coating – Method 

 

 

Powder coating of Al extruded profiles 

Source: Hydro 

 

 

Main methods of organic coating 

Source: Hydro Aluminium 
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Metal Plating 

 
Metal plating involves the deposition of a metal layer on another metal or polymer substrate. 
The deposition usually occurs from a solution which contains ions of the metal used for the 
coating. Plating can either be carried out by means of electro deposition, electroless 
deposition or mechanical deposition. 
 
The main reasons for plating on aluminium are: 
 

 Formation of an attractive finish  
 Increased corrosion resistance 
 Increased surface hardness  
 Increased solder ability / braze ability  
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Comparison of finishing options 
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4.2.3 Castings and wrought parts 
 

Mechanical surface treatment – General 

 
Mechanical surface treatment is a term that covers a number of methods used to change the 
surface of an aluminium component.  
 
The reason for using such methods may be for esthetical reasons, to round off sharp edges, 
i.e. deburring, prepare the surface for some other operation, e.g. coating, or to enhance 
mechanical properties in critical areas.  
 
Some methods of mechanical surface treatment are suitable to combine with other types of 
treatment, e.g. anodising. 
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Mechanical surface treatment – Polishing 

 
Polishing is used to provide a smooth surface, eliminating any marks or stripes after 
extrusion. Surface quality and gloss are usually produced to customers’ requirements.  
 
Gloss is determined by polishing equipment and alloy.  
 
Polished surfaces are often anodised. For a surface with a bright finish, anodising is done 
after polishing. 
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Mechanical surface treatment – Brushing and grinding 

 
Brushing  
Brushing is used to enhance surface quality for aesthetic reasons, to remove oxide prior to 
other operations i.e. welding, or for deburring cut edges. In the first case this treatment gives 
a scratched surface where the scratches are mostly of uniform size and lie parallel. The depth 
and width of the scratches are determined by the equipment, typically to the customers’ 
requirements. Brushed extrusions are commonly anodised to provide a stable surface quality.  
 
Grinding  
Grinding is quite similar to brushing. It is used mostly for aesthetic reasons. This is typically 
done in a machine where the work piece, often a full length extrusion, is fixed, ground and cut 
afterwards. The surface structure may vary from fine to very coarse depending on the 
customers requirements, and is often anodised afterwards. 
 

 

Examples of ground surfaces: 

A = fine surface 

B = coarse surface 

C = surface anodised after grinding 
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Mechanical surface treatment – Tumbling 

 
Tumbling is a method used to deburr or round off sharp edges on short parts, usually after 
cutting and milling.  
 
It is suitable for parts having complex geometry where other methods, i.e. brushing, are not 
practical.  
 
There are different ways of tumbling. In the simplest case, the parts are tumbled in a barrel 
and the edges rounded off by abrasion. In other cases the parts are tumbled in a barrel that is 
also vibrated along with abrasive pellets.  
 
Various types of abrasive pellets are used, sometimes in combination with other materials i.e. 
sawdust. In other cases water is added during the process. 
 

 

Tumbling with abrasive pellets 
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Mechanical Surface Treatment – Shot Blasting / Sand Blasting 

 
Shot blasting  
(s. figure below)  
Shot blasting is conducted by hitting the surface with metal shot at high velocity. The type of 
shot, e.g. stainless steel, may vary in size and the velocity upon impact may vary as well. The 
surface is fairly coarse depending on the length of time the work piece is subjected to 
treatment and the size of the shot. Shot blasting is used to remove sharp edges and to 
produce a nice, uniform surface. 
 

 

Top: Shot blasted (left) as compared to ''as pressed'' surface (right) 

Bottom: Same as top, after anodising 

 
Sand blasting 
Sand blasting is similar to shot blasting, but where sand is used instead of shot. Various types 
of sand are used i.e. olivine, and even sand like materials i.e. aluminium oxide. Sand blasting 
is used to prepare the surface for other types of treatment i.e. coating, or to enhance surface 
roughness before joining. 
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Mechanical surface treatment – Peening 

 
Peening covers a number of methods used to create compression stresses on the surface of 
a metal part, and thereby enhancing fatigue strength. There are several peening methods 
available:  
 
Shot peening is closely related to shot blasting but the shot is applied very locally, i.e. often 
on weld seams.  
 
Hammer peening is a method where a hammer driven by compressed air is used to treat the 
surface. The hammer has a typical frequency of 50-100 hits per second and is quite noisy. 
Also it calls for sturdy fixtures to keep the hammer in position. 
 
Ultrasonic peening is a new method where the hammer is driven by an electromagnetic 
device. The frequency of the hammer is about 27 kHz. The noise is fairly low and the fixing 
forces are considerably lower than for hammer peening. 
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4.3 Finishing of BIW and assemblies 
 

4.3.1 Introduction 
 
This short section provides general information about the most commonly applied surface 
finishing technologies for body structures which incorporate aluminium.  
 
It is very important to note that most BIW assemblies are not exclusively constructed of any 
one metal. Even aluminium intensive vehicles contain steel, or galvanised steel (e.g. 
mechanical fasteners). Hence, the auto paint process must be compatible with the painting of 
a mixed metal assembly typically containing aluminium, steel and zinc (often also includes 
non-metals). 
 
The two most important stages in the finishing of the BIW are Phosphating and Electro-
coating and these are described in subsequent pages. 
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4.3.2 Phosphating 
 

Phosphating of aluminium 

 
See also: 

 AAM – Manufacturing – 4 Surface finishing > Finishing of BIW and assemblies > New 
/ emerging technologies 

 
Literature: 

 Hunter J. A., Butler C., Hirth S. et al.: Balancing conflicting property requirements in 
the development of high performance AA6016 automotive closure sheet. Proc. 2nd 
Int'l Symp. on Aluminium Science & Technology, UMIST, 21 - 25 May 2000. 

 
Introduction: 
  

 Phosphating is the most common form of pre-treatment in auto-manufacture. It 
provides excellent adhesion for subsequent coatings (E-coat) and long term corrosion 
resistance for the auto-body.  

 
 Two examples of phosphated aluminium are shown. 

 

 

Non-layer forming Phosphate on AA6016 Sheet Surface (SEM image) 

Source: Corus 

 

 

Layer forming Phosphate on AA6016 Sheet Surface (SEM image) 

Source: Corus 
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The phosphate response of an Al surface depends on several factors. One of the most 
important is the cleanliness of the starting surface. Cleaning processes for BIW vary, but 
usually involve a mild alkali or acid spray sequence (to remove lubricants etc) followed by a 
thorough rinse. 
 
General Notes: 
 

 The most common method of pretreating a BIW is based on Zinc-Phosphate 
chemistry. Although processes vary between manufacturers, Tri-cation phosphating 
(based on mixed phosphates of Zinc, Manganese & Nickel) has become established 
as the most common form of auto-body pretreatment.  

 
 This can be applied by spraying, or immersion of the BIW. The objective is to create a 

dense network of phosphate crystals which provide good coatings adhesion and 
corrosion inhibition for all the metallic components of the BIW (steel, galvanised steel 
(Zn) and aluminium). 

 

 

An example of an auto paint line sequence 

Source: Alcan 

 
Mixed Metal Assemblies & Paint Lines: 
  

 It is very important to note that BIW are not exclusively constructed of any one metal. 
Even aluminium intensive vehicles (AIVs) contain steel, or galvanised steel (e.g.  
mechanical fasteners). In addition, manufacturers of AIVs frequently need to process 
conventional steel vehicles on the same paint line.  

 
 Hence it is unusual for a phosphating process to be optimised for Al alone.  

Processing conditions are generally a compromise to provide adequate pre-treatment 
for all parts of the BIW assembly.  

 
 New Al-paint line technologies are now emerging, particularly with those 

manufacturers having a high proportion of Al usage.  
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Process Options for the Phosphating of Aluminium: 
  

 Optimum phosphating of Al requires free fluoride in the phosphate system (typically 
>100 mg/litre). This aids the removal of process oxide and contamination by etching 
the surface. Fluoride also acts as a complexing agent to create a phosphate layer of 
acceptable quality (1.0 to 1.5 g/m²) [1-3]. It is also recognised that complex fluorides 
generally perform better than simple fluorides [3,5].  

 
 One problem with higher fluoride levels is that they can increase the formation of 

sludge (cryolite, elpasolite) and this can limit the amount of aluminium that can pass 
through a conventional, mixed metal paint line. Various strategies are available to 
counter this problem:  

◦ Spray rather than dip processing can increase the tolerance to aluminium, 

◦ Subsequent chemical treatments can allow the use of lower Fluoride levels. 
 
Achieving Optimal Phosphate Response: 
  
The phosphate response of aluminium forms can be significantly influenced by the starting 
surface:  

 The presence of a pre-treatment for storage stability or to enhance bonding 
properties can impair the phosphate response.  

 If certain chemical species (Ti, Zr etc) are present at > ~10mg/m² they can build up 
and poison the phosphate bath.  

 Certain lubricants can be more difficult to remove in the cleaning section prior to 
phosphating (e.g. acrylate films).  

 Lubricants applied at too high coat weight can take longer to remove and 
consequently reduce the phosphate response (see example shown below). 

 

 

Example of poor phosphate response caused by the presence of too much lubricant 
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4.3.3 Electro-coating 
 

Process description 

 
See also: 

 AAM – Manufacturing – 4 Surface finishing > Finishing of BIW and assemblies > 
Phosphating 

 
Description: 
 

 Electro-coating is a "electrophoretic" paint process and is commonly used as the first 
primer coating of the Body-In-White (BIW). It is applied after phosphating or pre-
treatment of the auto-body. The BIW is immersed in a tank of E-coat paint and 
electrically connected to a series of inert electrodes arranged around the periphery of 
the tank. During processing, the E-coat paint is attracted to all conducting surfaces 
resulting in a continuous, corrosion protective layer over the entire body structure 
(including inner/box surfaces).  

 
 E-coat also provides good adhesion between metal / phosphated surfaces and 

subsequently applied primers & paints. 
 

 

E-coat section 

Source: Pechiney 

 
Cathodic E-coating is the most commonly used anti-corrosion primer system for Body-in-white 
painting. 
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Principles & Chemistry 

 
Principles of the Process: 
 
Electrophoresis is the result of particle displacement in an electrical field (can be an anodic or 
cathodic process). 
 
Some paint constituents have ionisable terminal groups in aqueous solution. Ions migrate 
under polarisation to form an organic film on the metallic surface (usually epoxy based). 
 

The Chemistry of Deposition:  
 
ANODIC PROCESS:  
Metal surface anodic (+): -----> anaphoretic film  
 
 R - COO

-
 + H

+
 ------> R - COOH  

 
CATHODIC PROCESS:  
Metal surface cathodic (-): ------> cataphoretic film  
 
 R3 - N2H

+
 + OH

-
 -------> R3 - N + H2O.  

 
Electro-coating is an auto-limiting process. As the E-coat builds up in one area, the electrical 
resistance increases, progressively slowing the deposition. This allows deposition in other, 
relatively shielded regions of the structure to progress to an acceptable level. 
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Aluminium & mixed material assemblies 

 
Mixed Metal Assemblies:  
 
The Cathodic E-coating process is the most commonly used in the auto industry.  
 
One set of operating conditions provides excellent coverage & protection for aluminium, steel 
& galvanised steel, or for mixed metal assemblies (BIW). For best coverage and protection, it 
is essential that the BIW is well cleaned to remove lubricants or contamination. 
  
Typical Process Conditions:  
 
Voltage: 150 to 300 volts  
 
Coating Thickness:  

 exterior parts:  20 to 30 µm  
 interior parts:  10 to 20 µm  
 box (shielded) parts: 8 to 10 µm  

 
Curing conditions:  

 140 to 190°C for 20 to 30 minutes 
 
Non-phosphated areas tend to develop thicker E-coat films and so good phosphate uniformity 
is important (particularly for cosmetic parts such as body panels). 
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4.3.4 New / emerging technologies 
 

Alternatives to Zn-phosphating before E-coating 

 
See also: 

 AAM – Manufacturing – 4 Surface finishing > Finishing of BIW and assemblies > 
Phosphating 

 
Background : 
 

 The chemical treatment of Al auto-bodies before E-coating can be carried out by 
means of Tri-cationic phosphating (usually with fluoride addition). However, it is often 
necessary to modify existing phosphate conditions in order to treat higher levels of Al 
(see phosphating section).  

 
 If the amount of aluminium passing through a conventional dip-phosphating process 

exceeds ~ 20 to 30% (by area), problems can arise, e.g. generation of cryolite 
sludge. This can cause a variety of problems (control of bath chemistry, surface 
defects etc).  

 
 Zn-phosphating by means of a spray process can be carried out up to ~ 80% 

Aluminium percentage.  
 
ALTERNATIVE PROCESSING: 
 

 New processes for the treatment of Al intensive vehicles are now emerging.  
 

 One approach utilizes a conversion treatment which forms a thin film of Ti or Ti/Zr 
complex (+/- polymer additives). 

 
The new process forms a pre-treatment film on Aluminium and Magnesium. It offers the 
following advantages: 
 

 tailor made for Al and the process has no Zn, Ni or Cr  
 

 almost no sludge formation  
 

 cost saving in investment and line operation:  

◦ short line design 

◦ reduced energy consumption 

◦ less consumption of chemicals 

◦ reduced maintenance 
 

 excellent paint adhesion, improved corrosion resistance of the finished panels 
compared to conventionally processed panels (i.e. via the established Zn-phosphate 
method). 
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1. Introduction 
 

Joining is a most important fabrication technology in automobile manufacturing. The standard joining 
technique for the production of conventional steel car bodies has been resistance spot welding. With 
the advancement of new, innovative joining technologies and the simultaneous introduction of high 
and ultra-high strength steel grades, additional joining methods have found limited application. 
However, resistance spot welding still remains the dominating joining technique for steel cars.  

On the other hand, joining of aluminium components by resistance spot welding of aluminium 
presents some problems. When substituting steel by aluminium, the sensitivity of the mechanical 
properties of work-hardened and age-hardened aluminium alloys to heat input generated during the 
welding process and their specific physical characteristics ask for specific attention in design and 
engineering as well as production planning (equipment and process parameters). Consequently, the 
growing application of lightweight aluminium solutions in automobiles posed significant challenges 
both for the automobile manufacturer as well as for the supplier of the aluminium materials and 
components. The key enabler for the use of aluminium in automotive applications proved to be the 
series application of non-heat involving joining techniques like mechanical joining and adhesive 
bonding.  

Today, appropriate qualitatively outstanding and highly efficient joining methods are available for 
aluminium and will be described below in more detail. The integration of aluminium components and 
modules required the development and introduction of well adapted processing procedures and in 
some cases even novel joining techniques both for the realisation of aluminium to aluminium joints as 
well as for mixed material joints. Nevertheless the application-specific selection of the optimum joining 
method for technical performance and cost efficiency is still a challenging task. Also, there is a clear 
need for further developments in order to meet more and more demanding future quality and cost 
targets. 

 

Modern automobile assembly line 

(Source: BMW) 

The technical feasibility of reliable and safe joints with highest process capability and optimum cost-
efficiency is a prerequisite for the successful application of aluminium in automotive structures. The 
assembly tasks in automotive manufacturing range from the joining of individual aluminium 
components consisting of different alloys and product forms (stamped sheet parts, castings, machined 
extrusions, forgings, etc.) to multi-material joining of aluminium to steel, magnesium, plastic and 
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composite components. Mixed material designs present additional complications since the selection 
of the applicable joining method is often restricted and secondary factors such as different thermal 
expansion coefficients or potential galvanic corrosion effects have to be taken into account. On the 
other hand, especially the availability of high quality, cost-efficient mixed material joining technologies 
is a most important requirement for the continuing implementation of innovative lightweight aluminum 
solutions in automotive constructions. 

Apart from the demanding technical performance requirements on the assembled structure, it is most 
important to consider also the economic aspects of the assembly operation. The joining processes 
applied in automobile assembly have been optimised over many years for steel designs. In addition, 
automobile assembly lines are today highly automatized, i.e. in particular in the body shop, most 
assembly tasks are carried out by robots. The vast existing experience in steel joint design and 
engineering cannot be simply transferred to aluminium and other materials. Furthermore, it is only 
possible to apply the standard steel joining equipment as well as the extensive processing knowhow 
in limited cases. Consequently, substitution of steel parts by lighter aluminium components requires 
often the development and introduction of new, innovative joining solutions as well as significant 
investments in suitable assembly equipment and training. On the other hand, these new 
developments also offer the chance for new lightweight designs and cost-efficient manufacturing 
solutions. 
 

 

Assembly of an aluminium car body 

(Source: Ferrari) 

Basically, material joining is based on three main principles: 

 Material coalescence where the materials are held together by atomic or molecular binding 
forces. In this case, the atoms and/or molecules must be placed in close proximity to each 
other e.g. by processes without the presence of heat (solid state welding or diffusion), 
processes based on the mixing in a liquid state (like fusion welding) or processes with 
addition of a third, generally hardening, liquid substance (e.g. soldering or adhesive bonding). 

 Interlocking joints are formed by the interlocking of two materials or by the anchoring of 
additional elements into or inside the corresponding materials (i.e. mechanical joints). 

 Frictional connections which are the result of friction between the involved materials, 
enhanced by the application of an external force (e.g. the shrinking of a hub onto a shaft). 

Today, different joining technologies are used for the fabrication of aluminium components and 
modules in automotive applications and the number of aluminum joining options continues to grow in 
response to specific design and assembly challenges, e.g.: 
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− Aluminium car bodies assembled using adhesives in conjunction with punctiform joints (e.g. 
self-piercing rivets) equal or exceed chassis stiffness requirements.  

− Non-critical joints, such as hood and deck lid flanges, can be joined using inexpensive, readily 
automated clinching methods, often combined with adhesive bonding. 

− Other newly developed mechanical joining techniques for structural and non-structural 
applications offer additional advantages regarding joint quality or process speed. 

− Resistance spot welding is increasingly attractive because of new processes, material, and 
equipment developments that extend tip life, enhance weld quality, and reduce welding power 
demands. 

− Arc welding is also enhanced due to advances in equipment, such as solid-state power 
supplies and better wire-feed devices.  

− Laser beam and combined laser/arc welding methods provide automotive body designers 
with even greater assembly options for closures and structural components. 

− Friction stir welding is making inroad into the field of automotive aluminium applications.  

− Brazing of aluminium is largely confined to the production of heat transfer components. It 
may, however, well find future applications in other, structural applications. 

In the following, the different joining technologies used for the assembly of aluminium parts for 
automotive applications (including joining of aluminium with other materials) will be described. Due to 
the large variety of possible solutions, no performance values can be quoted here, please refer to 
product suppliers for more detail information.  

More details, in particular regarding fundamental metallurgical aspects, can be found on the freely-
accessible aluMATTER website providing interactive e-learning resources for aluminium science and 
technology: 

http://aluminium.matter.org.uk/content/html/eng/default.asp?catid=47&pageid=2144416963 
  

Additional information on aluminium joining is offered by TALAT (Training in Aluminium Application 
Technologies), a comprehensive collection of training material for engineers and researchers in 
industries and universities: 
 
http://www.alueurope.eu/talat/4000/4000.htm. 
 
Much more information and other studies can also be found on the websites of the European 
Aluminium Association and the Aluminum Association: 
 
http://www.alueurope.eu/applications/automotive/ 
 
http://www.drivealuminum.org/research-resources 
 
 

Purpose 
 

The intention of the present document is to provide information about the wide range of technologies 
applicable to join aluminium alloy components with other parts made from aluminium alloys or 
dissimilar materials, in particular for automotive applications. The list of the described joining methods 
is clearly not exhaustive, also keeping in mind the ongoing further developments. In addition, it should 
be kept in mind that the information provided about the different joining methods obviously can’t be 
complete. If an actual application is envisaged, early contact with the supplier(s) of the respective 
processing equipment and auxiliary materials as well as your aluminium supplier is recommended.  

The present document is not meant to be a guideline for design and engineering nor an actual manual 
for production purposes. Most of the described technologies are mature and proven in practical 
applications. However, there are also techniques still under development or in the qualification phase. 
For more detailed information, please contact the supplier(s) of the respective processing equipment 
and auxiliary materials as well as your aluminium supplier. The present document is also not an 
academic paper with specific references to the literature. Today, searching the internet offers the 
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possibility to get additional competent and up-to-date information, including references to scientific 
and/or technical papers. 
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Disclaimer 
 

The present publication is meant for informative purposes only. The information in this publication is 
general in nature and is not intended for direct application to specific technical or scientific projects. 
Neither the European Aluminium Association nor the Aluminum Association will be liable for any 
damage, costs or expenses resulting from the use of the information in this publication.  Neither the 
European Aluminium Association nor the Aluminum Association makes any representations, 
warranties or endorsements of any kind whatsoever as to the publication or any of the information 
included therein and each of the European Aluminium Association and the Aluminum Association 
disclaims all warranties and conditions with respect to the publication and the information included 
therein, whether express or implied, statutory or otherwise. 

Furthermore, some of the described joining technologies, processing equipment and auxiliary material 
may be proprietary, protected by patents and/or trademarks.  This publication is owned by the 
European Aluminium Association.  Unauthorized use of this publication is strictly prohibited. 

For additional information, please contact your aluminium supplier to be able to discuss details directly 
with the relevant experts. 
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2.0 Introduction 

Fusion welding of wrought and cast aluminium components is a key joining technology in 
automotive engineering. Fusion welding is characterised by partial melting of the work pieces 
to form a molten metal pool that solidifies and results, after subsequent cooling, in a firm joint. 
For quality reasons, a filler material is added sometimes. Different energy sources are used to 
produce the weld, including electricity, laser, electron beam and friction. Various fusion 
welding processes have been adapted or specifically developed for fusion welding of 
aluminium which are described in subsequent chapters: 

- 3. Arc welding 

- 4. Beam welding  

- 5. Resistance welding 

- 6. Brazing 

- 7. Solid state welding. 

The present chapter considers some general aspects of the various fusion welding methods.  

In order to achieve sound and efficient weld joints of aluminium parts, the choice of joint 
design, welding parameters, procedures and processes must consider:  

 Welding characteristics of the alloys to be joined  

 Characteristics of the applied fusion welding process 

 Joint configuration and surface characteristics of the joining zone (weld preparation). 

 
 

Weldability – a system approach 
 

Weldability, i.e. the suitability of an aluminium part or component for welding, depends on: 

 Base material quality (alloy composition, surface characteristics, ...)  

 Design (suitability of design for welding, joint design, ...)  

 Welding process (welding method, equipment, processing parameters, ...). 

 

2.1 Welding of aluminium 

Aluminium and its alloys are in general highly suitable for fusion welding. However, although 
many welding methods are possible, only selected fusion welding techniques are generally 
used in series production. Application-oriented refinements in welding tools, equipment and 
materials have resulted in the increasing acceptance of specific fusion welding methods for 
aluminium joining. 

The physical properties of a material have a significant influence on the welding 
characteristics:  

- Pure aluminum has a melting point of 660 °C, whereas the fusion range of the most 
common aluminium alloys is between 520 – 660 °C. Because there is no visible color 
change, it is difficult to judge when the metal approaches its melting point.  
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- Preheating may be necessary, particularly where thick sections are encountered. A 
comparison with steel shows a much higher thermal conductivity, a higher heat 
capacity, heat of fusion and thermal expansion. As a consequence, aluminium 
materials require high heat inputs to melt and may suffer from large deformations. 

- When exposed to air, aluminum rapidly develops a tenacious surface oxide film, 
which − above all other factors related to aluminum welding − causes the most 
trouble. Unless the oxide film is destroyed or removed before and during welding, it 
will interfere with the coalescence of the work pieces and, if applicable, the filler 
material.  

Aluminium alloys that are referred to as „non-weldable” have – as a consequence of their 
composition − an elevated tendency to solidification cracking and, in some cases, also an 
increased susceptibility to stress corrosion cracking in the as-welded condition. The following 
groups of “non-weldable” aluminium alloys are typically mechanically fastened and/or 
adhesively bonded rather than fusion welded:  

- Aluminium machining alloys 

In many of these alloys, bismuth, tin, and/or lead are added in small quantities to facilitate 
machinability. The addition of low melting point metals seriously increase solidification 
cracking tendency. It must be noted that as a result of recent regulations, the addition of lead 
has been largely discontinued, specifically for automotive applications. 

- EN AW-2xxx series alloys containing aluminium-copper-magnesium 

These alloys which are used for aerospace and other high performance applications can be 
susceptible to solidification cracking as well as stress corrosion cracking and premature 
failure after fusion welding. However, binary aluminium-copper alloys of the 2xxx series are 
considered to be weldable when using an Al-Cu filler metal. 

- EN AW-7xxx series alloys contaning aluminum-zinc-copper-magnesium 

If these alloys (also used for aerospace and other high performance applications) are fusion 
welded, they may also fail for the reasons outlined above. Alloys based on the aluminium-
zinc-magnesium system without copper, however, are considered to be weldable. 

In the heat affected zone of the “non-weldable” EN AW-2xxx and -7xxx series alloys, low 
melting point intermetallic phases are preferentially precipitated at the grain boundaries which 
lowers and widens the solidification temperature range of the grain boundary. Consequently, 
when arc welding these types of base metals, the grain boundaries become the last to solidify 
and can easily crack due to solidification shrinkage stresses. In addition, the difference in 
galvanic potential between the grain boundaries and the interior of the grains is increased, 
making them more susceptible to stress corrosion cracking.  

 

2.1.1 The aluminium oxide film 

The thickness of the oxide layer covering technical aluminium surfaces is smaller than 0.01 
mm. The melting point of aluminium oxide is about 2000 °C, in contrast to 660 °C of the 
aluminium metal. Due to its high melting point, the oxide film does not dissolve in the weld 
bath, but must be (locally) destroyed to obtain a fused bond line in the joint. The aluminium 
oxide film is relatively strong, it has a low electrical and thermal conductivity and can easily 
cause welding defects. In general, it shows an inhomogeneous structure and rough surface 
with a high affinity for gas adsorption and surface contamination, i.e. it is a potential source for 
gas porosity. Furthermore, the oxide density is higher than the density of molten aluminium 
and may form non-metallic inclusions in the fusion zone. 
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Constitution of oxide layer on aluminium alloys (schematic)  

In order to form a proper weld, the oxide film has to be removed or cracked during the welding 
process to allow the fusion of the metal. This can be facilitated by the application of an 
appropriate surfaces treatment before welding. Proper cleaning of the aluminium surface is 
always necessary in order to achieve high quality welding results (see also 9.4).  

Nevertheless, even after complete removal of the original oxide film, aluminium surfaces are 
immediately re-covered by a thin oxide film. Destruction of this oxide film is achieved for 
example in arc welding techniques by the cleaning action of the electric arc and of the 
shielding gases. Oxide removal is essentially caused by ion impingement and little (if any) by 
electron penetration through the oxide barrier. The efficiency depends on electrode polarity 
and is therefore influenced by the type of current:  

- Positive electrode  cracking of the oxide film by ion impingement,  

- Negative electrode  no oxide film removal by ion impingement. 

In contrast to argon, helium provides also some cleaning action with negatively poled 
electrodes because of its higher ionisation energy and higher heat dissipation. 

 

Removal of aluminium oxide by ion impingement (left) and electrode penetration 
through the oxide layer (right)  

 
 

2.2 Weld preparation  

The production of high-quality fusion welds between aluminium components depends strongly 
on the quality of the surfaces to be welded. Special care is required to limit porosity and other 
internal imperfections of the weld zone. The most important factors are: 

 Correct storage of components, work piece, filler materials (dry as well as smut-, oil- 
and dust-free environment)  

 Minimize moisture condensation and absorption of water contamination during transport and 

storage 

 Proper surface preparation of the areas to be joined, avoid ground or smeared 
surfaces. 

The level of cleanliness and metal preparation required for welding depends on the desired 
weld quality level. Dirt, oil residues, moisture and oxides must be removed, either with 
mechanical or chemical methods. Surface films containing hydrogen bearing mixtures 
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represent the largest problem because they are broken down into atomic hydrogen in the arc, 
causing gas porosity in the weld. Normal shop practice is to mechanically remove the oxide 
layer by brushing, scraping or shot peening. Only light pressure should be used when 
brushing. Excessive pressure might lead to locally overheating and distortion of the metal 
surface.  

Applicable chemical treatments include cleaning with alcohol or acetone, alkaline or acidic 
pickling or even more complicated chemical treatments. As an example, the amount of 
porosity in the weld seam decrease as result of the applied preparation technique of the joint 
surface in the following order: 

− As-received state (sheared, plasma arc cut or laser cut)  

− Milling 

− Grinding 

− Brushing with rotating CrNi steel brushes  

− Etching  

− Etching and scraping (only joint surface). 

In critical applications, the cleaned surface produced by etching may be subsequently 
protected by a suitable conversion treatment. A suitable conversion treatment of the individual 
components ensures ideal welding conditions. However, this additional process step is 
generally not necessary provided that the components are properly stored and handled 
before welding. 

 

2.3 The welding zone 

Fusion welding produces a locally modified microstructure. Different zones can be identified 
as a result of local alloy composition changes and/or the temperature cycle during welding. 
Depending on the actual heat input and the geometry of the joint, the width of these zones 
can vary considerably. 

 

Characteristics of the welding zone 

The fusion zone is characterised by the presence of molten metal from both adjoin materials 
A and B and, if applicable also from the introduced filler metal. The solidification of the molten 
metal pool starts from the weld seam.  

In the transition zone, (partial) melting of the eutectic phases at the grain boundaries will 
take place. Also, diffusion of alloying elements along the grain boundaries may occur.  

In the heat affected zone, thermally controlled solid state processes (segregation effects, 
precipitation processes, recovery and recrystallisation processes) are possible, depending on 
the reached temperature level. 
 
 

2.3.1 Solidification in the fusion zone 

Solidification in the fusion zone is generally characterised by rapid cooling and solidification 
processes, i.e. a fine as-cast grain structure is formed. The resulting grain size can be 
controlled by an appropriate selection of the welding parameters.  

Three types of weld pool solidification are being observed, i.e. without eutectic 
formation (pure aluminium), with a low fraction of grain boundary eutectic (in general with low 
alloyed aluminium alloys) and with a continuous grain boundary eutectic (i.e. for highly alloyed 
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aluminium alloys). As a result of these different types of solidification, there are various 
potential defects which form at the grain boundaries. 

 

Solidification types of aluminium alloys 

 

2.3.2 Crack formation in the fusion zone 

Depending on the specific welding conditions (design, applied welding process and material 
combination), there is a risk for crack formation in the fusion zone. An important factor 
influencing the cracking sensitivity is the solidification range of the particular alloy 
(temperature difference between liquidus and solidus).  
 
The risk for crack formation (“hot cracking”) in the fusion zone increases with increasing 
solidification range of the alloy (or the alloy combination) to be welded:  

 Pure aluminium has no solidification range and is resistant to cracking. 

 Non-age hardening alloys (EN AW-1xxx, 3xxx and 5xxx series) have solidification 
ranges below 50 °C and can be readily fusion welded provided the necessary measures 
are taken. 

 The solidification ranges of EN AW-6xxx series alloys and 7xxx alloys of the Al-Zn-Mg 
system are about 50 °C and are thus sensitive to solidification cracking. Proper 
countermeasures are necessary to ensure an adequate weld quality. 

 In general, high strength alloys containing copper and magnesium as well as zinc 
(some EN AW-2xxx serie and 7xxx alloys) have solidification ranges larger than 100 °C 
and therefore show a high cracking sensitivity. Fusion welding is very difficult, if not 
impossible.  

Solidification cracking is the result of the presence of high thermal stresses and the 
solidification shrinkage effect as the weld pool solidifies. It is determined by a combination of 
metallurgical, thermal, and mechanical factors. In practice, the cracking sensitivity within the 
fusion zone can be reduced by the use of a filler wire. The addition of the filler wire allows 
changing the alloy content in the fusion zone to an uncritical alloy concentration. If the correct 
filler metal is selected, the cracking can be avoided. Another way to reduce solidification 
cracking is to reduce transverse stress or to increase the amount of edge preparation. 

As an example, two strategies to compensate the weld cracking propensity in Al-Mg-Si alloys 
are shown in the following figure: 
- Alloying with Mg (R-5056A)          (possibility A) 
- Alloying with Si (R-4043A)     (possibility B).  
Under the assumption of a 50% mixture of parent and filler metal in the weld pool, the graphic 
indicates a significantly decreasing tendency for crack formation. 
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Weld cracking propensity in Al-Mg-Si alloys 

Another type of cracking in fusion welded, precipitation hardenable aluminium alloys is 
liquation cracking. Liquation cracking may occur in the transition zone when the temperature 
is increased sufficiently above the melting point of low melting eutectic intermetallic phases 
present at the grain boundaries. A crack will develop if there is sufficient tensile stress in the 
joint and the molten eutectic may connect to the fusion zone. The combination of solidification 
shrinkage and insufficient molten metal feeding may then prevent the closing of the formed 
crack when the weld solidifies. 

Higher heat input tends to expand the affected region. Therefore, the selection of filler alloy 
with a lower solidification temperature and improved fluidity will provide lower susceptibility to 
liquation cracking since the solidification shrinkage occurs at a lower temperature. Similarly, 
lower thermal input with higher current or higher travel speed can also mitigate this problem. 
Additionally, designing joints that improve filler metal dilution into the base material and 
mitigate solidification stresses will also decrease the sensitivity for crack formation.  

A third type of cracking is due to alloy segregation where the centerline of the weld pool 
solidifies last due to solute segregation. This is similar to liquation cracking and can manifest 
itself as “crater cracks” that are star shaped in the center of the weld. Assuring proper filler 
metal dilution and applying techniques where additional wire can be fed into the weld, will 
reduce the susceptibility for segregation based cracking.  

 

2.3.3 Gas absorption and pore formation 

Pores caused by hydrogen are a characteristic phenomenon observed when welding 
aluminium and its alloys. The reason for the formation of hydrogen porosity during 
solidification is the ability of liquid aluminium to absorb a large amount of hydrogen. During 
solidification, the hydrogen solubility decreases by a factor of 20. Thus the excess gas is 
released and the hydrogen bubbles may become trapped and forms pores.  
 
Depending on the solidification morphology of the alloy, two types of hydrogen porosity are 
observed: 

 Pores distributed uniformly,  

 Pores linked together in a chain-like fashion.  

Low welding speeds (and high energy input) lead to a broad fusion zone and, as a result of 
the lower solidification rate, to an unfavourable porosity distribution.  
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Hydrogen gas absorption during welding 

The high solubility of molten aluminium for hydrogen leads to the absorption of additional 
hydrogen in the molten metal pool during welding. Hydrogen may originate from moisture and 
contaminants (e.g. dirt, oil and grease) on the work pieces or the welding equipment (incl. 
filler wire) and the shielding gas or the surrounding atmosphere. Hydrogen and other gases 
causing porosity are absorbed by: 
- Turbulences in the shielding gas envelope; the reason can be a too high or too low flow 

rate of the shielding gas.  
- Unstable arc conditions,  
- Unfavourable torch position, too high slanting angle,  
- Entrance of air into the shielding gas nozzle,  
- Impurities on the work piece surface, filler wire, or in the used shielding gases, 
- Insufficient edge preparation. 

 

Gas absorption during welding 

 
 

2.4 Filler materials 

Filler metals are generally introduced in the form of wires. The addition of filler metals has two 
goals:  

− To avoid the formation of cracks in the fusion zone through an adjustment of the alloy 
composition of the molten pool  

− To provide additional material for gap bridging.  
Therefore, filler wire alloys have to be adapted to the alloy compositions(s) of the components 
to be welded and the required strength and formability (as well as other properties) of the 
weld zone have to meet the product requirements for the final assembly.  
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The composition of the most important filler metals for aluminium welding belong to the two 
groups:  

− Si or Mg are the main alloying elements  

− Depending on the specific alloy (combination), varying amounts of other elements 
(e.g. Mn, Cr, Ti and Fe) are used. 

Filler metals based on the composition AI – 5 % Mg generally provide welds of the highest 
strength. On the other hand, filler metals based on AI – 5 % Si are more resistant with respect 
to solidification cracking and easier to use when welding age hardenable alloys. 

Little development work has been done during the last decades to develop filler metals for 
aluminium welding. A heightened interest has been shown only during recent years due to the 
increased amount of welding performed on aluminium. Newly developed filler metals offer 
increased strength and reduced mismatch, which in turn reduces material consumption and 
enables new possibilities in design. 

 

2.4.1 Selection of filler materials 

Depending on the specific welding technique and material combination, the application of a 
filler wire is not necessary. However, if a filler wire is being used, it is most important to select 
the proper filler metal composition. The main factors which influence the filler alloy selection 
are: 

 Prevention of hot cracking 

 Weld metal strength and ductility 

 Corrosion resistance 

 Weld performance at elevated temperatures 

 Weld metal fluidity 

 MIG electrode wire feedability 

 Weld metal colour match with base material after anodizing.   
 

The filler metal as such is not hardenable, which implies that no hardening procedure can 
strengthen the weld after welding. When a good colour match is needed between the weld 
bead and the surface, Si-alloyed filler metals should be avoided. When anodising, the 
precipitated silicon particles impart a dark grey, almost black colour. 

 

Selection of filler metal 

A major factor towards producing good quality aluminium welds is the use of high quality filler 
rods and wires of the correct diameter and alloy specification. Moreover, the filler metal 
surfaces must be kept free from moisture, lubricants, and other contaminants.  
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2.5 Shielding gases for welding aluminium 

The aluminium weld pool as well as the electrode must be protected from the atmosphere. 
The other role of the shielding gases is to provide a stable arc, to cool the electrode and to 
minimise the introduction of defects into the weld.  

The most important selection criteria is the heat conductivity of the gas. For aluminium 
welding, the predominantly used inert gas is argon, but also combinations of helium and 
argon are applied. Effective mixtures have been found to lie between 30 - 70 % of each 
respective gas (typical mixtures are Ar/He: 30/70; 50/50 or 70/30). Compared to argon, 
helium offers a higher heat concentration and a higher melting rate, but also heat dissipation 
is higher and arc stability is lower. Because of its lower density, helium requires a higher flow 
rate than argon.  

The advantages that can be reached with helium are the result of the higher arc power (due 
to the higher ionization energy of helium compared to argon) combined with its better heat 
conduction (nine times higher than that of argon). Helium raises the temperature of the arc 
which increases the heat delivered to the weld and weld zone. As a result, the weld 

penetration is deeper and broader than with argon, contributing to a reduced porosity in the weld 

bead. On the other hand, with a good heat transferring gas such as helium, a higher fraction of 

the heat (generated from the energy converted in the arc) will be lost to the environment. The 
most common solution is to use argon for MIG and AC TIG welding because the process is 
usually easier to control with argon.  

As welds in aluminium are prone to the formation of oxide inclusions and voids, the shielding 
gas must meet strict purity requirements. Process gases and gas supply system must be 
clean and free from moisture because even minute traces of dirt or moisture can cause 

severe weld porosity. Argon and helium should have a minimum purity of 99.995 % and a dew point 

of - 60 °C or lower. It is very important that the purity of the gas is preserved all the way to the 

arc. If there is any leakage in the welding equipment, the gas will be contaminated. 
 
Sometimes monomix shielding gases are used consisting of inert gases with minute amounts 
of active gases (O2, CO2, NO in less than 0.1 vol. %). Very small additions of oxidising 
components do not adversely affect the weld quality, but actually improve arc stability.They 
provide a slight, but measurable improvement of the energy transfer and consequently of the 
welding speed. Monomix shielding gases are also claimed to produce a smoother transition 
between weld and base metal, thus improving the fatigue properties of welded components. 
CO2 is suitable for MIG welding of AlMg alloys, but cannot be used for TIG welding since CO2 
would rapidly destroy the tungsten electrode. The addition of 0.03 % NO can also be used for 
TIG and MIG welding in order to reduce ozone levels. 

 

2.6 Joint design for fusion welding  

The right choice of joint configuration depends on the 
− material thickness  
− accessible torch or beam positions  
− technological requirements  
− clamping possibilities  
− required tolerances. 
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Joints for gas shielded arc welding 

The joint configuration must be selected with respect to the principle stresses acting on the 
joint (i.e. tension, compression or shear loads). Some recommended joint configurations are 
given below. Shear stress should be largely avoided, because most joints are very sensitive 
to this kind of loading. 

 

   

Recommended joint configurations 

The aluminium extrusion technology offers some interesting possibilities to simplify the 
welding process. Examples of innovative, proactive aluminium profile design include edge 
preparation, material compensation, in-built fastening, integral root backing and the 
minimisation of the number of welds required are all examples of proactive. 

Aluminium profiles can also be designed in a way that reduces the required number of welds. 
Furthermore, welds can be located in a low stress section of the cross-sectional area. This 
means fewer welds and improved strength. In addition, butt welds are used rather than the 
weaker fillet welds. 
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Edge preparation (and material compensation for strength reduction in the weld zone) 
integrated into the profile design 

(Source: Sapa) 

 

Placing welds in lower stress sections of the cross sectional area (left) and reduced 
number of welds 

(Source: Sapa) 

When the welding plan (i.e. the order in which the weld are performed) is established, 
minimum geometrical distortion oft he assembled sructure must be envisaged. The key words 
In order to reduce geometrical distortions due to shrinkage, low heat input and symmetrical 
welding must be envisaged. The following recommendations can be made:  

− Weld as little as possible.  

− Use highly productive welding methods with maximum welding speed and the lowest 
possible heat input. 

− Begin welding in the centre of the structure and proceed symmetrically outwards. 

− If longitudinal and transverse joints meet, weld the transverse first. If butt and fillet 
joints meet, weld the butt joints first. 

− Use fixtures that provide even cooling, if possible, allow free movement oft he work 
pieces.  

Even if the above mentioned measures are taken, it may be difficult to get welded parts 
completely free from distortions. An efficient and long-established method of correcting 
distorted parts is flame straightening. In flame straightening, an oxy-fuel flame is used to 
quickly heat a limited area of the component or assembly. For aluminium, the proper 
temperature range is 350 – 400 °C. Upon cooling, the material in the heated area contracts 
more than it expanded when heated and the component or assembly is straightened out. By 
using external restraining devices, the straightening effect can be reinforced. 

Other possible measures to reduce thermal distortions during welding include the use of 
temporary backing strips that are applied to control weld penetration. They are removed after 
welding. Care must be taken to prevent melting the backing material into the weld pool. In 
addition, preheating to 100 – 200 °C can be used when welding large material thicknesses, in 
particular to reduce the thermal effects of the different material cross section when welding 
work pieces of dissimilar thickness. However, all these measures (flame straightening, 
temporary backing strips and preheating) add additional complications and should be avoided 
in series production by proper design of the welded structure and an appropriate welding 
schedule. 

Attention to good joint fit-up (i.e. joint gap/root face combinations and plate mismatch) is 
important to ensure the production of high quality welds. Joint fit-up and edge preparation are 
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closely related. Inferior joint fit-up will produce poor welds, independent of the quality of edge 
preparation.  

In addition to edge preparation and joint fit-up, joint accessibility becomes just an as important 
consideration. The aspect of accessibility (i.e. the sizes of the welding TIG torch or MIG gun 
and the arcing characteristics) is often overlooked during the initial design stage. Apart from 
the accessibility factor, the designer should always be aware that it is important to allow an 
unrestricted view of the arc within the preparation.  

 

2.7 Characteristics of the weld zone 

The fusion zone shows an as-cast structure with the respective physical characteristics. Most 
important in practice, however, are the related property changes within the heat affected 
zone. Every fusion welding process leads to the formation of a heat affected zone in the 
neighbouring parent metal where − depending on the original microstructure and the location 
− different thermally assisted microstructural processes can occur. The extension of the heat 
affected zone depends on the thermal input, which again depends on: 
  

− the heat input of the specific welding technique,  
− the welding speed and - for multi-pass welding - pass thickness, and 
− the thermal conduction as determined by the work piece geometry and alloy 

composition.  

 

Strength variation in the heat affected zone of a welded Al-Mg-Si alloy 

(Source: Sapa) 

In general, the heat affected zone is characterised by a local softening (reduction of strength). 
The resulting strength change depends on the alloy type, the original microstructural 
characteristics (local strengthening mechanisms) and the active softening mechanisms. In 
non-heat treatable aluminium alloys, the strength of work-hardened tempers (H tempers) is 
reduced due to recovery / recrystallisation processes whereas no (or relatively small) strength 
changes occur for soft (annealed) tempers.  

When heat treatable aluminium alloys are welded, they lose a significant amount of their 
original mechanical properties in the heat affected zone. If the base metal being welded is in 
the -T4 temper, much of the original strength can be recovered after welding by proper post-
weld ageing. If the base metal is welded in the -T6 temper, it can be solution heat treated and 
aged after welding which will restore it to the -T6 temper. However, any post-weld heat 

treating and ageing may cause additional problems. 

In Al-Mg-Si alloys (EN AW-6xxx serie), the strength of the original T4 or T6 tempers is 
reduced in the heat affected zone due to over-ageing. Full re-hardening would require a 
complete solution heat treatment followed by quenching and artificial ageing; as a result, the 
welded assembly will most likely be strongly distorted. Partial re-hardening after welding is 
possible up to about 40 % of the parent metal strength. Therefore, it is recommended:  

− To keep the energy input per unit length of the weld as small as possible ( reduce 
width of heat affected zone),  
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− To weld AlMgSi alloys in the T4 temper followed by age hardening of the complete 
assembly (if possible).  

With extruded aluminium profiles, it is easy to compensate for the decreased joint strength by 
a local increase of the wall thickness. Furthermore, edge preparation can be directly 
incorporated into the cross section design. 

In Al-Zn-Mg alloys (Cu-free alloys of the EN AW-7xxx serie), strength in the heat affected 
zone is reduced due to the re-solution of the precipitates. In this case, natural or – preferred – 
artificial ageing allows to restore more or less the original strength. As an example, the 
weldable EN AW-7020 offers unique possibilities due to:  

− large solid solution range from 350 to 500 °C,  

− low quench rate sensitivity,  

− significant age-hardening effect at room temperature.  

The heat affected zone reaches the original strength after 90 days of natural ageing.  

Apart from strength, the corrosion resistance in the heat affected zone is probably the most 
important issue which has to be considered. As a rule, the heat input caused by the welding 
process often reduces the standard corrosion properties of aluminium alloys in the weld zone. 
The area next to the weld and the weld bead may lose corrosion resistance due to the 
creation of a coarse-grained structure. Furthermore, solidification cracks may promote the 
corrosive attack since can easily open the cracks. In addition, the potential formation of local 
residual stresses has to be considered in detail.  

Among the “weldable” aluminium alloys, EN AW-6xxx and -7xxx alloys are most sensitive to 
corrosion problems after fusion welding. Pure aluminium and the non-hardenable alloys are 
more resistant or are not affected at all.  

 

2.8 Imperfections in fusion welds  

The presence of imperfections in a welded joint may not render the component defective in 
the sense of being unsuitable for the intended application (thus the preferred term is 
imperfection rather than defect). Welds that contain discontinuities serious enough to affect 
the weld strength, corrosion resistance or any other characteristic properties are considered 
as “defective welds”. The defects may be the results of incorrect metal preparation, welding 
procedures or techniques. Common defect types include cracks (longitudinal, transversal or 
crater cracks), excessive porosity, incomplete fusion, undercuts and inadequate penetration. 
Incorrect weld size and shape are also considered as weld defects. 

Imperfections can be distinguished with respect to their nature:  

 Physical (e.g. cracks in fusion zone)  

 Chemical (e.g. oxide inclusions)  

 Geometrical (e.g. edge misalignment). 

In industrial practice, however, imperfections in welds are rather divided into external and 
internal irregularities.  

 

Examples of internal and external imperfections 

Imperfections must be considered as irregularities in welded joints and, since they will always 
be present to some degree, it is necessary to define acceptable limits. There are various 
standards and guidelines for the description of external (e.g. misalignment of edges, notches 
and poor weld geometry) and internal (e.g. type and distribution of porosity, inclusions, cracks 
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and fusion defects) imperfections. The purpose of these standards and guidelines is to allow 
for a clear description of the observed defects.  

The use of standardised terms also enables the establishment of application-oriented 
consistent quality specifications for welds. A subdivision into different evaluation classes 
enables the definition of limiting values, depending on the required geometrical tolerance 
and/or weld characteristics. This is done in appropriate guidance documents. 

In design codes for welded structures, the imperfections are broadly classified into those 
produced during fabrication of the component or structure (external and internal imperfections 
as defined above) and those formed as result of adverse conditions during service (e.g. brittle 
fracture, stress corrosion cracking or fatigue failure). The application code will specify the 
quality levels which must be achieved for the various joints. 

Welding procedure, joint features and access and welder technique will have a direct effect 
on fabrication imperfections.  

a) Solidification cracking 

 

TIG weld of the alloy EN AW-6061-T6 welded with 4043 filler metal (left) and without 
filler wire (right) 

(Source: MAXAL) 

The majority of aluminium alloys can be successfully fusion welded without cracking-related 
problems. Solidification cracking can be considered as a metallurgical weakness (see section 
2.3.2), i.e. the result of a non-appropriate use of filler metal (no filler metal or wrong filler wire 
composition). It can also the result of not appropriately developed and tested welding 
procedures (e.g. too little filler metal in the weld, too small weld for the base material 
thickness or too low welding speed).   

Solidification cracking (hot cracking) is a high-temperature cracking mechanism and is mainly 
a function of how metal alloy systems solidify. Aluminium crack sensitivity curve diagrams are 
a helpful tool to understand why aluminium welds crack and how the choice of filler alloy and 
joint design can influence crack sensitivity. The crack sensitivity curves show that with the 
addition of small amounts of alloying elements (Si, Cu Mg), the crack sensitivity becomes 
more severe, reaches a maximum, and then falls off to relatively low levels.  

It can be seen that most of the aluminium alloys considered unweldable autogenously 
(without filler alloy addition) have chemistries at or near the peaks of crack sensitivity. In these 
cases, it is important that the composition of the weld, which is comprised of both base alloys 
and the filler alloy, lies in an area of low crack sensitivity.   
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Crack sensitivity curve of the most common weld metal chemistries  

 

A further aspect to be considered are secondary cracking mechanisms. The filler metal choice 
has an effect on the shrinkage stress. Silicon filler metals (4xxx) have lower solidification and 
reduced cooling shrinkage rates than Mg filler alloys (5xxx). Therefore, 4xxx filler alloys have 
lower shrinkage stresses and produce reduced stress cracking. 

b) Porosity 

Porosity causes much concern despite the fact that, unless it is severe or aligned, it usually 
has less effect on weld strength than other defects. It is rather easily detected through 
standard radiography and thus has become a highly regulated defect.  
Porosity is generally caused by hydrogen gas trapped in the metal as it cools (see section 
6.3.3). The relevant sources of hydrogen that create porosity are: 
- Hydrocarbons (in the form of paint, oil, grease, other lubricants and contaminants) 
- Hydrated aluminum oxide (aluminum oxide can absorb moisture and become hydrated, 

the hydrated oxide will release hydrogen when subjected to heat during welding) 
- Moisture (moisture within the atmosphere can be a serious cause of porosity under 

certain circumstances). Moisture from other external sources such contaminated 
shielding gas or from pre-cleaning operations must also be considered. 

To control porosity, it is essential to eliminate moisture and contaminants by correct metal 
preparation and control of the welding procedure (i.e. the longer the weld remains fluid, the 
greater is the opportunity for the hydrogen to escape). The shielding gas, regardless of 
composition, should therefore have the lowest possible moisture and hydrogen content. 

A specific type of internal imperfections are “mechanical pores” which are caused by the 
entrapping of air during welding. The formation of mechanical pores is favoured by the use of 
high energy welding processes (high welding speed), alloys with narrow solidification ranges 
and small tapering angle of the weld edges. This effect can be compensated by the creation 
of ventilation areas achieved by a narrow air gap between the work pieces, edge preparation 
with taper angles of 50 - 70° and reduction of welding speed to enable proper degassing. 

 

Mechanical pore formation and prevention 
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c) Inclusions 

Oxide inclusion in aluminium welds may be avoided by a proper surface treatment prior to 
welding (see section 2.2). More critical are metallic inclusions. The most common is tungsten, 
transferred through the arc when TIG welding. Nitrogen can also be a problem because it 
readily forms nitrides with aluminium which reduce the mechanical properties. 

d) Incomplete fusion 

Incomplete fusion is perhaps the most serious of the different defects, since it significantly 
weakens the joint and is difficult to detect. It is the result of weld metal failing to coalesce with 
the base metal or with other weld metal. Incomplete fusion results mainly from incorrect 
welding parameters (specifically insufficient current) and insufficient edge preparation / 
cleaning.  

e) Incomplete root fusion or penetration 

Incomplete root fusion is when the weld fails to fuse one side of the joint in the root. 
Incomplete root penetration occurs when both sides root region of the joint are unfused.  

These types of imperfections are more likely in consumable electrode processes where the 
weld metal is “automatically” deposited as the arc consumes the electrode wire or rod. 
Correct welding parameters for the material thickness should give adequate weld bead 
penetration. In particular a too low current level for the size of root face will lead to inadequate 
weld penetration. It is also essential that the correct root face size and bevel angles are used 
and that the joint root gap is set accurately. 

The following imperfections are related to poor geometric shape of the weld: 

 Excess weld metal  

 Undercut  

 Overlap  

 Linear misalignment  

 Incompletely filled groove.  

Penetration and fusion are controlled by the welder, the weld joint design, the weld procedure, the 

welding equipment, and the shielding gas characteristics. 

f) Excess weld metal (overfill) 

Excess weld metal is weld metal lying outside the plane joining the weld toes. This 
imperfection evelops when excessive weld metal is added to the joint, ie.e too much filler 
metal for the travel speed used. An increase in travel speed or voltage will help to reduce cap 
height. 

 

Excess weld metal 

(Source: TWI) 

Most standards have limit for excess weld metal which is related to material thickness, but 
some also have a maximum upper limits. Moreover, most specifications state that a “smooth 
transition is required”. 

g) Undercut 

An undercut is an irregular groove in the parent metal. A wide spreading arc (high arc voltage) 
with insufficient fill (low current or high travel speed) is the usual cause.This imperfection may 
be avoided by reducing travel speed and/or the welding current and by maintaining the 
correct arc length. 
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Undercut 

(Source: TWI) 
The figure shows undercut at surface of a completed joint but it may also be found at the toes 
of each pass of a multi-run weld. The latter can result in slag becoming trapped in the 
undercut region. 

h) Overlap 

Overlap is an imperfection at a toe or root of a weld caused by metal flowing onto the surface 
of the parent metal without fusing to it. It may occur in both fillet and butt welds. 

The presence of the “overlap” imperfection is generally not allowed. It can be avoided by 
proper welding conditions, in particular by a reduction in weld pool size (reducing current or 
increasing travel speed). Adequate cleaning of the work pieces is also important. 

 

Overlap 

(Source: TWI) 

 
i) Linear misalignment 

This imperfection relates to deviations from the correct position/alignment of the joint. It is 
primarily the result of poor component fit-up before welding. The consequence of linear 
misalignment can, when welding is carried out from one side, be lack of root or sidewall fusion 
to give a sharp continuous imperfection along the higher weld face toe. 

 

Linear misalignment 

(Source: TWI) 

j) Incompletely filled groove 

This is a − continuous or intermittent − channel in the surface of a weld, running along its 
length. The joint has not been sufficiently filled due to insufficient filler metal (current or wire 
feed too low or too high a travel speed). The result is that the weld thickness is less than that 
specified in the design, which could lead to failure. Most standards will not accept this type of 
imperfection. 

 

 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  19   

 

Incompletely filled groove 

(Source: TWI) 

 

There are various other types of weld imperfections which are described in the different 
standards and guidance documents. For details, please refer to the appropriate application 
codes. 

k) Weld discoloration, spatter and black smut 

EN AW-4xxx series filler metals produce less weld discoloration, spatter and smut than EN 
AW-5xxx series filler metals. Magnesium in the Al-Mg-filler metal alloys preferentially 
vaporizes in the arc and condenses as a black powder next to the weld bead. It has a lower 
vapour pressure than either silicon or aluminium. The increased vapourisation causes some 
disintegration of the transfering droplet as separation from the tip of the electrode occurs.  
Increased black smut and spatter are therefore encountered next to a weld bead made with 
Al-Mg filler metal alloys.  

Also oxygen and moisture causes weld discoloration and smut build-up. Thus the air content 
in the shielding gas should be minimized. 

l) Detection of welding imperfections 

There are several methods of detecting weld defects in aluminium. Visual inspection is by far 
the easiest and most inexpensive method. Frequent visual inspection during welding can 
often detect imperfections early enough to allow for corrective actions before a weld is welded 
completed, and thus minimize repair welding at a later stage.Radiographic, penetrant, 
ultrasonic or eddy current are all non-destructive detection methods that are readily used on 
aluminium. Ultrasonic testing is the most effective and most frequently used testing method.  

 

Non-destructive testing methods for aluminium welds 

 

2.9 Work environment and safety 

Welding operations result in fumes and spatter and thus should be properly controlled to 
minimise spatter and dust formation. Appropriate personal protective equipment must be used 
to avoid inhalation. Aluminium metal is not particularly hazardous or toxic. Aluminium oxide 
dust is a nuisance dust. On the other hand, aluminium dust is pyrophoric and must be suitably 
handled.  

When welding aluminium, the emission of particulate fume and gases depends on the welding 
method, the applied filler metal and the type of alloy. TIG welding produces less fume than 
MIG welding due to the lower energy of the arc and the fact that the filler metal is not placed 
in the extremely hot centre of the arc. The highest amount of fume is produced by using Al – 5 
% Mg filler metal. 
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Dust is created in the form of fumes and particles. The particles are often large in size and fall 
down close to the workplace, but fume particles are smaller and can travel far from the 
workplace. Therefore, much effort is directed towards minimising air pollution. One of the 
largest problems encountered when welding is the formation of ozone. MIG welding of 
aluminium produces more ozone than TIG welding. The amount is also dependant on welding 
current, arc length, welding time and type of alloy. Silicon filler metals produces the largest 
amount of ozone, whereas ozone production is much lower when using magnesium alloyed 
filler wire. In order to reduce the ozone level, proper ventilation of the workplace is therefore 
essential. The second possibility is the use of a shielding gas that reacts with ozone, i.e. the 
addition of a small amount of nitric oxide (NO) to the shielding gas. NO dissociates the ozone 
molecules into oxygen and nitrogen dioxide (NO2). 

 

2.10 Simulation of fusion welding 

Fusion welding of aluminium is today well understood and can be simulated by several 
specific software programs (e.g. SYSWeld® or WELDSIM®).The use of the computer to 
simulate the joining process often allows a reduction of the development cost by reducing the 
amount of experimental investigations.  

The welding process includes several different non-linear physical phenomena which have an 
influence on the final properties of the welded joint. Their consideration in a single simulation 
model is unrealistic:  

- The mathematical description of all these acting phenomena with their respective 
coupling is extremely difficult.  

- The computational time of such a model would be unacceptable with the available 
computational resources.  

In order to decrease the complexity of the model, simplifications and assumptions are 
therefore taken into consideration depending on the focus and the respective required 
accuracy of the investigated problem. Over the last 30 years, research in the area of welding 
simulation has converged to three main domains:  

- Process simulation 

- Material simulation 

- Structure simulation. 

The process simulation deals with the welding process itself. In comparison to the structure 
simulation that describes the process effects on the surrounding structure, the goal of a 
process simulation is the description of the molten pool formation (and the fluid flow dynamics 
inside the weld pool) as a function of the acting physical phenomena and the resulting local 
temperature field. The material simulation deals with the microstructural evolution during and 
after the welding process in and around the weld seam on a micro- and macroscopic scale 
including hot and cold cracking. Many computational thermodynamic and kinetic models have 
been developed in the last decades to predict these phenomena. The prediction of the 
thermal and mechanical material properties of alloys in dependence on their chemical 
composition also belongs to the material simulation. The structure simulation deals with the 
heat effects of the welding process, which are the global temperature field and the resulting 
residual stresses and distortions of the welded assembly.  

In industrial practice, the definition of the welding sequence and the locations where the parts 
should be welded provides the basis for the correct completion of the welding assembly 
process. Numerical simulation allows the prediction and minimization of the resulting 
distortions, i.e. it enables an increase of the overall product quality as well as drastic cost 
saving. 

The welding process is simulated with the aim to control the process in a way that minimizes 
the stress gradient as well as tensile / compressive surface stresses. As a result, the lifetime 
of the assembly under dynamic loads increases and corrosion risk decrases. Virtual 
manufacturing helps to optimize part geometry, materials and process parameters during the 
early stages of a new design cycle avoiding expensive engineering changes that could occur 
later. It also allows user-defined weld sequencing and control of the weld manufacturing 
parameters such as velocity, energy input and many others. 
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Virtual manufacturing ensures optimum weld quality 

(Source: ESI) 

Process modeling techniques can be also applied to optimize the functional requirements of a 
specific component at minimum costs. For welded aluminium structures, the load-bearing 
capacity of the welds is of major concern since the mechanical integrity of the welded 
component is generally poorer than that of the base material. As an example, the heat 
affected zone in Al-Mg-Si alloys represents the weakest part of the weld. Therefore, the 
design stress cannot exceed the minimum strength level in this zone. On the other hand, 
adding material thickness to increase the load-bearing capacity of the joint should be avoided 
because of the resulting weight and cost penalties. 

The predicted weld thermal history can be used as input to a microstructure module that 
calculates the evolution of the particle size distribution with time. Advanced dislocation 
mechanics are then employed to convert the computed particle size distribution into an 
equivalent room temperature yield strength. The results from the microstructure module are 
then transferred to a mechanical module to obtain the actual residual stress and distortions. 

 

Main inputs and outputs of WELDSIM® 
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3.0 Introduction 

Welding is a commonly used fabrication process to join metallic materials. A weld joint is 
accomplished by partially melting the work pieces to form a molten metal pool that solidifies 
and forms - after subsequent cooling - a firm, permanent connection. Sometimes, a filler 
metal is also added to the molten metal pool. Various fusion welding techniques are used in 
practice. Some general aspects which concern all the different methods are covered in 
section “2. Characteristics of aluminium in fusion welding”. Please see this section for more 
details. 

A most important welding method is arc welding. Arc welding is a fusion welding process 
which uses a power supply to initiate and maintain an electric arc between an electrode and 
the base material to create a molten metal pool at the welding point. Arc welding can be 
accomplished either with direct (DC) or alternating (AC) current. The welding region is 
usually protected by some type of shielding gas, vapour, or slag.  

The different arc welding techniques are defined by the type of electrode: 

- Arc welding with a consumable electrode 

- Arc welding with a non-consumable (refractory) electrode. 

For aluminium materials, three arc welding processes are most relevant: 

 MIG welding (often referred to as GMAW (Gas Metal Arc Welding)) 

 TIG welding (often referred to as GTAW (Gas Tungsten Arc Welding)) 

 Plasma arc welding (PAW).  

The weld region is shielded from the atmosphere by an inert gas. 

 

 

Arc welding processes may be manual, semi-automatic, or fully automated. Manual welding 
is used for welding tasks where mechanisation/automation is not considered to be profitable. 
If applicable, a hand held rod may be used in TIG welding to add the filler metal to the weld 
pool whereas in MIG welding, the consumable electrode is always automatically fed from a 
reel.  

In mechanised welding, the welding parameters are controlled mechanically or electronically, 
but can be manually adjusted during welding to ensure the required weld quality. In contrast, 
in automatic welding, manual adjustments of the welding parameters are not possible during 
welding, but may be made between welding operations. The result is a more consistent weld 
quality and weld bead appearance, provided that the welding parameters are properly 
defined. Generally a human operator prepares the materials to be welded. 
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For high production volumes, robotic welding is commonly used. The welding process is 
completely automated and robots both perform the weld and handle the parts.  
 
 

3.1 Arc welding with consumable electrodes 

 

3.1.1 Gas metal arc welding  

Gas metal arc welding (GMAW) is a semi-automatic or automatic welding process where a 
continuously fed consumable wire acts as both electrode and filler material. The welding wire 
uncoils automatically from a reel to the welding torch. Heat is produced by an arc between the 
electrode and the base metal. It is a versatile welding process, suitable for practically all 
metals, quick and easy on thin as well as heavy gauge material and generally calls for little 
post weld finishing.  

A differentiation can be made between metal inert gas (MIG) welding and metal active gas 
(MAG) welding. For steel welding, active gas mixtures (mainly argon-based gas mixtures 
which contain oxygen or carbon dioxide) are preferred. In contrast, for aluminium and most 
other metals, inert shielding gases (argon, helium or mixtures of these two) are exclusively 
utilized (see also section 2.5).  

Although seldom used, flux cored wires can be applied as an alternative to shielding gases. In 
this case, evaporation of their casing in the arc creates a shielding gas environment.  

 

Fundamental features of the gas metal arc welding (GMAW) process  

 

3.1.1.1 MIG welding of aluminium 

For MIG welding of aluminium, a direct current (DC) power supply with the electrode 
connected to the positive pole is usually used since this arrangement results in a very good 
removal of the aluminium oxide surface film (see section 2.1.1). The wider application of the 
MIG welding process with alternating current (AC) was only enabled by recent power source 
developments. This approach is particularly useful when welding thin aluminium materials 
since AC MIG welding reduces the heat input into the base material.  

During the last years, significant improvements were made with respect to power source 
technology and weld process control. The welding current, arc length and electrode wire 
speed are controlled by the welding machine and set by the operator. The MIG process uses 
a continuous wire feed and, for the majority of welding operations, it is important that the rate 
at which the wire burns off in the arc is matched by the wire feed speed. Otherwise, an 
unstable arc and variable weld quality may result. In general, the feeder is of the push-pull 
type, i.e. the wire is pushed through a feed pipe and at the same time drawn by the gun. Wire 
feeding is provided either by an integrated wire drive inside the power source housing or an 
external wire-feed unit. 

Conventional stepped power sources use a transformer to produce the desired welding 
voltage. A rectifier, positioned downstream from the transformer, generates the rectified 
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welding current from the supplied alternate current. An adjustable induction coil smooths out 
unwanted current peaks, thereby reducing the tendency to produce welding spatter. 

 

Schematic of the MIG welding process  

(Source: Miller Electric Mfg. Co.) 

The welding current flows from the power source through the gun cable and welding torch (or 
welding gun) to the wire and across the arc. On the other side of the arc, the current flows 
through the base metal to the work cable and back to the power source. The filler wire is fed 
via two or four drive rollers into the welding torch, where the current is transferred either via a 
contact tube or a contact tip.  

 

Schematic of a MIG welding gun (left) with current transfer at the tip (right) 

(Source: Lincoln Electric Company) 

The shielding gas flows through the gun and out the nozzle. The free wire end is 
concentrically surrounded by the gas nozzle. The shielding gas prevents chemical reactions 
between the hot work piece surface and the surrounding air and protects the weld pool from 
contamination. In addition to controlling the arc behaviour and deposition rate, the shielding 
gas is also partly responsible for the material transfer and the shape of the resulting weld 
seam.  
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Gas-cooled welding torches for manual (left) and robotic welding (center) with current 
transfer using a contact tube (right)  

(Source: Fronius) 

Manual and machine welding torches are available in gas-cooled and water-cooled versions. 
Gas-cooled welding torches are cooled by the shielding gas, while water-cooled welding 
torches offer more effective cooling. For welding currents of 300 A and above, water-cooled 
welding torches are standard.  

In the standard DC MIG welding process, most of the heat developed in the arc is generated 
at the electrode (positive pole). The result is a high wire burn-off rate and an efficient heat 
transfer into the weld pool. The selection of wire diameter and wire feed speed determine the 
welding current as the burn-off rate of the wire will form an equilibrium with the feed speed. 

The manner in which the filler metal transfers from the electrode to the weld pool largely 
determines the operating features of the process. There are three basic metal transfer modes 
in gas arc welding: short-circuiting, globular, and spray: 

 

Types of metal transfer 

In short-circuit (or dip) transfer welding, metal transfer occurs when an electrical short circuit 
is established. At low welding currents, the tip of the continuously fed wire may not melt 
sufficiently fast to maintain the arc, but can dip into the weld pool. An electrical short is 
created and the current spikes. The combination of surface tension forces and the magnetic 
pinch force created by the current spike cause the droplet to transfer to the weld pool and the 
arc is re-established. The cycle is repeated about 100 times per second.  

Due to the low heat input, this metal transfer mode would be particularly useful for joining thin 
materials. However, the violent nature of the short-circuiting event results in relatively high 
spatter levels and the process has a tendency to generate incomplete fusion discontinuities 
when welding thicker materials. Thus for a long time, the short-circuit transfer process variant 
was not used for aluminium welding.  

Only recently, new equipment developments enabled significant improvements in the control 
and stability of short-circuiting metal transfer. Several manufacturers now offer advanced 
versions of the MIG welding process for thin sheet and/or positional welding based on the 
short-circuit transfer mode (see section 3.1.1.6).  

As welding current and voltage are increased, metal transfer takes on a different appearance. 
In the globular transfer mode, a molten metal ball builds up at the end of the electrode with a 
diameter which is usually greater than the wire itself. When the drop finally detaches either by 
gravity or short-circuiting, it falls onto the work piece producing high heat, an uneven weld 
surface and spatter. Due to its erratic nature, the globular transfer mode is not used for 
aluminium welding. 
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By raising the welding current and voltage still further, metal transfer changes from larger globules 
through small droplets eventually to a vaporised stream. In the spray transfer mode, small molten 

drops are detached from the tip of the wire and projected by electromagnetic forces towards the weld 

pool. The wire does not make contact with the weld pool, i.e. the arc is stable and little spatter is 
produced. On the other hand, the continuous spray of small molten droplets enables high 

deposition rates and deep penetration into the parent metal. The low melting point of aluminium 
and its alloys allows the application of the spray transfer mode even at relatively low currents. 
Thus for a long time, spray metal transfer was the preferred technique for aluminium welding.  

A drawback of the spray arc welding method is its high thermal input, which means that it is 
best suited for welding thicker materials and for welding in flat and horizontal positions. When 
welding thinner aluminium components, the risk of burn-through and warping issues calls for 
careful control of the processing parameters. As a possible solution, the fine wire MIG welding 
process (with wire diameters < 1 mm) was considered. However, the soft, fine aluminium 
wires are difficult to feed and this approach proved to be not very successful. 

Today, the pulsed spray method (see section 3.1.1.2), a variant of the spray transfer mode 
where metal transfer is achieved by applying direct current pulses, is normally applied, in 
particular for thinner aluminium work pieces.  

  

Manual and automated MIG welding of an aluminium car body structure 

(Source: Ferrari) 

In MIG welding, the electric arc is dynamic, i.e. current and voltage are constantly changing. 
Current effects the consumption rate of the electrode, i.e. the higher the current level, the 
faster the electrode melts. Voltage controls the length of the welding arc and the resulting 
width and volume of the arc cone. As voltage increases, the arc length gets longer (and arc 
cone broader).  

 

Effect of Arc Voltage 

(Source: Lincoln Electric Company) 

Many MIG welding power sources are designed with a constant voltage characteristic. This is 
most important in manual welding where a fixed arc length cannot be maintained during 
welding. When a constant voltage power source is used, a small increase in the arc length 
increases the arc voltage and therefore results in a large drop in arc current. Consequently 
the wire burn-off rate decreases, the tip of the wire moves back closer to the weld pool, 
decreasing the voltage and raising the current again. The result is a “self-adjusting arc” where 
arc length and filler metal deposition rate are maintained constant almost irrespective of the 
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torch movement, although weld penetration is not maintained constant because the current is 
varying. On the other hand, a constant current power source has also advantages. In this 
case, a large change in arc voltage results in only a small change in arc current. Heat input is 
reasonably constant, leading to more consistent weld penetration. 

Just as it is possible to perform MIG welding using constant current or constant voltage power 
supplies, it is also possible to perform MIG welding using power supplies where the overall 
arc power is regulated. In the Power ModeTM process variant, the wire feeding speed and the 
overall arc power are preset. The arc length is set by changing the arc power, i.e. increasing 
arc power increases the arc length.  

 

Comparison of the constant current, constant voltage and constant power slopes 

(Source: Lincoln Electric Company) 

The power supply responds to changes in voltage sensed at the welding arc. However, unlike 
a constant voltage weld process, the Power ModeTM will respond with less current change. 
The benefit of this type of control is most obvious in applications where energy and 
penetration must be closely monitored and consistent, i.e. it aids in the control of the arc’s 
response to variations in stick-out. Spatter levels are usually lower than those obtained from 
constant voltage power supplies. 

 

3.1.1.2 Pulsed MIG welding 

Pulsed MIG welding is a further development of the standard MIG welding process. It was 
developed in the early 1960s, but wider adoption on the shop floor started only in the late 
1970s. With the introduction of solid state electronics, pulsed arc welding became the 
standard MIG welding technique for aluminium.  

 

Pulsed MIG arc welding features a controlled, short-circuit-free material transfer 

(Source: Fronius) 
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Characteristic of the pulsed arc technique is the controlled material transfer. Pulsed MIG 
welding maintains an arc at low current and superimposes short periodic pulses (30 – 300 Hz) 
of high current in order to detach and transfer single drops of molten metal from the electrode 
to the weld pool. In the background current phase, the energy supply is reduced to such an 
extent that the arc is only just stable and the surface of the work piece is preheated.  

The peak current phase is used for targeted droplet detachment. A precisely controlled 
current pulse supplies the heat to melt the filler wire, but also to pinch off just one molten 
droplet for each pulse. The droplet size is adjustable. Although the metal transfer occurs at 
the high current levels necessary for spray transfer, the average current is reduced. The 
reduction of the overall heat input decreases the size of the weld pool and heat-affected zone. 
Furthermore, a thicker electrode can be used when welding thin material, i.e. the deposition 
rate (welding speed) can be increased.  

        

Robotic MIG welding with through-arm (left) and external wire feeding (right) 

(Source: Lincoln Electric Company) 

With the pulsed arc technique, an unwanted short circuit with simultaneous droplet explosion 
is ruled out as is uncontrolled welding spatter. There is less deformation of the work piece and 
less need for post-weld finishing. The smaller weld pool offers greater versatility, making it 
possible to weld in all positions. It also helps to bridge gaps when fit-up is less than optimal. 
Furthermore it provides the operator with excellent directional control over the weld pool, 
which improves bead appearance.   

   

Robotically applied MIG weld joining the C pillar to a roof section on the Jaguar XK 

(Source: Jaguar) 

Pulsed MIG welding requires a power source which can supply the two different current 
levels. Modern microprocessor-controlled power sources allow to fine-tune arc conditions e.g. 
for material thickness, wire diameter or material type and have a built-in set of programs that 
automatically select the optimal welding parameters enabling perfect and reproducible results. 
Therefore practical application is much easier compared to older power source types where 
all pulse parameters had to be adjusted by the operator.  
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Microprocessor-controlled power source for short circuit, spray and pulse-spray metal 
transfer and a push-pull wirefeeder (left)  

(Source: The Lincoln Electric Company) 

 

3.1.1.3 Advanced control techniques for pulsed MIG welding 

Further advancements of the MIG welding process were enabled in recent years by the 
increasing use of microelectronics and digital technology. The results are even lighter power 
sources, faster controlled arc movements and improvements in the ignition process. The 
latest developments are completely digitalized welding systems. The crucial difference 
compared to conventional computer-controlled power sources is the incorporation of a digital 
signal processor which carries out the welding process control. The new developments 
provide an even easier user guidance and further improved welding characteristics.  

In pulsed MIG welding, the output of the power source is neither constant current nor constant 
voltage. Modern power sources rather monitor and change both voltage and current at 
extremely fast rates in order to maintain stable arc welding conditions. The continuously 
adjustable output current is constantly measured and kept within the ideal range. Also the 
pulse waveform is continuously adjusted by providing a fast or slow front edge on the pulse to 
transfer the droplet at the proper rate. The back edge falls at a controlled rate to add the 
required heat to wet the droplet to the molten metal pool. 

Some specific control features that significantly improve pulsed MIG welding performance are 
described in the following. As an example, pulsed waveforms have been developed that use 
true constant current. The purpose of these waveforms is to eliminate the rapid variations of 
the arc length (“hunting”) that is common when using 5XXX filler metals. This approach has 
been reported to be successful, with a more stable arc and no arc hunting. 

Another example is the Profile PulseTM feature that significantly improves the weld bead 
appearance. It creates a TIG-like weld bead profile without having to weave or step the torch. 

 

Typical consistently spaced ripple pattern of a MIG Profile PulseTM weld  

(Source: Miller Electric Mfg. Co) 
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The wire feed speed and arc power are modulated at a low frequency, thus producing a 
consistently spaced ripple pattern. The spacing of the ripple pattern can be changed by 
changing the switching frequency (usually from 0 to 5 Hz). Commonly used for highly visible 
welds, the Profile PulseTM program can also aid in out-of-position welding.  

The same effect can be achieved without changing the wire feeding speed e.g. by 
superimposing a low frequency pulse over the normal pulse and adjusting the relative length 
of the high-current phase per cycle (“SynchroPulse” function) or the Pulse-On-PulseTM 
process which uses a sequence of varying pulse wave shapes. In the Pulse-On-PulseTM 
process, a number of high energy pulsed is followed by the same number of low energy 
pulses. The high energy pulses provide a hotter arc (longer arc duration) while the low energy 
pulses allow the weld pool to cool. As a result, heat input can be controlled even more 
precisely. 

 

Pulse-On-PulseTM process 

(Source: Lincoln Electric Company) 

The high measuring and control speed of modern power sources also offer functions such as 
the penetration stabiliser and the arc length stabiliser feature. Arc-length control ensures that 
the arc length remains constant at all times, even when the stick-out changes. It maintains a 
consistently short arc, which allows to achieve higher welding speeds.  

  

Constant arc length despite varying stick-out (left) and changing torch position (right) 

(Source: Fronius) 

Weld penetration can be kept constant by using current controls to adjust the heat so that 
changes in electrode extension do not affect heat input. Another possibility is to make use of 
an active wire control to compensate for the influence of the torch stand-off distance on the 
welding result.  

 
 
The activated penetration stabiliser controls the wire feed speed instead of the welding 

current (left) and ensures constant weld penetration (right) 

(Source: Fronius) 
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Significant improvements have been achieved also with regard to the start and stop 
phase. The ideal ignition sequence can be optimised and programmed with the ignition 
parameters precisely matched to the diameter and quality of the wire. A special ignition 
variant takes into account the good thermal conductivity of aluminium. In order to prevent 
fusion defects in the start-up phase, the base metal has to be melted right away. Thus, 
ignition is effected at considerably higher power. Once there has been sufficient heat input 
into the weld pool, the welding power is decreased. Furthermore, the ignition energy can be 
adapted to the actual wire temperature at the instant of arc initiation. The result is a quiet, 
jerk-free arc ignition.  

Towards the end of the seam, there is a danger of the weld pool collapsing or dropping 
through as a result of the heat running ahead in the work piece. This is counteracted by 
reducing the welding power to an even lower value for filling the crater. At the end, a 
controlled current pulse sheds the last molten droplet, preventing a solid globule from forming 
at the tip of the electrode.  

 

 

End of welding without burn-back pulse (left) and with burn-back pulse (right) 

(Source: Fronius) 

 

3.1.1.4 High performance MIG welding 

There is only limited scope for translating higher arc power into higher welding speeds. When 
the power is increased, the arc pressure rises very rapidly, which makes the weld pool difficult 
to control. The result may be an irregular bead shape, porosity or excess penetration. 

Nevertheless, there is an increasing demand for high quality MIG welding processes with 
increased productivity. By definition, high-performance MIG welding processes have one or 
more solid wires of 1.0 mm or 1.2 mm diameter with a wire feed speed of more than 15 
m/min. Processes with a greater wire cross section may also count among the high-
performance welding processes. The enhanced deposition rate can be used either for welding 
larger cross-sections (i.e. improved gap bridging) or for increased welding speeds. 

The applied power source technology (as well as the wire feeding system and the welding 
torches) corresponds to that used in standard MIG applications, but in design and 
performance, the components are specifically adapted to the requirements of high-
performance welding. 

 

a) Large wire MIG welding 

In principle, an enhanced deposition rate can be achieved by a longer free wire tip in the 
welding torch (greater “stick-out”) and an increase of the wire feeding speed. However, 
particularly with aluminium, there is an upper limit for the wire feeding speed; the limiting 
values are approximately 18 m/min with 1.2 mm and around 11 m/min for 1.6 mm diameter 
wire.  

The better option is the use of wires with a higher cross-sectional area. With round wires of up 
to 3.2 mm diameter, a maximum deposition rate of 5 kg/h could be achieved. However, the 
main disadvantage of larger wires is also the wire feeding process; the soft aluminium wires 
are difficult to feed as they lack column strength. Thus for aluminium, practical application of 
large wire welding is very limited. 

 

mailto:auto@


 
 

 

Version 2015 ©European Aluminium (auto@european-aluminium.eu)  12  

b) Flat wire MIG welding 

A more promising alternative is the use of a flat wire. When a flat strip wire is deflected by its 
wider side, it can be fed better than a round wire with the same cross-sectional area. The 
rectangular cross section of the wire also allows the transport of more current with less 
resistance due to the skin effect (current is best conducted around the outside of the welding 
wire).  

The arc burns stable on the whole edge of the strip wire. At the strip wire, the arc has a 
pronounced elliptic shape, but becomes almost round at the welding site. Different welding 
results will be obtained, depending on whether the strip-wire is fed parallel or at right angles 
to the direction of welding. The wider arc leads to a lower arc pressure, resulting in decreased 
penetration and improved gap bridging. The maximum deposition rate reaches 4 kg/h for 
aluminium. MIG welding with a flat wire basically takes place under the same process 
conditions as those applicable to round wire. 

 

Push-pull strip-wire MIG torch with water-cooled gas nozzle 

(Source: Fronius) 

 

c) Twin wire MIG welding 

A greater increase in deposition rate is offered by the application of a two-wire technology. 
Basically, two variants are possible:  

- In twin wire welding, both wire electrodes are guided jointly through the same 
contact tube which means that both electrodes have same electrical potential on a 
continuous basis.  
- In tandem welding, each electrode has a separate contact tube. The contact tubes 
are electrically insulated from each other, i.e. it is possible that the two electrodes 
have different electrical potentials. 

 

Twin wire welding with a common contact tube (left) and tandem welding right) 

(Source: Fronius) 
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After initial successes with simultaneous melt-off from two wire electrodes in MAG welding of 
steel, efforts were made to transfer these results to aluminium MIG welding. However, the 
respective trials did not deliver the expected gain in welding speed. The small arc length 
repeatedly led to a short circuit between one wire electrode and the weld pool, which then 
caused arc extinction on the second wire electrode. Consequently, the high current density on 
the first wire electrode quickly broke the short circuit.  

The result was an instability of both arcs owing to the wide fluctuations in arc length and a 
large amount of weld spatter. Although both the spattering and the instability could be 
reduced when the arc length was increased, the corrective measures also decreased the 
welding speed. Consequently, further development of the twin wire concept was discontinued.  

The definitive solution for an increased deposition rate based on the two wire method proved 
to be the tandem MIG welding process where the two wires can be operated independently 
(see section 3.1.1.5). 

 

d) Hybrid MIG welding 

For even higher performance, the MIG welding process can be combined with other welding 
techniques. Relevant for practical application are the Laser MIG welding process (see section 
10.3.1) and the Plasma MIG welding process (see section 10.3.2). In hybrid welding, both 
techniques act in the welding zone at the same time and influence each other. The results are 
beneficial synergy effects such as highest possible speed with the highest possible quality, 
process stability and spatter-free welding even at maximum speed, improved gap bridging 
and less geometrical distortion. 

 

3.1.1.5 Tandem MIG welding 

Tandem MIG welding systems comprise two wire feed units and power sources. Both wires - 
which are electrically isolated from each other - are continuously fed through a special 
welding torch and melt simultaneously in a common weld pool. Each wire is separately 
contacted, i.e. they can be operated independently with different wire diameters, current 
levels or operating modes.  

Welding commonly takes place with the two wires in-line along the joint. However, the wires 
may be positioned also side by side or at any angle in between allowing precise control of 
bead width and gap filling. 

  

Tandem MIG welding process (left) and torch cutaway (right)  

(Source: Fronius) 

Tandem MIG welding requires a special power source control that enables the stable 
operation of two independent welding arcs working in close proximity. The length of the two 
electric arcs is separately controlled which means that it is possible to ensure a stable arc and 
perfect drop release in both cases and thus achieve low spatter. Since the length of each of 
the two arcs can be kept short, the weld pool remains narrow. But the longer weld pool 
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produced by the consecutively placed arcs enables a significant increase of the welding 
speed.  

The first electrode in-line is referred to as the lead electrode and the second electrode is the 
trail electrode. The function of the lead wire is to ensure that the base metal is thoroughly 
melted, i.e. to generate the majority of weld penetration and metal deposition. The trail wire 
controls the weld pool for bead contour and edge wetting; it also adds to the overall weld 
metal deposition rate. Furthermore, the trailing arc prolongs the weld-pool degasification time, 
i.e. it reduces pore-formation sensitivity. 

The process would work with a large diameter lead wire and a small diameter trail wire (which 
therefore draws less current) using the same voltage for both electrodes. However, the lead 
and trail welding wires are generally specified to be the same diameter to satisfy inventory 
constraints and/or because the direction of welding must be reversed. Consequently, a 
slightly higher power is normally set for the leading arc. 

The electrical insulation of the two electrodes allows the independent selection of the arc type 
(constant DC arc or pulsed arc). Thus there are four basic operating modes for tandem MIG 
welding:  

- Pulsed arc in both electrodes  

- Constant voltage mode (“standard arc”) in the leading electrode / pulsed arc in the 
trailing electrode  

- Pulsed arc in the leading electrode / standard arc in the trailing electrode  

- Standard arc in both electrodes.   

The first two operating modes are mainly used in practice as they address two critical 
demands: high speed thin metal welding and heavy gauge material welding. The “pulsed arc 
in the leading electrode / standard arc in the trailing electrode” mode has less relevance, but 
may be applied to achieve maximum welding speed and gap bridging. The “standard arc in 
both electrodes” mode is seldom used.  

DC welding with a combination of a constant positive voltage in the leading electrode and a 
positive pulse in the trailing electrode is ideal for deep penetration. The lead electrode 
ensures a high deposition rate whereas the pulsed trail arc cools the molten metal pool and 
minimises electromagnetic arc interference. The independent control of the lead and trail arc 
parameters offers a wide operating range and allows to achieve an optimum balance between 
weld penetration and fill. 

 

    

Main operating modes in tandem MIG welding 

(Source: Lincoln Electric Company) 

The “pulsed arc in both electrodes” configuration is used for optimally controlled metal 
transfer and to manage total process heat input on thin gauge material and other heat 
sensitive applications. The current in each wire is alternately pulsed to avoid magnetic 
interactions between the two arcs, leading to increased stability, minimal arc blow and 
reduced spatter. This requirement imposes strict operation constraints and the process must 
be carefully applied. 
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Tandem MIG welding with 180° phase-displaced pulsed arcs for optimum metal transfer 

(Source: Lincoln Electric Company) 

The ability to distribute the total welding current across two separate welding wires provides 
unique benefits for high-speed welding. On thin gauge materials, speed-limiting quality issues 
are either burn-through or insufficient gap filling characteristics. The tandem MIG welding 
process addresses both of these issues. It allows the lead wire to generate the required 
penetration while the trail wire creates added fill. Also, the trail arc acts as an additional force 
that pushes the molten metal for better follow and wetting capabilities.  

Tandem MIG welding is typically used for mechanised or robotic welding in order to keep 
torch position precisely enough in relation to the weld seam. Wire movement is separately 
controlled for each arc, a synchronisation unit on the power sources ensures appropriate 
material transfer.  

 

3.1.1.6 Pulsed MIG welding with alternating current 

MIG welding with alternating current (AC) has existed for over 20 years, but has only been 
used in few applications. The limiting factor was the availability of a suitable power supply. A 
resurgence of AC MIG welding was only possible in the last few years when modern inverter, 
software-controlled power supplies enabled much better process control. 

 

Schematic of AC Pulse Waveform in AC GMAW 

(Source: Lincoln Electric Company) 

In the AC pulsed mode, both negative and positive polarity pulses are applied to the wire 
electrode. In the electrode positive (EP) mode, heat input into the work piece is high (i.e. high 
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weld penetration), along with cathodic arc cleaning. On negative polarity (EN), the heat input 
is lower, but the wire burn-off rate is greater. The overall lower heat input reduces geometrical 
distortion, allows thinner materials to be welded and larger gaps to be bridged without burn-
through. In conjunction with pulse control and specific pulse adjustments, a significant 
improvement of the arc stability can be achieved and spatter can be reduced.  

 

AC pulsed MIG welding allows control of heat input and the ability to bridge gaps 

(Source: Miller Welding Automation) 

Thus it is possible to optimally control the deposition rate, the formation of the weld and the 
bonding conditions between base material and filler metal. The applied AC frequencies vary 
over a range of approximately 50 – 400 Hz and the arc is usually running in the range of 10% 
EN/90% EP to 30% EN/70% EP. In most cases, the AC pulsed wave looks very similar to a 
conventional DC pulsed wave with a shorter EN pulse added at the end. Compared to DC 
pulsed MIG welding, the produced weld seams are of the same height and width, but since 
the heat input at the same wire feeding speed is lower, there is less “melt-through” or “read-
through”. The welds have low notches at the edge of the seam and a uniform weld scaling; 
there are no visual surface imperfections. 

In response to the growing demand for heat-reduced arc welding processes, some 
manufacturers offer dedicated AC MIG welding power supplies. Other manufacturers 
manufacture a separate AC module that can be added to a current generation power supply 
at any time.  

 

Conventional DC Inverter supply with an AC advanced module underneath 

(Source: Lincoln Electric Company) 
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3.1.1.7 Advanced MIG welding techniques using short-circuit (“dip”) metal transfer  

MIG welding using the short-circuit (or dip) metal transfer mode produces the lowest heat 
input, making this process variant particularly attractive for thin sheet applications where 
precise control of the weld pool is required. Thanks to advanced process control methods, 
properly controlled short-circuit transfer MIG welding can produce joints with a quality 
comparable to that of the TIG (GTAW) welding process, at production rates characteristic of 
the MIG welding process. The ability to generate welds with low and controlled heat input also 
enables successful welding of crack-sensitive materials. 

In short-circuit metal transfer welding, the molten tip of the electrode contacts the weld pool 
and induces an electrical short. The resulting current spike increases the strength of the 
electromagnetic field surrounding the wire and creates a force which separates the molten 
part from the rest of the electrode (“pinch effect”). Surface tension forces draw the molten 
metal into the weld pool and the cycle begins again. The main difficulty associated with this 
type of metal transfer is the high spatter level. In order to balance maintaining a molten wire 
tip (for metal transfer) against an excessive current/pinch force (causing spatter), the most 
critical factor is the rate of current rise during the droplet detachment phase.  

 

    

Short-circuit metal transfer causes high spatter levels 

(Source: Fronius) 

Advanced versions for a heat-reduced MIG welding process based on short-circuit metal 
transfer control the current profile throughout the various stages of the metal transfer cycle or 
use the reciprocating wire feed approach (see section 3.1.1.8). Further process variants 
synchronize both current and wire feed control during and/or before the short-circuit stage.  

There have been numerous attempts to improve the arc behaviour during short-circuit metal 
transfer by closer control of the applied current cycle, especially in the re-ignition phase after 
the short circuit. As early as the 1980s, first trials were made to reduce the current 
immediately before the short circuit bridge breaks, followed by a high voltage pulse to ease 
arc re-ignition. Newer attempts introduced a closely controlled current increase to facilitate the 
separation of the molten metal ball in the short circuit phase, immediately followed by a rapid 
reduction of the welding current prior to the facilitated arc re-ignition. Since the current in the 
wire is reduced towards the end of the short circuit phase, the overall heat input is reduced 
and the weld pool is colder and less fluid.  

The successful application of this control concept was made possible by the recent 
development of digitally controlled power sources. Welding equipment suppliers have come 
up with a number of solutions (e.g. EWM ColdArc®, Fronius Low Spatter control (LSC), 
Lincoln Electric Surface Tension Transfer (STT), Miller Regulated Metal Deposition (RMD™), 
etc.) which are characterized by slightly different current profile characteristics. The welding 
process is regulated by continuous measurement and evaluation of the arc voltage. The 
power source instantaneously reacts to all phases of the weld metal transfer in accordance 
with the real situation of arc.  

mailto:auto@


 
 

 

Version 2015 ©European Aluminium (auto@european-aluminium.eu)  18  

The proper control of the current waveform throughout the various stages of the metal 
transfer cycle enables smoother droplet transfer, precise bead placement, and reduced 
spatter levels. Since the advanced short-circuit metal transfer modes are insensitive to 
changes in the contact tip-to-work piece distance, they are ideally suited for automatic or 
semi-automatic operation. 

 

Welding voltage and current in the individual metal transfer phases of the Lincoln 
Electric Surface Tension Transfer (STT) process 

(Source: The Lincoln Electric Company) 

In a first phase (which corresponds to the conventional short-circuit metal transfer process), 
the electric arc is burning between the end of electrode and the weld pool and a ball of molten 
material forms at the end of the electrode. When the size of the molten metal ball reaches the 
pre-determined size and contacts the weld pool, the welding current is rapidly reduced to a 
minimum to avoid any spatter or harsh arc behaviour. The current is then increased in 
accordance with a pre-determined curve to facilitate the separation of the ball. When the weld 
metal is about to separate from the end of the electrode and to transfer to the weld pool (i.e. 
the short breaks), the power source drastically reduces the welding current. Droplet transfer 
happens at minimum current and thus limits spatter and other effects caused by the dynamic 
activity during restart of arc. After completion of the metal transfer and re-establishment of the 
arc, a current peak is applied to produce a plasma force which pushes down the weld pool 
and prevents an accidental short. The current then tails out to regulate the overall heat 
balance and the cycle starts again.  

 

3.1.1.8 Advanced MIG welding techniques using reciprocating wire feeding  

The other possibility to realize a MIG welding process with reduced heat input based on the 
short-circuit metal transfer mode is the reciprocating wire feed (RWF) technique. The wire is 
reciprocated in and out of the weld pool in synchronization with the current waveform, i.e. the 
heating arc is automatically activated and deactivated in order to systematically heat and cool 
the welding wire.  

The key to RWF MIG welding is an accurate digital process control where the detection of a 
short circuit initiates an immediate withdrawal of the wire, interrupting the arc load. The wire 
movement must take place at a very high frequency and extreme precision.  

 

Functional principle of reciprocating wire feeding  

(Source: Fronius) 
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During the arcing phase, a droplet is formed on the end of the wire and the filler wire is 
advanced towards the weld pool. The shorting phase begins when the wire with its molten 
droplet comes into contact with the weld pool. When the short circuit is detected, the digital 
process control interrupts the power supply and initiates the retraction of the wire. The 
retraction of the wire, in combination with the surface tension forces, causes the droplet to 
detach. Due to the slight retraction of the wire electrode, the short-circuit bridge breaks more 
easily and the duration of the short circuit is reduced ensuring a clean, spatter-free material 
transfer. Once the ball is separated, the wire motion is reversed and the process starts again. 

In the RWF mode, heat is only introduced very briefly in the arcing period, after which thermal 
input is immediately reduced and metal transfer is essentially current-free. Thus RWF MIG 
welding generates only a fraction of the heat produced in the standard MIG welding process 
and also less heat than advanced, current-controlled short-circuit MIG welding where droplet 
transfer is achieved through the combination of the pinch force imposed by an increased 
current level and surface tension forces.  

 

Reciprocating wire feed MIG welding torch (CMT® process)  

(Source: Fronius) 

However, RWF MIG welding is more complex than the conventional MIG welding process and 
its advanced short-circuit metal transfer variants. Equipment manufacturers include Jetline 
Engineering (Controlled Short Circuit, CSC), Fronius (Cold Metal Transfer, CMT), SKS 
Systems (micro-Mig), and Panasonic (Active Wire Process, AWP). Since a highly dynamic 
wire drive is required, the RWF technique is commonly applied as an automated process and 
used in combination with welding robots (partly also as a consequence of the need to 
manipulate a larger, heavier torch). Many equipment manufacturers offer pre-defined 
programs that enable synergic control of all welding parameters. 

The various systems mainly differ in the wire feeding concept. One possibility is a high speed, 
precision stepper motor incorporated into the torch that controls both feeding direction and 
wire speed as used for example in Jetline’s CSC system. Another possibility is the two wire 
drive system used in the Fronius CMT® process. The rapid forward and back wire movement 
is ensured by a gearless wire drive directly on the torch which is designed for speed whereas 
the more powerful, slower main wire feeder is responsible for the continuous wire feed. A 
buffer is used to convert the superimposed, high-frequency wire movement into a continuous 
wire feed.  

There are different options to exploit the potential of the RWF MIG welding technique. As an 
example, RWF and standard electrode positive pulsed MIG welding can be combined to 
produce more heat for thicker material welding. Introducing pulses in a controlled, adjustable 
way offers significant improvements in performance and flexibility. 
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Combination of RWF and pulsing cycles (pulsed-arc positive) 

(Source: Fronius) 

Another option is to operate the RWF MIG welding with alternating current (AC). The polarity 
of the welding current is made an integral part of the process-control and thus offers an even 
more tightly controlled thermal input. Polarity reversal takes place in the short circuit phase. 
Due to the negatively poled phase, the weld process achieves a higher deposition rate and 
better gap bridging. The positive cycles ensure controlled thermal input and precision droplet 
transfer. The relationship between the positive and negative cycles can be individually defined 
as required by each specific application. 

 

Combination of RWF and AC cycles 

(Source: Fronius) 

RWF cycles can also be combined with negative electrode polarity alternating with positive 
polarity pulsing phases. During the negatively poled RWF phase, a higher deposition rate is 
obtained with lower thermal input. Pole reversal to the positively poled pulsing cycles takes 
place in the short circuit. In addition to the higher thermal input, the pulsing phase enables a 
non-short-circuiting droplet transfer. The relationship between the positive and negative 
process cycles is also freely selectable. This process variant achieves optimum arc control 
and absolute precision. 

 

RWF process combining negatively poled cycles and positively poled pulsing cycles 

(Source: Fronius) 

Furthermore the RWF technique can be incorporated into a tandem MIG welding process. 

Since material transfer in the RWF mode takes place with barely any current flow, light-gauge 
welding (0.3 - 0.8 mm) of aluminium sheets is perfectly feasible. At material thicknesses up to 
3 mm, it outperforms conventional MIG and TIG welding processes by far. For seam welding, 
the work pieces are securely clamped and welded, and then any excess metal is removed by 
grinding. Most interesting is also the application of RWF MIG welding to join an aluminium 
component to steel using a special brazing process (see section 11.2.1.3).  
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Ultimately, RWF cycles can be combined with advanced current profile control methods. In 
this case, the current is programmed to squeeze the liquid bridge. When the welding system 
detects the necking sequence, the current is immediately lowered while the rearward 
movement of the wire assists in the droplet detachment, thus minimizing time in the short-
circuit phase. The high precision of the droplet-detachment sequence ensures spatter-free 
metal transfer and guarantees that after every short circuit, a near-identical quantity of filler 
metal is melted off. The incorporation of the wire motion into weld process-control results in a 
higher process stability, offers the ability to bridge higher gaps and ensures a flaw-less weld 
appearance, specifically when welding thin-walled aluminium materials.  

 

 

RWF MIG welding with advanced current control excels in the low thickness range 

 (Source: Miller Welding Automation) 

Since the arc length is acquired and mechanically adjusted, the arc remains stable, 
independent of the work piece surface, the welding speed and the welding position. These 
advantages are obviously most interesting for robotic welding. Thanks to fully synchronized 
system components and consistent digitalization of the power source, robotic welding can be 
performed faster and with a higher degree of reproducibility. Information on the current status 
of the power source and on every weld seam can be used to monitor, analyse and document 
the welding process.  
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Fully digitized power source designed to meet the demands of robot-assisted welding 

(Source: Fronius) 
 
 

3.1.1.9 MIG spot welding 

MIG spot welding may be used to lap weld sheets by melting through the top sheet and fusing 
into the bottom sheet without moving the torch. The equipment used for spot welding is 
essentially the same as that used for conventional MIG welding, using the same power 
source, wire feeder and welding torch. The torch, however, is equipped with a modified gas 
shroud that enables the shroud to be positioned directly onto the sheet surface. The shroud is 
designed to hold the torch at the correct arc length and is castellated such that the shield gas 
may escape. The power source is provided with a timer so that when the torch trigger is 
pulled a pre-weld purge gas flow is established, the arc burns for a pre-set time and there is a 
timed and controlled weld termination. The pressure applied by positioning the torch assists in 
bringing the two plate surfaces together.  

The process may be operated in two ways: (a) by MIG spot welding with the weld pool 
penetrating through the top plate and fusing into the lower one or (b) by plug welding where a 
hole is drilled in the upper plate to enable the arc to operate directly on the lower plate so that 
full fusion can be achieved. MIG spot welding method can be used as an alternative to 
resistance spot welding where there is insufficient access for a spot welder. 
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Schematic of the MIG spot welding process 

(Source: Miller Electric Mfg. Co.) 

Argon is the preferred shield gas choice as it produces a deep, narrow penetration. Argon 
also provides better arc cleaning than helium. Proper surface cleanliness is crucial to achieve 
defect-free welds.  

 

3.2 Arc welding with non-consumable electrodes 

The tungsten inert gas (TIG) welding process − often referred to as gas tungsten arc welding 
(GTAW) process − was developed earlier than the MIG (GMAW) welding process. For many 
applications, TIG welding has been replaced nowadays by MIG welding, primarily because of 
the increased welding speed when welding thicker sections.  However, TIG welding is still 
widely used to join aluminium alloy products. The small, intense arc provided by the pointed 
electrode is ideal for high quality and precision welding. TIG welding is especially useful for 
welding thin materials, but requires significant operator skill and can only be accomplished at 
relatively low speeds. Generally, little or no post weld finishing is required.  

 

Common components of a TIG welding system  
(Source: Miller Electric Mfg. Co.) 

TIG welding uses a non-consumable electrode made of tungsten and an inert shielding gas or 
gas mixture. The welding heat is generated by an electric arc between the tip of the electrode 
and the base metal. TIG welding is carried out with either alternating current (AC) or direct 
current (DC). For the majority of metals, TIG welding takes place using direct current with 
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negative electrode polarity (DC-EN). Aluminium, however, is generally welded using 
alternating current. Initially applied to all material thicknesses and joint types, TIG welding is 
today generally limited to join thin aluminium plates up to 7 mm thickness, although the DC-
EN mode is suitable for welding thicknesses up to 25 mm. 

A related process is plasma arc welding (see 3.2.2). Plasma arc welding also applies a non-
consumable tungsten electrode, but uses a plasma gas to make the arc. The greater energy 
concentration offers higher welding speeds and results in lower geometrical distortions. 
However, the more concentrated plasma arc makes transverse control more critical. Thus 
plasma arc welding is generally restricted to mechanized processes.  

 

3.2.1 Tungsten inert gas (TIG) welding 

At the core of a TIG welding torch is a non-consumable, temperature-resistant tungsten 
electrode through which the welding current is introduced to the weld zone. Between the 
pointed tungsten electrode and the work piece, the arc is formed in an inert atmosphere. The 
freely burning arc delivers the heat which is used to locally melt the base material and 
generate the weld. If applicable, it also melts the added filler metal.  

Well prepared, close-fitting materials may need no filler metal to be effectively fused. But 
many aluminium alloys require the addition of filler material to maintain the metallurgical and 
mechanical properties of the weld (see 2.4). The filler wire is added separately to the weld 
pool, either manually or with a wire feed unit.  

The shielding gas streams out of the welding torch through the collet body and is directed 
toward the weld by means of a nozzle which is fitted around the tungsten electrode. The 
shielding gas protects the hot tungsten electrode and the weld pool from chemical reactions 
with the surrounding air.  

Ignition of the electrode normally takes place without the tungsten electrode touching the work 
piece. This requires a high-voltage source that temporarily switches on during ignition and 
provides an electric spark. The spark produces a conductive path for the welding current 
through the shielding gas and allows the arc to be initiated. An alternate way to initiate the arc 
is the "scratch start". Scratching the electrode against the work piece with the power on 
serves to strike an arc. However, scratch starting can cause contamination of the weld and 
electrode. Some types of TIG welding equipment offer a “touch start” mode where a spark is 
produced with a reduced voltage on the electrode (well below the limit that causes metal to 
transfer and contamination of the weld or electrode). As soon as a spark is detected, the 
power is immediately increased, converting the spark to a full arc. 

 

TIG (tungsten inert gas) welding process 

The TIG-welding method can be used manually, partly and fully mechanized as well as 
automatically. TIG welding generally provides a smooth weld bead with little undercut. In 
specific cases, MIG welded joints can be therefore dressed by TIG for improved fatigue life. 
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3.2.1.1 Tungsten electrodes 

Tungsten electrodes are used when arc welding with the TIG or the plasma arc process 
because they can withstand very high temperatures with minimal melting or erosion. 
Tungsten electrodes usually contain small quantities (1 – 4 %) of other metal oxides which – 
compared to pure tungsten electrodes – can facilitate arc ignition, improve current-carrying 
capacity of the rod and increase arc stability as well as electrode life. The electrodes are 
produced by powder metallurgy and are formed to size after sintering. 

Pure tungsten may be used in conjunction with transformer-based power sources for AC 
welding. For a broad variety of power source technologies, however, tungsten containing 
lanthanum, cerium, yttrium or zirconium oxides are primarily used. Thorium oxide has been 
used for many years and has been found most effective in reducing electrode degradation 
and increasing thermal efficiency. But legal requirements concerning the handling and 
utilization of radioactive thorium-containing materials impose high costs on manufacturers and 
their customers alike. Therefore, careful consideration should be given if the use of thoriated 
tungsten electrodes is justified. The general consensus is that cerium or lanthanum oxides 
are acceptable alternatives to thoriated tungsten.  

It is important to select the correct electrode type, diameter and tip angle for the level of the 
applied welding current. For AC welding of aluminium, cerium oxide containing tungsten 
electrodes are commonly used. Electrodes with lanthanum or rare earth oxide additions are 
recommended for applications which require slightly higher performance. The electrode 
diameter is determined by the thickness of the work piece and the current magnitude. As a 
rule, the lower the current, the smaller the electrode diameter and the tip angle should be 
chosen.  

 

 

Tungsten electrode tip prepared for AC use on an inverter welding power source (top) 
and slightly rounded after use (bottom) 

(Source: Miller Electric Mfg. Co.) 

It must be noted that AC welding can generate a large amount of heat at the tip of the 
electrode.  As a result, it is not uncommon for the pointed tip of the electrode to assume a 
hemispherical profile. Overheating or underloading of the electrode will produce 
unsatisfactory tip geometries.  

mailto:auto@


 
 

 

Version 2015 ©European Aluminium (auto@european-aluminium.eu)  26  

 

Formation of the correct electrode tip in alternating current welding with transformer 
based power sources 

 

3.2.1.2 Shielding gases 

Only inert shielding gases such as argon, helium or their mixtures can be used since the 
tungsten electrode is at a very high temperature and therefore prone to chemical reactions 
with the environment. The choice of the shielding gas, as well as the current type and polarity, 
influence the heat transfer of the arc and affect the profile of the weld seam. This is 
predominately due to the physical characteristics of the gases and their respective thermal 
conductivities which strongly determine the shape of the arc (see section 2.5).  

The most-used shielding gas for TIG welding of aluminium with alternating current is argon. It 
optimises the ignition properties and offers a calm and stable metal transfer. Helium raises 
the temperature of the arc which leads to a higher thermal input into the work piece. This can 
be utilised either for welding thicker materials or for increasing the welding speed in thin 
material. There is also a lower tendency for porosity due to the hotter weld pool with lower 
viscosity and better degasification possibilities. A disadvantage of helium is, however, the less 
stable arc and difficult arc ignition. Additionally, due to its lower density compared to argon 
and the surrounding air, helium will require higher flow rates to ensure adequate coverage.  

 

Profile of the TIG weld pool for different shielding gases (same welding conditions): 

 100 % Argon (left) 

 50 % Ar / 50 % He (centre) 

 100 % Helium (right) 

A compromise between the two different gases offer argon-helium mixtures. Effective 
combinations of helium and argon have been found to lie between 30 – 70 % of each 
respective gas. Most commonly used is a mixture of 50 % argon and 50 % helium. In addition 
to classic argon and the argon-helium mixtures, more advanced gas mixtures may also 
contain very small amounts (150 – 300 ppm) of nitrogen for additional arc stabilization.  

Pure helium or high helium content shielding gas mixtures are seldom employed except in 
TIG welding in the DC mode with a negative electrode where the increased heat is necessary 
to break up the oxide film. However, the DC-EN TIG welding technique is relatively seldom 
used in practice.  

 

3.2.1.3 Effects of polarity on weld penetration 

The form of the weld pool and of the weld seam can be influenced by current type and 
electrode polarity. Alternating current (AC) is the most popular TIG welding method of 
aluminium, but direct current (DC) power can be employed for some specialized applications. 
Three types of arc generation are feasible: 

 - Direct current, electrode negative (DC-EN) → deep penetration 
 - Direct current, electrode positive (DC-EP) → low penetration 
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 - Alternating current (AC) → medium penetration. 

  
 Effect of current type on weld penetration 

TIG welding in the direct current electrode negative mode (DC-EN) results in relatively deep 
and narrow weld penetration, and very little, if any, arc cleaning during welding. About 80 % of 
the heat is generated in the base material and about 20 % at the electrode. Typically used 
with pure helium shielding gas, this method is capable of welding much greater material 
thicknesses. However, only mechanised welding is recommended since a short arc (< 1 mm) 
is required. Because of the absence of an arc cleaning effect, fusion of the joint faces occurs 
mainly by melting/break-up of the oxide film, i.e. there is an increased risk of welding 
discontinuities (oxide inclusions and fusion defects). 

Using TIG welding in the direct current electrode positive mode (DC-EP), about 20 % of the 
heat is generated in the work piece and 80 % at the electrode, i.e. arc cleaning is excellent, 
but there is very shallow weld penetration. This is the least used TIG welding method as it 
places a heavy thermal load on the tungsten electrode. It requires large diameter electrodes 
with wide angled tips, but nevertheless often leads to excessive electrode heating.  

The AC arc offers a compromise of the characteristics of positive and negative electrode 
polarity. It provides appropriate cleaning for most applications, extends the electrode lifetime, 
and divides the arc heat more evenly between electrode and weld pool, leading to medium 
weld penetration. Some power supplies enable the use of an unbalanced alternating current 
wave by modifying the exact percentage of time that the current spends in each state of 
polarity, giving even more control over the amount of heat and cleaning action.  

 

TIG-AC welding process with periodic cleaning/melting actions 

The respective application areas of the different TIG welding modes for aluminium are:  

 TIG (AC) - conventional TIG welding: Generally used for thicknesses up to 6 - 10 
mm, provides good cleaning action of the arc.  

 TIG-He (DC-EN): Requires pre-cleaned surfaces of the work piece and generally 
fully automatic welding because of the short arc length. It offers higher welding 
speeds, lower thermal stresses and lower thermal load of the electrode than TIG 
(AC).  
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 TIG (DC-EP): Only used for very thin gauge materials due to the large thermal load 
of the electrode in this polarity.  

Historically, alternating current has posed an obstacle to TIG welding because the arc would 
frequently extinguish when the current reaches zero before reversing direction. Without any 
current passing between the tungsten electrode and the base metal, the arc simply goes out, 
i.e. it is necessary to start the arc at the beginning of each half cycle. Consequently 
transformer based technology requires a high frequency spark of several thousand volts 
which last for a few microseconds at the beginning of the positive and negative half cycles to 
encourage ignition. The high frequency sparks cause the electrode – work piece gap to break 
down (“ionize”) and thus enable current flow. 

The high frequency power source necessary for arc ignition, however, represents a potential 
hazard to the sensitive electronic equipment in the surrounding. This problem was eliminated 
with the introduction of advanced inverter-based power sources and the application of the 
pulsating square wave technique. Thus conventional AC TIG welding finds today much less 
application.  
 

 

Arc burning process in TIG welding with alternating current 

 

3.2.1.4 Square wave (“pulsed”) and frequency controlled TIG (AC) welding  

The square wave technology eliminates the tendency for the arc to extinguish when the 
current comes to a halt as it reverses direction by making the transition very quickly. This 
greatly improves the stability of the arc and makes the square wave technology the preferred 
method for TIG welding aluminium.  

The most important weld parameters are the pulse current (lp), the background current (lG), 
the pulse current time (tp), the background current time (tG) and the pulse frequency fp = 1 / tc, 
where: tc = duration of period. 

mailto:auto@


 
 

 

Version 2015 ©European Aluminium (auto@european-aluminium.eu)  29  

  

Pulsating square wave AC welding 

During the high current impulse, a large amount of heat is generated in the welding area 
which results in the fusion of the work material and, if applicable, the filler wire. In the impulse 
pause where a low current is preset, only a little heat is transmitted into the work piece, thus 
the weld pool stays comparatively cool. The low background current only serves to maintain 
the arc in order to avoid interruptions and ignition difficulties.  

With square wave AC welding, the weld heat input can be considerably changed by the 
choice of times and current values, allowing significantly better control of the weld pool. Thus 
the application range of the TIG process can be extended to low power values, i.e. the 
material thicknesses can be reduced, weld drop-through can be prevented and the weld seam 
appearance can be improved. In the extreme case, a weld seam may even consist of fusion 
welding points which lie next to each other or overlap.  

But the re-ignition of the arc by the utilization of a steep-sided, square wave has also 
disadvantages. The main problem is that the change to the arc column resulting from the 
current change causes an acoustic emission (“noise”).  

The recent introduction of inverter-based power sources enabled the development of 
advanced square wave techniques which further decrease the time it takes for the current to 
reverse direction. In addition, they also offer more possibilities for the selection and control of 
the current profile.  

Modern power sources offer the selection between different waveforms which affect the arc 
and weld pool characteristics as well as the penetration profile in a different way. But also the 
resulting arc “noise” essentially depends on the waveform.  

 

Different waveforms change the TIG welding characteristics 

A very square wave (A) produces a smooth, stable arc with great directional control. It forms a 
fast-freezing weld pool with deep penetration and fast travel speeds. A common issue is 
porosity, especially on thick aluminium parts, because the molten metal pool solidifies too 
quickly. Slowing down the welding speed will normally resolve this issue. However, the noise 
level of a pure square wave is very high. 

The "sinusoidal" (C) wave with fast transition through the zero amperage point offers a soft 
arc, i.e. similar to a conventional power source. It provides good wetting action and actually 
sounds quieter than any other waveform. The triangular wave (D) leads to quick weld pool 
formation, but reduces the overall heat input into the weld. It is especially beneficial for 
welding thin aluminium parts. 
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The soft square waveform (B) maintains the benefits of the true square wave, but the arc 
noise is reduced and control of the weld pool is improved. For most applications, this 
waveform is ideal. In practice, an appropriate adjustment of the soft square waveform is 
generally used to set the physically quietest arc for any specific welding current. 

Furthermore, independent amperage (or amplitude) control allows the EP and EN current 
level to be set differently. A current waveform with greater EN than EP creates a narrow bead 
with deeper penetration and no visible cleaning action. A current waveform with greater EP 
than EN leads to a wider bead with less penetration and clearly visible cleaning action. 
Increasing EN while maintaining or reducing EP also takes heat off of the tungsten electrode 
and more precisely directs it into the weld. 

 

Effects of independent current control in square wave AC welding 

(Source: Miller Electric Mfg. Co.) 

AC balance control adjusts the amount of time spent in the penetration (EN) and cleaning 
action (EP) portions of the cycle. Extending the EN portion narrows the weld bead, achieves 
greater penetration, and may permit increased travel speeds. It also reduces the excessive 
etching zone beyond the toes or edges of the weld. Reducing the EN portion of the cycle 
widens the weld bead. It produces a greater cleaning action and minimizes penetration, which 
may help prevent burn-through on thin materials. 

 

Effects of AC balance for square wave AC welding 

(Source: Miller Electric Mfg. Co.) 

An increased EN portion also reduces the balling action, increases the lifetime of the tungsten 
electrode and may permit the use of a smaller electrode to more precisely direct the heat into 
the weld. Reducing the EN cycle increases the balling action because more heat is directed 
into the electrode. This creates a large ball at the end of the tungsten and causes the arc to 
lose stability, making it hard to control the arc weld pool. 

Depending on the power source, the balance may be typically adjusted in the range of 50 - 75 
% EN mode. The preferred range for clean aluminium work pieces is 68 - 75 % EN. 
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The introduction of inverter power sources also allowed to exploit the variability of the pulse 
frequency. Traditional power source frequencies are dictated by the input power (50 Hz in 
Europe, 60 Hz in the United States) while inverter power sources have a greater ability to 
transform the electricity to the desired output frequency. Adjusting the AC frequency provides 
excellent control over bead appearance and penetration profile.  

 

Effects of Frequency for AC GTAW 

(Source: Miller Electric Mfg. Co.) 

Up-to-date inverter-based power sources offer AC output frequencies between 20 Hz and 400 
Hz. In general, 120 to 200 Hz provides an ideal frequency for most aluminium welding 
applications. The increased frequency causes the current to change direction more often and 
the arc cone has less time to expand. It produces a more focused arc with increased 
directional control and a narrower bead and cleaning area which improves performance when 
welding in corners, on root passes, and in fillet welds. An arc cone at 400 Hz is even tighter 
and more focused. The result is a significantly improved arc stability, ideal for fit ups requiring 
precise penetration and reduced distortion. On the other hand, a lower frequency softens the 
arc and results in a wider weld pool. This removes impurities well and transfers the maximum 
amount of energy to the weld piece, which speeds up applications requiring heavy metal 
deposition. 

 

3.2.1.5 TIG welding equipment  

An ideal TIG AC/DC power source possesses a virtually constant output current to control the 
length of the arc. A constant current power source is essential to avoid excessively high 
currents being drawn when the electrode is short-circuited on to the work piece surface. This 
may happen either deliberately during arc starting or inadvertently during welding. If a flat 
characteristic power source is used, any contact with the work piece surface would damage 
the electrode tip or fuse the electrode to the work piece surface.  

Continuous current adjustment is required for proper adaption to different material 
thicknesses. Modern inverter power sources offer the additional advantage of a fast reaction 
to changes in the welding process. Many power sources also allow the user to select the 
current waveform and to properly adjust the specific current profile characteristics.  
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AC/DC power source for TIG welding offering tailored arc control 

(Source: Miller Electric Mfg. Co.) 

Depending on the severity of the thermal load, TIG welding torches are either gas-cooled (for 
light duty applications) or water-cooled. For welding currents >100 A, water cooling of torch 
and current cable is commonly used. The gas nozzle is made of metal or ceramics and has to 
be insulated against electricity conducting parts. The electrode protrudes about 2 to 4 mm 
beyond nozzle. They are cooled by the shielding gas.  

  

Gas-cooled TIG welding torch 

(Source: Miller Electric Mfg. Co.) 

Gas-cooled welding torches are cooled by the shielding gas which flows through, while water-
cooled welding torches also require a pump and heat exchanger.  

 

Water-cooled TIG welding torch 

(Source: Fronius) 
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The filler metal is added to the weld pool separately from the torch. There are also TIG 
welding torches with an integral device for mechanised wire feeding. 

 

3.2.2 Plasma welding 

The plasma welding process is basically very similar to the TIG process, but has a number of 
advantages which make it an interesting alternative to laser welding, especially on sheets and 
other components with a sheet thickness of up to 8 mm.  

The difference is that in plasma welding, the arc consists of a plasma (i.e. a gas with positive 
charge carriers (ions) and negative charge carriers (electrons)). The plasma arc is constricted 
with the help of a water-cooled, fine-bore copper nozzle which squeezes the arc, increases its 
pressure, temperature and heat intensity and thus improves arc stability, arc shape and heat 
transfer characteristics. Additionally, plasma welding has greater torch standoff. Being 
enveloped in plasma gas, the tungsten electrode also has a longer service life than in TIG 
welding. 

 

Plasma arc welding process 

(Source: Fronius) 

The process employs two separate inert gas flows. By positioning the electrode within the 
body of the torch, the plasma gas can be separated from the shielding gas envelope. The 
plasma gas flows through the orifice at relatively low pressure and flow rate; it becomes 
ionized and forms the arc plasma. The pressure of the orifice gas is intentionally kept low to 
avoid weld metal turbulence, but this low pressure is not able to provide proper shielding of 
the weld pool. Therefore a shielding gas flows through the outer nozzle at comparatively 
higher flow rates and shields the arc plasma as well as the molten weld from the atmosphere. 
These gases can be of the same or of differing composition. The plasma gas is normally 
argon, whereas for shielding, argon or argon/helium mixtures are used.  

Filler metal may or may not be added. If a filler metal is necessary, an automated feed system 
is usually added to the torch.  

Plasma arc welding process can be divided into two basic types: 

 Non-transferred arc process: The arc is formed between the electrode (negative) 
and the water cooled constricting nozzle (positive). The arc plasma comes out of the 
nozzle as a flame. The arc is independent of the work piece and the work piece does 
not form a part of the electrical circuit. Compared to a transferred arc plasma, the 
non-transferred arc plasma possesses a lower energy density.  

 Transferred arc process: The arc is formed between the electrode (negative) and 
the work piece (positive). A transferred arc possesses high energy density and 
plasma jet velocity, it is used for welding at high arc travel speeds. For initiation, a 
pilot arc is established between the electrode and the nozzle. This arc is then 
transferred to the metal to be welded and the main current starts to flow, thus igniting 
the transferred arc. The pilot arc system ensures reliable arc starting and, as the pilot 
arc is maintained between welds, it obviates the need for a high frequency pulse 
which may cause electrical interference.  
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The plasma exits the orifice at high velocities (approaching the speed of sound) and a 
temperature up to 28,000 °C or higher. Characteristic for the plasma arc is the strong 
temperature drop from the arc core towards the outside (in order to avoid melting of the 
constricting copper nozzle). Another difference compared to the TIG welding process can be 
observed visually: the TIG arc is conical and the plasma arc is cylindrical. 

The plasma torch delivers a high concentration of heat to a small area, offering higher welding 
speeds and resulting in lower geometrical distortions. The size and the type of nozzle tip are 
selected depending upon the metal to be welded, weld shapes and desired penetration depth. 
With high performance welding equipment, the plasma process produces exceptionally high 
quality welds.  

Three operating modes can be produced by varying bore diameter and plasma gas flow rate: 

 Micro-plasma (0.1 to 15 A) 
The micro-plasma arc can be operated at very low welding currents. It was 
traditionally used for welding thin sheets (down to 0.1 mm thickness). The needle-like, 
stiff arc minimises arc wandering and distortion.  

 

Micro-plasma welding 

(Source: Fronius) 

 Medium current (15 to 200 A) 
At higher currents, the process characteristics of the plasma arc are similar to the TIG 
arc, but because the plasma is constricted, the arc is stiffer. Medium current plasma 
arc welding is an alternative to conventional TIG welding. The advantages are deeper 
penetration and greater tolerance to surface contamination including coatings. The 
major disadvantage is the bulkiness of the torch, making manual welding more 
difficult. 

 Keyhole plasma (over 100 A) 
By increasing welding current and plasma gas flow, a very powerful plasma beam is 
created which is used to melt completely through the base material, forming a 
“keyhole”. The forward moving arc melts the leading edge of the keyhole, molten 
metal flows around the perimeter of the hole and solidifies behind the arc to form the 
weld bead under surface tension forces.  

Compared with TIG arc welding, keyhole welding offers higher welding speeds and deeper 
material penetration. The normal method is to use the keyhole mode with filler metal to 
ensure a smooth weld bead profile with no undercut. The filler metal is added at the leading 
edge of the keyhole. 

As the welding parameters, plasma gas flow rate and filler wire addition must be carefully 
balanced to maintain the keyhole and weld pool stability, this technique is only suitable for 
mechanised welding. The slope-out of current and plasma gas flow must be carefully 
controlled to close the keyhole without leaving a hole while terminating the weld in the 
structure.  
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Keyhole plasma welding 

(Source: Fronius) 

The plasma arc is normally operated with a DC power source. With a sine wave AC current, 
the plasma arc is not readily stabilised. However, for aluminium welding, the AC square-wave 
mode is commonly used and provides good results. Special modifications of waveform, i.e. a 
reduction of the duration of electrode positive polarity, allow to keep the electrode sufficiently 
cool in order to maintain a pointed tip and achieve arc stability. 

In plasma arc welding, the electrode tip diameter is not as critical as for TIG welding. More 
critical is the plasma nozzle bore diameter. A bore diameter which is too small for the current 
level and plasma gas flow rate will lead to excessive nozzle erosion or even melting. On the 
other hand, a too large bore diameter may give problems with arc stability and maintaining a 
keyhole. 

A further development is the variable-polarity plasma welding process. It combines the 
advantages of plasma arc welding with the additional benefits of arc cleaning, provided by 
periodic bursts of positive electrode energy. Variable polarity plasma welding has relatively 
low arc-travel speeds when compared to other arc welding methods and especially compared 
to MIG welding, but the fact that a single pass will replace multiple passes needed by other 
methods sometimes motivates its use.  

 

3.3 Arc stud welding 

Arc stud welding is a welding process in which a metal fastener (weld stud) is attached to a 
work piece by heating both parts with an electric arc. For welding, the fastener is positioned 
using a stud gun. When the operator activates the stud gun trigger, the sufficiently heated 
metal fastener is joined to the work piece without any filler metal. The welding time is less 
than one second, typically measured in milliseconds. One end of the fastener is prepared for 
welding. Shielding gases or flux may or may not be used to protect the weld.  

There are two basic power supplies used to create the arc for welding studs. One type uses 
DC power sources similar to those used for gas-shielded metal arc welding (“arc stud 
welding”). The other type derives the heat from an arc produced by the rapid discharge of 
electrical energy stored in a bank of capacitors (“capacitor discharge stud welding”). The 
capacitor discharge method with its significantly shorter process time permits the welding of 
more dissimilar metals and alloys than arc stud welding. For either process, a wide range of 
stud styles is available.  

The arc may be established either by rapid resistance heating and vaporization of a projection 
on the stud weld base (“gap ignition”) or by drawing an arc as the stud is lifted away from the 
work piece (“lift ignition”).  

Stud welding produces full cross-sectional welded, high-quality attachment points that resist 
breaking or loosening. Bolts and similar attachments can be joined to aluminium sheets, 
extrusions or castings with single side access and without drilling holes or back-side support. 
However, conventional steel stud welders cannot be used for aluminium since its high heat 
dissipation asks for a power supply with a higher current capacity. 
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Arc stud welding using a spotter on aluminium 

(Source: Cebora) 

 

3.3.1 Arc stud welding with lift ignition 

Arc stud welding with lift ignition is also called drawn arc stud welding since the arc is drawn 
between the stud and the work piece. The necessary heat is developed by a DC arc between 
the stud (electrode) and the work piece. Welding time and plunging of the stud into the molten 
weld pool to complete the weld are controlled automatically.  

 

Drawn arc stud welding process 

(Source: HBS) 

Drawn arc stud welding generates high-quality welds and is particularly suitable when high 
demands relevant to safety regulations are made on the welding quality. The actual welding 
process consists of three steps:  

- The stud tip is placed in contact with the work piece. 
- The stud is lifted off the work piece while the current is flowing, thus creating a 

secondary (pilot) arc between stud tip and work piece.  
- After a pre-determined period, the main current is allowed to flow. The ignition of the 

main arc creates a molten surface between the stud and work piece. 
- The stud is plunged into the molten pool and the welding current is switched off. The 

weld pool solidifies and a cross-sectional joint is formed. 

A welding rectifier serves as energy source and provides the continuous welding current 
which can be regulated with respect to weld time and power. The welding time amounts to ≤ 
0.1 - 1 seconds.  

Because arc stud welding time cycles are very short, the heat input into the base metal is very 
small compared to conventional arc welding. Consequently, the weld metal and heat affected 
zones are very narrow and distortion of the base metal at stud locations is minimal.  
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Illustration of the drawn arc stud welding process 

(Source: Tucker) 

A number of standard stud designs are commercially produced. Fasteners designed for arc 
welding often show a small tip which extends from the base of the fastener. This tip facilitates 
provides arc initiation and ensures precise weld time control for consistent, automatic welding. 
When selecting a stud, it is important to recognize that some of its length will be lost due to 
welding as part of the stud and the base metal melt. Molten metal is then expelled from the 
joint. When properly formed, the resulting flash indicates complete fusion over the full cross 
section of the stud base and suggests that the weld is free of contaminants and porosity.  

Studs applied by arc stud welding often require a disposable ceramic arc shield (“ferrule”) 
around the base. It surrounds the stud to contain the molten metal and to shield the arc. At 
the end, the ferrule is broken away and discarded. Aluminium studs, however, do not use a 
ferrule; they usually rely on an inert gas (argon or helium) to protect the molten metal from the 
atmosphere and to stabilize the arc. But this approach is normally limited to production type 
applications because a fixed setup must be maintained and the welding variables must be 
closer controlled. Shielding gas mixtures of argon and 25 - 50 % helium at 2 - 4 l/min are 
recommended. The rapidly cooling weld cannot be completely avoid porosity in the weld 
zone. However, the amount of porosity can be minimised by proper surface preparation and 
optimised gas shielding. 

Another possibility to avoid the use of ferrules is short cycle welding. A high weld current is 
applied for a very short time to minimize oxidation of the molten metal. Short cycle welding 
(welding time < 0.1 s) is generally limited to small studs. Since no ceramic ferrules are 
required, short duration stud welding can be easier adapted to automatic processes.  

 

Short cycle drawn arc stud welding 

(Source: HBS) 

For lift ignition stud welding, the minimum wall thickness of the substrate is 1 - 2 mm. Due to 
low thermal stresses, geometrical distortion of the substrate can be reduced to a minimum, 
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there is very little to the reverse side of the substrate. Nevertheless, drawn arc welding 
typically causes more reverse-side marking compared to stud welding with tip ignition.  

 

 

Stud welding with lift ignition; studs and ferrules are available in a variety of shapes, 
sizes and materials 

Various combinations of stud and substrate materials are possible. In case of aluminium 
substrates, prior removal of the oxide layer by mechanical (brushing, grinding) or chemical 
(alkaline etching) measures is necessary to avoid imperfect welds. Another possibility would 
be to reverse the plasma field to clean the surface and then reverse to the original polarity for 
stud welding. 

 

3.3.2 Arc stud welding with tip ignition 

In the process variant, the stud is positioned in a defined and adjustable distance above the 
work piece. After triggering the welding process, the stud is accelerated by a spring to the 
plate surface. As soon as there is contact between the ignition tip and the work piece, the 
current circuit is closed. The rapidly increasing current vaporizes the ignition tip and ignites 
the arc. During or immediately following the electrical discharge, pressure is applied to the 
stud, plunging its base into the molten pool of the work piece. As soon as the stud contacts 
the work piece, the current is cut and the molten zones join and solidify. Due to the extremely 
short welding times and the small amount of molten metal expelled from the joint, aluminium 
stud welding becomes feasible without using a shielding inert gas atmosphere or a ceramic 
ferrule.  

 

Capacitor discharge stud welding with tip ignition (gap welding) 

(Source: HBS) 

For stud welding with tip ignition, the required energy is generally stored in a capacitor battery 
and discharged through the ignition tip of the welding elements within an extremely short time 
period (1 - 3 milliseconds).  
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Capacitor discharge stud welding unit (left) and stud welding gun (right) 

(Source: HBS) 

The capacitor discharge technology is mainly suited for applications requiring small to 
medium sized studs. Owing to the low weld penetration (approximately 0.1 mm), it can be 
used for stud welding on thin-walled aluminium sheets with a minimum thickness of 0.5 mm. 
No traces of welding such as geometrical distortion, pressure marks, discoloration or 
deformation are visible on the reverse side of sheet. Even a discoloration of a painted 
backside can be avoided.  

 

3.3.3 Arc element welding 

In arc element welding (“stud welding with an auxiliary joining part”), a short auxiliary joining 
part is used. The top sheet must be perforated. There is no direct joint between the top sheet 
and the bottom sheet, but the auxiliary joining part fixes the top sheet onto the carrier sheet in 
a mainly form-fitting and partially force-fitting joint. A welded joint is created only between the 
auxiliary joining part and the carrier sheet. Both drawn arc and tip ignition stud welding 
variants can be applied.  

 

Arc element welding (with tip) processing scheme 

(Source: LWF Paderborn) 

This joining technique (which is still under development) is particularly suited to join different 
materials. The following figure shows a cross section through an arc element welded joint 
which connects a carbon reinforced fibre composite panel (top sheet, thickness 1.5 mm) to a 
high strength steel sheet (bottom sheet, thickness 2 mm).  

 

Joint between dissimilar materials produce by arc element welding  

(Source: LWF Paderborn) 
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3.4 Other arc welding techniques 

3.4.1 Shielded metal arc welding 

Prior to the development of the inert gas welding processes, arc welding of aluminium was 
mainly restricted to shielded metal arc welding, also known as manual metal arc welding or 
stick welding. An electric current is used to strike an arc between the base material and a 
consumable electrode rod. The electrodes are straight lengths of aluminium alloy rod, coated 
with flux. During welding, the flux dissolves the aluminium oxide surface layer both on the 
base alloy and the welding rod. Some of the flux components vaporize in the arc to form 
shielding gases which help to stabilise the arc and shield the arc and the weld pool from the 
surrounding atmosphere. The electrode core itself acts as filler material.  

The process is very versatile, requiring little operator training and inexpensive equipment. 
However, welding times are rather long since the electrodes must be frequently replaced. 
When welding aluminium, the process is rather limited due to arc spatter, erratic arc control 
and limitations on thin material. A major problems with shielded metal arc welding of 
aluminium is corrosion caused by flux entrapment and porosity of the resulting welds. 
Furthermore there are no electrodes available for welding aluminium alloys with high 
magnesium content. Also electrodes, once exposed to the air, begin to absorb moisture into 
the flux, which eventually corrodes the aluminium core and produces excessive porosity 
problems. 

 

Shielded metal arc welding 

Current welding codes and standards for aluminium structures do not recognise this welding 
technique as being suitable for production. Nevertheless it is today still used for small repair 
work. 

 

3.4.2 Oxyfuel gas welding 

One of the oldest welding processes is oxyfuel gas welding. It relies on the combustion of 
oxygen and acetylene. When mixed together in correct proportions within a hand-held torch or 
blowpipe, a relatively hot flame is produced with a temperature of about 3,200 °C. Welding is 
generally carried out using the neutral flame setting which has equal quantities of oxygen and 
acetylene. 

 

Oxyfuel gas welding 
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Prior to the development of the inert gas welding processes, it was widely used for welding 
aluminium, but has only limited applications today. For aluminium, an active flux must be used 
to remove the surface oxide and shield the weld pool. One of the problems with this welding 
process is that the flux is hydroscopic and becomes corrosive to aluminium. Therefore, any 
flux residue must be removed after welding to minimise the corrosion risk. Another 
disadvantage is the excessive heat input, i.e. the mechanical strength of the welded joint 
tends to be lower, the heat affected zone is very wide and distortion tends to be extreme. 
Welding is only practical in the flat and vertical positions. 
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4.0 Introduction 

This chapter provides a technical overview of the unique features of the beam welding processes: 

- Laser Beam Welding (LBW) and 

- Electron Beam Welding (EBW)  

including several examples of automotive aluminium applications. Apart from welding, both process 
techniques are also used for cutting and for surface treatment of aluminium products.  

Electron beam welding results in very deep, narrow penetration at high welding speeds. It is usually 
carried out in a vacuum chamber, but also non-vacuum welding machines are used. The low overall 
heat input of electron beam welding enables to achieve the highest as-welded strength levels in 
aluminium alloys. The high thermal gradient from the weld into the base metal creates only limited 
metallurgical modifications and is least likely to cause intergranular cracking in butt joints when no 
filler is added. 

Laser welding offers similar weld characteristics, although the penetration depths as well as the 
welding speed are considerably lower. Because of the high reflectivity of aluminium alloys, effective 
coupling of the laser beam and aluminium requires a relatively high power density. With the advent of 
commercially available high-power laser systems, however, laser beam welding is today a most 
versatile applicable fusion joining process for aluminium. The speed of welding is proportional to the 
amount of power supplied, but also depends on the type and thickness of the work pieces.  

Compared to the widespread applications of laser beam welding, electron beam welding has only 
found limited application. The main advantages of laser beam welding in comparison to electron 
beam welding in industrial application are: 

− The laser beam can be transmitted through air (no need for a vacuum). 
− The process can be easily automated using standard robots.  
− There are lower requirements for occupational safety (no generation of X rays).  
− The beam can be transmitted through a fibre optic cable and shared or switched between 

fibres or work stations. 
 
 

4.1 Laser beam welding 

The industrial application of lasers has been implemented successfully in the early 1970s. Since then, 
the laser became an increasingly used flexible tool. During the last two decades, laser welding has 
developed to a key assembly technology in the automotive industry. With its high processing speeds, 
its low heat input and resultant low distortion and its overall flexibility of application, it proved to be an 
ideal assembly technology, in particular in car body fabrication. Laser beam welding produces 
excellent quality joints; it offers high productivity and ease of automation. 

Laser beam welding is a fusion welding technology using a laser beam as the primary heat source. 
The laser beam provides a localized high power density (of the order of 1 MW/cm2 or more), allowing 
for narrow, deep welds and high welding speeds. The localized heat input in laser welding leads to 
small heat-affected zones and results in high heating and cooling rates.  

When lasers were first tested on aluminium, using similar processing conditions to those applied for 
steel structures, the initial high surface reflectivity and thermal conductivity of aluminium and the 
volatilisation of low boiling point constituents caused numerous defects such as lack of penetration, 
blow holes, porosity and weld metal cracks in some alloys. These problems are now largely overcome 
with the advent of higher average laser powers, improved and innovative beam focussing systems 
and better beam qualities, resulting in a power density high enough to produce a stable keyhole for 
welding.  

The laser welding system consists of several components: laser generator, beam delivery path (which 
can be open air or optical fibre), focusing optics (generally attached to a robot), shield gas supply, 
filler metal addition (if applicable), cooling equipment, and a work piece handling system. In general, 
fibre optic cables are applied to carry light along a light pipe that can range from 25 to 1000 μm in 
core diameter, which in combination with the focusing optics dictates the size (power density) of the 
laser beam on the work piece.  
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Laser welding cell 

(Source: Trumpf) 

In most automotive applications, the thickness of the applied wrought and cast aluminium alloy 
components is less than 4 mm. Laser beam welding in its various process variants is intensively used 
to weld such aluminium alloy components. Nevertheless, laser beam welding of aluminium still 
presents several challenges, including porosity, loss of alloying elements, and solidification cracking 
in some heat-treatable alloys.  

In principle, laser welding is not different from any other fusion welding process where, depending on 
the envisaged application, the processing conditions must be properly adapted. Laser beam welding 
can be employed over all the relevant aluminium thickness range (typically 0.5 – 4 mm in automotive 
applications) at speeds ranging from 2 to > 10 m/min using industrial solid state lasers. But also 
welding joints requiring at least 10 mm of penetration can be realized. The spot size of the laser can 
vary between 0.2 mm and > 10 mm, though only smaller spot sizes are used for welding. The depth of 
penetration is proportional to the amount of power supplied, but is also dependent on the location of 
the focal point: penetration is maximized when the focal point is slightly below the surface of the work 
piece. The high reflectivity of aluminium alloys, especially when welding in the conduction mode, 
requires that the laser beam be oriented at a slight angle to the work piece to prevent damage to the 
optical components and laser, though some laser types are more resistant to back reflections than 
others. 

 

High power diode laser beam welding of an aluminium car body structure 

(Source: Audi) 

 

A very important topic is the additional level of personnel safety required by laser beam welding. 
Today’s industrial solid state lasers produce laser light that is not visible to the human eye. Thus in 
class 4 (i.e. not enclosed) applications, special precautions, including administrative controls and 
personal protective equipment, must be taken to prevent exposure from laser beams. The largest 
threat is to the eyes due to direct or scattered reflection of laser energy. Thus operators are required 
to wear suitable eyewear or use special screens to avoid eye damage. 
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4.1.1 Laser sources 

The two types of lasers commonly used for welding are solid state lasers and gas lasers. Lasers can 
further be grouped into several categories depending on various characteristics such as the 
wavelength and the quality of the light produced. A most important differentiation criterion is the mode 
of light emission:  

− Continuous wave mode 
In this mode, the laser medium is pumped continuously and emits a continuous laser beam. 

− Pulsing mode 
In the pulsed mode, the gain medium is pumped in bursts to generate short laser pulses. 
Power, duration and frequency of the laser pulses are important parameters for material 
processing. 

Different kinds of joints require different operation modes of the laser device. Selection of the 
appropriate laser type should be made in close coordination with the  

Practical metal seam welding was only feasible in the early 1970s when multi-kilowatt, continuous 
wave CO2 lasers were developed. In the 1980s, high power deep penetration keyhole welding of 
carbon steels with CO2 lasers became a regular industrial practice. However, there was only limited 
application of CO2 lasers for aluminium welding due to its very high reflectivity at the relatively long 
wavelength (10.6 μm). Practical application of flash-pumped Nd:YAG (neodymium doped-yttrium 
aluminium garnet) lasers, which emit a more suitable wavelength (1.06 μm), was not possible due to 
their low power and extremely poor efficiency at the time. In the mid-1990s, diode pumped Nd:YAG 
lasers were developed which offered kilowatt power and high efficiency. As a result, there was a 
growing interest in aluminium laser welding since the absorption of the laser beam energy in 
aluminium alloys at 1.06 μm is three times as much as it is at 10.6 μm. Nevertheless, the poor beam 
quality and high cost of diode pumped Nd:YAG lasers still hindered their acceptance in industry. In 
the early 2000s, with the arrival of the high power ytterbium fibre lasers, the disc and diode lasers, 
along with excellent beam quality and low maintenance cost, the advantages of laser welding 
aluminium components could be better realized. 

 

Laser Name Lasing Medium Wavelength 

[μm] 

Power Beam 

Quality 

Electrical Efficiency 

CO2 Gaseous (CO2) 10.6 Medium  

/ High 

High / 

Medium 

Low (10 %) 

Fibre Solid State (Yb-doped 

quartz fibre) 

1.075 High High High (25 – 35 %) 

YAG Solid State (Nd:YAG) 1.064 Medium Medium Low / Medium (5 – 25 %) 

Disk Solid State (Yb:YAG) 1.030 High High High (25 – 35 %) 

Diode Solid State 0.9 – 1.07 High Low Highest (45 %) 

Common industrial laser types and characteristics 
 

The requirement of very high laser power for aluminium welding is not only due to its high reflectivity 
and heat conductivity. An important parameter is also the absorption spectrum. Generally, metals 
have relatively high absorptions in the ultraviolet (UV) end of spectrum and low absorptions in the 
infrared (IR) range of the spectrum. Unlike most other metals, iron and steel have relatively high 
absorption factors in the IR spectrum. These materials therefore show good weldability with both 
solid-state and CO2 lasers. In case of aluminium, however, the decisive factor is the increase of the 
absorbed laser energy with decreasing wavelength. Thus for aluminium welding, solid state lasers are 
generally more efficient (except for welding depths > 6 – 8 mm where CO2 lasers are better).  
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The various types of solid state lasers differ somewhat in the wavelength, but more important are the 
differences in the intensity of the laser radiation, the quality of the laser beam and the sensitivity to 
back reflection. The beam quality refers to the ability to produce a beam of true Gaussian energy 
distribution and how tightly the beam may be focused. It depends on the laser type, the other optical 
components in the system and any contamination of these components. Highest beam qualities are 
required for cutting, while welding can tolerate slightly lower beam qualities. Welding with filler may be 
possible with even lower beam qualities.Thus, depending on the specific application, the most cost 
efficient solution must be carefully evaluated. 

 

4.1.1.1 CO2 lasers 

CO2 lasers generally use a three-component gas mixture consisting of helium, nitrogen and CO2 to 
generate the laser beam. High-voltage, low-current power sources supply the energy needed to excite 
the lasing medium. The purity of lasing gas must be extremely high in order to avoid any 
contamination of the laser components and thus an impaired laser performance. Moisture and 
hydrocarbons are particularly detrimental to the laser performance. 

The wavelength of the laser beam is 10.6 μm, putting it in the far-infrared spectrum, i.e. invisible to the 
human eye. CO2 lasers can operate in both continuous and pulsed mode. Fibre optic cables, which 
are made of quartz glass and absorb this wavelength, would be destroyed. Therefore a rigid lens and 
a carefully aligned and maintained mirror delivery system must be used.  

Owing to their reliability and durability as beam sources, CO2 lasers are well established in material 
processing. However, these machines require a large gas supply (except sealed CO2 lasers), draw a 
lot of power and produce extremely hot gas that requires cooling, which explains why their wall plug 
efficiency is only 10 to 12 %.  
 

 

 

CO2 laser head (left) with mirror optic (right), the focusing mirror simultaneously deflects 
the laser beam by 90 degrees 

(Source: Trumpf) 
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CO2 lasers typically provide a high-power, well-collimated beam of about 10 – 20 mm in diameter. 
While the infrared light is not well absorbed by most metals, the combination of high power (> 20 kW) 
and small, focussed beam diameter yields the power density necessary to initiate keyhole welding.  

 

4.1.1.2 Solid state lasers 

In solid state lasers, the light from a lamp or a series of diode lasers is focused (“pumped”) into a 
crystal medium, which then emits a small, well-collimated beam of laser light in the near infrared. 
They operate at wavelengths on the order of 1 μm, much shorter than gas lasers.  

The power spectrum of solid state lasers typically ranges from 20 W to > 10 kW. Depending on the 
laser type, solid state lasers work in continuous operation or pulsed operation with pulse durations of 
milli- down to pico- or even femtoseconds, opening a vast range of possible applications. In order to 
deliver the laser beam to the weld area, fibre optics is usually employed. 

Nd:YAG solid state lasers include a solid rod of material pumped with light from flash lamps or diodes. 
The basic configuration of flash lamp-pumped lasers makes them less efficient (electrical efficiency 
only 2 - 3 %) than diode-pumped lasers which are less complicated and have lower consumables cost 
(the lamps also must be replaced every few months). On the other hand, diode-pumped lasers show a 
higher initial purchase price. They are mostly used for conduction welding due to the combination of 
relatively poor beam quality and moderate power level. 

Fibre lasers are conceptually like diode-pumped solid state lasers, but employ a glass fibre doped 
with ytterbium to generate the laser light. The laser energy is then transferred via another glass fibre 
to the point of use. Due to their high beam quality, they can be focused to a small spot and thus allow 
achieving also the power density necessary for keyhole welding. Fibre lasers produce narrow weld 
seams, they offer high process speeds and are increasingly used for robotic industrial welding, in 
particular for thin-sheet applications.  

Diode lasers are a more recent development in the 1 µm wavelength range. Based on high-power 
diodes, the diode laser achieves its high power output through the arrangement of many electronic 
components in a single block. By directly coupling the diodes to an output fibre increases the wall plug 
efficiency while providing high flexibility. The beam quality is comparatively low; nevertheless, diode 
lasers are popular for use in welding metals. They produce precise and visually perfect weld seams, 
are energy-efficient and extremely efficient in operation. Diode lasers are best-used for conduction 
welding of thin metals. Because of their small size, diode laser systems can be mounted directly on 
robot arms and moved relatively quickly. It also makes it easier to keep them cool. 

Disk lasers use a small Yb:YAG (ytterbium: yttrium-aluminium garnet) disc pumped via diodes, the 
light  is delivered via glass fibres to the point of use. They combine the advantages of solid-state and 
diode lasers. The use of a disk as the laser medium ensures a high beam quality and the diode laser 
as pump source provides the excitation energy. Disk lasers deliver high continuous power and thus 
maximum process performance. The excellent beam quality enables large working distances and 
applications with narrow focusing optics. 

    

Optics design of a disk laser (left) and diode laser (right) 

(Source: Trumpf) 
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Solid state lasers can be placed independent of the processing location. Using flexible fibre cables, 
the laser beam is guided to the processing location and focused on the work piece with easy-to-
integrate optics. The laser beam can traverse distances of over 100 m, without significant loss of 
power. However, the fibre cost, routing and handling logistic and spare part availability are 
considerations that limit the practical length of a fibre optic cable. Several processing stations can be 
supplied by a single laser.  

      

Welding optics for solid state lasers 

(Source: Trumpf) 

 

4.1.2 Laser beam welding processes  

Two main laser welding methods can be distinguished: heat conduction welding and deep penetration 
(keyhole) welding. Heat conduction welding is characterised by lower energy intensity on the work 
piece leading primarily to surface melting. When the energy intensity is significantly increased, the 
material is heated above its boiling point forming a keyhole which contains metal vapour. As the laser 
moves relative to the work piece, a deep penetrating laser weld is produced. The beneficial 
characteristics of keyhole welding (i.e. large penetration depth and relatively small heat affected zone) 
attracted more industrial applications. However, conduction welding - where vaporisation of the 
material is insignificant - can be a viable alternative since it is a very stable process and it is easier to 
obtain high quality welds free of pores and spatter. 

Both continuous and pulsed lasers can be applied for welding. The short, powerful pulses of pulsed 
lasers are ideal for spot welding, but can also be used for seam welding. The resulting “cold” welding 
process is suitable in particular for components where the amount of heat introduced and the degree 
of deformation must be very low. High power laser sources ensure that materials with a high melting 
point as well as materials with a high thermal conductivity can be successfully welded. 

Laser beam welding facilities can be grouped into two types. Traditionally, the laser head is moved 
along the weld seam, usually with a robot. Nowadays, the remote laser beam welding technique is 
also often used. In this method, the laser beam is moved along the seam with the help of a laser 
scanner, so that the robotic arm does not need to follow the seam any more. The advantages of 
remote laser welding are the higher speed and the higher precision of the welding process. 

 

4.1.2.1 Heat conduction welding 

Heat conduction welding is the typical mode of operation at lower power densities. In heat conduction 
welding, the materials to be joined are melted by absorption of the laser beam at the material surface 
and the solidified melt joins the mating parts along a common joint. The weld penetration depth is 
generally below 1 to 2 mm, there is no vaporisation of the molten material. The maximum weld depth 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  8  

is limited by the heat conductivity of the material. If the heat is not able to dissipate quickly enough, 
the processing temperature will rise above the vaporisation temperature, the welding depth increases 
sharply and the process turns into deep penetration welding. 

Heat conduction welding is typically used to join thin wall parts (butt and lap joints). Also possible are 
closure welds and hermetic seals. Interesting examples are corner welds on visible surfaces. The 
laser produces a smooth, rounded bead that does not require any extra grinding or finishing. The 
width of the weld is always greater than its depth. The heat-affected zone is relatively wide and the 
transition from the fusion zone to the base metal is smooth and gradual.  

Conduction welding works over a relatively large linear power range, i.e. the delivered power can be 
adjusted until the ideal process parameters for the particular application are found. The combination 
of power control and shallow penetration makes conduction mode welding most suitable for heat-
sensitive, thin sheet applications. Furthermore, aluminium alloys containing volatile alloying materials 
(such as magnesium or zinc), which are difficult to keyhole-weld, can be successfully conduction-
welded. 

 
Heat conduction welding (schematic) 

 
 

4.1.2.2 Deep penetration welding 

Deep penetration welding requires extremely high power densities of about 106 W per cm2 or higher, 
depending on the type of metal. Once the metal temperature rises above its boiling point, metal 
vapour is generated and the vapour pressure opens a channel around the laser beam. Meanwhile, 
the surrounding material continues to melt. The result is a deep, narrow, vapour-filled capillary approx. 
1.5 times the diameter of the focal spot of the laser beam, which is surrounded by molten metal. The 
hydrostatic pressure, the surface tension of the melt, and the vapour pressure inside the capillary 
reach an equilibrium, preventing the capillary − often referred to as the "keyhole" − from collapsing. 
The laser beam is reflected multiple times on the walls of the keyhole. The molten material absorbs 
the laser beam almost completely, allowing the laser to produce welds that are deep and narrow. 
Thus, keyhole welding also overcomes the high reflectivity issue when welding aluminium alloys. As 
the laser beam advances along the weld joint, the keyhole moves with it through the work piece. The 
molten metal flows around the keyhole and solidifies in its trail.  

Deep penetration welding is distinguished by great efficiency and fast welding speeds. The result is a 
deep, narrow weld zone with a uniform internal structure. The weld depth may be up to ten times 
greater than the weld width. There is a relatively narrow heat-affected zone and minimum distortion. 
This process is used in applications requiring deeper welds or where several layers of material have 
to be welded simultaneously (i.e. for butt, corner, T, lap, and flange welds).  

However, deep penetration welding is not without problems (e.g. beam instability, keyhole oscillation, 
and intermittent closure of the keyhole which may lead to porosity). In comparison, laser conduction 
welding is fairly stable and may often be the preferred alternative when laser welding aluminium and 
its alloys.  
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Deep penetration welding produces a vapour-filled capillary (“keyhole”) 

 

 

4.1.2.3 Twin laser welding 

A possibility to increase the weld quality and the process stability is the use of two focused laser 
beams generated by one (“bifocal” method) or two lasers (“Twistlas” method). The result is a higher 
positioning and gap tolerance which is particularly useful for butt joint welding. Also the keyhole 
stability is improved, i.e. the time of opportunity for volatile constituents to exhaust through the 
keyhole is increased. 

 

Laser welding with bifocal and Twistlas 

(Source: Trumpf) 

 

4.1.2.4 Remote laser welding 

Remote laser welding uses scan mirrors for positioning the beam precisely at the desired weld 
location and quick decoupling in between welds. It enables the realisation of highly productive and 
flexible production line layouts, making laser beam welding in series production faster, more accurate, 
and thus more cost-effective than traditional welding processes. The essential process advantages 
offered by remote laser welding are single-sided component accessibility and high processing speeds 
up to 15 times faster in comparison to resistance spot welding. 
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Scanner welding  

(Source: Trumpf) 

The scanner technology offers an attractive alternative to moving the laser head or the work piece for 
beam positioning. Beam guidance is performed with mobile mirrors [1]. By changing the angle of the 
mirror, the beam can be moved in a controlled manner [4]. Using an additional lens system [2], the 
focus point can be moved in the Z direction. Thus three-dimensional components can be completely 
processed without moving either the processing head or the part. High-power disk lasers with good 
beam quality are used as beam sources. One or more flexible fibre optic laser cables lead the laser 
light from the laser unit to the processing station. 

The processing field [3] determines which welds can be carried out. The processing speed and size of 
the focus diameter at the work piece depends on the imaging properties of the optic, the beam 
incidence angle, the laser beam quality and the material. 

Compared to moving the work piece axes, the scanner technology enables significantly higher 
processing speeds with lower investment costs. The limiting factor in the scanner technology, 
however, is the size of the processing field. For welding applications, the spot size of the focused 
laser beam must be about 500 μm in order to achieve the required energy density. Historically, this 
has been accomplished through the use of reflective or light-transmissive optics and focal lengths 
have been limited to 50 to 400 mm. As a consequence, only relatively flat components of limited 
dimensions could be processed.  

A necessary condition for the widespread introduction of the remote laser welding method into 
industrial practice was therefore an increase of the work envelope by increasing the focal distance. 
Since the focused spot size is determined by the raw beam diameter and quality, a raw laser beam of 
high quality and enlarged diameter is necessary. For many years, this condition limited remote 
welding to high-power CO2 lasers where the typical beam delivery system consists of reflective optical 
components. Thus the scan head had to remain stationary, limiting the working volume. 

The high beam quality available with today’s solid state (diode, disk or fibre) laser systems, combined 
with a fibre light transport system and a beam-expanding telescope, however, enables the realisation 
of the required focused spot diameter even with a focal length of 1.5 to 2.25 m. Because of the long 
focal length of the focusing lens, small deviations of the mirror now cause long paths in the plane, and 
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thus extremely fast positioning of the focal spot at different welding positions. Due to the very fast 
translation movements, beam-off time is nearly eliminated, and the laser unit can produce at close 
to 100% of the available fabrication time. 

The scanner mirrors move the focus spot across the work piece along the X and Y axes. Focusing is 
either effected after the deflection unit via an optimized lens system or, like in the remote welding 
method, via a movable focusing lens in front of the scanner head. With a new highly dynamic drive 
unit, the movable lens can quickly position the spot in a precise location on the Z axis without moving 
the optics. This allows the laser to quickly move around in the third dimension, eliminating the problem 
of working in different planes and enabling the beam to reach weld spots in previously inaccessible 
locations. 

  

The scanner principle with two mirrors allows precisely controlled laser beam movements 

Using two mirrors, the laser beam can be placed at any predefined position within the process field or 
space, or it can be guided over any contour. This strategy uses a focus optic mounted to a linear drive 
axis to move the focal point in the vertical axis, and two deflection mirrors with cone angles of ±20° to 
move the focal point in the horizontal plane. Spot and seam welds can thus be made without moving 
the work piece or the focusing optics. Programming flexibility with remote welding allows the 
realisation of optimized weld paths and sequences, decreases processing times and enables the 
application of a better strategy for reducing thermal distortion of the work piece.  

Furthermore, the programmable focusing optics can be also guided over a work piece with an 
industrial robot. The use of a robot increases the workspace significantly, permitting true three-
dimensional part processing. The “RobScan” process developed by Daimler combines the high speed 
and precision of scanner optics with the flexibility of a robot. A disk-laser is used as a beam source, 
thus allowing the laser beam to be routed to the laser head via flexible optical fibres. The positioning 
times between the weld seams can be reduced due to the simultaneous superimposition of the 
scanner mirror and robot movement, a process referred to as welding on-the-fly. 
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Robotic welding with a scanning head 

(Source: Trumpf) 

Mounted on the end of the robot arm, the scanning head uses two electronically controlled adjustable 
mirrors to move the tightly focussed laser beam from one welding spot to the next at a high speed. 
However, the system does not stop at each welding spot to make a seam before moving on a few 
centimetres to the next spot. Instead, the steel robot arm continually moves along the component 
while the scanner head simultaneously guides the laser beam across the component. 

 

Remote welding of door panel showing linear stitches and staple shaped welds 

(Source: Daimler) 

Technological developments in remote laser welding are currently going on very rapidly. Another 
example is the “laser stir” welding technique developed by Volkswagen.  Conventionally, a gap width 
of 0.2 mm has been considered as the upper limit for remote laser welding. The two mirrors inside the 
scan head enable to rapidly focus the laser beam on the work piece with a high degree of precision. 
This allows manipulating the beam into a circular motion it is guided along the gap. The resulting 
“wobble effect” causes the laser to stir the melt pool, which increases the volume of molten material 
and enables to bridge gaps of up to 0.5 mm. 

In addition, remote laser welding decreases production tolerances. It subjects the parts to less heat 
input and mechanical stress than conventional welding processes, i.e. there is less geometrical 
distortion of the parts. The lower number of positioning and clamping devices also contributes to a 
greater dimensional stability of the welded components. On the other hand, additional complexities 
arise when a filler metal has to be added or a shielding gas has to be integrated in order to produce a 
high quality joint. The large focal distance prevents direct coordination of the laser beam movement 
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and wire feeding mechanism. A solution has been found with the development of a special multi-layer 
aluminium sheet material (see section 4.1.5) which already incorporates the filler metal functionality. 

In summary, remote laser welding is a high speed metal joining technology that involves a multi-
kilowatt laser beam, an industrial robot and a laser scanning system working in combination to rapidly 
produce a sequence of laser welds across a work piece with minimum non-productive time. The 
scanner permits a reduction of the time between each weld to fractions of a second, enabling more 
joints to be made within a given cycle time; the robot allows the scanner to be placed where needed 
around the parts to be welded, reducing the number of re-orientation operations of the part. The on-
going development activities ensure that this process will play an even more important role in future. 

 

4.1.2.5 Laser welding of tubes, profiles and tailored blanks 

Compared to conventional fusion welding techniques, longitudinal laser welding of tubes and profiles 
clearly benefits from the higher process speeds. But there are also qualitative improvements. The low 
heat input in laser beam welding leads amongst others to a narrow weld seam, a small heat-affected 
zone and little loss of alloying elements. The fine-grained microstructure of the welding seam allows 
subsequent forming processes with high deformation degrees, even without any heat treatment.  

 

Endless laser welded tubes 

(Source: Trumpf) 

 

Laser welding is also a preferred method for the production of high quality aluminium tailor welded 
blanks. In the past, laboratory tests have been carried out using various lasers. Excellent results have 
been achieved in particular with two-sided simultaneous welding using two diode lasers. The use of 
two lasers not only increases the process speed, but also offers qualitative advantages both regarding 
avoidance of defects (porosity, hot cracking, etc.) and optimization of weld seam geometry 
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Fabrication of aluminium tailor welded blanks with diode lasers 

(Source: ThyssenKrupp) 

 

3.1.2.6 Laser deposit welding 

During the laser deposit welding process, also known as laser cladding or direct metal deposition, a 
filler material such as a wire or a powder and the surface of the substrate material are melted by laser 
radiation. Thus, a metallurgically bonded surface layer can be produced.  

Laser deposit welding enables the repair of surface defects on (semi-)finished components; it can 
also be used to apply protective layers to prevent wear and corrosion or to fabricate a near-net shape 
part (“additive manufacturing technology”). The laser beam produces a precise and high quality 
connection between the added filler material and the work piece. The low heat input, rapid heating 
and cooling, and precise control of laser beam energy help to minimize thermal loading of the work 
piece. Depending on the task, either manual or automated laser deposition welding is used. 

 

a) Manual laser deposition welding 

In manual deposition welding, the welder guides the filler material "by hand" to the area to be welded. 
A thin wire is primarily used as filler material. The laser beam melts the wire and the molten material 
forms a strong bond with the substrate which is also superficially melted. Argon gas shields the work 
process from the ambient air. Finally, the part can be restored to its original shape by grinding, milling, 
etc. 

 

Manual laser deposition welding with filler wire  

(Source: Trumpf) 
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b) Automated laser deposition welding 

In this case, a machine guides the filler material to the area to be welded. Although the filler material 
can also be a wire, this process primarily uses metal powders. Metal powder is “welded” in layers to 
the base material without pores or cracks. After cooling, the deposited metal layer can be machined. 
The laser is used to generate a molten bath on the substrate surface. Powdered material is guided 
through the nozzle into the melt pool and, step by step, the next layer can be deposited.  

  

Automated deposition welding, the filler material is delivered in powder form 

(Source: Trumpf)  

The powder used in laser cladding is injected into the system by either coaxial or lateral nozzles. 
Moving the substrate allows the melt pool to solidify and thus produces a track of solid metal. This is 
the most common technique; however some processes involve moving the laser/nozzle assembly 
over a stationary substrate. The injected powder is normally of metallic nature; however, ceramic 
particles can be also used. 

The same principle can be also used to improve the surface characteristics of aluminium components 
by laser surface melting. In this case, the laser radiation does not penetrate the material very deeply, 
but changes the surface structure and/or the properties of the surface layer. The technique principally 
involved are laser surface melting and laser surface alloying. Pure surface re-melting can be used to 
modify the surface topography on a microstructural scale or to create pressure tension in the surface. 
With the addition of suitable powders, the composition of the surface layer can be modified allowing 
for example significant hardening effects (e.g. by adding iron powder). Also the wear resistance can 
be drastically improved for example by introducing a fine dispersion of hard ceramic particles into the 
surface. A wide range of unique microstructures can be produced by these techniques resulting from 
the extremely high cooling rates when the relatively thin laser melted surface layer is allowed to 
solidify in contact with the virtually unaffected substrate which acts as a large heat sink.  

 

4.1.3 Laser welding defects  

Compared to the solidification rates encountered in conventional arc welding processes (102 to 103 
°C/sec), the solidification rates in laser welding are much higher (105 to 106 °C/sec). Consequently, 
the weld metal shows mostly a very fine grained microstructure. 

Special care is necessary in process planning regarding the appropriate weld position as the low 
viscosity of highly fluid molten aluminium can result in dropping or sagging of the under bead. Apart 
from typical fusion welding defects like incomplete fusion, craters, expelled material, weld spatters 
and geometrical defect (misalignment, undercut, etc.), there are four types of internal weld defects in 
laser welding of aluminium which must be considered in more detail:  

− porosity,  
− cracking,  
− inclusions and  
− loss of alloying elements.  
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Most gas porosity in aluminium alloys can be attributed to hydrogen. Hydrogen porosity can be a 
bigger problem than in conventional arc welding since the high cooling rate has an unfavourable 
effect which hinders diffusion of the trapped hydrogen. A possible measure to avoid excessive 
formation and growth of hydrogen porosity is a lower welding speed. Another way to reduce hydrogen 
porosity would be to increase power density and thus the solidification time, allowing the hydrogen to 
escape. The best option, however, is to avoid the formation of hydrogen porosity beforehand by 
ensuring proper quality of the starting material, suitable material storage conditions, proper surface 
preparation and processing conditions, etc. 

But even with proper material surface preparation, laser parameters, shielding gas and filler metal, 
aluminium alloys are susceptible to random porosities after keyhole laser welding. These types of 
pores have an irregular or tubular shape and are usually located in the keyhole path, whereas 
hydrogen pores are more or less evenly distributed. The highest level of process-related porosity is 
found in the regions where an unstable keyhole is formed. Consequently the keyhole must be kept as 
stable as possible; this can be achieved by welding at high speeds and the addition of filler wire 

Many aluminium alloys also exhibit a strong tendency for weld crack formation because of their large 
solidification temperature range, high coefficient of thermal expansion, and large solidification 
shrinkage. The restrained contraction of a weld during cooling induces tensile stresses in the joint 
which may cause cracking. There are two types of hot cracking: cracking that occurs in the weld 
fusion zone during solidification (solidification cracking), and cracking that takes place in the 
immediately adjoining zone due to local liquation (liquation cracking). Hot cracking sensitivity can be 
often avoided by adding the appropriate filler wire, thereby altering the weld chemistry away from the 
most crack-sensitive compositions. 

 

External and internal weld defects that can occur in laser welding 

Oxides are the main type of inclusions found in laser welded aluminium alloys. During keyhole laser 
welding, the inherently unstable keyhole flow may entrap shielding gas or even air because of 
imperfect gas shielding. Therefore, some oxide particles may be formed in the keyhole vapour. 
Furthermore, some surface oxide film particles may be entrapped in the weld pool. 

In addition, the high power density used for laser welding may cause selective vaporisation of alloying 
elements with a low melting point (e.g. magnesium or zinc) because of their higher vapour pressure 
than aluminium. Selective vaporisation of alloying elements can take place in both keyhole and 
conduction laser welding. The loss of alloying elements can be minimised by controlling the beam 
power density, which influences the temperature of the molten metal in the welding pool. Another way 
to reduce the loss of alloying elements is the use of a suitable filler metal. Laser welding of aluminium 
alloys with the addition of a filler metal may replenish the loss of alloying elements and also prevent 
solidification cracking.  

When the vaporised elements escape through the keyhole, they can also pull molten material along 
with them, leaving weld voids and spatter in their wake. The solution is to choose either a large 
focused spot size or to reduce the welding speed in order to allow the vapours to exhaust without 
causing damage. 
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4.1.4 Joint configurations 

The laser welding process is characterised by high welding speeds, deep penetration effect and low 
heat input. This makes the laser particularly suitable for welding overlap joints. The high welding 
speed is advantageous for long, one-dimensional welds. On the other hand, fast and precise beam 
movements in remote laser welding offer the possibility to exactly position the weld spots at the 
required locations. Depending on the required strength of the weld and the acceptable maximum 
amount of heat input into the component, continuous or individual welding spots, short lines (stitches) 
or small circles can be made. Another advantage is of laser welding that the high accessibility, it only 
needs single sided access and welds can be carried out in narrow places. 

Two aspects are particularly beneficial: 

- the reduced flange width (i.e. reduction of component size, weight and cost), and 
- the increased strength and stiffness of the component as a result of the continuous joint and 

weld shape optimization for loading and stresses. 

Laser welded joints can be also significantly smaller and thinner than their MIG (GMA) welded 
counterparts. The greatest advantages in costs and productivity compared to conventional welding 
can be achieved when the components are intentionally designed or re-designed to take advantage of 
the laser joining process. 

               

Laser welding can reduce or eliminate flanges compared with resistance spot welding (left) or 
enable improved (reduced weight or increased strength) designs (right) 

In order to get an acceptable joint profile and weld quality, a number of processing and fit-up 
conditions have to be satisfied. Some examples of sheet metal joint configurations suitable for laser 
welding are shown below.  
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Sheet metal configurations suitable for laser welding 

(Source: Trumpf)  

In a specific application, the joint configuration must be selected taking into account he principle 
stresses acting on the joint, i.e. tension, compression or shear loads. Shear stress should be largely 
avoided, because most joints are very sensitive to this kind of loading. 
 

 

But there are also process-specific considerations. As an example, butt joints provide higher strength, 
higher welding efficiency (faster or less power) and reduced material usage, but require closer 
positioning tolerances and better edge geometry and fit-up. The smaller weld fusion area also 
reduces the size of the heat affected zone and distortion of the welded assembly. On the other hand, 
overlap joints provide greater process window regarding positioning, but generally yield lower 
strength, lower welding efficiency, and increased material usage. 
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Joint Configuration  Weld Fusion 

Area 

Positioning 

Tolerance 

Seam weld on butt joint 

 

+ - 

Lap weld on lap joint 

 

- + 

Seam weld on T joint 

 

+ - 

Lap weld on T joint 

 

- + 

Seam weld on flange 

 

+ - 

Lap weld on flange 

 

- + 

Characteristics of laser joint configurations 

The most important requirement for reliable laser welding is a close fit-up at the joint interfaces. If the 
welding interfaces are too far apart, there is insufficient weld material to bridge the gap or the weld will 
be undercut.  

 

Acceptable joint tolerances in laser welding 

(Source: Trumpf) 

However, the acceptable gap tolerance is always case specific. An improved fit-up can be achieved 
for example through precision shearing of the edges or the use of special clamping arrangements 
(such as rollers near the welding region). Furthermore, appropriate control of the laser beam can be 
used for better gap bridging, e.g. by increasing the spot size (if the laser source has sufficient power), 
by beam spitting (twin spot technique) or by weaving or wobbling the laser beam. Also possible is the 
addition of a filler wire or – as a last resort − the application of the laser MIG (GMA) hybrid welding 
method.  

Another important factor is the positioning tolerance. The position of the joint under the laser must be 
precise enough such that the focused laser spot does not miss the joint. The tolerance of this 
misalignment is a function of the focused beam diameter and to a lesser extent the joint design. Seam 
tracking devices are therefore often used in practice. 
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Good weld fixtures using appropriate clamping devices is a prerequisite for success. When joining 
pre-fabricated components (e.g. formed and machined tubes or extruded profiles) or net-shaped parts 
(castings), even more possibilities exist as positioning aids or interlocking features can be integrated 
into the individual components. 

 

4.1.5 Addition of filler wire 

Laser beam welding is preferably carried out without the addition of a filler metal. However, in many 
cases, a filler metal must be added either for metallurgical reasons or to accommodate larger gaps. 
Due to the specific characteristics of laser welding, the addition of filler wire introduces a number of 
limitations to the process in terms of alignment, productivity (especially with remote laser welding), 
etc. The small laser spot and the narrow welding gap require very precise wire feeding. Thus, in 
practical application, sophisticated coordination between beam and wire feeding positioning 
mechanisms and the optical seam tracking device is necessary.  

Solidification cracking is a concern when aluminium alloys are laser welded, especially in pulsed laser 
welding. While most non-heat treatable aluminium alloys can be welded without filler metal in the 
continuous wave mode, filler metal is necessary for welding heat treatable alloys. Proper filler metal 
selection is most important in preventing weld cracking and ensuring good mechanical characteristics 
of the weld (see also 2.4). In general, the filler metal alloys recommended for arc welding are also 
recommended for laser beam welding. Si-rich filler wires (e.g. EN AW-4043 and 4047) are typically 
used for laser welding of the standard automotive EN AW-6xxx alloys among each other or with EN 
AW-5xxx alloys (etc.). Structural EN AW-5xxx automotive alloys (with Mg < 3.5 %) can be welded 
without filler wire or, if appropriate, EN AW-5356 or EN AW-4043. For the selection of suitable filler 
wire wires for other age hardening aluminium alloy systems, please see section 2.4.1). 

In practice, the wire feeding mechanism is generally attached to a robot arm together with the laser 
head. In specific cases, the use of ancillary equipment to preheat the wire by resistance heating (hot 
wire) has shown to result in increased process stability (high quality and spatter-free welding) and 
increased welding speeds. In the laser hot wire method, the laser beam heats the base metal. The 
pre-heated wire is fed in, and welded with the base metal. In the laser cold wire mode, the laser beam 
heats both the base metal and the filler metal, and welds them together.  

   

 

Laser welding with hot (left) and cold wire (right) 
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(Source: Fronius) 

As an alternative, the filler metal can also be added in powder form using the laser metal deposition 
approach, i.e. the filler metal powder is directly injected into the melt pool.  

In remote laser welding, both mechanisms for the addition of filler metal outlined above will not work 
because the distance between the laser head and the weld location is too large. A solution was found 
with the development of the laser remote weldable car body sheet alloy Anticorodal®-200 RW (Novelis 
FusionTM alloy 8840). It is a patented multi-layer AlMgSi sheet product suitable for outer body 
application based on the Novelis Fusion™ process. The application of this multi-layer alloy enables 
remote laser welding without using filler material which otherwise would not be possible for EN AW-
6xxx type alloys. It also enables to bridge up to 4 mm wide gaps between the components to be 
welded. A wide variety of weld configurations (overlap, butt, edge, edge overlap, T joint, etc.) have 
been successfully tested. The multi-layer alloy can be also successfully welded to conventional 
(monolithic) aluminium sheet and extrusion alloys as long as the multi-layer alloy Ac-200RW (8840) is 
on top allowing easier flow of the extra clad alloy to into the weld joint.  

 

Multi-layer FusionTM alloy 8840 is laser weldable without filler metal 

(Source: Novelis) 

 

4.1.6 Shielding gases for laser welding 

The primary function of the shielding gas during laser welding is the protection of the molten weld pool 
from oxidation and other environmental contaminations. For full penetration welds that require 
acceptable root weld profiles, the root should also be shielded with argon to prevent sagging, underfill 
and sharp angles. In addition, shielding gases are used to suppress plasma formation in case of CO2 
lasers (which can absorb laser power), to stabilise the process and to protect the laser optics against 
fumes and spatter.  
 

 
Nozzles for shielding gas supply 
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Coaxial, annular or lateral (side-jet) nozzles can be used for delivering the gas to the weld region. 
Laminar flow is a prerequisite for proper shielding gas coverage. High shielding gas velocity causes 
turbulence which entrains atmospheric air with the gas flow. 

The choice of the shielding gas can have a significant effect on both the weld quality and the process 
productivity. For laser welding of aluminium, the use of argon, helium or helium-argon mixtures (up to 
50% argon) is recommended; although for specialised applications, mixtures may give enhanced 
performance. 

Originally, pure helium was used for welding since helium offers optimum protections and its 
application is least critical. Today the shielding gases used in laser welding tend to be more like those 
used in gas metal arc welding (see 2.5).  

 

4.1.7 Characteristics of laser welding of aluminium alloys 

Today, laser welding of most wrought aluminium alloys presents little problems. In particular the EN 
AW-5xxx and the EN AW-6xxx series alloys which are commonly used in the automotive industry can 
be properly laser welded. The addition of a suitable filler metal (or the application of other appropriate 
measures) is, however, generally necessary to safely avoid hot cracking when EN AW-6xxx alloys are 
joined. 

The mechanical properties of laser-welded aluminium alloys depend on joint configuration, face and 
root bead profiles, fusion zone composition (with or without filler metal), and the amount of weld heat 
input. In the weld zone, depending on the alloy system(s), some of the strength achieved in the base 
metal by work hardening and heat treating may be lost in the weld metal. The above mentioned 
issues with alloying element vaporization in alloys containing Mg and Zn may also degrade the 
strength of the weld metal. Some reduction in cross-weld tensile strength may be also caused by 
cross-sectional reductions caused by welding defects (e.g. undercut or porosity).  

Laser welded joints in EN AW-5xxx series alloys retain their cross-weld tensile strengths to within 80 - 
100 % of the strength level of the parent material and only show a small reduction in elongation-to-
failure value. The reduction in cross-weld tensile strength is due to annealing effects resulting from 
the heat impact. EN AW-5xxx alloys are generally welded without filler metal although a filler metal 
(e.g. EN AW-5356)) can be introduced to improve the strength and ductility of the joint, if desired. 

For the heat-treatable EN AW-6xxx (AlMgSi) alloys, a greater loss in cross-weld tensile strength and 
elongation-to-failure value occurs. This drop is caused by the local dissolution of hardening 
precipitates and the loss of strain-hardening. The heat affected zone is also softened by over-ageing 
during welding. Post weld aging of the heat-treatable alloys may be used to further increase the 
tensile strength.  

Although no special surface treatment is required when welding aluminium, care has to be taken to 
avoid excessive porosity. The predominant cause for porosity is the evolution of hydrogen gas during 
weld metal solidification. This hydrogen can originate from lubricants, moisture in the atmosphere and 
surface oxides or the presence of hydrogen in the parent material. Good quality welds can be 
achieved for most alloys by cleaning the surfaces prior to welding and adequate inert gas shielding of 
the weld pool area.  

Hydrogen content may, however, present problems when aluminium castings are laser welded. 
Whereas for example the MIG (GMA) arc welding method will still produce an adequate weld joint 
quality in conventional high pressure die castings, the faster laser welding process may lead to an 
irregular distribution of relatively large gas pores (i.e. an inacceptable joint quality). Only castings 
produced with high quality vacuum pressure die casting techniques are properly weldable using the 
laser welding process. 
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Gas porosity in laser welded aluminium pressure die castings 

(Source: Alusuisse) 

4.2 Electron beam welding 

Electron beam welding is a joining method which uses a tightly focussed beam of high energy 
electrons. A tightly focused beam of electrons strikes the work piece with a power density of 105 
W/mm2 or greater. The high power density causes vaporisation of the molten metal, leading to the 
formation of the “welding capillary” or “keyhole” that is characteristic of electron beam welding. 
Electron beam welding results in extremely narrow, deep penetration welds with a minimal heat 
affected zone, requiring minimal power input. The bulk of the assembly remains cold and stable.  

Both high energy density laser and electron beam welding characteristically produce a deep, narrow 
weld bead. There are, however, significant differences between the two processes: lasers heat with 
photons of approximately 0.1 eV energy while electron beams use particles of the order of 105 eV 
energy. The beam of laser light readily interacts with the free electrons in the plasma which is formed 
by vaporisation of the surface of the metal, and this interaction defocuses part of the incident beam. 
On the other hand, the electrons of an electron beam are too energetic to be deflected significantly by 
the plasma. As a result, it is possible to couple the energy much more efficiently using electron beam 
welding compared to laser welding.  

The beam is produced and controlled by the electron beam generator. The electrons emerge from the 
cathode consisting of a tungsten filament heated to approximately 2’500 °C. Voltages of up to 150 kV 
between cathode and anode accelerate the electrons towards the work piece. An electromagnetic 
lens focuses the diverging electron beam to a spot with high power density. When the electrons hit 
the surface of the work piece, their kinetic energy is mostly transformed into heat; only a small part of 
the energy is emitted as X rays.  

The concentrated energy of the narrow electron beam penetrates the aluminium to a great depth. In a 
first phase, the high energy concentration at the beam spot melts the material (A). Then the material 
in the centre vaporises and leads to a keyhole surrounded by molten metal (B). The beam penetrates 
deeper into the work piece through the vapour channel (C). When the beam moves forward, it melts 
the metal in front of the keyhole, which then flows to the rear of the keyhole and solidifies to form the 
weld (D). 
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Electron beam welding process 

(Source: Steigerwald Strahltechnik) 

The energy absorption on the work piece is nearly independent of the incident angle, the type of 
material and surface state. Consequently in electron beam welding, the electrical wall-plug efficiency 
is high (> 50 %, including all auxiliaries). 

Various types of weld are distinguished depending on the basic geometric shape of the components; 
the welds can be made continuous, discontinuous or as a spot weld. 

                

Vacuum (left) and non-vacuum (right) electron beam welding technology 

(Source: Steigerwald Strahltechnik) 
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4.2.1 Vacuum electron beam welding 

Electron beam welding is traditionally performed with the component to be welded contained entirely 
within a vacuum chamber. The generator is mounted to the processing chamber. With a conventional 
beam generator, a vacuum better than 10 -4 mbar must be achieved in the electron gun vacuum 
envelope. In industrial systems, the processing chamber pressure typically ranges from 10 -2 mbar to 
10 -4 mbar. Whilst in many applications a vacuum welding environment is attractive, for large parts 
and where high productivity is required, the need for an evacuated chamber can drastically hinder 
efficient work. The limiting factor is the pump cycle time which may be reduced by twin chamber 
machines.  

Electron beam welds are usually either fully penetrating or partially penetrating. Electron beam 
welding creates high integrity joints with low heat input. The narrow melt and heat affected zones 
minimises distortion to the component as whole. Depth-width-ratios of 50:1 and welding depths up to 
300 mm are possible. Deep weld penetration can be achieved in a single pass with a high welding 
speed (>>10 m/min). Normally the components are welded without filler materials, but are added 
when necessary. Welding in vacuum ensures in a clean and reproducible environment and protects 
the molten metal. The mechanised (or automated) operation guarantees reliability and reproducibility. 

Electron beam welding under vacuum causes a low divergence of the electron beam. The power 
density with a beam power of 100 kW or more and a spot diameter between 0.1 and 1 mm is 
extremely high. The beam is moved over the work piece either by electromagnetic deflection or 
mechanical motion or both, enabling rapid changes of weld direction combined with high welding 
speeds. It is also possible to oscillate the beam by modulation of the frequencies of the free 
programmable deflector coils in order to improve out-gassing of the weld and gap bridging. It is 
important to maintain the cavity long enough for optimum degassing to keep porosity to a minimum.  

The preferred joint geometries are lap joints and simple butt joints. Also used are weld pool supported 
joints, joints with positioning guides and special weld geometries for penetration improvement.  

 

4.2.2 Non-vacuum electron beam welding  

Non-vacuum electron beam welding employs essentially the same equipment as vacuum electron 
beam welding except that the working chamber is replaced by an orifice system. The electron beam 
emerges from the gun column via a series of differentially pumped vacuum stages which are 
separated by small diameter orifices. Thus the need for evacuation time is eliminated, as the orifice 
system and the generator column are permanently kept under vacuum. The electron beam is guided 
to the atmosphere (1’000 mbar) from the high vacuum (10-4 mbar) in the electron beam generator 
over a soft vacuum (10-2 mbar) and rough vacuum (< 1 mbar).  

The other difference is that in vacuum electron beam welding, the working distance can be varied 
over a wide range (up to 2000 mm) by changing the lens current. In non-vacuum electron beam 
welding, the working distance is fixed. The electron beam is focused on the outer nozzle of the orifice 
system which has a diameter between 1 mm and 2 mm. This small nozzle makes sure that only a 
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small amount of vaporized material can reach the rough vacuum range and the beam generator. 
Additionally a cross-jet of the applied processing gas, crosswise to the beam direction, seals the 
orifice. Thus a steady welding operation is guaranteed. Differences in the working distance are 
equalized by moving the electron beam generator. 

After leaving the nozzle, a diffuse and diverging electron beam is formed due to the interaction of the 
electrons with the gas molecules in the surrounding air. The power distribution of the electron beam 
allows keyhole welding within a distance of up to 25 mm working distance. A minimum working 
distance (> 5 mm) must be kept to prevent a thermal distortion of the orifice system. 

In non-vacuum electron beam welding, the use of a shielding gas (He, Ar) to protect the weld pool is 
generally necessary. In addition, a working gas protects the nozzle and beam generator against 
pollution. Helium is the preferred working/shielding gas. With its small atomic diameter, helium 
minimises the expansion of the electron beam. The gas quantity and the working distance are 
important parameters apart from the beam parameters (beam current and acceleration voltage). They 
all influence welding velocity, welding depth and joint quality.  

With non-vacuum electron beam welding, deep penetration welding with depth-width-ratios of 5:1 can 
be reached. Non-vacuum electron beam welding allows single pass welding of thick section at 
atmospheric pressure with weld characteristics similar to those produced by in-vacuum welding, i.e. 
low distortion and high weld quality. The diverging and high-energy electron beam permits a good gap 
bridging without using filler material and is insensitive to working distance variations and pollution. 
Gaps between 0.1 up to 1 mm can be tolerated depending on the joint design, material thickness and 
welding speed. If necessary, a filler material can be used. However, in this case, the welding velocity 
is reduced 

 

Welding depth as a function of welding speed in non-vacuum electron beam welding 

(Source: Steigerwald Strahltechnik) 

The classical application for non-vacuum electron beam welding is welding of thin metal sheets (< 5 
mm). Flange and overlap joints are ideal joints for non-vacuum electron beam welding. Due to the 
presence of large material quantities, only coarse joint preparation is required and relative large gaps 
can be tolerated. The “tailored blank“ joint allows gaps of a few tenth of a millimetre. In case of a butt 
weld, gaps with < 0.1 mm are only tolerated without filler metal.  
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Joint geometries for non-vacuum electron beam welding 

(Source: Steigerwald Strahltechnik) 

Most important in electron beam welding is proper protection from the emitted X rays. Whereas in 
vacuum electron beam welding, the vacuum chamber provides the necessary protection, the working 
area of a non-vacuum electron beam welding machine must be shielded by properly adopted lead 
walls. 

 

4.2.3 Electron beam welding of aluminium alloys 

Electron beam welding can be used to join aluminium alloys in a similar manner as laser beam 
welding. There are no electron beam-specific issues or problems. It also allows joining different types 
of materials, e.g. joining aluminium and steel. As the energy input can be precisely controlled, durable 
weld-solder joints can be made (in this case, the steel partner remains solid and the aluminium is 
fused to it). 
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Non-vacuum electron beam welding of a cross beam of the instrument panel support 

(Source: Alusuisse) 
 
For the application shown above, non-vacuum welding proved to be the optimum joining method in a 
comparative study. The structural beam is produced from two stamped half shells made from 2.5 mm 
thick EN AW-5754 sheets. The edge welds are manufactured at a welding speed of 12 m/min. A big 
advantage is the round shape of the weld which offers safe manual handling on the assembly line, no 
danger of scrubbing of electric wire insulation during service, etc. 
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5.0 Introduction 

Electric resistance welding refers to a group of thermo-electric welding processes such as 
spot and seam welding. The weld is made by conducting a strong current through the metal to 
heat up and finally melt the metal at a localized point, predetermined by the design of the 
electrodes and/or the work piece to be welded. A force is always applied before, during and 
after the application of current to confine the contact area at the weld interfaces and, in some 
applications, to forge the work pieces. 

The general heat generation formula for resistance welding is: 

Heat = I2 x R x t, 

where I is the weld current through the work pieces, R is the electrical resistance of the work 
pieces and t is the weld time. The weld current and duration of current are controlled by the 
resistance welding power supply. The resistance of the work pieces is a function of many 
different factors, i.e. the electrical resistance of the work pieces and electrodes, the geometry 
of the work pieces, the surface conditions of both work pieces and electrodes, the electrode 
geometry, the electrode pressing force (i.e. the force used to hold the materials together), etc.  

When the electrical current passes through the metal, heat is preferentially generated at the 
connecting or "faying" surfaces of the parts to be joined. When the welding temperature is 
reached, the parts are welded in spots at their contact points between the electrodes by the 
electrode force. In general, resistance welding methods are efficient (very short process time), 
require no consumables, are clean and environmentally friendly, but their application is limited 
to relatively thin materials and the equipment cost can be high.  

Aluminium and its alloys have high thermal and electrical conductivity compared with steel 
and, as the process depends on resistance heating, they require much higher welding 
currents. 

There are three basic types of resistance welding bonds:  

- In a solid state bond (also called a thermo-compression bond), dissimilar materials 
are joined using a very short heating time, high weld energy and high force. There is 
little melting and minimum thermal impact on both materials, i.e. the materials are 
more or less bond while still in the “solid state”. The joint typically exhibits good shear 
and tensile strength, but poor peel strength.  

- In a fusion bond, either similar or dissimilar materials, both materials are locally 
heated to the melting point. The subsequent cooling (and combination of the two 
materials) forms a weld nugget. Typically, high weld energies at either short or long 
weld times, depending on physical characteristics, are used to produce fusion bonds. 
The bonded materials usually exhibit excellent tensile, peel and shear strengths.  

- In a reflow braze bond, resistance heating of a low temperature brazing material is 
used to join either dissimilar materials or widely varying thick/thin material 
combinations. The brazing material must wet each part and possess a lower melting 
point than both work pieces. The resultant bond has definite interfaces with minimum 
grain growth. Typically the process requires a longer heating time at low weld energy. 
The resultant bond exhibits excellent tensile strength, but poor peel and shear 
strength. 

In the following, the fusion bond approach will be considered in more details. Solid state 
resistance welding and resistance brazing are only relevant for very specific types of joints 
between aluminium and other materials. 

 

5.1 Resistance spot welding  

Resistance spot welding is a resistance welding process that utilizes the heat obtained by the 
resistance to the flow of electric current to the work pieces through electrodes that 
concentrate current and pressure at the weld area. The generated heat is used to melt and 
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solidify a nugget at the faying surfaces of a joint. The resistance spot welding process is 
characterized by a very fast welding operation which is readily adapted to automation. 

 

 

Schematic of resistance spot welding process 

The work pieces are overlapped and held together under pressure exerted by two shaped 
copper electrodes. The applied force presses the sheet surfaces into intimate contact. A large 
current is then passed through electrodes and work pieces for a very short time. The 
electrode faces concentrate the welding current into a small spot. Governed by Joule's law, 
heating is caused due to the bulk resistance of the work pieces and the contact resistances, 
which are determined by the surface condition of the work pieces (surface roughness, 
cleanliness, surface oxides and, if applicable, surface coatings). Welding times vary 
depending on the type of material, its thickness, the electrode force and the diameter of the 
electrodes. 

 

5.1.1 The resistance spot welding process 

Spot welding involves three stages. At first, the electrodes are brought in contact with the 
surface of the metal and a slight pressure is applied. On a microscopic scale, the metal 
surface is quite rough, i.e. when the metals are forced together, some peaks will make 
contact. Where the contact pressure is sufficiently high, the oxide layer breaks, forming a 
limited number of metal-to-metal bridges. The weld schedule must include sufficient time to 
build electrode force to 95% of the intended weld force prior to initiating current. 

Then a high current flows for a short time. As it passes through the bulk metal, the weld 
current is distributed over a large area. However, as it approaches the interface, the current is 
forced to flow through the metallic bridges, which increases the current density and generates 
enough heat to cause melting. As the first of these bridges melt and collapse, new peaks 
come into contact, forming new bridges and additional current paths. The resistance of the 
molten metal is higher than that of the new bridges so that the current flow transfers primarily 
from bridge-to-bridge. This process continues until the entire interface is molten. The amount 
of heat (energy) delivered to the spot depends on the resistance between the electrodes and 
the magnitude and duration of the current. The amount of energy must be chosen to match 
the properties and thickness of the materials to be joined and the type of the electrodes. 
Applying too little energy will not melt the metal or will make a poor weld. Applying too much 
energy will melt too much metal, eject molten material, and make a hole rather than a weld.  

After the current is removed, the electrodes the electrode force is maintained for a fraction of 
a second, while the weld rapidly cools. At the end of the cycle, solidification of the nugget is 
completed under the electrode force. Often the work piece is locally cooled via coolant holes 
in the centre of the electrodes. Typically, a circular nugget of diameter between 4 and 7 mm is 
produced. There is no protruding weld-bead on either side of the joint.  

Since the resistance welding process relies on heating, some amount of heat affected zone 
(HAZ) is inevitable. In general, the goal in resistance welding is to minimize the HAZ. When 
the flow of current stops, part of the heat generated is lost to the surroundings by heat 
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transfer through solids, heat lost from exposed surfaces by air-cooling, and radiation. Heat 
balance is a function of part material and geometry, electrode material and geometry, polarity, 
and the weld schedule. The goal of good resistance welding is to focus the heat generated 
close to the weld interface at the spot where the weld is desired.  

The applied pressure and the heat generation are localized by the form of the electrodes. The 
weld nugget size is usually defined by the electrode tip contact area, i.e. welding occurs 
without excessive heating of the remainder of the sheet 

 

Typical steps in producing a resistance spot weld 

(Source: EWI) 

Modern welding equipment can accurately control the electrode force, the welding current and 
time. Thus any uncertainty in the resistance spot welding process comes from variability in 
the resistance term. For aluminium being such a good electrical conductor, the heat 
generated during spot welding is primarily obtained from the contact resistances at the faying 
surfaces and not from the bulk material resistance like in steel. The weld nugget will develop 
in the middle of the joint where the two oxide surfaces meet.  

 

Total resistance is the sum of all resistances in the electrodes and work piece stack-up 

Thus the key to successful resistance spot welding of aluminium is to guarantee reproducible 
and stable sheet surface characteristics. The surface contact resistance is determined by a 
combination of different materials-related factors:  

– Surface topography 

– Composition of oxide film (function of alloy type and processing route)  

– Degree of any surface cleaning  

– Type and amount of any chemical pre-treatments  

– Type and amount of any residual lubricants, weld-through sealers or adhesives. 

As a general rule, aluminium semi-finished products are spot weldable, but the 
inhomogeneous surface oxide leads to inconsistent weld performance and expulsion. 
Chemical or mechanical removal of the surface oxide film immediately before welding 
provides a consistent, but low surface resistance which, on the other hand, requires much 
higher welding currents that substantially increase electrode sticking. Some specially 
designed chemical surface treatments, often applied by the material supplier, provide a 
consistent, medium to high surface resistance and, thus good spot weldability can be 
ensured. Anodised surfaces or organic coatings (including dry lubricants) usually lead to very 
high resistance (sometimes even insulating) surface layers and are usually not spot weldable.  
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Optimised surface pre-treatments for spot welding generally include a cleaning step (mixed 
acid cleaning or electrolytic cleaning) followed by a conversion treatment (e.g. Alcoa 951 
process, Ti or Ti/Zr fluoride treatment) or thin film anodizing in order to guarantee the required 
storage stability. But in the automotive industry, it is often also common practice to resistance 
weld lubricated aluminium sheet with no special surface treatments. Issues regarding 
inhomogeneous surface oxidation are addressed with improved mill controls, properly pre-
lubricated aluminium materials and adapted transport and storage methods.  

 

Resistance of aluminium and steel during spot welding 

Characteristic for aluminium spot welding is a rapid fall of the electrical resistance in the 
beginning. Actually, the dynamic behaviour of the resistance value − which is determined by 
the breakdown of the contact resistances in the system − is more important than the initial 
(static) value. The weld current is initially concentrated by selective conduction through these 
fractured areas which explains the high initial contact resistance. Consequently, compared to 
steel, resistance spot welding of aluminium requires higher electrode forces. Higher force 
capability is also needed to control expulsion when welding thicker gauge aluminium 
materials.  

In addition, in aluminium spot welding, short weld times are employed to generate the heat 
quickly and thus minimise the heat loss by conduction. Since the welding current must be two 
to three times higher than in case of steel and the welding time is only one third of the welding 
time of steel, the welding gun has to deliver high currents for very short times. This means the 
electric parameters (current and voltage) must be controlled more precisely in narrower time 
window. 

 

5.1.2 Resistance spot welding equipment 

The basic difference between the equipment required for aluminium spot welding compared 
to spot welding of steel is the force and current capability of the welding gun. An electrode 
force range of 0.2 to 4 kN and welding currents under 15 kA are usually sufficient for steel 
spot welding. For aluminium resistance spot welding, however, a force range of 0.2 to 8 kN 
and welding currents up to 40 kA are typically required.  

A key element of an aluminium resistance spot welding system is therefore the power supply. 
Today, medium frequency direct current (MFDC) welding power supplies are mainly used. A 
particular benefit of MFDC power supplies is the flexibility to weld a variety of gauges and 
materials and the reduced size and mass of the welding transformer, enabling robot 
manipulation of the higher current guns needed for aluminium welding. This approach is 
further exploited by systems operating at even higher frequencies (up to 20kHz). More 
compact transformers offer particular benefit on long reach guns where the additional weight 
savings allow the use of a reduced robot size and also to reduce gun inertia. 

But there are alternative power supplies that produce welds with the same quality as MFDC, 
i.e. single-phase alternate current (AC) and conventional direct current (DC) systems. These 
technologies offer a lower equipment cost, but will require larger robots and higher primary 
power. Typically, AC power supplies yield better electrode life performance compared to DC 
systems, but are less flexible whereas DC power supplies offer greater control of the short 
time welding pulse and thus improved weldability. Another possible power supply technology 
is the capacitor discharge (CD) method which is commonly used in the micro resistance 
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welding industry, but could also provide advantages for aluminium resistance welding 
applications.  

Polarity effects must considered when using all power supply technologies. Nugget growth is 
offset slightly towards the positive electrode and this can be used to advantage when welding 
dissimilar thicknesses. In addition, the positive electrode is subjected to faster wear than the 
negative one.  Also if any of the interfaces of a resistance weld is composed of dissimilar 
materials, that interface will heat or cool depending on the polarity of the applied potential. 
This effect is dominant only in the first few milliseconds of a weld, but significantly affects the 
weld quality and electrode wear. The effects of polarity can be minimized via the use of weld 
pulses of alternating polarity. Current stepping is an effective process control strategy that 
compensates for electrode growth and wear. There are also MFDC power supplies that can 
alternate polarity under development.  

 

Resistance spot welding welding robot  

(Source: T.J. Snow) 

The other key elements used in the spot welding process are the tool holders and the 
electrodes. The tool holders provide the necessary electrode force and hold the electrodes 
firmly in place. They also support the (optional) water hoses which cool the electrodes during 
welding. Traditionally, pneumatic actuators have been employed in the automotive industry to 
apply the electrode clamping force. Today, electric servomotor actuators are usually installed. 
Unlike pneumatics, servo guns with force feedback control operate accurately at both low and 
high gun forces. They also offer the potential for faster cycle times by improved control of the 
electrode aperture and closing speed. Another interesting possibility is the ability to increase 
or decrease the electrode force during welding. Force stepping adds another degree of 
control since it maintains increased uniformity of the pressure − and ultimately current density 
distribution − across the welding interfaces. It may also reduce electrode erosion since it 
lowers the contact resistance at the electrode and sheet interfaces.  

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  7 

   

 

Servo-controlled spot welding gun 

(Source: ARO) 

An MFDC servo gun specified for welding aluminium is fully capable of welding steel, 
therefore a production cell set-up for aluminium resistance spot welding offers the flexibility to 
also weld the full range of automotive steels (but not the other way round). 

 

Manual resistance spot welder (left) and robot spot welding system (right) 

 (Source: Elektron/ Kuka Systems) 

 

5.1.3 Electrodes and electrode maintenance 

The copper electrodes used for aluminium resistance spot welding are designed in different 
shapes and sizes depending on the application. Radius style electrodes are used for high 
heat applications, electrodes with a truncated tip for high pressure, eccentric electrodes for 
welding corners, offset eccentric tips for reaching into corners and small spaces, and finally 
offset truncated for reaching into the work piece itself.  

A new development for aluminium resistance spot welding is GM’s patented multi-ring domed 
electrode. The new welding technique works on sheet, extruded and cast aluminium and 
enables stronger welds because the multi-ring domed electrode head disrupts the oxide on 
the aluminium surface. 

 

GM’s proprietary multi-ring domed electrode head 

(Source: GM) 
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Recommended by the Resistance Welders Manufacturing Association are electrodes made 
from group A class 1 alloys. Group A class 1 alloys have the highest electrical conductivity.  
For the standard Al-Mg and Al-Mg-Si car body sheet alloys, electrodes A class 2 can be used 
too. Efficient cooling of the electrodes must be ensured; the coolant flow rate should be 5 - 10 
litres per minute (more than in case of steel). It must be also noted that for aluminium welding, 
the electrode tip diameter and dome radius are bigger than for steel. 

 

Schematic of an electrode for aluminium resistance spot welding 

Newer studies showed that the face diameter D should be smaller than indicated in the figure 
above. It was found that for aluminium sheet thicknesses between 0.8 and 4.0 mm, a face 
diameter D between 5.0 and 10.0 mm promotes more uniform contact distribution at the 
electrode and interfacial surfaces, reduces undersized welds that occur intermittently and 
significantly increases electrode life.  

The main problem connected with resistance spot welding of aluminium and its alloys is the 
short life time of the electrodes. The rapid deterioration of the tip surface of the copper 
electrode is the result of the high pressure, the high temperature and in particular alloying 
processes during welding. The accumulation of aluminium on the electrode face causes 
increased resistance heating at the electrode-aluminium interface and therefore even more 
aluminium melts and sticks to the electrode. Once significant aluminium accumulation has 
occurred, deterioration of the weld consistency and quality is rapid. Unless some sort of 
electrode maintenance is employed, typically only between 300 and 3000 aluminium spot 
welds can be achieved on a set of electrodes before the weld quality drops below a minimum 
threshold.  

Numerous process and material strategies to increase the electrode life performance have 
been proposed in the past. Most concepts focused on reducing electrode erosion through a 
variety of surface coatings and treatments. Such techniques can enhance spot welding 
performance, but are often difficult to implement and expensive.   

More efficient proved to be the introduction of a regular electrode cleaning step, ideally before 
electrode wear contributes to poor weld quality. Dressing allows the user to restore a worn 
electrode to a desired geometry, thereby eliminating changes in electrode topography and 
diameter due to pitting and erosion. The actual type and frequency of electrode cleaning, 
process times and tool designs are dependent upon the overall cleaning strategy. The 
process takes up to several seconds and is typically completed during the part transfer 
operation.  

In many automotive resistance spot welding lines, electrode dressing has been introduced to 
extend electrode life time and improve weld consistency both for steel and aluminium. A wide 
range of commercially available electrode dressing equipment has been developed; including 
hand-held dressers for manual guns and stand-mounted systems for robots.  
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Hand-held dresser (left) and stand-mounted robot dresser with swarf tray (right) 

(Source: University of Warwick) 

A common feature of cutters designed for steel is the emphasis on reshaping the sides of the 
electrodes to remove mushrooming and thereby maintain welding current density. In 
aluminium resistance spot welding, mushrooming of the electrode does not occur and the 
main requirement of the cutter would be to take light cuts from the face to remove aluminium, 
oxides and pits. However, this is not the optimum solution because the required frequent 
electrode dressing may lead to substantial geometrical changes, i.e. the electrodes must be 
replaced early.   

A more efficient solution for aluminium resistance spot welding proved to be the use of less 
aggressive electrode maintenance methods and to employ a dressing cutter only when the tip 
is badly damaged. The use of suitable abrasive wheels was found to be extremely effective at 
removing aluminium from the electrode face. An additional advantage is that the adaptable 
buffing wheels maintain the profile on domed electrodes. 

 

Ring of aluminium on electrode removed by a short buffing operation 

(Source: University of Warwick) 

Using a polishing wheel enables the electrodes to be buffed clean within the component cycle 
time, with only a minimal change in electrode geometry even after hundreds of buffing cycles. 
Restoration of the original electrode geometry is less necessary for aluminium than for steels 
since there is little mechanical deformation during electrode wear. The effect of periodic 
buffing after a relatively short number of spot welds is a significantly improved consistency of 
the aluminium resistance spot welding process, reduced process cost (less electrode 
replacement) and increased productivity (less down-time for electrode changes). 

 

5.1.4 Joint configurations for resistance spot welding 

The joint configurations suitable for aluminium are essentially the same as for steel. 
Resistance spot welding is most often configured in way that requires access to both sides of 
the joint, so welding to closed sections is not generally possible. There are some single-sided 
variants of the resistance spot welding process, but these are largely unproven for aluminium. 
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A selection of joint configurations suitable for resistance spot welding 

Two or more components are overlapped in the region to be joined. Typically, this is along a 
weld flange specifically incorporated on the components for the purpose of accommodating 
the spot welds. In order to minimise the possibility of edge-welds and uncontrolled weld 
expulsion, weld flanges must have an adequate width to provide a flat portion that is wider 
than the anticipated weld nugget diameter. For dissimilar thickness joints, the flange thickness 
ratio should be less than 3:1.  

 

Typical flange for resistance spot welding 

The recommended flange widths for aluminium are similar to those for steel. The weld flat 
dimension (F) must be several mm greater than the weld nugget diameter (D) and must 
include the usual tolerances for spot positioning and flange mismatches. The overall flange 
width (W) includes the allowance for the forming radius. Also, for reasons of accessibility, gun 
alignment and avoidance of current shunting, no part of the electrode (or its holder) is allowed 
to contact the corner radii or the up-flanged part of the component. Thus a certain distance 
(note A) must be kept to avoid any interference between electrode and work piece. 
Furthermore, nearby spot welds have a significant influence as they may offer lower 
resistance paths. 

Production experience has shown that aluminium requires better part fit-up compared to steel. 
Poor sheet fit-up and off-angle electrode alignment affect the weld quality by overheating the 
joint, simultaneously promoting expulsion and small weld nugget sizes. Micro-movements at 
any of the surfaces (e.g. gun skidding, electrode rotation, or shear forces caused by 
asymmetric stack-ups or electrode geometries) must be minimised or avoided. An aluminium-
specific problem are the high electrode forces which may cause deflection of inadequately 
designed gun arms, leading to misalignment and skidding (micro-movement). 

Contact resistance is directly related to the force applied at the surfaces. Poorly fitting parts 
reduce the effective force to contain the growing weld nugget. Thus the components to be 
welded must be formed within tight tolerances to avoid the need to use the welding equipment 
to force the flanges together, i.e. the closing force required to move the parts back into 
intimate contact must be minimised. 
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Effect of poor part fit-up 

The electrodes must be kept as much as possible perpendicular to the sheet surfaces in order 
to maintain weld strength and to prevent cracking. Electrode designs with smaller radiuses on 
the face may improve weld quality under non-ideal fit-up conditions. 

 

Misalignments cause changes in effective force and promote sliding at surfaces 

5.1.5 Resistance spot welding of aluminium alloys 

For a given material combination and joining parameters (electrodes, joint configuration and 
electrode force), the weld lobe describes a region of acceptable welding parameters. The 
parameter axes are generally weld time and weld current while the electrode force is kept 
constant. The "lower" boundary is the parameter combination that produces a weld button of 
minimum acceptable dimensions. The "upper" boundary is defined by expulsion conditions. 
The area inside the lobe represents the "safe" welding window for new electrodes, i.e. it gives 
an idea of the parameter robustness.  

 

Schematic of a typical weld lobe 

The cross-section of an ideal aluminium spot weld shows good shape of the weld nugget, 
acceptable penetration, no cracks, and minimal porosity.  

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  12 

   

 

Ideal resistance spot weld between two aluminium sheets 

The typical non-conformities of resistance spot welds are: 
– cold welds or too small nuggets, 
– too big nuggets (often leading to expulsion and deep indentations of the welding 

electrodes), 
– cracks, porosity, pores, etc., inside the welding nugget. 

Expulsion (“weld splash”) is detrimental to weld quality and should be avoided. Some nugget 
porosity or cracking can occur, especially in sensitive alloy types. Small pores and other 
discontinuities located in the centre of the nugget do not significantly affect spot weld 
performance. However, if they are extensive or extend to the edge of the weld nugget where 
the influence of applied stresses is greater, unexpected and catastrophic failure through the 
weld nugget can occur when the structure is loaded. 

  

Unacceptable welds: expulsion (left) and overheated weld with coarse defects (right) 

  

5.2 Resistance spot welding with process tape 

Resistance spot welding with an intermediate layer (process tape) is a further development of 
the conventional resistance spot welding process. The principle is based on a process tape 
running between the electrode and the work pieces, in the same rhythm as the spot-welding 
operation. Every time the “used” length of the process tape is moved out of the contact zone, 
i.e. exactly the same conditions are obtained for every weld spot. The presence of the 
intermediate layer enables - in combination with the servo-electric mechanical actuator and 
the powerful MFDC interactive process control - to form top-quality joints for different material 
combinations, even when there are different (and indeed only minimal) material thicknesses.  
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DeltaSpot® resistance spot welding process 

(Source: Fronius) 

Process tapes are available in a range of different alloys and coatings, with different electrical 
and thermal conductivities. The process tape performs several functions. It prevents direct 
contact between the electrode and the work piece, protecting the electrode from wear, 
contamination or other influences emanating from the surface of the work piece. Secondly, 
the constantly “new” electrode contact surface to the work piece prevents surface spatter and 
widens the process window. This results in an improved precision and reproducibility of the 
welding process, a consistent, high quality of the welding points and a significantly higher 
electrode service life.  

Most important, however, is the possibility to directly and selectively influence the heat 
balance in the work piece. This is because the existing contact and material resistances are 
now augmented by the material and contact resistance of the process tape. When the current 
is switched on, the tape-related resistances generate additional heat which shields the joint 
against electrode cooling. The result is more heat in the work piece with lower electrical input 
power.  

 

Principle of resistance spot welding with process tape 

(Source: Fronius) 

In the schematic representation shown above, the heat generation can be seen at the right 
side with (red curve) and without (black curve) the application of a process tape. By using 
process tapes made of different materials and with different coatings, the user can modify and 
optimise the overall heat balance and distribution of heat in the work pieces. 

The process tape is a flexible tool for creating optimum conditions in each application. The 
same welding gun can be used to weld different sheet thicknesses, material combinations 
and multi-sheet joints simply by changing the process tape. Also the extra resistances allow 
to focus the added heat input onto the point being joined, reducing any shunt effects. 
Unwanted current transfer at other positions on the work piece hardly ever occurs. This is 
especially relevant for light-gauge sheets. 

A difficult task for resistance spot welding is for example the realisation of a three-sheet joint  
including two thick sheets and one thin sheet. The welding point forms primarily in the area of 
the thicker sheet and does not cover the thin sheet sufficiently. The additional heat applied by 
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the process tape enables a targeted control of the welding point depth. Using a process tape 
with greater resistance, it is possible to compensate for the reduced amount of heat in the 
area of the thin sheet; the shape of the weld is symmetrical and shows increased volume in 
the area of the thinner sheet. Unlike in conventional spot welding where the weld-pool nearly 
always takes a nugget shape, the DeltaSpot® process creates a cylindrical weld shape if the 
boundary conditions allow. This is mainly due to the insulation against electrode cooling, and 
to the extra thermal input. 

 

Spot weld joining three EN AW-5054 aluminium sheets (0.3 mm, 2.0 mm and 1.0 mm) 
produced using a coated process tape 

(Source: Fronius) 

The standard electrode used in resistance spot welding has a convex shape. Due to the 
slightly elastic process tape, this results in an optimally shaped circular contact area. 
However, a concave electrode with a ring-shaped contact area can offer alternative 
advantages, i.e. producing a higher current density on the “ring” (compared to a flat electrode) 
which results in higher process reliability. Another benefit of spot welding with process tapes 
is that the surfaces of aluminium sheets are barely marked by any indentations at the weld 
spots. 
 

5.3 Resistance seam welding 

Resistance seam welding is a variation of the spot welding process where a series of 
overlapping weld nuggets are produced that form a continuous, leak-tight joint. In resistance 
seam welding, the spot welding electrode tips are replaced by a pair of driven copper wheels 
(typically ~200 mm in diameter) or one wheel acting against a stationary backing piece. 
Although it would be theoretically possible that a seam welder actually runs with a continuous 
flow of current, a pulsed welding current is generally used to form the individual spots.  

The electrode force and welding current are transferred to the work pieces (strips, sheets, 
wires, sections) by means of roller or disk type electrode which also ensure feed motion 
transmission. The overlap area of the work pieces with its comparatively high electrical 
resistance is intensively heated by the current and the semi-molten overlap surfaces are 
pressed together by the welding pressure causing them to bond together after cooling. 

   

Resistance seam welding process 
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The size of the welding zone depends on the thickness of the individual parts and the 
electrode contact surface area. The pair of rollers makes contact with a small area of the work 
piece so that the current density required for the welding operation is achieved when the 
current passes through this zone. Because of the rotation of the roller electrodes, different 
points of the electrode are loaded with current. As a result, the thermal load and therefore 
wear of the electrode is smaller than with resistance spot welding. Most seam welding 
techniques use water cooling through the weld roller assemby due to the intense heat 
generated. 

 

Resistance seam welding machine 

(Source: Sureweld) 

 

The resistance seam welding process depends on three parameters: 
- Power supply and the weld control unit  
- Welding wheel configuration 
- Sheet configuration. 

The current and the heat generation are localized by the peripheral shapes of the electrode 
wheels. The electrodes are not opened between spots. The electrode wheels apply a 
constant force to the work pieces and rotate at a controlled speed. The welding current is 
normally pulsed to give a series of discrete spots, but may be continuous for certain high 
speed applications where gaps could otherwise occur between individual spots. Seam 
welding equipment is normally fixed and the components being welded are manipulated 
between the wheels. The process may be easily automated.  

There are a number of process variants for specific applications, e.g. wide wheel seam 
welding with a flat wheel contact area or narrow wheel seam welding where a round wheel 
contact shape is used. 

           

Wide (left) and narrow wheel seam (right) 
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Consumable wire (left) and mash seam welding (right) 

Extensively used is also consumable wire seam welding where a properly shaped copper wire 
is fed between the wheels and materials to be joined in order to provide consistent clean 
contact. Another variant is mash seam welding where a narrow overlap of sheet edges is 
partly crushed together during welding. 

 

Welding principle for pipes (left) and for flat products (right) 

(Source: Soutec) 

In consumable wire seam welding, the welding rolls assume the task of the electrode and the 
pressure tool. The copper wire is guided between the rolls and the work piece while 
simultaneously providing a constant high quality weld seam. The copper wire allows for 
minimal wear to the weld rolls. Welding spots are set closely by the rolls to allow for a 
continuous leak proof seam. The pulse frequency of the current determines the spot weld 
spacing. For tack or stitch welding, the spots are set further apart.  

Roll seam welding enables high welding speeds compared with many other techniques, but 
can be limited by component shape and wheel access. The main issues concerning seam 
welding are in weld quality control and welding speeds. Factors such as material, control of 
pressing force and alignment of the electrodes are critical to achieve high speed, quality 
welding.  

 

5.4 Projection welding 

Another modification of the spot welding process is projection welding. In this process, the 
weld is localized by means of raised sections (“projections”) on one or both of the work pieces 
to be joined. Current flow and thus heat generation is concentrated at the contact surfaces of 
the embossed, cold headed, or machined projections. They effectively localize the current, 
forcing the parts to heat predominately at the mating surfaces. This focuses heat at the 
mating surfaces of the pieces and minimizes bulk heating of the parts.  

The concentration of the heat at the projections permits the welding of heavier sections or the 
closer spacing of welds. The projections can also serve as a means of positioning the work 
pieces. Projection welding is often used to weld studs, nuts and other screw machine parts to 
metal plate. It is also frequently used to join crossed wires and bars. Multiple projection welds 
can be arranged by suitable designing and jigging.  
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The welding sequence is similar to that for resistance spot welding. The welding electrodes 
are used to apply both force and current across the configuration. The point of contact 
constricts current flow and – since it is a point of high resistance in the welding circuit − 
heating occurs preferentially at this point. Thus the material softens and the projection 
collapses under the force applied by the welding electrodes. 

 

Process sequence of resistance projection welding 

Projection welding allows for precision joining of parts with complex shapes, joining of 
challenging material combinations and simultaneous formation of multiple welds. While the 
projections usually collapse early in the weld cycle, the localized heating raises the material 
resistance locally and promotes further heating and finally weld development at the initial 
contact point. The process can be developed to produce a fusion type weld or a solid state 
weld depending of the application. 

 

Weld configurations used in resistance projection welding 

The most important process variable is the quality of the projections and the response of the 
cylinder as the projection collapses during welding. The welded metal must be strong enough 
to support the projection. Aluminium can be projection welded to a limited extent, but requires 
special projection geometries. Best results have been obtained for ring-shaped projections. 
However, the strength of most aluminium alloys is too low to allow the projections to survive 
under the forces applied by conventional projection welding equipment. Careful control of the 
applied welding forces is thus a necessity. Consequently, this technique is not much used for 
aluminium mainly because premature rapid collapse of the projections leads to unreliable 
joints. 

 

5.5 Resistance butt welding (flash welding) 

In the flash butt welding process, the ends of the piece to be welded are connected to the 
secondary circuit of a transformer. One piece is held firmly by a clamping device attached to a 
stationary platen; the other piece is clamped to a movable platen.  

At the start of the process, the materials being joined are clamped rigidly in the dies and the 
parts are separated by a suitable air gap. Then the movable platen is advanced slowly. When 
the surfaces to be welded touch, the strong current passing through the local asperities starts 
to heat the edges (“flashing period”). The asperities start to melt, the molten bridges are 
broken and thrown off as flash particles. The objective of this step is to establish a suitable 
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temperature distribution in the work pieces to enable proper forging during the subsequent 
upset period of the cycle. When the metal behind the faying surfaces on either side is 
sufficiently heated to ensure adequate plasticity, the current is stopped immediately and the 
surfaces are rapidly squeezed together at a greater force (“upset period”). Oxides and other 
impurities are extruded out of the surfaces to be joined and satisfactory welding takes place. 

 

Flash butt welding process sequence 

Resistance butt welding is used to produce joints in long rods and tubes with similar cross 
sections, but due to its high electrical conductivity not suitable for aluminium. 

 

5.6 Resistance element welding 

Resistance element welding is a further development of the conventional resistance spot 
welding process. It combines both thermal and mechanical joining principles by creating a 
metallic bond between an auxiliary joining element and the bottom plate, in combination with 
a force- and form-locking connection of the auxiliary joining element with the top plate.  

In a first step, a hole is punched into the top (cover) sheet. Then the auxiliary element (“weld 
rivet”) is inserted or positioned in the hole. One electrode is lowered onto the rivet and the 
other is positioned onto the bottom sheet. Pressure (F) and electric current (I) are applied 
simultaneously. The heat generated by the electrical resistance creates a weld nugget in the 
contact zone between the weld rivet and the base sheet and forms the connection. 

In the final phase, an increase of the electrode force leads to a deformation of the weld rivet in 
the axial direction and therefore to a tight force connection (surface pressure) between the 
rivet head and the cover sheet. A frictional connection is obtained at the contact between the 
rivet shaft and the cover sheet and between the rivet head and the cover sheet (surface 
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pressure). The individual process stages can be controlled by a variation of the parameter 
settings (weld time, current, force) generally used in state-of-the-art mid-frequency, servo-
controlled spot welding equipment. 

 

Resistance element welding process 

(Source: LWF Paderborn)  

 

Cross section of an aluminium (EN AW-6016, 1.5 mm) - steel (22MnB5, 2.0 mm) joint 
produced by resistance element welding 

(Source: LWF Paderborn) 
 
 

5.7 Resistance stud welding 

Further stud welding technologies are covered in more detail under “3.3 Arc stud welding”. In 
the present context, only the contact welding variant is relevant.  

Studs are primarily used for fastening applications. They are rapidly applied with portable 
equipment. Studs designed for resistance stud welding have a small tip extending from the 
base of the stud. This special tip provides precise weld time control for consistent, automatic 
welding. The stud tip is placed in contact with the base metal. Upon triggering, peak currents 
vaporize the tip, drawing a precisely timed arc. The arc melts the full diameter of the stud and 
the same area of the work piece. The stud is then forced into the molten metal, completing 
the process in a few milliseconds, with little or no reverse-side marking. In general, the 
capacitor-discharge method is applied to supply the arc power.  

A specific application of this technique is found in aluminium dent removal equipment, i.e. the 
use of weld-on studs for pulling dents out of aluminium panels. The capacitor discharge 
technology delivers very brief, but high current density to break through surface oxide layer 
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without damaging the sheet metal below. Up to 6 mm diameter aluminium or titanium stud 
bolts can be welded onto clean, bare aluminium surfaces.  
 

  

Resistance stud welding system for dent pulling in aluminium panels 

(Source: Elektron) 

Conventional steel stud welders cannot be used for damaged aluminium body panels. The 
high heat dissipation of aluminium requires a power supply with a significantly higher current 
capacity. 

 
 

5.8 High frequency welding 

High frequency induction welding is primarily used to produce pipes or tubes from strip 
material. The rolled aluminium strip is fed into rolls which form the flat strip into a cylindrical 
shape. The faying edges are then brought together between squeeze (upsetting) rolls for 
welding. In addition, high frequency welding is nowadays increasingly integrated into roll 
forming lines to produce profiles with more complex, asymmetrical cross sections which may 
also include pre-punched holes, notches and other geometrical features. 

There are two distinct types of high frequency welding: 

– Induction welding, which uses an energized copper coil that is wrapped around the 
part without contacting it. As the material flows through the electromagnetic field 
created by the coil, current is induced into the material. The need to adjust, maintain, 
and replace contact electrodes is eliminated. 

- Contact welding, which sends current flowing into the material through an electrode 
which touches the material. 

 

High frequency welding techniques 

(Source: EHE, Inc.) 

High frequency welding is a form of electrical resistance welding. The high frequency current 
is concentrated on the edges of the strip and thus resistance heating will occur only in a 
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narrow zone at the edges of the material. A voltage is applied (HF contact) or induced (HF 
induction) across the edges of the open tube just prior to the point of closure. This voltage 
causes a current to flow along the edges to the point where they meet, leading to rapid 
heating of the metal edges up to the welding temperature. The pressure applied by the 
upsetting rolls forces the heated metal edges into contact and thus forms the bond. The 
applied pressure also forces molten metal and any impurities out of the weld zone, i.e. the 
resulting joint shows rather a forged microstructure with a narrow heat-affected zone and 
therefore possesses very good mechanical properties.  

The only real difference between high frequency contact and induction welding is that with 
contact welding, the voltage is applied directly to the strip edges by means of sliding contacts, 
whereas in the case of induction welding, the voltage is induced by the magnetic flux 
surrounding the coil. Both methods have their advantages and drawbacks, but in general, 
induction welding will produce smoother, more consistent welds and is therefore mainly used 
for aluminium welding.  

When compared with other processes, high-frequency welding produces a high-quality butt 
seam at relatively high speeds. Consequently, production volumes need to be relatively high 
to justify the capital equipment cost. 

   

HF welded aluminium tubes 

(Source: Sapa) 
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6.0 Introduction 

Brazing is a metal-joining process where a filler metal is heated above its melting temperature 
but below the melting point of the metals being joined. The liquid filler metal is then drawn into 
the gap between the closely fitted surfaces of the joint by capillary action. Because of the 
importance of wetting and capillary effects, the quality of the surfaces to be joined is of utmost 
importance and the clearance between the parts must be small (generally less than 0.2 mm).  

Soldering is a similar process to brazing, except that the process temperatures are lower. 
Traditionally, brazing and soldering of aluminium are distinguished from each other in the 
following manner: 

 Soldering:   T < 450 °C  

 Brazing:      T > 450 °C. 

Brazing produces excellent joints, in particular when joining thin-walled, compact parts. It is 
especially useful for the realisation of complicated parts with many joining spots per area unit, 
large area joints or inaccessible joints. The waterproof joints produced by the brazing process 
are specifically advantageous for the fabrication of products containing liquids like oils, water 
and/or coolants, even at relatively high operative pressures.  

Since brazing does not melt the base metal, it allows for precise control of geometrical 
tolerances and low distortions. In addition, it provides clean joints with no need for additional 
finishing. Brazed joints are strong and, because the meniscus formed by the filler metal in the 
brazed joint is ideally shaped for reducing stress concentrations, they offer better fatigue 
strength than most welds. In addition, dissimilar metal joints like aluminium-steel, aluminium-
titanium, aluminium-magnesium, etc., are also easily joined by brazing.  

However, brazing of aluminium and its alloys requires careful temperature control since the 
brazing temperatures are generally close to the melting temperatures of the applicable parent 
alloys. Aluminium alloys typically melt in the range 560-660°C, while the standard aluminium 
brazing alloys (based on the Al-Si and Al-Si-Mg systems) melt in the range 520-610°C. The 
aluminium brazing temperature range is normally 580-620°C. As a consequence, high 
strength aluminium alloys of the Al-Cu and the Al-Zn-Mg-Cu systems (which generally have 
lower liquidus temperatures) are generally not joined by brazing.  

Furthermore, it must be taken into account that – in many cases − the high brazing 
temperature significantly lowers the strength of the base aluminium alloy, i.e. potential 
softening effects must be considered when alloy and temper are selected. The exceptions are 
low alloyed, heat-treatable Al-Mg-Si alloys which can be quenched from the brazing 
temperature and then naturally or artificially aged to a higher yield strength level. 

For proper brazing, the braze filler metal must be placed between the two components to be 
joined. The filler metal can be added as a wire, a metal powder mixed with flux or a thin sheet. 
Molten filler metal is then distributed between the closely fitting joint surfaces by capillary 
forces. Because the liquid filler metal can flow along the solid contact surfaces between two 
closely spaced components, brazing of blind joints is possible. 

In most cases, however, a multi-layer sheet material is used to produce brazed aluminium 
assemblies. Aluminium brazing sheets are sophisticated multi-layer compounds consisting of 
a core alloy which provides the strength and other life cycle requirements and the filler metal, 
sometimes separated from the core alloy by a further alloy layer which acts as a diffusion 
barrier. In some cases, the brazing filler on one side is also combined with a clad layer 
providing additional corrosion protection on the other side. The filler alloy is clad on one or 
both sides of an aluminium core (usually produced by roll cladding or using a multi-layer cast 
rolling ingot (e.g. Novelis FusionTM technology)). 

During brazing, the liquid filler metal must be protected from the atmosphere by a suitable 
measure. A brazing flux, which cleans the brazing surfaces from any contamination and also 
removes the aluminium oxide surface layer when heated, is normally used for this purpose. In 
addition, the flux promotes base metal wetting and filler metal flow. Only if brazing is carried 
out within a furnace under vacuum, there is no need for flux addition.   
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Fluxes are chemical compounds applied to the joint surfaces before brazing. Traditionally, 
aluminium brazing has been based on chloride fluxes. More recently fluoride fluxes are 
commonly used. Fluxes can be added as powder or paste, alternatively the aluminium 
substrate or the filler material can be pre-coated with flux or a flux-containing composite filler 
rod can be used. In either case, the flux flows into the joint when heated and is subsequently 
displaced by the molten filler metal. Excess flux must be normally removed when the cycle is 
completed because many aluminium fluxes (particularly chlorides) can lead to corrosion. With 
non-corrosive fluxes, no post-braze cleaning step is required. 

The most important automotive application of aluminium brazing is the fabrication of heat 
exchanger components. At the beginning of the 1970´s, mechanically assembled aluminium 
heat exchangers started to replace the traditional copper and brass radiators. In the middle of 
this decade, the fluxless vacuum brazing process was introduced into large scale production. 
Finally the improved, flux-based controlled atmosphere brazing technique, developed in the 
early 1980s, enabled a breakthrough in the use of aluminium brazing material for heat 
exchangers. Today, controlled atmosphere brazing with non-corrosive fluxes (specifically the 
NOCOLOK® flux brazing technology) has evolved as the leading technology for 
manufacturing aluminium heat exchangers and aluminium has virtually replaced copper and 
brass.  

A specific advantage is that the furnace brazing process can be easily automated. A major 
disadvantage of any brazing operation, however, is the difficulty of a non-destructive quality 
control of the resulting joints. 

 

 Brazed aluminium radiator with plastic tanks  

(Source: Sapa) 

 

6.1 Brazing methods 

The most important brazing method for aluminium is furnace brazing (in particular for the 
production of heat exchangers). But the traditional aluminium brazing techniques like dip (flux) 
brazing and manual flame (torch) brazing still find their specific applications. In contrast to 
manual flame brazing, industrial brazing techniques such as dip and furnace brazing require 
fairly large capital investment and sophisticated production control systems.  

In addition, also other heat input methods can be used. Industrially applied brazing methods 
include TIG (often referred to as GTA) and MIG (often referred to as GMA) brazing, plasma 
brazing, laser beam brazing or plasma brazing. These methods are selected in particular for 
small production volumes and when brazing aluminium to other metals. Furthermore, 
induction brazing or resistance brazing can be applied, specifically for brazing aluminium to 
steel.  
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6.1.1 Dip brazing 

Dip brazing has been used widely and successfully for many years, in particular for complex 
assemblies. It enables rapid, uniform heating and can accommodate low dimensional 
tolerances. However, significant post-braze cleaning is required to remove flux residues and 
close attention must be paid to assembly design in order to avoid air traps.  

Prior to the immersion into a molten flux bath, the assemblies are usually pre-heated to about 
540°C. The flux is a molten mixture of chlorides of Na, K and Li with additions of fluorides of 
Na, Al and Mg and is periodically adjusted by further additions of molten chlorides and 
fluorides. The bath temperature should be controlled within ±3°C and may not drop more than 
6°C when the aluminium parts are immersed. Immersion time may vary from 30 seconds to 
30 minutes depending on the size and weight of the assembly being brazed. It is very 
important that the flux residues are removed after brazing to inhibit corrosive attack of the 
parent material.  

Another disadvantage of the dip brazing process is that it has a large impact on the 
environment. It produces corrosive vapours as well as large amounts of wastewater. 
Therefore, dip brazing is used decreasingly today.   

 

 

Dip brazing process 
 

 

6.1.2 Flame brazing 

Flame (torch) brazing of aluminium involves locally applied heat typically generated by a 
slightly reducing oxy-acetylene, oxy-hydrogen or oxy-natural gas flame. The latter is usually 
the preferred gas mixture for aluminium torch brazing as it is cheaper and generally more 
controllable. Care must be taken to ensure even heat distribution. As with other aluminium 
brazing processes, close temperature control is important. While this is relatively 
straightforward in automated torch brazing, it is more difficult in manual brazing as there is no 
colour change in the aluminium to indicate temperature. As an aid to temperature indication, 
some torch brazing fluxes are formulated to change colour (as well as liquefy) when the 
appropriate temperature is reached. 
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Flame brazing with a filler rod (left) and using clad material (right) 

Apart from the selection of flux and filler material, important process parameters are the 
cleanliness and proper geometrical alignment of the individual components. Filler metal may 
be pre-placed or added during brazing using a brazing rod. Post-braze cleaning to remove 
chloride flux residues is required. 

Flame brazing uses relatively simple equipment, but is limited to the production of simple 
parts. Manual flame brazing is mainly used as a joining method for repairs. Provided proper 
filler metals and fluxes are selected, flame brazing can also be used for brazing aluminium to 
copper. 

 

6.1.3 Furnace brazing 

Furnace brazing is a semi-automated process which allows joining of fairly complex multi-joint 
assemblies. Furnace brazing is accomplished using a variety of techniques including different 
furnace designs (batch as well as continuous furnaces). Furnace brazing offers the flexibility 
to join a wide range of metals. The materials being joined determine the type of atmosphere 
in which the assembly is heated to join its components. In addition to air, vacuum, protective 
(inert) or reactive atmospheres are used. 

Aluminium may be furnace brazed in air using flux. The brazing process follows the standard 
brazing procedure outlined above. The material surfaces are cleaned and fluxed, the filler 
metal is positioned and the assembled parts are placed in the furnace. A disadvantage 
compared to dip brazing is, however, the lower heat transfer rate. Slow and prolonged heating 
may result in liquation of the parent metal or in significant diffusion effects; insufficient heating 
may cause lack of brazing. Thus aluminium furnace brazing in air finds little practical 
application.  

The most important furnace brazing methods for aluminium are brazing in vacuum and under 
controlled atmosphere. There is also considerably less impact on the environmental 
compared to open furnace brazing and salt-bath brazing. The flux-less vacuum brazing 
process and the flux-based controlled atmosphere brazing (CAB) process solve the 
aluminium oxide layer penetration problem, a necessary precondition of any brazing process, 
by differing methods. Today, the CAB process is generally the preferred brazing process as it 
offers clear cost benefits (improved production yields, lower furnace maintenance 
requirements and greater process robustness). Newer developments also offer the possibility 
of flux-less CAB brazing. 

 

6.1.3.1 Vacuum brazing 

In vacuum brazing, the parts to be joined are cleaned, brazing filler metal is applied to the 
surfaces, and the parts are then placed into the furnace. No addition of flux is required. After 
the furnace has been evacuated of air, the entire assembly is brought to brazing temperature. 
The vacuum eliminates any risk of oxidation or contamination which could occur when the 
braze filler metal melts and flows into the joints. 
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Batch Vacuum Brazing Furnace 

(Source: Ipsen) 

Vacuum brazing is a high-end joining technology because it results in parts with extremely 
strong joints and the absence of any residual corrosive flux. Typical vacuum aluminium 
brazing furnaces are either single chamber (batch type) or multiple-chamber (semi-
continuous). Batch type furnaces are usually loaded horizontally, but can be also designed for 
vertical loading. Semi-continuous furnaces are horizontally loaded and typically automated 
using load carriers and external conveyor systems. In this case, a pre-chamber is usually 
added for thermal degreasing. Successful vacuum aluminium brazing requires a short 
process cycle (i.e. fast pumping and heating characteristics of the furnace) and good 
temperature uniformity at soak temperatures.  

The mechanism of the flux-free brazing process under high vacuum is as follows:  

 When an aluminium alloy is heated, the oxide layer cracks due to differential 
expansion before the brazing alloy starts to flow (the coefficient of expansion of 
aluminium is about three times greater than that of aluminium oxide).  

 The liquid brazing alloy can pass through these cracks down to the bare base 
material, but only if oxidation of the aluminium in the cracks can be prevented. 
Consequently, the atmosphere must be completely devoid of oxygen. 

Thus, there is not only a minimum requirement put on the level of the vacuum (10-4 mbar or 
better), but in addition, a getter material must be used to scavenge all oxygen atoms from the 
atmosphere. In the late 1960's, it was discovered that the presence of Mg vapour serves this 
purpose. Thus a key element of vacuum aluminium brazing is the use of magnesium as an 
additive to the filler metal and/or the base metal of the parts to be brazed: 

 When the magnesium starts to vaporise at about 570 °C, it acts as a “getter” for 
oxygen and water vapour, thus improving the purity of the brazing vacuum and 
preventing further oxidation. 

 The vaporising magnesium may detach partially the oxide layer. Magnesium will also 
reduce the aluminium oxide on the aluminium surface, enhance filler metal flow and 
promote uniform, accelerated wetting of the joint surfaces. 

In vacuum brazing, the parts to be brazed are provided with sufficient quantities of 
magnesium, normally present in the filler metal or in the aluminium alloy components. When 
brought to temperature in the brazing furnace, magnesium diffuses to the surface and then 
vaporizes at 570°C due to low pressure of 10-5 mbar. The magnesium vapour disrupts the 
oxide layer and thus enables the filler alloy to flow. But vacuum brazing can be even practiced 
using a Mg-free filler metal when magnesium powder is added separately to the brazing 
furnace. 

The vaporization of the magnesium in a vacuum environment results in heavy outgassing 
during a short time period. Due to this gas load, the vacuum pumps must be adequately sized 
to maintain a good working vacuum.  

In addition, precise temperature control and uniformity are important process parameters. The 
generally accepted temperature variation during a brazing cycle is +/- 3 to 5 °C. Thus it is 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  7  

necessary to use a heat equalisation step at a temperature just below the solidus point of the 
braze filler metal to ensure that all parts of the component to be brazed reach the correct 
temperature at approximately the same time. When the further ramp-up to brazing 
temperature starts, the filler metal starts to melt, and the capillary wetting of the braze joints 
occurs. The length of time at brazing temperature must be kept to a minimum. After the 
brazing temperature soak is complete, it is followed by an immediate vacuum cooling cycle 
which solidifies the filler metal in the braze joints.  

The precise temperature control and uniformity needed for vacuum aluminium brazing is 
achieved through the use of several separately controlled heating zones around the part. The 
surface temperature of the heating elements must be maintained as near to the part 
temperature as possible. A large temperature difference between the heating elements and 
the parts would result in an overheating of the part surface, possibly above the solidus 
temperature of the material. 

Although capital costs of vacuum brazing equipment are relatively high and not all braze and 
parent alloys are suitable for vacuum brazing, vacuum brazing has been widely accepted by 
many volume producers. The process can be automated and, if properly controlled, allows the 
realisation of the cost and corrosion resistance advantages associated with flux-less brazing. 
A major disadvantage of vacuum furnace brazing is, however, the deposition of magnesium 
oxide inside the chamber and hot zone. Magnesium oxide deposits tend to retain water 
vapour which will slow down the vacuum pumping characteristics of the furnace and thus 
needs to be removed. Regular mechanical cleaning is the usual method for removing the 
magnesium oxide.  

 

6.1.3.2 Controlled atmosphere brazing 

In controlled atmosphere brazing (CAB), an inert gas is used to provide a non-oxidizing 
atmosphere in the furnace. The most commonly used inert gas is nitrogen, although 
nitrogen/hydrogen mixtures are also used in particular when aluminium is brazed to stainless 
steel.  

There are various processes in use for the industrial scale manufacturing of heat exchangers. 
In the conventional CAB process, the ability to braze does not result from mechanical 
disruption of the oxide, but a non-corrosive, non-hygroscopic fluoride salt flux (typically 
potassium fluoraluminate) is employed to dissolve and break up the oxide layer before the 
filler alloy melts. But there are also CAB brazing processes without using a brazing flux which 
are in particular used to braze surfaces inside a heat exchanger with are very difficult to flux. 

The controlled atmosphere brazing technique has a number of advantages: 

− Compared to open furnace brazing considerably less or no flux is used. 

− The furnace muffle can be made from standard steel and has a much longer lifetime.  

− Only small amounts of salt residues remain on the component. 

− Neither washing nor other post-treatments are required after brazing as only non-
corrosive flux types are employed in modern controlled atmosphere brazing of 
aluminium components. 

 

a) Conventional CAB brazing 

Since the early 1980’s, controlled atmosphere brazing (CAB) with non-corrosive fluxes has 
evolved as the leading technology for manufacturing aluminium heat exchangers in the 
automotive industry. It offers cost benefits and shows less environmental impact compared to 
open furnace brazing and salt-bath brazing. The dominating NOCOLOK® technology uses a 
non-hygroscopic and non-corrosive potassium fluoroaluminate flux that does not react with 
aluminium neither in the molten nor in the solid state and the post braze flux residues have a 
very low water solubility.  

The major problems that have arisen from the NOCOLOK® process have been flux costs and 
the necessity for the integration of fluxing systems, many of which will suffer from variable flux 
loading., flux handling and the damage that flux causes to the furnaces. The flux can also be 
difficult to apply, especially on internal joints and can cause problems in terms of furnace 
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corrosion and cleanliness in the finished product. Moreover, it has been found that the flux 
can lose activity when exposed to magnesium. When the Mg content in the molten clad 
exceeds 0.3 %, the performance of the flux is reduced due to the formation of high melting K-Mg-F-

compound. These compounds decrease the viscosity of the liquid filler and lead to poor 
brazing results. Thus, this process is not suitable for brazing magnesium-containing aluminum 
alloys. 

The actual brazing process sequence depends on the specific component design, the 
cleaning method and the flux application technique. For automotive heat exchangers, the 
most common process sequence is: 
 

Core assembly 
↓ 

Fixation 
↓ 

Degreasing 
↓ 

Fluxing 
↓ 

Drying 
↓ 

Brazing 

This sequence minimizes handling of individual heat exchanger components, in particular 
handling of already fluxed components. Therefore, there is also minimum flux drop-off.  

A fully configured controlled atmosphere brazing line includes an aqueous washer or thermal 
degreaser, a flux application unit, a dry off oven and the CAB furnace. 

 

 

Continuously operating CAB furnace with five preheat and seven braze zones 

(Source: Seco-Warwick) 

The loosely assembled and fixed heat exchangers are placed on an oven conveyor for 
processing.  

 

Aluminium radiators ready for brazing 

(Source: Seco-Warwick)  
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A thermal degreaser oven then removes the lubricating oils present on the heat exchangers 
from prior fabrication stages. It typically operates at 250 to 300 °C. The vapours from light 
evaporative oils are oxidized in the combustion chambers. If heavier lubricating oils are used, 
an incinerator at the oven exhaust may be required. The products must then be cooled down 
to ambient temperature prior to the fluxing operation.  

 

Thermal degreaser oven 

(Source: Seco-Warwick) 

After degreasing, the component is sprayed with a flux suspension. Excess suspension is 
blown off and the component is then dried in a continuous oven. Alternatively, other flux 
application techniques can be used.  

  

Flux application station (left) and dry off oven (right) 

(Source: Seco-Warwick) 

The actual brazing process is carried out after applying the flux in an inert gas furnace. The 
brazing furnace is isolated from external air in such a way that the components can 
continuously travel in and out without undesired air entry into the furnace. The water vapour 
concentration must be low (dew point – 40 °C or lower) and the oxygen concentration in the 
inert gas must be < 100 ppm. Ideally, a uniform surface temperature of the work piece of 600 
+/- 5 °C is aimed for brazing. A suitable treatment for the furnace exhaust (i.e. dry scrubber) is 
required. After leaving the brazing furnace, the components are finished and can be removed 
from the conveyor belt. No further treatments are required.  
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Controlled atmosphere brazing furnace  

(Source: Seco-Warwick) 

 

b) Flux-less CAB brazing 

In order to avoid the problems related to the use of flux in the CAB process, various attempt 
have been made to develop a multi-layer brazing sheet which enables brazing in inert 
atmosphere without using a flux. Developments are still ongoing, thus only two possible 
approaches are outlined below. 

A solution is a brazing sheet comprising of an aluminium core alloy clad on one or both sides 
with an Al-Si alloy brazing alloy containing 0.1-5% Mg and 0.01-0.5% Bi as an intermediate 
layer and a thin Al-Si alloy outer cover. During brazing, the brazing material in the 
intermediate layer melts as the temperature is increasing, but no oxidation occurs because 
the surface is covered with the thin covering material which remains solid. When the 
temperature is further elevated, some portions of the thin covering material close to the 
molten brazing material are locally molten since segregation effects locally reduce the melting 
temperature. The brazing material then seeps and spreads over the surface of the thin 
covering material due to volumetric expansion. New intensive oxidation does not proceed due 
to the inert gas atmosphere.  

An alternative method is to coat the part to be brazed with a braze-promoting metal such as 
cobalt, iron, or, preferably, nickel. If properly applied, the nickel reacts exothermically with the 
underlying aluminum-silicon alloy, thereby presumably disrupting the aluminium oxide layer, 
and permitting the underlying metal to flow together and join the parts.  

 

6.1.4 Arc brazing 

Arc brazing can be classified into gas metal arc and gas tungsten arc brazing processes. The 
principle is largely identical to the respective welding processes using the braze alloy as the 
filler wire. 
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MIG (also referred to as GMA) brazing was introduced in the 1990s. Very similar to MIG 
welding, the biggest difference is the use of a filler metal with a considerably lower melting 
point, since the base material must not melt during MIG brazing. 

Since MIG brazing is done at low arc power, special precautions are required on the power 
source. Generally the pulsed arc process gives flatter seams than the short-arc process. 
Argon is often used as a shielding gas; also small amounts of other gases can be added to 
improve productivity and various properties. 

The relatively low heat input makes MIG brazing particularly interesting for the welding of 
zinc-coated sheets in the automotive industry. Due to the low heat input, the zinc layer is left 
essentially undamaged and there is practically no thermal distortion. MIG brazing is also 
commonly used in automotive repair. 

 
Schematic presentation of MIG brazing 

(Source: MIG WELD GmbH) 

For aluminium materials, no industrial application of MIG brazing is known today. However, 
good results have been achieved in laboratory tests using newly developed filler wires at 
BIAS (Bremer Institut für angewandte Strahltechnik). Suitable filler materials should have a 
low melting temperature, good wetting characteristics on aluminium surfaces, adequate 
mechanical properties as well as a good corrosion resistance. Suitable filler wires 
(AlZn13Si10Cu4 and AlSi10Cu8Mg2Sn1) were produced by spray forming and subsequent 
forming processes (extrusion moulding and rotary swaging). These filler wire qualities were 
also successfully used for aluminium laser brazing.  

With proper adaptations of equipment and processing procedures, also TIG (often referred to 
as GTA) and plasma methods can be used for brazing. In particular the plasma brazing 
process offers some advantages over MIG brazing (less spatter, better seam appearance, 
and minimum zinc evaporation). But again, these techniques – although in industrial 
application for steel − have not (yet) been applied for aluminium in practice. 

 

6.1.5 Laser beam brazing 

The principle of laser brazing is based on melting a cold brazing wire with a laser beam. 
The brazing wire is introduced into the braze seam via a wire feeder unit. The molten wire 
material then flows into the seam and forms a brazing joint. As an alternative to the use of a 
brazing wire, an aluminium sheet with a suitable surface cladding can be used. Multi-layer 
aluminium sheets such as Anticorodal®-200RW (Novelis FusionTM alloy 8840) offer a cost-
effective solution in this respect. 
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Schematic presentation of laser brazing 

The laser brazing process is used in the automobile industry, for example, for joining 
galvanised vehicle components and body parts. It is a relatively cold joining process where 
the base material is not melted and any zinc layers next to the joint remain largely intact. 
Suitable joint designs are flanged-butt and fillets. The process provides very high travel 
speeds of up to several meters per minute at a very low heat input. The resulting distortion is 
rather low. In general, laser brazing joints have very smooth weld surfaces that normally do 
not require any further finishing, even in visible areas of the car body (“class A joints”). As an 
example, laser brazing is used for the ditch joint attaching the roof and the side panel of the 
car. Compared to laser welding or spot welding, laser brazing improves the aesthetics of the 
joint so that the ditch molding can be omitted. 

The use of Nd:YAG lasers for this application has already been established. Recently, 
however, diode lasers are being increasingly employed. Typical process demands on the 
laser beam source for brazing are: laser power from 2 to 4 kW and spot size of from 1.5 to 3 
mm at a working distance of about 150 to 250 mm. Both the solid-state and diode laser types 
equally fulfil these demands.  

Laser brazing offers higher process speeds than arc brazing and can be easily automated by 
attaching brazing optics to a robot. For a further increase of the process speed, it can be 
extended to laser hotwire brazing by an additional current on the filler wire. The closely 
localised heat application reduces heat input and thus part distortion. An interesting option is 
also the possibility to improve the absorption characteristics of aluminium by a proper 
modification of the composition of applied flux. The flux composition can be successfully 
tailored according to the technical requirement dictated by the specific joining problem. 

In practice, laser brazing is mainly used for joining aluminium to other materials, in particular 
steel. Laser brazing of aluminium to zinc-coated steel proved to be a cost-effective, reliable 
joining method (see 11.2.2.1). 

 

6.1.6 Resistance brazing 

In resistance brazing, the joint to be brazed is made part of an electric circuit in which the 
local heat developed by the resistance to the passage of electric current melts the brazing 
filler metal and joins the elements. Resistance brazing is therefore suitable for applications 
where rapid and localized heating is required and where electrodes can apply the pressure 
required to establish electrical contact. The heat is generated in the workpieces, in the 
electrodes or in both, depending on the dimensions and on the resistivity of the respective 
materials. 
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There are two basic resistance heating techniques:  

- For brazing high conductivity work pieces, the heat, generated in low 
conductivity (e.g. graphite) electrodes, will be transferred by thermal 
conduction to the joint through the base metal. 

- For low conductivity base metals, high conductivity electrodes are used and 
the heat is developed electrode/work piece interface.  

Two fundamental arrangements of electrodes and work piece are commonly used: 

 

Resistance brazing concepts 

(Source: Johnson Matthey) 

The direct heating approach can be used both with electrode heating and interface heating 
whereas indirect heating concept is only suitable for electrode heating. 

Resistance brazing is ideal for joining small components, e.g. small temperature sensitive 
electronic or electro-mechanical metal components. In addition to working well with brazing 
alloys, this technique also works well with many lower temperature solder alloys. It can be 
performed in manual mode or in various degrees of automated modes, depending on 
configuration and production requirements.  

 

6.1.7 Induction brazing 

In induction brazing, two or more materials are joined together by a filler metal that has a 
lower melting point than the base materials using induction heating. Usually ferrous materials 
are heated rapidly in the electromagnetic field that is created by the alternating current from 
an induction coil. 

With respect to aluminium, induction brazing is therefore only of interest when joining 
aluminium to other metals, in particular steels. 

 

 

6.2 General principles of the aluminium brazing process 

Because of its overriding industrial importance, in particular for the production of heat transfer 
equipment in cars, the following remarks concentrate on controlled atmosphere furnace 
brazing. However, information transfer to the other brazing processes (vacuum furnace 
brazing, dip and flame brazing, etc.) is easy and straightforward. 
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6.2.1 Aluminium alloys for brazing applications 
 

a) Suitable alloy compositions 

Most non-heat treatable aluminium alloys and many heat treatable aluminium alloys can be 
brazed. Taking into account the normal aluminium brazing temperature range of 580 - 620 °C, 
as a general rule, the maximum percentages of alloying elements which may be present for 
an alloy to be brazed are: Cu - 1.0%, Mg - 2.0%, Mn - 3.0%, Si - 2.0%, Zn - 6.0%. The most 
frequently brazed non-heat treatable alloys are found in the 1xxx, 3xxx and low magnesium (< 
2.5% Mg) 5xxx alloy groups. The heat-treatable alloys most frequently brazed are EN AW-
6061, 6063, 6101, 6151, 6951, 7004 and 7005. 

Alloys with a low melting point, i.e. alloys which would require brazing temperatures below 
those of existing filler alloys, are not suitable for brazing. This applies for example to the high 
strength aluminium alloys of the Al-Cu and the Al-Zn-Mg-Cu systems (e.g. EN AW-2011, 
2014, 2017 2024 and 7075). 

A second group of aluminium alloys to be avoided in flux brazing processes are 5xxx series 
alloys with a magnesium content > 2.5% since the base metal is only poorly wet and yet 
excessive penetration and diffusion is experienced due to the low melting point. Similar 
effects can occur in higher strength EN AW-6xxx alloys. During the braze cycle, magnesium 
diffuses to the surface and reacts with the surface oxide. The resulting oxides (MgO and 
MgO:Al2O3 (spinel)) have a reduced solubility in the molten flux. Furthermore, Mg and/or MgO 
can react with the flux forming compounds, significantly reducing the flux effectiveness.  

Aluminium casting alloys can be brazed too (if the solidus temperature of the alloy to be 
joined is sufficiently high), but brazing might be difficult when surface finish is poor or the 
metal is porous. Most critical are die castings because they do not wet easily with the filler 
metal. In addition, enclosed gases and other contaminants may cause blistering during 
brazing. 

For controlled atmosphere brazing of heat exchangers, variants of the alloy EN AW-3003 are 
commonly used for the core. In special cases, also EN AW-1070 type materials are used. For 
vacuum brazing, EN AW-3005 is normally chosen due to its higher Mg content. In practice, 
however, aluminium brazing materials are specifically developed depending on the envisaged 
application and the applied brazing process. Thus there are numerous variants of core 
materials on the market. 

The historically applied Al-Mn based alloys may be susceptible to inter-granular corrosion that 
is accelerated by the diffusion of silicon along grain boundaries from the cladding alloy during 
brazing. This encouraged the development of more corrosion resistant alloys ("Long Life 
Alloys"), i.e. modified EN AW-3xxx alloys showing a distinctive, elongated grain structure after 
brazing. In addition, during brazing, the silicon diffusion from the cladding leads to the 
precipitation of densely distributed AlMnSi particles at the interface between the cladding and 
the core alloy. The dense band of precipitates acts sacrificially to the core alloy, restricting 
corrosion to within this layer, and overcoming inter-granular attack. “Long life” brazing alloys 
are now widely used in many heat exchanger components.  

If higher post-brazing strength levels are required, also heat treatable EN AW-6060, 6063 or 
6951 alloys are applied as core material. During brazing, Mg2Si particles are dissolved and 
the elements are kept in a solid solution by rapid cooling. The material strength is then 
enhanced by the precipitation of small particles which are subsequently formed at room or 
slightly elevated temperature. But the use of AlMgSi alloys in controlled atmosphere brazing 
is rather limited due to their Mg content.  

Even higher strength is offered by an adapted EN AW-7020 heat exchanger core material 
(AMAG TopClad® UHS 7020) where solution annealing also occurs at brazing temperature. 
However, in this case, a further barrier layer has to be introduced in order to prevent diffusion 
phenomena. 
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b) Fabrication process 

Aluminium brazing materials for serial production of brazed heat exchangers are 
sophisticated multi-layer compounds consisting of a core alloy which provides the strength 
and other life cycle requirements of the heat exchanger and the clad filler metal. Three- or 
five-layer compounds are commercially used; in the latter case, a diffusion barrier layer 
separates the core material from the filler. Furthermore, a protection layer can be clad on one 
side in order to prevent water-side corrosion. The applied core and cladding alloys depend on 
the chosen brazing process as well as the design and required performance of the heat 
exchanger. 

Today, two basic cladding techniques − roll bonding and cast cladding − are industrially 
applied. Roll cladding is a solid-state welding process, used to join similar and dissimilar 
aluminium alloys. The cladding layers are locally welded to the core slab; planar metallurgical 
bonding is achieved when the composite rolling slab is hot rolled. The cast cladding technique 
is based on the use of a modified direct chill mould which allows casting a unitary multi-layer 
rolling ingot from multiple molten metal streams (e.g. Novelis FusionTM technology). 

During brazing, only the clad brazing alloy melts while the core alloy remains solid. The 
design and the applied materials of the heat exchanger are adjusted to optimize the brazing 
result regarding the required post braze mechanical properties as well as the corrosion 
resistance. However, during the brazing cycle, elements of the core alloy and of the filler 
metal may diffuse from one to the other modifying the final properties of the assembly. As 
outlined above, such diffusion effects can enhance the corrosion resistance of the assembly 
by the formation of a sacrificial layer at the clad/core interface. However, there can be also 
adverse effects. Diffusion of silicon from the molten filler metal into the core alloy can take 
place, primarily along the grain boundaries. Consequently, the melting point of the affected 
area is lowered due the increasing silicon concentration and local melting of the core material 
can occur.  

Dissolution of the core alloy must be minimised, because the reduction of the core thickness 
affects the strength and corrosion resistance of the product. It can even lead to a perforation 
of the core alloy. The extent of core dissolution is increased by: 

− higher silicon levels in the clad, 
− longer than recommended braze cycles, 
− excessive peak brazing temperatures, 
− excessive thickness of the clad alloy, and 
− a design which allows pooling of the braze metal. 

The most common factors leading to excessive core dissolution are linked to the processing 
conditions. Brazing beyond the recommended maximum peak temperature and/or extensive 
dwelling at brazing temperature are the primary causes. 
 

 
 

Local dissolution of the core alloy caused by silicon diffusion from the molten filler 
alloy 
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6.2.2 Brazing filler metals 

All of the commercially available filler metals suitable for aluminium brazing are based on the 
Al-Si eutectic system with the eutectic point at 12.6 wt% Si. Al-Si alloys are specifically used 
for brazing of aluminium components to minimise the risk of galvanic corrosion.  

For all Al-Si brazing filler alloys, the solidus or the point at which melting begins is 577°C. 
However, for non-eutectic compositions, melting occurs over a temperature range. Between 
the solidus and liquidus temperature, the filler metal is partially molten, existing as both solid 
and liquid. Before the filler metal starts to flow, more than 60% of the material must melt, i.e. 
there is a minimum (threshold) temperature for each filler metal alloy in the brazing process.  

Various brazing filler metals are used in industrial practice. Typical commercial filler metals 
contain from 6.8% to 13% Si:  

 EN AW-4343 (6.8 to 8.2% Si)  
This alloy (melting range: 577 to 605°C) has the lowest Si content and consequently 
the longest freezing range. It is the least fluid of the filler alloys and the least 
aggressive at dissolving the core alloy.  

 EN AW-4045 (9.0 to 11.0% Si)  
This alloy (melting range: 577 to 590°C) is the most common of the filler alloys. Its 
properties are between EN AW-4343 and EN AW-4047.  

 EN AW-4047 (11.0 to 13.0% Si)  
This alloy (melting range: 577 to 580°C) has the highest fluidity because of its 
extremely narrow melting range (eutectic composition). EN AW-4047 flows rapidly on 
melting and is the most aggressive at dissolving the core alloy. Because of these 
properties, it is not used as a cladding alloy, but rather as filler wire in flame and 
induction brazing applications where these properties are in fact desirable. 

Typical brazing filler alloys for CAB brazing are EN AW-4045 and EN AW-4343. For vacuum 
brazing, modified versions with up to 0.5% Mg (e.g. EN AW-4046 or EN AW-4747) are used. 

The usual method of applying filler metal is to use a brazing sheet which consists of a core of 
aluminium clad with the lower melting filler metal. The cladding may be applied to one or both 
sides of the core sheet, usually making up 5% to 10% of the total thickness of the brazing 
sheet. The filler metal melts and flows during the brazing process, providing upon cooling a 
metallic bond between the components. However, filler metals can be supplied in the form of 
powder, paste, and wire or thin-gauge shim stock and are either face-fed or pre-placed in the 
joint area. For these product forms of the brazing filler metal, wetting and metal flow 
phenomena may be quite different in detail. The following discussion, however, refers 
generally to the application of clad brazing sheets. 

Additions of Ti and Cu to braze filler alloys and alloy cladding can improve the overall joint 
properties without significantly altering the brazing characteristics. Ti increases the corrosion 
resistance of the brazing alloy on clad materials, while Cu (and Mn) can provide 
electrochemical corrosion protection and increase strength in critical areas. Furthermore, 
elements such as Zn, Sn and In may be added to specific areas of an assembly, designed to 
act as a local sacrificial anode. 

Improvements in corrosion resistance centre around the use of Zn or Zn alloy coatings and 
their application routes. Alloys principally containing Cu and Ni additions (plus Zn) have also 
been developed for flux-less inert gas brazing down to 520°C. 

Recent developments for filler metal alloys focus on the control of fluidity and flow pattern. By 
adding specific trace quantities of alloying elements (e.g. Na or Li), brazing characteristics 
may improve. These effects appear to be related to a reduced surface tension.  

There are also several suggestions for brazing technologies where the filler metal is 
generated during the brazing cycle from a coating layer on an aluminium sheet or on extruded 
material (“clad-less brazing”). One method involves a flux mixture which also contains silicon 
powder, the NOCOLOK® Sil Flux process. At brazing temperature, the elemental silicon 
reacts with aluminum to melt in a eutectic reaction. Sil flux can be applied with a binder to 
specific component surfaces, e.g. extruded tubes. In this case, the filler metal would be 
supplied from the tube and a clad fin sheet is not necessary. In the Composite Deposition 
technology (CD process), the filler metal for joint formation is derived from a composite 
powder, a compound consisting of potassium fluoroaluminate flux and an Al-Si alloy. The CD 
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powder is selectively "deposited" on the heat exchanger components prior to assembly and 
brazing. 

 

6.2.3 Joint design and assembly 

In order to enable a most effective capillary action, a suitable clearance between the base 
metals is necessary. This means that in almost all cases, close geometrical tolerances have 
to be guaranteed for the single components as well as for the fixed mechanical pre-assembly.  

There are basically two types of joint designs used in brazing: butt joints and lap joints. All 
other joint designs are modifications of these two. Lap joints increase the joint strength by 
providing additional brazed surface area and section thickness. They are easily fabricated 
and require minimal or no fixing before brazing. Butt joints are not as strong as lap joints, it 
should always be assumed that a brazed butt joint will be weaker than the base metal. A 
variation of the butt joint known as a "scarf" joint (where the two members have tapered ends 
which lap together) adds strength, but is more problematic to prepare and fixture. Another 
variation combines the advantages of both joints and is referred to as a "butt-lap" joint.  

In butt joint design, the ends of the two metal pieces are butted-up against each other.  Then, 
the brazing filler metal (BFM) is either pre-placed between the two parts prior to assembly, or 
applied along the top edge of the joint after the two parts are already butted together.  When 
the assembly is brazed, the BFM will melt and flow into the braze-joint by capillary action.  

Butt joints are usually used where strength requirements are not critical or where the use of a 
lap joint is not acceptable (e.g. thickness constraints). The main weakness of butt joints is the 
small braze area, which is limited to the cross-sectional area of the thinner of the two 
members being joined.  Therefore, it is very important that joint edges are squared and 
parallel. Rounded edges can seriously reduce the effective braze area. 

 

 

Brazed joint design 

In lap joints, the two parts intended for brazing are simply laid on top of each, and the 
capillary spacing between the two pieces will comprise the braze joint. The joint strength of a 
brazed lap joint is a function of overlap distance and the thickness of the brazed joint itself.  
The reasonable amount of overlap is about three times the thickness of the thinner of the two 
members being joined. Any greater overlap does not contribute to joint strength, and a lower 
overlap might cause failure in the brazed joint rather than in the base metal. For good joint 
strength, the faying surfaces of the lap joint should be close and parallel to each other and not 
mismatched.  

When brazing aluminium alloys, the set-up of the individual components with respect to 
alignment and particularly joint gap is very important. A gap between the two components to 
be joined is necessary to allow the molten flux to be drawn into the gap and clean and 
dissolve the oxides and to allow the filler metal to be drawn in freely and evenly. The size of 
the gap determines the strength of the capillary pull. Larger gap clearances reduce capillary 
action while smaller gaps may restrict filler metal flow causing discontinuities in the joint. As a 
guide, when torch brazing fluxed lap joints with more than 6 mm overlap, a joint clearance in 
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the range 0.25 mm or more is recommended. For shorter overlaps, clearance should be in the 
range 0.05 - 0.2 mm. For dip and vacuum brazing, gap widths of 0.05 - 0.1 mm are common. 
In controlled atmosphere brazing, gap clearances of 0.10 mm to 0.15 mm are recommended 
for non-clad components. Friction fits must be avoided with non-clad components. For clad 
components, the clearance is provided by the thickness of the cladding layer and so intimate 
contact (gap width < 0.05 mm) is recommended.  

 

6.2.4 Cleaning before brazing  

For the majority of brazed products, assembly is followed by cleaning and subsequently by 
flux application. However, when internal surfaces need to be fluxed, the production sequence 
may follow a different order, determined by when and how the flux is applied. 

Brazing uses the principle of capillary action to distribute the molten filler metal between the 
surfaces of the base metals. Capillary action will work properly only when the metal surfaces 
are clean. The purpose of cleaning is to remove fabricating oils and lubricants as well as other 
contaminants (dust and dirt, condensates, etc.). The cleaning procedure must allow for 
adequate flux retention and render the surfaces suitable for brazing. The effectiveness of the 
cleaning step has a great influence on the brazing quality, the post-braze product appearance 
and corrosion performance. 

Two techniques are used to clean the components of residual oil and grease: 

a) Aqueous cleaning 

Aqueous or water based cleaning is an efficient and robust process, but generates some 
waste water. The cleaning solution usually contains a mixture of surfactants, detergents and 
alkaline ingredients such as carbonates that serves to elevate the pH. The cleaning solution 
works best at elevated temperatures, i.e. 50 °C to 80 °C. Cleaning takes place in a series of 
steps starting by dipping or spraying with the hot cleaning solution followed by a series of hot 
and cold water rinses.  

The slightly alkaline cleaning solution has a mild etching action on the aluminium surfaces 
which causes the aluminium surface to be wettable. This means that the flux slurry will uni-
formly coat the work piece without the addition of a wetting agent. 

b) Thermal Degreasing 

Thermal degreasing works by elevating the temperature of the work piece so that lubricants 
present on the surfaces will be evaporated. This procedure only works with special types of 
lubricants known as evaporative or vanishing oils. These lubricants vaporise when heated to 
150 – 250 °C. Lubricants not designed for thermal degreasing must not be used. They could 
leave behind thermal decomposition products and carbonaceous residues which − at higher 
level − prevent proper brazing and have the potential to degrade product appearance and 
accelerate corrosion.  

However, thermal degreasing leaves the aluminium surface non-wettable, i.e. the flux slurry 
requires the addition of a surfactant (wetting agent) to lower the surface tension of the water, 
thus ensuring more uniform flux distribution. 

 

6.2.5 Pre-assembly of the parts 

Once the individual parts are cleaned and assembled, they are usually secured in brazing 
fixtures. Because the yield strength of aluminium alloys decreases rapidly at elevated 
temperatures, it is often necessary to provide support for components which otherwise could 
distort under their own weight at the high temperatures necessary for brazing. The brazing 
fixtures hold the parts together and keep them aligned during the brazing process in order to 
maintain joint gaps, joint alignment, flow passage alignment, and overall assembly tolerances. 
Fixtures may also be used to support attachments such as inlet or outlet tubes.  

The materials used for the fixtures must be carefully chosen, keeping in mind the different 
coefficients of expansion of the involved materials. Low thermal mass fixtures reduce the 
brazing cycle time. Also heat transfer to the fixtures should be minimised to ensure uniform 
heating. Fixture design is very part dependent and an integral part of the manufacturing 
process. 
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6.2.6 Brazing fluxes 

A most critical aspect is the penetration/removal of the oxide layer. All aluminium surfaces 
show a thin, but dense and stable oxide layer with a thickness of 2 to 10 nm. The surface 
oxide layer prevents the filler metal from wetting the aluminium parts to be brazed. Thus the 
oxide layer has to be removed or broken up prior to the actual brazing step. In the presence 
of oxygen, however, this oxide layer rebuilds immediately after having been removed, i.e. any 
rebuilding process must be prevented as far as possible.  

 

In aluminium brazing, flux must be used for every process variant except flux-less inert gas or 
vacuum brazing. Molten fluxes partially dissolve and remove the oxide layer from the metal 
surface. The metal surface is cleaned, leaving the surface ideally prepared for the filler alloy 
to join the metal work pieces. Fluxes also prevent re-oxidation by coating the surfaces to be 
joined. In addition, by lowering the surface tension, they promote wetting of the base 
aluminium alloy by the molten brazing filler metal. 

The composition of brazing fluxes is selected to fit the specific brazing method. The flux 
should have a melting point approximately 20 - 50 °C below that of the filler metal and remain 
stable at least to temperatures 20 - 50 °C above the maximum brazing temperature. It should 
exhibit minimal reaction or gas evolution at the aluminium surface and should either be non-
corrosive or easily removable after brazing. The aluminium brazing fluxes, several different 
mixtures of alkali, alkaline earth chlorides and fluorides are generally used. Fluoride is the 
most reactive agent, but its presence increases the flux melting point and therefore other 
additions, such as Sb, Cd, Cr, Co, Cu, Pb, Mn, Sn and Zn chlorides are often made to control 
the desired melting temperatures and activity. However, chloride-containing fluxes leave a 
hygroscopic corrosive surface on the work piece which must be thoroughly cleaned after 
brazing. The first post-braze cleaning step is immersion of the part into boiling water. Since 
chloride fluxes are highly soluble in water, this will remove most of the residual flux. 
Subsequently, an appropriate chemical solution is used. The brazed assembly is then 
thoroughly rinsed in cold or hot water. 

Consequently, fluoride-based fluxes primarily composed of K-Al-F without chlorides are today 
preferred. The best known chloride-free flux is Nocolok®. Provided that fluoride-based fluxes 
do not experience an ionising environment, the flux residues are not corrosive and do not 
need to be cleaned off after brazing. On the other hand, fluoride fluxes require protection by 
inert gas (generally nitrogen) during brazing.Chloride-free fluoride fluxes do not have to be 
removed after brazing. In fact, it is generally accepted that the presence of flux residues on a 
heat exchanger enhances its corrosion resistance.  

 

6.2.7 Flux application 

An essential requirement for reliable brazing results is a uniform flux coating on all surfaces 
involved in the joint formation. Flux can be applied in different forms including flux paste, 
liquid, powder or pre-made brazing pastes that combine flux with filler metal powder. Flux can 
also be applied using brazing rods with a coating of flux or a flux core.  
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Brushing is an effective method of applying a thin film of brazing paste to the joint and to 
surrounding component surfaces. Brazing flux may be also applied by dipping one or more 
components of an assembly into a container of flux. This is most effective when using a paste 
of a thin consistency.  

Two application techniques are generally used for larger series production: 

a) Wet flux application 

Spraying an aqueous suspension is the most common flux application method for controlled 
atmosphere brazing. All aluminium surfaces are coated with the slurry, resulting in a uniform 
flux layer. Excess flux slurry is removed with a high-volume air blow; the excess is then 
collected, recycled and reused. 

 

Wet flux application (schematic) 

(Source: Solvay) 

Constantly agitated flux slurries with concentrations of approximately 10 - 35 % solids are 
pumped from tanks to fluxing booths. The relatively plain header surfaces generally hold less 
flux slurry. Most fluxing stations are therefore designed with two flux slurry concentrations to 
ensure sufficient coverage in the header area by applying a 10 to 15% higher slurry 
concentration. 

Capillary effects throughout the unit can result in a non-uniform flux distribution. Flux slurry 
tends to be held in fin/ tube joints, fin louvers, etc. Slurry also collects on the bottom surface in 
those areas that do not see direct air impingement. Excess flux slurry can be blown off from 
the bottom and side surfaces by installing a second overhead blow-off system or additional air 
knifes for cutting off droplets.  

In practice, the recommended loading for fluxing is 5 g/m2, uniformly distributed on all active 
brazing surfaces. Too little flux will result in poor filler metal flow, lower joint quality, higher 
reject rates and inconsistent brazing. Too much flux will not affect the brazing results. 
However, the excess flux is wasted and will increases process cost; it may also contaminate 
the system as well as the final product.  

Work pieces entering the brazing furnace must be completely dry from water introduced via 
aqueous cleaning or flux slurry coating. Therefore, the pre-assembled components must be 
dried after wet fluxing prior to brazing in a separate oven. However, the surface temperature 
of the parts in the drier should not exceed 250 °C in order to avoid formation of high 
temperature oxides which will affect clad fluidity. At higher temperatures (about 300 °C), the 
oxide layer thickness increases drastically with temperature and time at temperature, 
particularly in the presence of moisture. 

b) Electrostatic flux application 

Electrostatic fluxing, also known as dry fluxing, is increasingly used as an alternative fluxing 
practice. In dry fluxing, the flux is electrostatically charged and applied to a grounded work 
piece. The electrostatic attraction results in the deposition of a layer of flux on the work piece. 
A typical flux application system consists of a powder feed system, the electrostatic spray 
gun, the gun control unit, the grounded work piece and finally the flux recovery system. 

The advantages of such a system over conventional wet fluxing are obvious. There is no 
need to prepare flux slurries and no wastewater is generated. In addition, the dehydration 
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section of the furnace may be eliminated. However, flux adhesion is not as good compared to 
wet fluxing. The flux also tends to accumulate on the leading edges of the components and it 
is difficult to coat “hidden” areas (e.g. corners or tubes).  

Dry fluxing is most interesting when used in combination with thermal degreasing. In this 
case, it is possible to completely eliminate or significantly reduce water consumption in the 
process. 

There are also further possibilities for flux application techniques, e.g.: 

- Flux painting 

The use of a flux paint (flux + carrier + binder) allows to pre-flux certain heat exchanger com-
ponents and is helpful when fluxing of internal components is necessary. There are also 
different process variations possible depending on whether all heat exchanger components 
are pre-fluxed or whether only some components are pre-fluxed and conventional fluxing is 
used on the fin pack, etc. 

Flux application with a binder system allows coating of specific surface areas with a precise 
flux amount. It also reduces flux drop-off during assembly. Binders used for pre-fluxing must 
evaporate during the process without interfering with the brazing performance or leaving any 

contamination on the surfaces.  

- Flux pre-coated brazing sheet 

The concept of a brazing sheet which is supplied with a flux coating is very plausible. Such a 
material could significantly change the way heat exchangers are currently manufactured since 
the flux application step would be eliminated. The greatest challenge is the adherence of the 
flux to the metal surface throughout the forming process of the components. Uniform 
coverage and strong adhesion are equally important.  

 

6.2.8 Brazing cycle 

The main step in the brazing process is the brazing cycle itself. Because of its direct influence 
on the final product, the time-temperature cycle has to be carefully adjusted. Equally 
important are the furnace conditions, i.e. temperature profile, temperature uniformity, and 
atmospheric conditions. 
 

 

Brazing time-temperature cycle (schematic) 

Achieving an even brazing temperature distribution throughout the work pieces is a most 
important factor. Slow heating would ensure even temperature distribution. On the other 
hand, diffusion processes are facilitated and too slow heating can dry out the flux, reducing its 
effectiveness. There must be sufficient molten flux present when the filler metal reaches its 
melting point. As a rule, the heating cycle should be as fast as possible to achieve stable 
temperature distribution. In industry, heating rates up to 45 °C/min in the range of ambient to 
500 °C are not uncommon.  

During heat up, there may be quite a variation in temperature across the pre-assembled 
product. However, it is essential to aim for temperature uniformity when approaching the 
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maximum brazing temperature and this becomes increasingly more difficult with fast heating 
rates. At brazing temperature, it is recommended that the variation should not exceed ± 5 °C. 
This can be difficult when larger units are processed which have differing mass areas within 
the product.  

The brazed product should not remain at the maximum brazing temperature for any longer 
than 3 to 5 minutes. The reason is that filler metal erosion begins to take place as soon as the 
filler metal becomes molten. The longer the filler metal remains molten, the more severe the 
erosion is. Severe dissolution of the core metal is also caused by excessive brazing peak 
temperature. Consequently, the brazed products should also be cooled in a controlled 
manner. 

 

Good and bad brazed joints in an aluminium radiator 

 
 

6.3 Soldering 
The term “soldering” actually describes a brazing operation using a molten filler metal with a 
melting temperature below 450 °C. On cooling, a metallurgical joint between the two parent 
metals is formed. The mechanical characteristics of the joint are reasonably good and thus 
soldering can be used for example for structural repairs. 

Aluminium soldering is not difficult, but shows a number of critical areas that need tight 
process control. The tenacious aluminium oxide surface layer makes most attempts to solder 
using conventional means difficult. In addition, care must be taken regarding alloy choice due 
to possible galvanic corrosion effects as a result of the significant differences between the 
electrochemical potential of aluminium and that of many conventional solders. The varieties of 
aluminium alloys, gauges, and tempers often display widely varying soldering results, and the 
heating procedure during soldering must be carefully optimised for each individual job. 
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Repair soldering of a hole in an aluminium pipe 

 
     

6.3.1 Soldering alloys 

Soldering of aluminium components can be done with either soft solders (usually tin-based 
alloys with lower melting temperatures) or hard solders (zinc-based with higher melting 
temperatures) and with appropriate fluxes to fit processing temperature ranges. In the past, 
also lead- and cadmium-based soft solders have been used. However, with the anticipated 
worldwide ban on lead for environmental reasons, most industries have already or are 
switching to lead-free solders. Cadmium-bearing solders have been effectively banned due to 
worker health issues. This eliminated some of the more ductile and/or higher-temperature soft 
solders which were used in the past for aluminium soldering. Furthermore, any solder that 
contains tin may cause electrochemical corrosion problems due to its galvanic potential. 

A eutectic formulation has advantages when applied to soldering: there is no plastic phase 
and it has the lowest possible melting point. Having the lowest possible melting point 
minimizes heat stress during soldering and having no plastic phase allows for quicker wetting 
as the solder heats up, and quicker setup as the solder cools. A non-eutectic solder 
formulation should remain immobile as the temperature drops through the liquidus and 
solidus temperatures. Any movement during the plastic phase may lead to the formation of 
cracks, resulting in an unreliable joint. Unfortunately, most lead-free solders are not eutectic 
formulations, making it more difficult to create reliable joints. 

Specifically developed tin-zinc alloys for soldering aluminium to aluminium and /or copper 
parts with good strength and corrosion resistance include: 

 91 % Sn / 9 % Zn (KappAloy9™), eutectic alloy with a melting point at 199 °C 

 85 % Sn / 15 % Zn (KappAloy15™), melting range between 199 and 260 °C. 

The eutectic solder is used extensively in furnace soldering and other automated soldering 
systems. It minimizes the heat applied to delicate parts by melting and solidifying quickly and 
evenly at 199 °C. In hand soldering, the KappAloy15™ gives more flexibility. The slushy 
temperature range allows a manipulation of the parts before the solder solidifies completely 
during cooling. Also used are the solders:  

 80 % Sn / 20 % Zn with a melting range between 199 and 288 °C 

 70 % Sn / 30 % Zn with a melting range between 199 and 316 °C 

 60 % Sn / 40 % Zn with a melting range between 199 and 343 °C. 

The higher Zn content improves in particular the wetting behaviour, but the liquidus 
temperature increases significantly with increasing Zn content.  

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  24  

The other important family of aluminium solder alloys (“hard solders”) can be found in the 
zinc-rich corner. These solders offer excellent wettability of aluminium, good strength and 
corrosion resistance. Typical hard solder compositions are: 

 100 % Zn (pure Zn with a melting point of 419 °C) 

 95 % Zn / 5 % Sn (melting at about 382 °C) 

 70 % Zn / 30 % Sn (melting range 199 to 376 °C) 

 60 % Zn / 40 % Sn (melting range 199 to 341 °C). 

Also used are zinc-rich Zn-Al solders, e.g. the alloy 95 % Zn - 5 % Al which melts at about 
382 °C.  Other alloys in the Zn/Al family include 98Zn/2Al, 90Zn/10Al, and 85Zn/15Al.  

Recently, solder compositions in the Sn-Ag-Ti system have also been developed for low 
temperature (250-480 °C) flux-less soldering of aluminium and aluminium alloys. 

 

6.3.2 Solderable aluminium alloys 

Various aluminium alloys show different solderability: alloys from the systems EN AW-1xxx, 
2xxx, 3xxx, 4xxx, and 7xxx are easier to solder than the 6xxx series alloys. Due to their 
magnesium content, EN AW-5xxx series alloys are most difficult to solder. The magnesium 
oxide rebuilds very quickly and does not allow solder wetting to take place.  

In special cases, an aluminium alloy can be clad with a more solderable alloy, plated with 
nickel, or coated with zinc for improved soldering performance. Soldering aluminium to other 
metals (steel, galvanized steel, stainless steel, copper, brass, etc.) can also be done, but with 
some difficulty, since the joint design must allow for differential thermal expansion and many 
fluxes do not work for both metals. In addition, heating of the assembly at the joint area may 
become difficult since aluminium conducts heat away from the joint very rapidly compared to 
most other metals.  

Soft solders do not pose much of a risk to the base materials, provided the parts are not held 
at soldering temperatures for an extended period of time. However, in some cases, exposure 
of aluminium to a molten zinc alloy (hard soldering), even for a short time period, may result in 
the diffusion of zinc atoms into the base metal. This may change the local material 
characteristics and cause for example heat cracks that emanate beyond the heat affected 
zone. 

 

6.3.3 Soldering process 

Soldering aluminium requires special solders and processing to achieve a solid bond. 
Breaking the oxide coating by agitation and fluxing is essential for successful soldering. It is 
important to follow these steps in a timely uninterrupted sequence. Otherwise, the strong 
oxide coating can rebuild and hinder the solder bond.  

By definition, soldering is a low-temperature joining process. Typical soldering temperatures 
are between 225 and 450 °C. Therefore, less heat distortion of the aluminium component can 
be expected by soldering than by brazing, welding, or other fusion joining processes. 
Residual internal stresses in the aluminium work piece from preceding operations, however, 
can be changed by the heating encountered during soldering, and distortion may result. 
Therefore, preheating of the components, non-continuous joints, and careful selection of joint 
geometry may become critical success factors 

Aluminium soldering methods generally involve mechanical rubbing with active solders, 
ultrasonic bath soldering, thermal spray soldering (no use of fluxes) and heating the assembly 
e.g. by a propane torch, infrared light, laser or within a furnace (all of which usually involve the 
use of fluxes). Furthermore, it requires an adequate volume of heat on the component and not 
on the solder. This allows the substrate to transfer heat to the solder and proper melting of the 
solder. 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  25  

 

Temperature control, a most important quality criteria 

Fluxes are used for removal of the oxide layer, to prevent re-oxidation and to facilitate wetting 
the aluminium. Removal of aluminium oxide requires strong fluxes such as organic amine-
based fluxes (up to 285 °C) or inorganic fluxes (chloride or fluoride up to 450 °C). The 
residues of some soft soldering fluxes may be still active after soldering and must be 
removed.  

The soldered joint is only as strong as the solder material. The surface of the solder seam is 
smooth and clean, forming a nicely curved transition to the work piece. In general, solder 
seams do not require finishing. 

Soldering of aluminium has never been considered as a mainstream process for the 
automotive industry although it could be a very attractive joining method with little heat 
distortion due to the lower process temperature compared to brazing and fusion welding. 
Soldering requires adequate heat on the component. Because of the high thermal 
conductivity and reflectivity of aluminium, it has been found that neither soldering with an oxy-
acetylene flame torch, plasma arc, laser, induction heater, nor thermal spray is capable of 
providing good results. Preliminary tests with a high density infrared source (300kW plasma 
lamp) have shown that proper joints can be produced for EN AW-6xxx alloys using an 80 % 
Zn - 20 % Al solder with flux at a soldering temperature of 490 °C. Mechanical tests showed 
that the joint area is stronger than the parent material with minimum softening. However, 
further optimization would be necessary before introduction into series production. 
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7.0 Introduction 

Solid-state welding describes a group of joining techniques which produces coalescence at 
temperatures below the melting point of the parent materials without the addition of third 
material. External pressure and relative movement may or may not be used to enhance the 
joining process. This group of joining techniques includes e.g. friction (stir) welding, cold 
pressure welding, diffusion welding, explosion welding, electromagnetic pulse welding, , and 
ultrasonic welding. In all of these joining methods, proper control of the process parameters 
(time, temperature, and pressure individually or in combination) results in the coalescence of 
the parent materials without melting or only negligible melting at the interface. Technically, 
solid-state welding methods are not welding processes in the traditional sense since the 
materials do not reach their melting point, but can be rather compared with the traditional 
forging techniques.  

Solid-state welding offers specific advantages since the base metal does not (or only 
marginally) melt and re-solidify. The parent metals essentially retain their original properties; 
heat-affected zone problems - which generally develop when there is base metal melting - are 
significantly diminished. Also the formation of intermetallic phases at the interface which can 
be brittle and may yield corrosion concerns is largely eliminated or minimized. Furthermore, 
when dissimilar metals are joined, their thermal expansion and conductivity characteristics 
have much less influence on the resulting joint performance than with fusion welding 
processes. 

 

7.1 Friction welding 

The term “friction welding” covers solid-state welding processes which lead to the 
coalescence of materials under the influence of the heat generated by the mechanically-
induced sliding motion between rubbing surfaces. The parts to be joined are held together 
under pressure. Mechanical friction may be produced between a moving work piece and a 
stationary component, two moving components or using a moving tool.  

Friction welding techniques are generally melt-free; the base materials are kept below their 
melting or liquidus temperatures. The frictional heat creates a plastic zone (“softens the 
interface”) between the parts to be joined. The applied external force presses the parts 
together and thus creates a joint. The combination of short processing times and the 
development of the heat directly at the interface results in fairly narrow heat-affected zones, 
also caused by upsetting a portion of the interface out of the weld joint during the process. 
The minimal width of the heat-affected zone means that, in general, there is no need for heat 
treating the parts before or after joining to relieve internal stresses. Also problems like local 
cracking or reduced corrosion resistance in the heat-affected zone can be avoided or 
reduced. No filler metal or flux is used. 

Another benefit is that the motion tends to "clean" the surface between the parent materials. 
Full-strength welds require proper boundary-layer bonding, so there can be no contamination 
in the interface plane. Since friction welding works by displacing the original interface 
materials, the parts being joined only require minimum surface cleaning or pre-treatment. 

Friction welding offers the possibility to produce high quality joints with short cycle times and 
no additional joining elements (i.e. no additional weight and cost). An important advantage of 
friction welding is that it allows joining of aluminium alloys that are considered to be not fusion 
weldable (i.e. various EN AW-2xxx and 7xxx alloys) and of dissimilar material combinations. 
The strength of a friction welded joint depends on the specific joining conditions, but typically 
approaches that of the weaker of the two parent materials (joint efficiency ranges between 70 
and 90 %). Examples of friction welded joints between dissimilar materials include 
combinations of aluminium/steel, aluminium/copper or aluminium/ceramic, etc.   

There are different variants of friction welding techniques, but all are based on the same basic 
principle. 

 

7.1.1 Friction welding of components  

Net-shaped or nearly net-shaped parts can be directly joined by friction welding. The methods 
used in practice mainly differ in the type of the reciprocal movement of the two work pieces. 
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Depending on the symmetry of the individual components and the envisaged joint quality, 
different movement patterns are used. Consequently, the complexity of the necessary 
machinery can vary significantly, a fact which influences both the quality of the resulting joint 
as well as the productivity and the cost of the joining process. 

 

7.1.1.1 Rotational friction welding 

The rotational (or spin) friction process involves rotating one part against a stationary 
component to generate frictional heat at the interface. When a sufficiently high temperature 
has been reached, the rotational motion ceases and additional pressure is applied (“forging 
phase”) and coalescence occurs.  

 

Rotational friction welding process 

(Source: KUKA) 

There are two variants of the rotational friction welding process. In the first (“direct-drive”) 
variant, the rotating part is driven by a motor which maintains constant rotational speed. The 
two parts are brought in contact under a defined pressure for a specified period of time. The 
rotating power is then disengaged and the pressure is increased. When the rotating piece 
stops, the joining process is completed. This process can be accurately controlled when 
speed, pressure, and time are properly selected. The other variant (also called inertia 
welding) includes a flywheel which rotates one of the pieces to be welded. After the flywheel 
has reached a pre-set speed, the motor is disengaged and the parts are forced together 
under pressure. The force is kept on the pieces while the flywheel comes to a stop and 
additional pressure is provided to complete the weld. Both methods produce welds of similar 
quality, however, slightly better control is claimed with the direct-drive process.  

Rotational friction welding is a short-cycle process which can be easily automated, but 
requires relatively expensive machines. There are three important factors involved in the 
production of a high quality friction weld:  

1. The rotational speed which is related to the material to be welded and the diameter of 
the weld at the interface.  

2. The pressure between the two parts to be welded: At the start, the pressure is generally 
low, but it is gradually increased to create the frictional heat. When the rotation is 
stopped, pressure is rapidly increased so that coalescence takes place immediately 
before or after rotation is stopped.  

3. The welding time: Welding time (normally few seconds) which depends on the 
geometrical shape of the parts and the type of materials to be joined as well as the 
interface area.  

For rotational friction welding, at least one of the parts to be welded should be rotationally 
symmetrical. But depending on the specific situation, exceptions are possible. The heat, along 
with the perpendicular force applied to the interface, leads to the deformation and 
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plasticisation of the material at the interface. Much of the plasticised material is removed from 
the joint interface into a welding bead, due to the combined action of the applied force and 
movement. Along with the plasticised material, surface oxides and other impurities are also 
removed; allowing metal-to-metal contact between parts and the formation of a solid joint. A 
visual inspection of weld quality can be done based on the shape of the bead formed around 
the outside perimeter of the weld. Optimally, the bead should extend beyond the outside 
diameter of the parts and slightly curl back toward the parts. As a final operation, the bead the 
bead may be removed by machining depending upon the service requirements of the joint.  

 

    

 

 

Components produced by rotational friction welding: Aluminium shock absorber (left), 
aluminium/steel drive shaft (centre) and aluminium/copper cable end piece (right) 

(Photos: KUKA) 

Parts to be joined by rotational friction welding must have a sufficiently high strength to be 
able to transmit the axial pressure and frictional moment as well as a sufficient hot forming 
capacity. Normally, the material data alone are not sufficient to indicate whether friction 
welding can be successfully employed. In addition, there is no straightforward correlation 
between the strength of the base materials and the strength of friction welded joints. Thus in 
general, optimum joining procedures have to be determined experimentally. Under 
unfavourable conditions, frictional welded joints between dissimilar materials may exhibit 
brittle fracture with little plastic strain at the joining plane. 

 

7.1.1.2 Linear friction welding 

Linear friction welding is similar to rotational friction welding except that the moving part 
oscillates laterally instead of rotating. It is also a high-quality joining process that creates a 
solid phase bond with parent metal properties. 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  5 

     

4.1 Operating principle of linear friction welding 

(Source: GKN Aerospace) 

One of the parts to be joined is firmly clamped in place while the other is linearly oscillated 
through a small amplitude. When the work pieces are pressed together by applying a pre-set 
force, the frictional heat produced at the interface heats both materials to hot forming 
temperatures. Then the moving part is brought into alignment with the stationary part and the 
axial load is maintained or increased to finalise the joining process. The weld bead formed in 
the joint region is subsequently removed by milling.  

Linear friction welding is most suited to rectangular and irregular cross-sections and is used in 
complex parts with a number of weld sites and multiple parts. However, it requires even more 
complex machinery than rotational friction welding. Also rotary friction welding can weld much 
larger cross sections. The high equipment and tooling cost is a major disadvantage. Thus, in 
the automotive industry, no application of linear friction welding is currently known.  

 

7.1.1.3 Orbital and multi-orbital friction welding 

In orbital friction welding, parts do not have to be more or less rotationally symmetric. In this 
case, the friction heat is the result of a relative movement of the joining parts by means of a 
circular vibratory motion of one or both parts. However, the parts do not rotate towards each 
other, i.e. the orientation of the axes remains the same. In orbital friction welding, only one of 
the components vibrates, whereas both vibrate in the case of multi-orbital friction welding. 
When the material-specific plasticizing temperature is reached, the orbital motion is stopped 
while both ends are pressed together, creating a high strength joint. 

In contrast to rotational friction welding where the relative speed of a point on the surface 
depends on the diameter of the component, the speed in orbital friction welding only depends 
on the diameter of the orbit. Each point on the contact area moves at the same speed, 
resulting in a more efficient and more consistent energy input. Therefore, the joining 
performance is significantly improved for materials prone to internal stresses and stress 
cracks (e.g. ceramics) or for materials that are sensitive to temperature differences in the 
joining area. But also in this case, the limitations mentioned under linear friction welding 
apply. No automotive applications are known. 

 

Operating principle of orbital friction welding 

(Source: TWI) 

 

 

 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  6 

7.1.2 Linear friction stir welding 

Friction stir welding is a solid-state joining process that uses a third body (“tool”) to produce 
the friction welded joint. Friction stir welding also employs frictional heat to plasticize the 
material, however, material consolidation significantly differs from the friction welding methods 
described above. It creates high-quality, high-strength joints with low distortion. Seam welds 
can be placed on either butt or overlapping joints, in a wide range of material types and 
thicknesses. Friction stir welding was invented by Wayne Thomas at TWI Ltd in 1991 and 
overcomes many of the problems associated with the traditional joining techniques.  

It is a joining process which is particularly suited for aluminium alloys. Consequently, this 
joining method has gained significant interest within the automotive industry.  

 

7.1.2.1 The linear friction stir welding process 

In friction stir welding, a cylindrical shouldered tool with a profiled pin is rotated and plunged 
into the joint area between the two work pieces. The parts are securely clamped in a fixed 
position to prevent the joint faces from being forced apart. The heat generated by the 
constantly rotating, wear resistant tool “softens” the material near the friction stir welding tool, 
allowing the tool to traverse along the joint line. As the pin moves forward, a special profile on 
its leading face forces plasticized material to the trailing edge of the tool pin (or probe) and the 
two work pieces are essentially forged together by the clamping forces, assisted by the 
mechanical pressure applied by the tool shoulder and pin profile. The probe is slightly shorter 
than the required weld depth, with the tool shoulder riding atop the work surface. The surface 
of the finished weld is smooth and more or less flush with the surface of the parts. The top 
surface of the weld shows the characteristic wave-marks from the rotating friction stir welding 
tool. 

 

Linear friction stir welding process 

(Source: TWI / Sapa) 
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Cross section and top view of a friction stir welded joint 

(Source: Sapa) 

The relevant process parameters in friction stir welding are: 

- Tool rotation speed and tool traverse speed 

These two parameters govern the heat input during welding and must be carefully chosen to 
ensure a successful and efficient welding cycle. It is necessary that the material surrounding 
the rotating tool is hot enough to enable extensive plastic flow and minimize the forces acting 
on the tool. If the material around the tool is too cold, voids or other defects may develop in 
the stir zone and, in extreme cases, the tool may break.  

On the other hand, excessive heat input may deteriorate the final properties of the joint and 
could result in defects due to the liquation of low-melting phases. The relationship between 
the tool rotation speed, the tool traverse speeds and the resulting heat input is complex, but 
generally said, a faster tool rotation speed or a slower traverse speed will lead to a higher 
weld temperature. Consequently, tool rotation and traverse speeds must be controlled within 
a properly defined processing window.  

- Tool tilt and plunge depth 

Tool tilt and plunge depth have found to be additional parameters for ensuring a good weld 
quality. Plunging the shoulder of the tool below the plate surface increases the pressure 
below the tool and helps to ensure adequate forging of the material at the rear of the tool. 
Depending on the tool type, slight tilting of the tool such that the rear of the tool is lower than 
the front proved to be also beneficial regarding the effectiveness of the forging process.  

- Tool design 

The design of the tool is a critical factor as a good tool can improve both the quality of the 
weld and the maximum possible welding speed. Optimising tool geometry to produce more 
heat or achieve more efficient “stirring” offers two main benefits: improved breaking and 
mixing of the oxide layer and more efficient heat generation (i.e. higher welding speed and 
enhanced quality). 
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Some basic tool shapes for friction stir welding 

(Source: TWI) 

The tool material must be sufficiently strong, tough, and wear-resistant at the required 
processing temperature. It should also have a good oxidation resistance and a low thermal 
conductivity to minimise heat loss and thermal damage to the machinery further up the drive 
train. The combination of tool and base material is therefore crucial for the operational lifetime 
of the tool. Hot-worked tool steels are perfectly acceptable for joining aluminium alloys, but 
more advanced tool materials are necessary for more demanding applications. Advanced tool 
designs have enabled substantial improvements in productivity and quality. Specifically 
designed tools allowed to increase the penetration depth and thus the successful welding of 
parts with higher thickness. 

 

Advanced friction stir welding tools developed by TWI 

(Source: TWI) 

During friction stir welding, different forces act on the tool: 

- A downwards force maintains the position of the tool at or below the material surface. 
Some friction-stir welding machines are load-controlled, but the vertical position of the 
tool is generally preset and the load varies during welding. 

- The traverse force acts parallel to the tool motion. This force is the result of the 
resistance of the material to the motion of the tool; it decreases when the material 
temperature around the tool increases. 

- A lateral force may act perpendicular to the tool traverse direction.  
- Torque is required to rotate the tool, the amount of which will depend on the down 

force and friction coefficient and/or the flow strength of the material in the surrounding 
region. 

In order to prevent tool fracture and to minimise tool wear, the welding cycle must be properly 
controlled so that the forces acting on the tool are as low as possible and abrupt changes are 
avoided.  

The acting forces during friction stir welding are significant, and proper fixture design is critical 
to the success of the joining process. The main purpose is to hold the work pieces in position 
and to avoid geometrical deformations of the structure during friction stir welding. Also 
important is a good stability during the process since any deflection or major vibration may 
affect the weld quality. The required fixture depends on the specific application, a sufficiently 
rigid construction requires only proper clamping whereas for sheet assemblies, the applied 
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fixtures may range from simple backing bars to specifically designed tools. The fixture design 
needs to take into account also potential temperature effects. 

The heat generated in the joint area rises the local material temperature to about 80-90 % of 
its melting temperature. There are two main heat sources: the friction of the material(s) to be 
joined at the tool surface and the deformation of the material around the tool. Heat is 
predominantly produced under the tool shoulder. Heat flow and thermal profile differ during 
the welding cycle. In the beginning, the material is preheated by a stationary, rotating tool until 
the material temperature ahead of the tool allows the tool to move forward. This phase also 
includes the plunge of the tool into the work piece. When the tool begins to move, there is a 
transient period where the heat production and temperature around the tool will alter in a 
complex manner until essentially a steady-state situation is reached. Although fluctuations in 
heat generation may occur in the steady-state phase, the thermal field around the tool 
remains effectively constant, at least on the macroscopic scale. Only near the end of the 
weld, the resulting heat flow may "reflect" from the end of the plate and lead to additional 
heating around the tool. 

The specific nature of the friction stir welding process produces in a highly characteristic 
microstructure: 

- In the stir zone, the tool which traverses along the weld line in a plasticized tubular 
shaft leads to a severe deformation of the base material followed by dynamic 
recrystallization. The resulting grain structure is roughly equiaxed and the grain size 
is often an order of magnitude smaller than the grains in the parent material.   

- The flow arm zone is on the upper surface of the weld and consists of material that is 
dragged by the tool shoulder from the retreating side of the weld, around the rear of 
the tool, and deposited on the advancing side. 

- The thermo-mechanically affected zone is present on either side of the stir zone. In 
this region, the strain and temperature are lower and the effect on the microstructure 
is correspondingly smaller. Consequently, the microstructure of the parent material is 
still recognizable, but significantly deformed and rotated. 

- The adjoining heat-affected zone is subjected to a thermal cycle, but is not deformed 
during welding. Nevertheless, the effect on the mechanical properties of aluminium 
alloys may be significantly. 

 

Microstructure of a friction stir welded aluminium joint 

(Source: Sapa) 

 

 

7.1.2.2 Application of linear friction stir welding 

In terms of materials, the focus of friction stir welding has traditionally been on non-ferrous 
alloys. It is almost an ideal technology to join aluminium components (sheets, extrusions and 
castings); without using filler wire or shielding gas. Material thicknesses ranging from 0.5 to 
65 mm can be welded from one side at full penetration, without porosity or internal voids.  

Recent advances have challenged this assumption, enabling friction stir welding to be applied 
to a broader range of materials. The technology has proven to be able to successfully join 
numerous metals and alloys, including high-strength steels, stainless steel and titanium. A 
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further expansion of the application range can be expected in the future based on 
improvements of the existing methods and tool materials as well as new technological 
developments.  

To assure high repeatability and joint quality, proper friction stir welding equipment is 
necessary. Most simple welds can be performed with a conventional CNC machine, but for 
more demanding applications, purpose-built equipment becomes essential. The relevant 
process parameters are purely mechanical (force, friction, and rotation). The most important 
control feature is the down force which guarantees high quality even where dimensional 
tolerances of the work pieces are relatively large. It enables robust process control as the 
down force ensures the generation of sufficient frictional heat to soften the material. The other 
process parameters to be controlled are traverse speed, rotation speed of the welding tool 
and its tilting angle. With production machines, typical welding speeds for aluminium alloys 
are about 2000 mm/min (e.g. when joining extruded profiles with wall thicknesses of about 2 
mm). With increasing material thickness, the maximum welding speed will decrease 
correspondingly.  

The quality of a friction stir welded joint is generally superior to that of conventional fusion-
welded joints: 

- Higher strength (in particular also fatigue resistance) 
- Homogeneous joint, entirely void-free and no disruptive oxide inclusions 
- Joints are - in principle - flush with material surface  
- Reduced thermal deformation, tight tolerances 
- Improved repeatability (few process variables) 
- Little (no) effect on corrosion resistance.  

Mechanical (and corrosion) characteristics of the resulting joints depend on the specific 
material combination. As an example, when joining EN AW-6xxx alloys in the T6 temper, the 
tensile strength of the friction stir welded joint is >70 % of the base metal strength. Welding in 
the T4-temper condition followed by a post weld ageing could give >90 % of the base metal 
tensile strength in the weld. Due to the fine grained microstructure and smooth weld surface 
the fatigue properties are close to those of the base alloy. 

The process can be applied to many joint designs. Butt and lap welds can be made even from 
materials with dissimilar thickness. Annular or circumferential joints can be produced by 
rotating the work piece underneath the friction stir welding machine, and CNC machines or 
robots are used for non-linear and three-dimensional joint lines. 

 

Joint configuration for friction stir welding: (a) square butt, (b) edge butt, (c) T butt, (d) 
lap joint, (e) multiple lap joint, (f) T lap joint, (g) fillett joint 

 
A limitation of the friction stir welding process is that the welding spindle must have access to 
all the joints to be welded. Other limitations include the effects observed at the start and end 
of the welds and the required fixtures and clamping.  
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Limitations of the linear friction stir welding process 

The work pieces are usually clamped onto a backing bar and secured against the vertical, 
longitudinal and lateral forces, which will try to lift and push them apart. Normally a gap of up 
to 10 % of the sheet thickness can be tolerated before weld quality is impaired. In general, no 
specific surface preparation is necessary. However, depending on the actual surface 
condition, the application of a suitable part cleaning process may be considered (e.g. heavily 
lubricated components should be washed). 

Most interesting possibilities are offered by the aluminium extrusion technology. Hollow 
profiles can be designed with internal backing by locating material or supporting legs in proper 
positions. 

 

  

Joint design for friction stir welding of hollow profiles (top and right) and weld design 
of a plate cover to a cavity (left) 

 

7.1.2.3 Variants of the linear friction stir welding technique 

The systematic development of the friction stir welding technology has led to a number of 
process variants, covered by multiple patents. Development activities are on-going, thus 
further progress can be expected. 

These process variants offer either improvements in quality, productivity or optimised 
performance for specific joining tasks. However, since the equipment cost for such single-
purpose machines rises drastically, cost efficiency will have to be carefully examined in each 
application.  
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a) Twin-stirTM welding techniques 

The simultaneous use of two or more friction stir welding tools acting on a common work 
piece was evaluated using different configurations. An early concept involved a pair of contra-
rotating tools applied on opposite sides of the work piece. The simultaneous double-sided 
operation with combined weld passes reduces the reactive torque and results in a more 
symmetrical weld and heat input. The probes need not touch each other, but should be 
positioned sufficiently close that the softened material around the two probes overlaps to 
generate a full through-thickness weld. In order to avoid any problems associated with a zero 
velocity zone in mid-thickness, the probes can be displaced slightly along the direction of 
travel. 

  

Simultaneous double-sided friction stir welding with contra-rotating tools (left) applied 
to a hollow extrusion (right)  

(Source: TWI / Sapa) 

Another approach used a preceding friction pre-heating tool which is followed in line by the 
actual friction stir welding tool. The “tandem” technique can be applied with both tools rotating 
in the same direction, but more interesting is the contra-rotating variant. The Twin-stirTM 
tandem contra-rotating variant can be applied to all conventional friction stir welded joints and 
will reduce reactive torque. This has benefits in terms of simplification of clamping and jigging 
for holding parts to be welded. More importantly, the tandem technique will improve the 
integrity of the weld by disruption and fragmentation of any residual oxide layer remaining 
within the first weld region by the following tool.  

 

In-line contra-rotating tandem concept with the welding direction 

(Source: TWI) 

The Twin-stirTM parallel contra-rotating variant enables the positioning of defects associated 
with lap welding between the two welds. Owing to the additional heat available, increased 
travel speed or lower rotation process parameters will be possible in parallel overlap welding. 
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Parallel side-by-side configuration transverse to the welding direction 

(Source: TWI) 

A further development of this method is the staggered tool arrangement. In this case, the 
tools are positioned with one in front and slightly to the side of the other so that the second 
probe partially overlaps the previous weld region. This means that an exceptionally wide weld 
region can be created. Residual oxides within the overlapping region of the two welds are 
fragmented and dispersed.  

 

b) Bobbin stir welding 

A disadvantage of the friction stir welding process is the need for a backing bar or advanced 
fixtures. The bobbin tool which enables double-sided welding eliminates this problem (“self-
reacting friction stir welding”) and avoids the risk of root defects. It consists of two shoulders, 
one on each side of the work piece to be joined. The two elements of the tool are connected 
with the pin, which runs through the material.  

 

Bobbin friction stir welding 

(Source: ESAB) 

The bobbin technique provides a fixed gap between two shoulders, while the adaptive 
technique enables adjustment of the gap between the shoulders during the welding operation. 
The first variant offers a simple mechanical solution for the welding head since the fixed 
bobbin tool does not differ from a conventional tool at the tool interface. In contrast, the 
adaptive tool allows an independent control of the contact conditions for the two shoulders to 
compensate for variations in material thickness. Initiating a bobbin weld either involves first 
drilling a hole in the material in which the tool is inserted, or by employing a run-on 
preparation of the material. The end of the weld is normally welded through, leaving the exit 
un-bounded, for removal at a later stage. 

The self-reacting principle of the bobbin technique means that the normal down force required 
by conventional friction stir welding is reduced; the reactive forces within the weld are 
contained between the bobbin shoulders. For certain applications, also bobbin tools that are 
driven from both ends are envisaged. The concept of a double driven bobbin also includes a 
double adaptive technique where both shoulders can be adjusted independently and a load 
can be applied from both ends. 
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c) Corner welding and dual-rotation friction stir welding technique 

TWI also developed a technique called stationary shoulder friction stir welding mainly for 
welding low heat conductivity materials where a more uniform heat input into the weld is 
beneficial. It consists of a rotating pin located in a non-rotating shoulder component which 
slides over the surface of the material during welding.  

 

Schematic of the corner welding technique applied to a T joint configuration 

(Source: TWI) 

This concept offers the potential to join plates which are positioned in different angular planes 
(e.g. T joints) by using a stationary shoulder shaped according to the internal corners of the 
specific weld configuration. The shaped shoulder contains the stirred material and slides over 
the surface of the material during welding.  

 

Dual-rotation friction stir welding with rotation of the probe and shoulder in the same 
direction 

(Source: TWI) 

A further development of the stationary shoulder concept is the dual-rotation friction stir 
welding technology. The dual-rotation technique allows for a differential in speed and/or 
direction between the independently rotating probe and the rotating surrounding shoulder. It 
can be used, for example, to reduce the shoulder rotational speed as appropriate in order to 
reduce any tendency towards over-heating or melting, while maintaining a higher rotational 
speed for the probe. Thus it is possible to lower the welding temperature and minimise the 
thermal softening of the weld region of certain heat-treatable aluminium alloys. 

 

d) Retractable pin friction stir welding 

Friction stir welding has two major drawbacks. At the end of the weld, the single-piece pin tool 
is retracted and leaves a “keyhole” which is unacceptable when welding cylindrical objects 
such as drums, pipes and storage tanks. Another drawback is the requirement for different-
length pin tools when welding materials of varying thickness.  

At NASA’s Marshall Space Flight Center, an automatic retractable pin tool was designed that 
uses a computer-controlled motor to automatically retract the pin into the shoulder of the tool 
at the end of the weld, preventing keyholes. This design allows the pin angle and length to be 
adjusted for changes in material thickness and results in a smooth hole closure at the end of 
the weld.  
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Retractable pin friction stir welding tools 

(Source: NASA Marshall Space Flight Center) 

 

7.1.3 Friction stir spot welding 

Recently, friction stir spot welding, a variant of linear friction stir welding technique (invented 
by Mazda Motor Corporation in 1993) has received considerable attention from the 
automotive industry. It shows great potential to be a replacement of single-point joining 
processes like resistance spot welding and riveting and further developments are ongoing.  

 

7.1.3.1 The friction stir spot welding technique 

Friction spot joining is similar to friction stir welding, although generally applied as an overlap 
sheet joining technology. Both techniques use a rotating tool with a specially designed pin 
and shoulder. However, whereas in linear friction stir welding, the tool traverses along a seam 
between two metal plates, the tool keeps to one spot in friction spot joining. The configuration 
and dimensions of the tool, especially the pin, vary depending on the material, the thickness 
of the sheets, and the strength requirements of the joint. 

 

Friction stir spot welding process 

(Source: Kawasaki Heavy Industries Ltd.) 

The friction spot joining process consists of four steps. First, the tool is positioned 
perpendicular to the work surface and starts to rotate at a high angular speed. Then the 
tool is plunged into the work piece materials to be joined until the tool shoulder touches the 
surface of the top sheet. Friction heats the materials, and the pin enters the softened 
metal. After the pin has plunged completely into the work piece, the tool continues to 
spin and apply pressure for a set length of time. More heat is generated by friction and 
plastic deformation between the tool and materials as the locally softened material moves 
along the pin and the shoulder under the applied stress. This causes the formation of a strong 
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metallic bond between the sheets at temperatures below the melting point of the work piece 
materials. After a sufficiently long dwell time, the joining process is complete and the tool is 
retracted from the work piece materials. The entire process takes approximately two seconds. 
A backing bar prevents denting and ensures that the tool does not simply plunge straight 
through the sheets. The top side of the joint has a circular indentation (keyhole or exit hole) in 
the centre and a small ring-shaped projection along its outer edge. The surface that was 
pushed against the backing bar is unblemished. Because the process does not apply 
excessive heat, warpage of the sheets is minimal. 

The key parameters of the process are the rotational speed of the tool, the axial force, and 
the duration of the force. The speed of the tool is usually kept constant. Once the pin contacts 
the work piece, the axial force rapidly increases. When it reaches a set point, the force is held 
constant. The speed at which the tool enters the sheets is fairly constant until the shoulder 
contacts the work surface. At that point, the plunging speed decreases and stops. All three 
variables can be monitored for quality control. 

The depth to which the tool penetrates depends on the length of the pin, i.e. the sheet 
thickness cannot be changed without changing the tool. Thicker sheets require a longer pin. 
The pin is generally made of tool steel with tapered threads like a screw. When joining sheets 
of different thicknesses, the thicker sheet should be placed on the bottom. 

Friction spot joining has been used on aluminium sheets ranging from 1 - 3 mm thickness. It 
is possible to weld thicker sheets, but the longer plunge time may become an issue. Although 
the technique was originally developed for aluminium, it can also be applied to other 
lightweight metals such as magnesium and for aluminium/steel joints. The possibility of using 
the friction stir spot welding technology to join high strength steels has also been 
demonstrated, but this application is more problematic due to the higher forces and 
processing temperatures. 

A friction spot joining system includes two servomotors; one spins the joining tool and the 
other pushes the tool against the work piece. The joining tool is positioned opposite the 
backing bar, which is fixed to the end of a C-shaped frame. The joining system can be 
operated as a stand-alone pedestal machine or integrated with a six-axis robot.  

Joint strength with friction spot joining is comparable to resistance welding (better than 
clinching, but less than self-piercing rivets). A disadvantage of this technique is the 
characteristic keyhole in the spot centre, which significantly decreases the mechanical 
properties of the joints. 

 

Application of the friction stir spot welding technique 

(Source: Mazda) 

 

7.1.3.2 Further developments of the friction stir spot welding technique 

Several process variants have been proposed in order to eliminate the keyhole or increase 
the strength of friction stir spot welded joints.  
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The refill friction stir spot welding process developed by Helmholtz-Zentrum Geesthacht, 
Germany is used to join two or more sheets in the overlap configuration. The key element is a 
three-component tool comprising a pin, a sleeve and a clamping ring. The clamp holds the 
sheets firmly against a backing plate and also constrains the material flow during the process. 
In a first phase, the pin and sleeve begin to rotate in the same direction and simultaneously 
press onto the upper surface (“friction”). The pin and the sleeve then move in the opposite 
direction (i.e. one is plunged into the material while the other moves upwards), creating a 
cavity where the plasticised material is accommodated (“first extrusion”). After reaching the 
pre-set plunge depth, the pin and sleeve return to their initial position forcing the displaced 
material to completely refill the keyhole (“second extrusion”). Finally, the tool rotation is 
stopped and the tool is withdrawn from the joint leaving a flat surface with minimum material 
loss (“pull-out”). 

   

Refill friction stir spot welding process 

(Source: GKSS Forschungszentrum) 

 

Refill friction stir spot welding machine 

(Source: Harms+Wende) 

The disadvantages of this process are the more complicated procedure, a relatively long 
dwell time and higher cost. However, the keyhole can be eliminated, and the weld strength 
and appearance is significantly improved.  
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Joint produced by the refill friction spot welding technique 

 (Source: Riftec Gmbh) 

The pin-less friction stir spot welding process was invented by Tazokai et al. in 2009. It is 
a variant of the friction stir spot welding process where the tool has no pin, but includes a 
scroll groove on its shoulder surface. In thin aluminium sheets (~1 mm) where the 
deformation zone from the shoulder penetrates sufficiently into the bottom sheet, a pin-less 
tool provides excellent results because it contacts more uniformly across the tool surface. If 
either a steel or ceramic anvil is used (to reduce heat loss at the bottom face), welds can be 
produced which are as strong as those produced with an optimum pin length. Preliminary 
data have shown that this approach can be used to produce high-strength welds with a short 
dwell time. 

 

 

Pin-less friction stir spot welding process 

The swing friction stir spot welding process was developed by TWI. In this process, the 
tool moves along pre-set path after plunging. This process increases the actual area of weld 
and the strength of joints, while it cannot eliminate the keyhole. 
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Principle of swing friction stir spot welding 

(Source: TWI) 

A further variant of the friction stir spot welding process was proposed by Sun et al. in 2011. 
In the first step, a specially designed backplate containing a round dent is used for 
conventional friction stir spot welding. A keyhole is formed in the joint, along with a 
protuberance on the lower sheet due to the flow of materials into the dent. In the second step, 
a pinless tool and a flat backplate are employed to successfully remove both the keyhole and 
the protuberance. 

 

Friction stir spot welding process 

(Source: Science and Technology of Welding and Joining, vol. 16, no. 7, pp. 605–612, 
2011) 

 

 

7.1.4 Friction stud welding 

In its simplest form, friction stud welding involves rotating a stud in the form of a solid rod and 
forcing it onto the surface of a work piece. Rotation and downward force create frictional heat 
which causes the materials to plasticise in the region of contact. Rotation of the stud is then 
stopped and the axial force either maintained or increased to consolidate the joint. 

The weld time is very short, around four seconds for a 10 mm diameter stud. The weld quality 
is consistently high, and when tested to destruction, failure invariably occurs in the weaker 
parent material and well away from the weld. A number of material combinations can be 
joined using friction stud welding, in particular dissimilar metals. An important limitation of the 
friction stud welding process is that it can only be applied when the work pieces have different 
forging temperatures. In general, the optimum processing conditions have to be determined 
experimentally depending on the application. Practical tests may be also necessary to 
evaluate whether applying a high rotation speed can reduce the forging force. 
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Friction stud welding 

(Source: TWI / IEV Group) 

For welding small diameter studs to thin sheets, small portable friction stud welding machines 
are available, which can be operated either attached to a robot or hand held.  

In some cases, a mechanical interlock between the stud and the work piece may be required. 
When dissimilar materials are joined, the friction plunge welding process can fulfil this 
requirement. A pin with a recessed area and a containment shoulder has to be machined 
from the harder material. This pin is then rotated until the plasticised material of the softer 
work piece is forged into this recess by the forces generated by the shoulder. The process 
offers significant technological benefits for safety-relevant parts.  

In cases of similar hardness, the use of an interlayer with a relatively low melting point can be 
considered. The interlayer is softened and extruded during processing. The presence of re-
entrant features promotes a good mechanical lock, even when a true metallurgical bond is not 
achieved. This process is known as third body friction joining. 

  

Friction plunge welding (left) and third body friction joining (right) 

(Source: TWI) 

 

7.1.5 Friction element welding  

EJOWELD® friction element welding offers the possibility to join different materials 
(lightweight materials and high strength steels) without any pre-treatment (cleaning, de-
coating, pre-drilling). The friction element welding technology combines thermal and 
mechanical welding principles by the use of an auxiliary joining element. 
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EJOWELD® friction welding process 

(Source: Ejot) 

The two work pieces to be joined are placed in an overlap configuration with the softer 
material on top of the harder material. The joining process starts with the acceleration of a 
rotationally symmetrical joining part (“friction element”) to a high rotation speed (10’000 – 
20’000 rpm). The rotating friction element is then pressed against the surface of the upper 
joining partner. The resulting frictional heat causes a plasticisation of the cover sheet and 
allows to penetrate the upper joining partner without any pre-hole operation or melting. When 
the friction element contacts the surface of the harder underlying base sheet, the friction and 
therefore the temperature of the friction element increases significantly. Thus also the joining 
element plasticises and forms the characteristic “upset”. The sliding surface of the upset 
cleans and activates the surface of the lower sheet. After a pre-set reduction of the length of 
the friction element, the rotation is stopped and the axial force is increased for a specified 
holding time. As a result of this “forging” process, the cleaned surfaces of the friction element 
and the bottom sheet form a rigid metallic bond. 

 

Process principle of friction element welding 

(Source: LWF Paderborn) 

The decreasing temperature after the completion of the friction element/base metal joint 
causes axial shrinking of the friction element, creating a force-lock between the friction 
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element and the cover sheet. In addition, the radially displaced material from the plasticised 
cover sheet fills the under hand groove of the friction element causing a solid positive lock. 
The main process parameters are the tip geometry of the friction element, its penetration 
depth, the force, the rotation speed and friction time. 

  

 

Aluminium/steel joints produced by friction element welding 

(Source: LWF Paderborn) 

Compared to the existing mechanical and thermal joining processes, new fields of application 
arise for friction element welding with the use of highest-strength sheet metals with a tensile 
strength of around 1500 MPa. But also other multi-material connections will be possible using 
this technology. 

 

7.2 Pressure welding processes 

Different pressure welding processes are possible and have been tested. The applied 
pressures vary within a very wide range. In addition, also heat can be used. But except for 
special applications, pressure welding has found little use in industrial practice. 

Forge welding is the oldest solid-state welding process. Two pieces of metal are heated to a 
high temperature and then joined by hammering them together. It is one of the simplest 
methods of joining metals, but also very versatile as it is able to join a host of similar and 
dissimilar metals. However, in industrial practice, forge welding has been largely replaced 
today by other joining technologies.  

Forge welding between similar materials is caused by solid-state diffusion. This results in a 
weld that consists of only the welded materials without any fillers or bridging materials. Forge 
welding between dissimilar materials is caused by the formation of a lower melting 
temperature eutectic between the materials. The temperature required to forge weld is 
typically 50 to 90 % of the melting temperature. 

 

7.2.1 Contact and cold pressure welding 

Cold or contact welding is a solid-state welding process in which joining takes place without 
any fusion or heating at the interface of the two parts. In the 1940s, it was discovered that two 
clean, flat surfaces of similar metal would strongly adhere if brought into contact under 
vacuum. In practice, however, bonding is virtually impossible under most conditions, because 
of surface irregularities, organic surface contamination and chemical films such as oxide films. 
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In order to obtain proper weld efficiency, any form of contamination must be reduced to a 
minimum, while the contact area must be made as large as possible. 

In contrast, cold pressure welding uses very high pressure at room temperature to produce 
coalescence of metals with substantial deformation at the joint interface. Welding is 
accomplished by using very high pressures on extremely clean interfacing materials. The 
process is readily adaptable to join ductile metals like aluminium or copper. Both butt and lap 
joints can be realized. But in practice, this joining method is usually limited to the realization of 
electrical contacts. Other applications include aluminium clad cookware although in this case, 
some heat (but relatively low) is applied. 

Significantly improved butt welds are possible using the “multi upset principle” developed by 
GEC. The materials to be joined are inserted in a die and each time the machine is activated, 
the material is gripped by the die and fed forward. Thus, the two opposing surfaces are 
stretched and enlarged as they are pushed against each other. Oxides and other surface 
impurities are forced outward from the core of the material and a proper bond is achieved. A 
minimum of four upsets is generally recommended to ensure that all impurities are squeezed 
out of the interface. 

 

Cold pressure welded copper/aluminium rods 

Cold pressure welding is restricted to nonferrous materials. It offers a most satisfactory way of 
joining copper to aluminium without the formation of brittle inter-metallic phases. The joint 
quality is excellent because it produces a worked structure as opposed to the cast structure 
obtained in fusion welding. Also, there is no heat-affected zone.  

 

7.2.2 Diffusion and hot pressure welding  

Diffusion welding is a solid state welding process by which two metals (which are usually 
dissimilar) can be bonded together. The necessary diffusion processes involve the migration 
of atoms across the interface due to the existing concentration gradients. The two materials - 
whose surfaces must be machined as smooth as possible and kept free from contaminants ˗ 
are pressed together at an elevated temperature; usually between 50 and 70 % of the melting 
point. The pressure is used to relieve the void that may occur due to the different surface 
topographies. The process does not involve plastic deformation, melting or relative motion of 
the parts. A filler metal may or may not be used (e.g. in form of electroplated surfaces). Once 
clamped, pressure and heat are applied to the components, usually for many hours; 
preferably under vacuum or inert atmosphere. When a layer of filler material is placed 
between the faying surfaces of the parts being joined, the term “diffusion brazing” is generally 
used. 

Hot pressure welding, on the other hand, is a solid state welding process where coalescence 
occurs due to the application of heat and sufficient pressure to produce substantial plastic 
deformation at the interface. The deformation of the faying surfaces induces cracks in the 
surface oxide films and increasing areas of “clean” metal are developed. Welding is 
accomplished by diffusion across the clean regions of the faying surfaces. This type of 
operation is normally carried out in closed chambers where vacuum or an inert atmosphere 
can be used. The parts are brought to contact and upset together under pressure, usually by 
hydraulic equipment.  
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A variation is the hot isostatic pressure welding method. In this case, the pressure is applied 
by means of a hot inert gas in a pressure vessel.  

 

7.2.3 Explosion welding  

Explosion welding is a solid state welding process where coalescence is accomplished by the 
high-velocity impact of one of the components onto the other part. The moving part is 
accelerated by the controlled detonation of chemical explosives. Due to the nature of this 
process, the producible joint geometries must be simple (typically plates or tubes).  

The impact energy plasticises the materials, forming a weld. Although the explosion 
generates intense heat, there isn’t enough time for the heat to transfer to the metals, i.e. there 
is no significant increase in the metal temperature and, thus, no significant change in the 
material characteristics.   

The generated heat originates from several sources. One source is the energy expended in 
the collision. Another source are the shock waves associated with the impact which produce 
extremely high pressures. The shock waves spread out and create a "material wave" at the 
joining plane. Heat is also released by the plastic deformation associated with jetting and 
ripple formation at the interface between the parts being welded. At the collision point, a thin 
jet of material is heated to a high temperature, causing melting and mechanical mixing at the 
interface. Surface jetting leads to pronounced plastic interaction between the two metals, a 
necessary condition for a high quality weld.  

 

  

Explosion welding process 

(Source: Dynamic Materials Corporation) 

Explosion welding creates a strong weld between almost all metals. The surfaces have to be 
simply ground to achieve a smooth finish, oxides and other impurities are expelled, leaving 
the surfaces metallurgically pure and creating the metallurgical bond. Aluminium can be 
effectively joined with itself and also with other metals, e.g. steel and copper. The strength of 
dissimilar weld joints is equal to or greater than the strength of the weaker of the two metals.  

Explosion welding is only used in a few applications. Most important is the cladding of a thick 
base metal plate with another metal. Also bimetallic inserts between dissimilar metals are 
often produced by explosion welding. 

 

7.2.4 Electromagnetic pulse welding 

Electromagnetic pulse welding uses electromagnetic forces to deform and join the work 
pieces. It is an automatic welding process which can be used for tubular and sheet metals 
placed in the overlap configuration. It is a process similar to explosion welding, both 
techniques rely on a high impact rate to create the bond and the joint boundary display a 
ripple effect. 

A typical magnetic pulse welding system includes a power supply, which contains a bank of 
capacitors, a high-speed switching system and a coil. The power supply is used to charge the 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  25 

capacitor bank. When the required amount of energy is stored in the capacitors, it is released 
into a coil during a very short period of time (typically 10 - 15 μs). The discharge current 
induces a strong transient magnetic field in the coil, generating a short, but high magnetic 
pressure which causes one work piece to impact onto the other work piece. Extremely high 
velocities (600 – 1000 m/sec) can be produced over a distance of a few millimetres.  

 

Electromagnetic pulse welding of tubular work pieces 

(Source: PST) 

The process parameters of the magnetic pulse welding process are the geometrical 
parameters (air gap between both parts, axial position of the work pieces in the coil or overlap 
distance of the work pieces) and electrical parameters (charging voltage and discharge 
frequency). Magnetic pulse welding needs on average a 1 mm gap between the tube surfaces 
to achieve a successful weld. The reason is that the metal needs time to build up to its 
terminal speed at impact. If the metals are too close, a good crimp can be achieved, but not a 
weld. Also a minimum of two to three times the thickness of the outer material is needed to 
achieve a weld. Standard cleaning is generally sufficient for magnetic pulse welding as the 
speed of the created wave breaks down light oxide layers and ejects any dirt from the weld 
area. 

Magnetic pulse welding is a "cold" joining process. The temperature increase is very local (in 
the order of 50 μm), i.e. the temperature of the outer surface of the work pieces reach no 
more than 30 - 50 °C. There is no heat affected zone is created, and the metal is not 
degraded. The weld becomes the strongest part of the assembly.Another advantage of 
magnetic pulse welding is the contact-free operation: there are no marks of the forming tools.  
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Coil for forming or welding tubular (left) and sheet work pieces (right) 

(Source: PST) 

The process is commercially used for joining cylindrical work pieces in the overlap 
configuration, but it can also be used for sheet overlap welding. Tubular joints are the easiest 
task, from both the energy consumption and coil design viewpoints. The joint area needs 
sufficient clearance for the coil to surround the joints. Most commonly are closed coils where 
the part is inserted, i.e. at least one end should not have a diameter much larger than the joint 
diameter. But also swivelling coils have been developed which can clamp over parts that 
cannot be inserted into a closed coil. A critical aspect is always the lifetime of the relatively 
expensive coils, i.e. there are today few practical applications. 

 

Electromagnetic pulse sheet welding 

(Source: PST) 

The magnetic pulse welding technique is adaptable to a wide variety of electrical conductive 
metals, however, for joining materials with a lower electrical conductivity, a higher energy is 
required. Similar and dissimilar metals have been successfully welded. The cross section of a 
weld shows many resemblances with this of an explosion weld. 
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Aluminium/copper (left) and aluminium/steel joints (right) produced by magnetic pulse 
welding 

(Source: PST) 

The magnetic pulse technology also can be used for joining or crimping parts that do not 
necessarily need a metallurgical bond, such as a metal to a non-metallic part. It can create a 
mechanical lock on ceramics, polymers, rubber, and composites, so adhesives, sealants, and 
mechanical crimps are not necessary. With the process, metal is basically shrink-wrapped 
over the components. 

 

 
 

 

 

7.2.5 Roll bonding  

Roll bonding (or roll welding) is a solid state welding process which joins two or more metals 
by rolling. The starting materials are generally pre-heated and sufficient pressure must 
applied by the rolls to cause deformation at the faying surfaces. Coalescence occurs at the 
interface between the two parts by means of diffusion at the faying surfaces. Thus a 
subsequent diffusion anneal is often added. Surface cleanliness of the starting materials is 
most important, i.e. the individual strips are usually chemically or mechanically cleaned to 
provide contaminant-free surfaces. The plates or strips then pass through either a hot mill 
(e.g. for the production of aluminium brazing sheets) or a highly customized cold rolling mill 
designed specifically for cladding. 

In practice, roll bonding is exclusively used in the fabrication of semi-finished products. Apart 
from roll bonded aluminium brazing sheets, there are also roll-clad plates and sheets 
combining aluminium with with other metals, in particular copper and steel. 

 

 

Production of clad metals by roll bonding 

(Source: Wickeder Westfalenstahl) 
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7.2.6 Co-extrusion welding 

Co-extrusion welding is a solid-state process that produces a weld by forcing both materials 
together through an extrusion die. The process is typically carried out at elevated 
temperatures to improve welding, but mainly to lower the necessary extrusion pressure.  

The extrusion technology is widely used to produce aluminium profiles with different cross 
sections. Extruded profiles consisting of aluminium and another metal (e.g. steel or copper) 
can be produced by the introduction of a designed metal strip or wire into the extrusion 
chamber. Proper control of the extrusion conditions leads to the formation of a metallic bond 
when the plasticised aluminium and the solid additional material are simultaneously pressed 
through the extrusion die. Also in this case, coalescence occurs at the interface between the 
two materials by diffusion at the faying surfaces. 

 

7.3 Ultrasonic welding  

Ultrasonic welding differs from the pressure welding technique described above in that the 
applied pressure is relatively small, i.e. the contact pressure between the parts being joined is 
significantly lower than either in friction welding or pressure welding processes. Ultrasonic 
welding creates a solid state weld by the local application of high-frequency vibrations as the 
work pieces are held together under pressure. It is a cold welding process, since the heat 
generated by the ultrasonic energy is not essential to the formation of the joint. Welding 
occurs when the ultrasonic tip that is clamped against the work pieces oscillates in a plane 
parallel to the weld interface.  

Ultrasonic welding has been used to join metals since the 1950s. It is a flexible and fast 
joining process, characterised by low energy consumption and capital cost. Typical weld 
times range from 0.25 - 2.0 seconds, while the cycle time (including tool actuation) ranges 
from 1 - 3 seconds. Whereas the lap shear strength values are slightly below that achieved in 
conventional resistance spot welding, the cross tension strength values are significantly 
lower. A longer welding time results in a more even welded connection, a higher yield limit 
and a higher fracture strength. 

Soft, low-yield strength materials work best with ultrasonic welding. It is particularly suited for 
joining aluminium and its alloys with each other as well as for joints with other metals, in 
particular copper. The process is restricted to relatively thin materials (wires and thin foils). 
However, it has been shown that ultrasonic welding performs well on aluminium materials 
with thicknesses up to 1.0 mm. The process would be also capable of joining thicker 
materials; but due to power limitations of the commercially available systems, consistent high 
quality welding of thicker aluminium sheets (1 mm or higher) is today not yet possible.  

Prior to welding, the welding system clamps the work pieces between weld tip and anvil. The 
static pressure force is then superimposed by a high frequency oscillating shearing force. 
However, as long as the forces within the work pieces are below the limit of linear elasticity, 
the pieces do not deform. The shearing forces break and disperse contaminants and oxide 
layers at the weld interface. Thus, mechanical and chemical surface cleaning is not necessary 
(except removal of excessive oil or other lubricants). Surface coatings (e.g. coated wire) and 
impurities behave in a similar manner. At the same time, local asperities are deformed and 
sheared due to the friction-like motion; clean metal surfaces are exposed and a solid-state 
bond forms as a result of atomic diffusion. The further oscillation leads to the growth of the 
deformed zone at the interface until a large welding area has been produced.  

The minute deformations lead to a moderate temperature increase at the interface. But there 
is no fusion as long as the pressure force, the amplitude and the welding time are properly 
adjusted. It is estimated that local peak temperatures of 35 – 50 % of the melting point of the 
parent metal are reached.   

The vibratory energy that produces the minute deformation comes from a transducer which 
converts high-frequency alternating electrical energy into mechanical energy. A number of 
methods, such as spot, torsion, seam, and micro welding, exist to deliver ultrasonic energy to 
a weld joint.  
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Lateral drive and wedge-reed ultrasonic welding systems 

(Source: EWI) 

The most relevant method is spot welding using either the lateral-drive or the wedge-reed 
system. The sonotrode couples with the work pieces in a manner sufficient to transmit 
vibratory energy. In the lateral drive system, this task is accomplished using a knurled surface 
which is machined into the tip of the sonotrode that presses into the work piece when a force 
is applied. The anvil which has a knurled surface similar to the sonotrode is commonly used 
to hold the other work piece stationary. The anvil and its support structure must be strong 
enough to resist both the static clamping force and the shear forces generated at the weld 
interface during a weld cycle. 

In the wedge-reed system, the transducer and the wedge vibrate in a longitudinal mode, but 
drive the reed into a bending vibration mode. The tip is replaceable and contains a knurl 
pattern used to grip one work piece. The design of the anvil is usually rigid, but the anvil can 
also vibrate in a bending mode out of phase with the reed to increase the net relative motion 
between the work pieces. Wedge-reed systems have been adapted to C frames to improve 
access and automation integration for automotive applications.  

 

WELDMASTERTM C frame ultrasonic spot welder 

(Source: Sonobond Ultrasonics) 

The parameters commonly used for ultrasonic welding are: 

- Vibration frequency 
The frequencies used in ultrasonic welding typically range from 15–60 kHz, but can 
be several hundred kHz for micro-welding applications. However, frequencies above 
20 kHz may not provide the power required for joining aluminium sheets of 0.8 mm or 
greater. 

- Vibration amplitude 
The vibration amplitude is the linear motion of the weld tip, parallel with the faying 
surfaces. Typical peak-to-peak displacements are of the order of 20 - 100 µm. As the 
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amplitude increases, so does the power requirements to drive the system. In most 
systems, amplitude is a controlled variable, able to be set on the power supply. In 
some systems, input power is the controlled variable, with the resulting amplitude 
dependent on part and material conditions. 

- Static weld force 
Typically, the static force which clamps the faying surfaces together ranges from 500 
- 5000 N. It is generally delivered by a pneumatic cylinder. 

- Welding power, energy and time 
Power, energy and time during a welding cycle are interdependent. Typically, one of 
these three variables is chosen as the process control variable, while the other two 
variables are monitored for weld quality control. 

- Tooling 
Ultrasonic welding schedules are generally developed on a case-by-case basis. Weld 
tip designs vary widely in terms of the design of the knurl features, so that a change 
in process parameters is typically required if tip designs change. Generally speaking, 
as the footprint of the knurl area increases, so do the power requirements of the weld 
system for achieving an acceptable weld.  

Ultrasonic welding requires the use of a lap joint. The overlap can be minimized because only 
a few millimetres of material around the weld tip are required for a suitable weld. A 
disadvantage is that the welded parts have markings on both sides of the joint due to the weld 
tip and the anvil knurl indentations. The spot welds can be overlapped or spaced at virtually 
any interval. 

When considering joint design, the thickness of the thinner work piece is most critical. 
Dissimilar thickness joints can be achieved if the thinner work piece does not exceed the 
force and power capabilities of the welding system. As a work piece thickness increases, 
more static clamping force and higher peak powers are required to produce an acceptable 
weld. If possible, the thinner work piece should be next to the weld tip. Transferring vibration 
energy into the work pieces is inherent to the ultrasonic process and work piece resonance 
must therefore be considered. If resonant vibrations exist, they can be minimized by different 
measures. 

The most important practical application of ultrasonic welding in the automotive industry is 
making electrical connections between aluminium or copper wires /cables and end pieces, 
e.g. to be used in battery cables and wire harnesses. 

 

Aluminium cable (cross section 120 mm2) ultrasonically welded to a Ni-plated copper 
end piece 

(Source: Telsonic) 

A new development for such applications is the PowerWheel® technology where the 
sonotrode is excited by a torsional oscillator. The welding action is carried out in a rocking 
movement directly at the weld. This means that the maximum amplitude is always at the 
centre of the weld area and the power output can be precisely focused. Due to the new 
construction of the sonotrode and its movement, it is possible to transfer significantly more 
energy into the weld than by using the conventional linear movement.  
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High frequency longitudinal movement in the linear axis (left) and oscillating 
movement around a central axis (right) in the μm range 

(Source: Telsonic) 
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8.0 Introduction 

Two groups of mechanical joining techniques can be differentiated: 

- Mechanical joining methods without additional fastener 

- Mechanical joining methods with an additional fastener. 

In the first group, the joint is realised without the need of additional joining elements, only using the 
work pieces to be joined. In the second group, an additional fastener is applied which, in general, 
remains within the joint. 

 

 

Compared to fusion welding techniques, the advantages of mechanical joining methods include: 

 Applicable for materials difficult to weld  and dissimilar material combinations 

 Little or no damage to pre-coated materials 

 No fume or heat generation, low noise emission, low energy consumption 

 Minimum geometrical distortion (no heat input). 

Because of the sensitivity of work-hardened and age-hardened aluminium alloys for the heat input 
from fusion and resistance spot welding and due to the effects of oxide films on electrode life in 
resistance spot welding, the use of "non-thermal" joining techniques has gained particular importance 
in automotive applications. Mechanical joining techniques like bolting, self-piercing riveting, blind 
riveting, clinching and the combination of these techniques with adhesive bonding have, therefore, 
been developed to substitute the traditional resistance spot welding.  
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8.1 Mechanical joining without additional fastener 

 

8.1.1 Hemming 

In automobile assembly, hemming is used as a secondary operation after the deep drawing, trimming 
and flanging operation to join two sheet metal parts (generally outer and inner closure panels) 
together. Typical parts for this type of assembly are hoods, doors, trunk lids and fenders. This 
technique is also used for the reliable joining of sunroofs. 

 

8.1.1.1 Hemming process 

Hemming is a metalworking process in which a sheet metal is folded over onto itself. Normally 
hemming operations are used to connect parts together, to improve the appearance of a part and to 
reinforce part edges. 

       

Various hem designs: Flat hem (left), wedge-shaped hem (centre) and droplet-shaped hem 
(right) 

 
The accuracy of the hemming operation is very important since it affects the appearance of the 
surface and surface quality. Compared to the standard flat hem, a wedge-shaped hem (which can be 
further developed to a 180° bend of the outer panel) allows the creation of a sharper edge, improving 
the visual appearance of the gap between two adjoining panels. A droplet-shaped hem (“rope hem") is 
only used when insufficient ductility of the outer panel prevents the realization of a flat hem. A “rope 
hem” can also alleviate the potential for the formation of unfavourable “streamers” across the visible 
surfaces of the outer panel. 

Hemming belongs to the cold forming processes. Basically, it consists of three steps: 

 

 

Step 1: bending 90°, Step 2: hemming 45°, Step 3: folding 180° 
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The quality of the hem strongly depends on the formability of the applied sheet material characterized 
by its minimum bend radius. Important influencing factors are:   

- the applied aluminium alloy (composition and heat treatment),    
- the thickness of the aluminium sheet, 
- the forming history of the sheet / part, and  
- the hemming process parameters. 

 

Today, the droplet-shaped hem − formerly common for aluminium alloy sheets − is applied only in 
exceptional cases where formability is strongly reduced, for example by preceding age hardening effects 
or strong cold deformation. Normally the flat hem can be realised without any difficulty. High 
requirements on the visual appearance of the gap may lead to special demands with regard to gap 
clearance. Specifically developed aluminium alloys for outer body applications fulfill the requirements 
for flat folds (bending factor <0.5 ) and enable the realisation of flanges with inner bending radii of almost 
0mm .  

The material deformation during the hemming process, can lead to dimensional variations and other 
defects. Typical hemming defects are splits or wrinkles in the flange, material overlaps in the corner 
areas or material roll-in. In practice, numerical simulation tools are used in order to better understand 
the hemming process and to reduce the number of loops during try-out and production. The standard 
software packages used for the simulation of stamping processes also properly represent the 
hemming process.  

Closure panels are usually made by hemming the outer panel over the inner panel which also 
conceals the sharp metal edges. Generally, the hem flanges are protected by a sealant to prevent 
crevice corrosion of the sandwiched metal. In principle, the hemming technique produces sufficiently 
strong mechanical joints around the periphery of closure panels. Nevertheless, hemming adhesives 
are widely used in these flanges to give improved strength, part stiffness, crash performance and 
corrosion protection (see also 10.1.1). Applied adhesives used include epoxies, PVC or acrylic 
plastisols, rubber based materials and PVC-epoxy hybrids. 

 

 

Set-up of the hem flange of a typical closure panel 

 

A more sophisticated hem seam design has been introduced by Honda to join dissimilar metals (steel 
and aluminium). In the patented "3D Lock Seam" structure, the steel and aluminium panel are layered 
and hemmed together twice. 
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3D Lock Seam structure 

(Source: Honda) 

 

8.1.1.2 Hemming systems 

Different hemming systems are available. In addition to optimised solutions for volume production with 
extremely short cycle times, there is also equipment for niche vehicle production. Special emphasis is 
always placed on the requirements for increasing fitting accuracy and minimum gap dimensions at 
reduced costs and with maximum process reliability.  

The hemming process involves bending an outer metal sheet around an inner metal sheet. In 
automotive applications, two methods are used: 

- Conventional die hemming 
- Roll hemming. 

In conventional die hemming, the flange is folded over the entire length with a hemming tool.  In roll 
hemming, the hemming roller is guided by an industrial robot to form the flange.  

 

Conventional die hemming (left) and roll hemming (right) 

Conventional die hemming is suitable for mass production. The flange is folded over the entire length 
with a hemming tool. Normally, the actual hemming operation is the result of a forming step where the 
flange is formed with a hemming tool after completion of the drawing and trimming operations. The 
formed flange is then hemmed in several steps. These steps include, for example, the pre-hemming 
and final hemming depending on the respective opening angle of the flange. Production plants for 
conventional die hemming are very expensive, but the cycle times are very short. 

Roll hemming is carried out incrementally. A robot guides the hemming roller and forms the flange. 
Roll hemming operation can also be divided into several pre-hemming and final hemming steps. It is a 
very flexible process and tool costs are significantly lower compared to those of conventional die 
hemming. However, the cycle times are much longer since the hemming is the hemming roller follows 
a defined path. 
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a) Press hemming 

Hemming presses are widely used in automotive manufacturing. The process uses traditional 
hydraulically operated stamping presses to hem closure parts as the last forming step in the stamping 
line. Press hemming is a fully automated, high cost process suitable for large parts, but due to the 
complex force geometries restricted to relatively flat, uncomplicated panels.  

 

b) Tabletop hemming 

Today, table top hemming is the dominate die hemming technology. Instead of a large hydraulic press, 
tabletop hemming uses a series of electrically actuated heads. Tabletop hemming devices are used 
for medium to high production volumes, achieving cycle times down to 15 seconds. 

 

Tabletop hemming equipment 

(Source: DV Automation) 

 

Tabletop hemming is a highly adaptable process. It can be used in a variety of cases where 
conventional die hemming equipment is less suitable, such as for high-mix, low-volume production and 
most complex panel geometries. Optimum panel surface quality is guaranteed through the hemming 
principle of the closed ring (corresponds to hemming in the stamping tool).  

 

c) Roll hemming 

A particularly flexible solution in closure manufacture, primarily developed for low to medium volumes, 
is robotic or roller hemming. With roller hemming, the plates are clamped in a tool bed. The roller 
hemming head is attached to an industrial robot. Rollers which are necessary for various hemming 
work steps are attached to the roller hemming head. As a result of reduced process forces, the surface 
quality of complex sheet metal geometries is improved. Dimensional accuracy and tolerances are 
controlled by selectively influencing the robot program.  
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Robotic roll hemming 

(Source: Kuka) 

Automation of the hemming operation can be implemented flexibly. For example, changeable roller 
hemming tools for different work pieces and manufacturing processes can be provided in an 
automated cell. Minor changes and modifications to panel hemming conditions can also be 
accommodated allowing a quick and cost-effective reaction.  

 

8.1.2 Clinching 

Clinching is a high speed, mechanical fastening method to join two or more sheet metals by local 
plastic deformation without an additional fastener or heat impact. It is an inexpensive and easily 
automated process which only requires a punch and a die. The punch pushes the sheet metal into the 
die, forming an interlocking friction joint with good static and dynamic strength.  

In technical terms, clinching is defined as a single or multi-step fabricating process with a common 
displacement of the materials to be joined combined with local incision or plastic deformation and 
followed by cold compression, so that a quasi-form locking joint is produced by flattening or flow 
pressing (impact extrusion) 

 

Clinch point geometries with and without local incision 

The most significant feature of the clinching technique, which is established in the DIN 8593 standard, 
is that the joint is formed from the material of the metal parts to be joined. The parts to be clinched can 
be of the same or differing sheet thickness. In industrial applications, clinching is applied from a single 
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sheet thickness of 0.1 mm up to a total layer thickness of 12 mm and materials up to a tensile strength 
of 800 N/mm2. In laboratory tests, materials with significantly higher strength values have been 
successfully clinched.  

The clinching process is applicable for aluminium alloy combinations as well for multi-material 
combinations (e.g. aluminium and steel) and also with pre-coated, painted or galvanized materials. 
Furthermore, clinching can be combined with an adhesive, a sealant or an intermediate layer (e.g. a 
sound dampener).  

Special tools are used to plastically form the mechanical interlock between the sheets. Tool systems 
with and without moving die parts have been designed. During clinching with movable die parts, the 
flow of the displaced metal is determined by the yielding characteristic of the dies. On the other hand, 
during clinching without movable die parts, the displaced metal flow into a grooved ring in the die. A 
further differentiation can be made according to the process kinetics. The two main principles are 
single stroke and double stroke. Single-stroke clinching requires special tool sets for each set of 
parameters, especially different sheet thicknesses. While double-stroke clinching can adapt to a range 
of thicknesses, it requires a larger capital investment and is difficult to integrate into the stamping 
press line. 

The wide range of clinching geometries and tool concepts allows the selection of the appropriate type 
of joint for the each application.  

 

Different types of clinched joints 

(Source: Eckold) 

Most widely used in automotive applications is the round clinching element where neither sheet is cut 
(“closed joint”). Clinching joints where either both sheets or only one sheet are cut have generally a 
rectangular shape. In the latter case, the element is closed on the punch side. In special cases, also a 
sheet with a pre-punched hole can be placed on the die side.  

Clinching often replaces spot welding. The static and dynamic strength of clinched joints are higher 
than with common spot welded connections. Clinched joints are lower strength than comparable self-
piercing rivet connections. The reason is the absence of the auxiliary joining fastener that affects the 
cross tension strengths in particular. Clinching is thus used primarily in non-crash-relevant areas. 

It is a cold forming process, offering up to 60% cost savings over spot welding. Life expectancy for 
clinching tools is in the hundreds of thousands of cycles. There is no need for pre-cleaning or a 
process-specific surface pre-treatment and subsequent finishing. Also clinching provides a quieter and 
cleaner working environment (no sparks and fumes, little noise). An additional benefit of clinching is 
the avoidance of damage to the integrity of the coatings eliminating such problems as corrosion and 
degradation. 

 

Joining of an aluminium heat shield with a hand held clinching tool 

(Source: Attexor) 
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Clinching systems come in all sizes and types of operations and speeds. Options range from handheld 
units to multi-head systems with double-acting punch and dies, and self-centring heads. Clinch 
machines can be used to simultaneously set one or several points and can be easily integrated within 
robotic cells or other manufacturing systems.  

 

8.1.2.1 Clinching with local incision 

 

Process steps in single-step clinching with local incision 

Clinching with local incision creates a permanent joint under the combined action of shear and 
penetration processes, in which the penetration and incision limit the joint region, and a cold 
compression process, in which the sheet material pushed out of the sheet plane is compressed and 
flattened. In the single-step clinching process, the joint is created during an uninterrupted stroke of a 
single tool component. In the multi-step process, the clinch joint is created under the action of 
successive motions of the tool components. 

Based on this principle, joints with different geometries have been developed over the years. The joint 
strength increases with an increase of the sheared area as well as with a reduction of the locally 
incised part (which is replaced by a corresponding increase in the plastically formed part). For this 
reason, clinching joints without local incision are generally preferred. 

 

Lance-N-Loc® joining system 

(Source: BTM) 

 

In automotive application, clinching with local incision has found limited application. Clinching systems 
with local incision are primarily suited for multi-layer joints (up to 5 layers or more), certain dissimilar 
material combinations and high strength, low ductility materials (ultra high strength steels, stainless 
steels, etc.). Two or more layers of metal typically ranging in thickness from 0.2 mm to 4.0 mm per 
sheet can be reliably joined in most cases. 
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As an example, in the Lance-N-Loc® system, a joint is formed by lancing the two long sides of the joint 
and gradually drawing the ends. The material on the sides of the joint is compressed, expanding the 
width to form a lock on two sides, all in a single press stroke.  The resulting joints are characterized by 
a “button” formed on the die side layer of metal and a recess formed in the punch side layer. The 
button is a good indicator of joint quality and simplifies quality control.  

 

Lance-N-Loc™ button side (left) and cross section (right) 

(Source: BTM) 

 

8.1.2.2 Clinching without local incision 

The clinching process without incision is a method of joining two or more material layers by localized 
cold forming using a special punch and die. The punch forces the material layers into the die cavity 
(“local penetration”) where the pressure exerted by the punch forces the metal to flow laterally (“cold 
compression”). The result of the process is a button shaped extrusion on the die side of the assembly 
(which acts as an interlocking joint) and a small, cylindrical cavity on the punch side. No finishing is 
required. The produced clinch joints are visually appealing, gas tight, protect existing surface coatings 
better and offer high corrosion and fatigue resistance. In general, round points are utilised. However, 
with special die designs, also rectangular joints can be created. 

 

a) Solid dies (without moving parts) 

The clinch joint is carried out by plastic deformation of the materials to be joined inside a rigid die. In 
the simplest form (“single-stroke process”), a round punch presses the overlapping materials into the 
die cavity. As the force continues to increase, the punch side material is forced to spread outwards, 
but is contained by the solid die walls. Consequently, the die side material is squeezed into a ring-
shaped channel in the mechanically locked anvil until a preset clinching force is reached. The result is 
an aesthetically pleasing round button, which joins clearly without any burrs or sharp edges. The 
material strain hardening in the neck area and the lack of any notch effect result in a high retaining 
forces. 
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TOX® round clinch joint, a one-step process with a solid die 

(Source: TOX Pressotechnik) 

The advantage of the die without moving parts lies in the absence of wear of the components. The 
disadvantage is that oiled aluminium sheets can lead to the formation of a "hydrostatic cushion" in the 
closed die, leading eventually to the destruction of the die.  Similar problems arise in hybrid joining 
“adhesive bonding plus clinching” or in connection with other intermediate layers. 

 

More sophisticated methods include a blank holder and a moving die (“multi-stroke process”). In a first 
step, the punch and blank holder move downward, the work pieces are clamped and fixed by spring 
force of the blank holder. By action of the punch, the material flows into the bottom die cavity forming a 
cup (step 2). The process parameters and dimensions of the punch and die are tuned to the sheet 
thicknesses of the work pieces to ensure that no material is laterally drawn into the joint from 
surrounding area. Finally, the thickness of the cup's bottom is reduced by upsetting and the material 
forced into the die groove and in lateral direction, forming the necessary undercut (step 3). After 
reaching a pre-set maximum force (force controlled) or a pre-set displacement (stroke controlled), the 
punch is retracted and the clamping force relieved (step 4).  
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Single-step clinching without cutting using solid dies 

 

b) Dies with moveable parts 

In clinching systems using dies with moveable parts, the materials to be joined are generally clamped 
by a punch side stripper. Then the punch draws a material section into the die. The die wall, which is 
split in two or more segments, remains closed. As soon as the material touches the die anvil (i.e. the 
bottom of the die cavity), the material starts to flow laterally under the pressure exerted by the punch. 
The movable die sections are pushed outwards, sliding on a base, until the punch-to-anvil distance 
reaches a pre-set value. Thus, the material forms the button-like mechanical interlock. Finally, the 
punch is returned to its starting position by the operator or by a pneumatic timer which removes the 
force. The joined component can now be removed and the die walls close again. 

 

Single-step clinching using a die with moveable segments 

(Source: Attexor) 
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Various die designs are used by the different system suppliers. Dies may include two or more 
moveable segments which are pulled back together by a spring or a similar mechanism. More versatile 
die designs include fixed as well as flexible segments. The materials and the punch are centred by the 
solid segments, thereby guaranteeing that the joint formation is perfectly concentric. The mobile parts 
allow an interlocking of the material in the joint.  

   

Examples of clinching dies with moveable segments: Eckold R-DF (left), Böllhoff RIVCLINCH® 
(centre) and TOX® SKB (right) system 

(Sources: Eckold / Böllhoff / TOX Pressotechnik) 

The advantages of clinching with moveable dies over methods with non-segmented dies are seen in a 
more flat protrusion of the joint and a higher flexibility when sheet metals of different thickness have to 
be joined. Very high pull-out tension values can be achieved due to improved flow behind the material 
because the die opens during clinching and the material can flow to the side. Moveable die systems 
are also beneficial when joining oily sheets and for applications where an adhesive is applied between 
the metal layers.  

 

Clinch joints produced with moveable dies, at right, a cross section of an adhesively bonded 
material combination 

(Source: Böllhoff/Eckold) 

 
  

mailto:auto@eaa.be


 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  14  

c) Clinching methods for special applications 

The applications for clinching are so diverse that special methods have been developed to take into 
account the individual requirements.  

Clinching creates a protrusion on the die side, which might be considered as an obstruction. In this 
case, the standard clinch joint created in a first step can be flattened (± 0.1 mm) in a secondary 
operation using a flat die. The high shear and pull strengths of the clinch point are left virtually intact. 

 

Special clinching methods: Flat joint (left) and twin joint (right) 

(Source: TOX Pressotechnik) 

The twin clinch point shown above provides protection against rotation. Also it almost doubles the joint 
strength in comparison to the single joint. Whereas this solution was developed for a solid die clinching 
technique, anti-rotation benefits can also be achieved when using moveable dies. 

 

Oval-shaped clinch joint: Button side view and cross section 

(Source: BTM) 

Originally developed to respond to a request for a visually improved clinch joint button, the V-Loc™ 
joint also results in an improved material flow within the clinch joint. A thicker side wall and improved 
interlock increase shear and peel strength by approximately 25% over the standard Tog-L-Loc® joint 
when joining some aluminium alloys. The V-Loc™ joint features a raised spherical inner diameter with 
a concentric outer ring, intended to give the appearance of a more traditional fastener. 
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V-Loc™ button side view and cross section 

(Source: BTM) 

Special clinching methods are also available for difficult cases, e.g. joining of sheet metal with large 
differences in thickness, joining of high strength or non-ductile materials with ductile materials or 
joining of non-metallic materials. One layer is pre-punched; the ductile material is then pushed through 
the hole. The resulting connection has radial and axial strength. Multiple joints can be applied in a 
single press stroke. However, this process requires precise alignment of the parts. 

 

Two process variants for clinching difficult material combinations 

(Source: TOX Pressotechnik) 

 

8.1.2.3 Design criteria for clinched joints  

Clinching requires open flanges with good access to both sides for punch and die tooling. Proper 
accessibility is needed for clamping and pressing the material between the punch and the anvil. The 
flange width must be sufficient to accommodate the interlocking button produced during clinching spot 
as well as the surrounding deformed material. Otherwise, the button may burst out of the edge of the 
flange or cause a local distortion of the part. As a general rule, the clearance between the centre of the 
joint and the flange outer edge should be 1.5 times the punch diameter. Also, the clearance between 
the joint and the flange inner edge must be large enough to allow tooling access to make the joint.  

Clinch spots should be spaced to avoid previously formed joints or the strained area immediately 
around them. Clinching in or near prior joints may result in unsatisfactory joint appearance, excessive 
thinning of the bottom sheet and accelerated tool wear. Placing several clinch spots too near to each 
other may also cause distortion or bending of the joint. However, there must be enough joints to 
guarantee the overall design strength of the assembled component. A minimum joint spacing of two to 
three times the button diameter is recommended.  

Proper planning of the clinching sequence and suitable clamping of the work pieces will avoid such 
problems. Good process control ensures that the material layers to be joined are properly drawn 
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together as the clinch spots are driven and set. In addition, no joining process forces will be diverted 
into component. Accurate overlap of the layers to be joined and a correct flange width facilitate proper 
alignment between the work pieces, punch and die. A pre-clamping step may be helpful if joining a 
flange width close to the minimum width is to be undertaken. Joints should be fully closed after the 
clamping stage. Poor fit-up and alignment are major contributors to inconsistent clinch quality.  

 

The strength of a clinched joint depends basically on four main factors:  

 The type of aluminium alloy of the work pieces,  

 The sheet thicknesses,  

 The clinch button size (the diameter should be as large as possible),  

 The surface condition of the material. 

 

A completely dry, grease-free surface will give a stronger joint than if the surface is oily or wet On the 
other hand, a minimum lubrication avoids adhesion of the aluminium to the tool and significantly 
improves the tool life. Thus a suitable compromise must be found.  

Cinching is a cold forming process. Therefore, the formability of the involved materials must be 
sufficiently high. As a rough estimate, good clinch joints can be achieved if: 

Elongation to fracture   A80 ≥ 12 % 
Yield ratio                     Rp0.2/Rm ≤ 0.7. 

 

A limited ability to apply clinch joints is given when: 

Elongation to fracture   12 % ≥ A80 ≥ 8 % 
Yield ratio                     Rp0.2/Rm ≥ 0.7. 

 

In this case, it is important to qualify the clinching performance in laboratory tests before practical 
application. 

When dissimilar materials are being joined, best results are achieved if the following rules regarding 
the joining direction are observed: 

“Thick sheet into thin sheet” and 
 "High strength into low strength". 

 

The localisation of the thicker material on the top ensures that enough material can flow into the die 
cavity. Otherwise, the neck area will be very fragile. The thicker material should not be more than 
twice the thickness of the thinner material. The combined thickness of the two plies should not exceed 
the combined maximum thickness recommended for the die. Also, if one material is considerably 
harder than the other, the harder material should be on the punch side. If the softer material is on the 
punch side, the punch may go right through the softer material, instead of deforming. However, for 
special applications, various suppliers also offer tool designs which can be optimised to adapt different 
combinations.  

 

8.1.2.4 Quality criteria for clinched joints  

The quality of a clinched joint is determined by many different factors. It depends on the joining 
method/equipment, the applied tools and specific joining parameters and in particular on the parts to 
be joined (number of parts, material quality and thickness, surface conditions, joint geometry and 
accessibility, joining direction, etc.). Therefore, prior laboratory tests of the specific joint arrangement 
are recommended to determine the relevant design parameter like static and dynamic strength, crash 
resistance, etc. 

For clinching, there is a causal relationship between joint quality and the geometry of the clinch joint. It 
is therefore possible to estimate the quality of the joint from a visual evaluation of the clinch joint and 
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by measuring geometric parameters. As an example, for non-cutting, round button clinching 
techniques, the strength of the connection is determined by the magnitude of the undercut and the 
neck thickness. These values are influenced by the tool dimensions, such as the punch diameter and 
the depth and diameter of the die cavity, as well as by the setting of the displacement limits for the 
upper-die. A larger undercut can be achieved by reducing the residual bottom thickness. However, to 
avoid overloading the tools and work piece due to excessive joining forces, a compromise between 
maximum joint strength and tool life is required. 

 

Quality criteria for a clinched connection 

 

a) Quality control 

Clinched joints result from the interaction between clinching equipment, material, and punch and die. 
As a consequence, the material has been geometrically changed in comparison to the original flat 
sheet metal. Therefore, the joint quality can be monitored by measuring the bottom thickness of the 
joint and/or the button width.  

The residual bottom thickness correlates well with the joint strength and is generally used as a non-
destructive quality control measurement.  

 

Practical quality control normally includes measuring the residual base thickness (St) and the joint 
diameter (D) on the die side of the joint. The optimum values are predetermined in laboratory tests for 
each application. Comparison of these reference data with the parameters measured during 
production guarantees a reliable quality control of the clinch joints.  

 

b) Process monitoring 

An electronic, process controller can be used to check the joining process for automated or mass 
production. Process monitoring consists of measuring force and displacement of the punch, as joints 
are being made, and checking that the values of these parameters are being correctly maintained by 
the clinching equipment.  

A force sensor is installed on a C-frame. Another sensor measures the tooling position. Thus, a force-
displacement curve is generated in real time for every clinch joint. The software allows checking 
process “windows” which must be previously programmed along the curve. The last one is the final 
value of the completed joint. The width of this acceptance range can be altered to suit the 
requirements of specific applications. Results outside the acceptance range normally indicate faults or 
variations in process operation or materials, which could lead to unacceptable joint quality.  
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8.1.3 Mechanical interlocking 

Due to its elasticity, aluminium is highly suited to realise snap-fit joints, allowing far quicker assembly 
than, for example, screw or welded joints. Snap-fit joints are a most interesting joining technique for 
extruded aluminium profiles and widely used in a range of industries. In automotive design, relevant 
application areas can be found primarily in the floor structure and in the interior, in particular when 
joining extruded aluminium and plastic sections. 

 

Design of snap-fit joints 

(Source: Sapa) 

In detachable snap-fit joints, the hook angle is α = 45°. In permanent snap-fit joints, the hook angle is 
α = 0° (or negative). The length of the snap-fit joint has an effect on design; it should not be below 15 
mm. If a design cannot accommodate hooking arms of sufficient length, however, the sprung part of 
the profile should be replaced by plastic clips. The same applies if the joint is to be repeatedly opened 
as the fatigue properties of aluminium do not permit frequent changes in loading. 

As an example, larger cross-sectional areas can be economically created by joining together a number 
of extruded aluminium profiles together. This solution is often chosen because it is easier to machine 
smaller profiles individually rather than a single construction as a whole. 

 

Large cross-sectional areas realised with snap-fit joints 

(Source: Sapa) 

For latitudinal joining, mechanical (snap-fit) connections can be used as a cost-efficient alternative to 
other joining methods like adhesive bonding, fusion welding or friction stir welding. The use of a flat 
bar or a similar measure ensures proper flatness. The assembled structure can be additionally fixed 
with screws, the introduction of a tubular spring or properly designed clamps.  
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Latitudinal joining using with a snap-fit (left or centre) or screw ports (right) 

(Source: Sapa) 

 

 

Snap-fit joints allow various design solutions  (from left to right): 

- Longitudinal joint using spring and friction mechanisms 

- Snap-fit joint with a formed sheet panel 

- Snap-fit joint between aluminium and plastic profiles 

- To deal with high local surface loads and reduce wear (e.g. from a rolling steel 
wheel), a steel strip can be inserted into the aluminium profile. 

(Source: Sapa) 

 

 

8.2 Mechanical joining with an additional fastener  

Mechanical assembly methods using an additional fastener can be classified according to the 
necessary preparation of the parts to be joined and the accessibility. 

In this section, functional components are also covered. In particular when joining thin sheets, it is 
often difficult to introduce a load-bearing screw thread. Therefore, functional components which fulfil 
the function of either a nut or a bolt or screw are often attached, depending on the specific joining task. 
The functional component which is later used in the actual joining process stays within the assembled 
structure.     

 

8.2.1 Screws and bolts 

With the help of screw-and-nut fasteners, it is possible to create large clamping forces. Bolted or 
threaded connections for the attachment of equipment to aluminium components and structures may 
be produced by simply bolting through the aluminium part. In some cases, it may be necessary to 
provide internal support if bolting through a closed section, e.g. when attaching the engine or 
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suspension to the body front rails. This support can be with tubes or extrusions fixed inside the hollow 
section to prevent the section from collapse under high installation loads.  

Bolted connections can also be achieved with threaded studs and nuts which are fixed to the 
aluminium part. The selection of insert type depends upon the strength (torque) required and whether 
access is only possible from one side (blind) or both sides of the aluminium part. Aluminium welded 
studs and nuts are available that may be welded directly to the aluminium parts, e.g. by an electric arc 
welding process (see 3.3). Aluminium threads are, however, not recommended for situations where 
frequent removal for service is required. Steel threaded studs and nuts are preferred for applications 
where higher strength or frequent dismantling may be necessary.  

Care must be taken if bolting material combinations are used, which are critical with respect to 
galvanic corrosion. Except for stainless steel, all steel inserts assembled into aluminium parts must be 
coated to prevent galvanic corrosion. Insert manufacturers can supply a range of suitable coatings. 
Sealants, gaskets or protective coatings may be required in severe corrosive environments, whereas 
simple surface treatment of the steel and/or the aluminium may be adequate in a dry internal 
environment. 

 

8.2.1.1 Threaded fasteners  

Threaded fasteners are one of the most universal and widely used types of fasteners and are 
manufactured in a wide variety of shapes and sizes. Threaded (or screw) joints belong to the group of 
detachable joints. They can be designed as pierced, pierced and protruding or blind-hole joints. 
Threaded fasteners require either a mating thread (which must be manufactured separately) or the 
use of an extra, internally threaded component (nut).  

A distinction can be made between connections formed using a clearance hole (bolts) and internally 
threaded holes (screws). If appropriate measures are taken against corrosion, screw joints are suitable 
for formed aluminium sheet components, profiles and castings with other aluminium alloys or 
dissimilar materials.  

      

Bolted (left) and screwed joint (right) 

Threaded fasteners for aluminium are usually made of stainless steel or properly surface-coated steel, 
but also other materials (including high strength aluminium alloys) can be used. Since aluminium 
alloys have a relatively low compressive strength, the contact surfaces must be generally protected by 
the use of washers under the screw and the nut.  

The classic threaded connection is formed by joining two or more components by means of form-fit or 
friction-fit fasteners. Threaded connections should be designed in such a way that the permissible 
stresses in the mating components are never exceeded by the forces acting on the connection as a 
whole. The tightening torque should be selected such that the preload force produced creates a purely 
frictional connection between the components and thus prevents them from sliding against each other 
or having to be supported by the shaft of the fastener (as compared to a rivet connection).  
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Joining with threaded fasteners 

(Source: Böllhoff) 

The selection of the required fastener relies upon a precise knowledge of all loads that might occur, 
and is thus dependent on the specific application. The most important factor is that sufficient load-
bearing turns of the thread are engaged to be able to withstand the prevailing forces.  

 

 

Threaded screws with driving features particularly suited to automatic assembly 

(Source: Böllhoff) 

In order to meet the increasing demands for automation in manufacture, special fasteners have been 
developed to satisfy the dual requirements of suitability for automatic feeding and optimisation of force 
transmission geometry. Angle controlled tightening methods are generally used for fully automated 
assembly processes. 

A special benefit of the aluminium extrusion technology is the integration of continuous tracks for nuts 
or bolt heads into the cross section of the extruded profile. Continuous tracks enable step-less 
fastening with no need to machine the profile. Using special nuts/bolts, fastening can even take place 
without having to slide the nut/bolt in from the end of the track. Various solutions are available from 
screw and fastener manufacturers. 
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Continuous tracks for step-less fastening in extruded profiles 

(Source: Sapa) 

 

8.2.1.2 Self-tapping screws 

Self-tapping screws are thread forming fasteners, which form their own threads when screwed into 
core holes. Self-tapping (thread rolling) screws are designed to be driven into pre-drilled core holes in 
solid metal parts. They roll their mating thread without any cutting action. The thread end is tapered to 
make it easier to start the thread forming process. The rolled thread is compatible with metric external 
threads, i.e. a standard metric screw can be used in case a repair is required. 

 

Self-tapping screw 

(Source: Böllhoff / EJOT) 

The component should be prepared either as a blind hole in full material or as a stamped (or laser cut) 
hole in sheet metal. For thin sheet applications, prior formation of a rim may be considered. After 
positioning the screw, the thread is formed and the screw is tightened. The required tapping torque is 
relatively low whereas the tightening torque is high. The positive fit in the self-formed thread prevents 
spontaneous loosening of the joint. 
  

mailto:auto@eaa.be


 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  23  

 

 

Joining with thread forming screws 

(Source: Betzer) 

The female thread is formed by the screw thread. The prerequisite is that the screw thread is harder 
than the work piece and that the mating material is sufficiently ductile to allow the thread to be formed. 
The basic rule is: “Coarse pitch threads for soft materials – fine pitch threads for hard materials”.  

Self-tapping fasteners are highly suited for joining aluminium alloys, in particular when larger 
aluminium parts like extrusions and castings are involved. Using self-tapping fasteners increases 
productivity during assembly and reduces the joining cost. The production sequence is economised, 
there is no need for prior thread cutting and the number of assembly components is reduced. 
Furthermore, the overall component weight is lowered.  

Extruded aluminium profiles offer most interesting solutions in this respect. Screw ports for transverse 
connections can be directly integrated into the cross section. As shown below, the screw ports will 
generally have projections to centre the self-tapping screws. Where the design requires a more robust 
screw, also closed screw port can be used. Similar approaches can be used for longitudinal 
connections. 

 

 

Integration of screw ports into extruded aluminium profiles 

(Source: Sapa) 

The reliable assembly of thin sheets with pre-punched holes with self-tapping screws presents more 
problems. New developments, however, offer a secure solution for the reliable assembly of pre-
punched metal sheets with less 1.5 mm thickness.  
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Joining thin sheets with pre-punched holes (EJOT SHEETtracs® system) 

(Source: EJOT) 

The EJOT SHEETtracs® screw features a 45° (30° / 15°) asymmetric flank angle and creates a 
stronger female thread in the sheet with less material displacement. This increases the stripping 
torque level of the joint and enables multiple repeat assemblies. In the lower, tapered area of the 
screw, the flank angle is reversed, and the resulting through draught is formed mainly into fastening 
direction. The non-circular thread forming zone ensures easy, centred application and the raised 
thread areas ensure a secure penetration of the sheet material. The circular cross section in the 
upper, load bearing thread results in higher thread engagement in the sheet metal compared to non-
circular thread geometries. 

 

8.2.1.3 Hole and thread forming screws 

The use of hole and thread forming screws for direct mounting of thin sheet metal parts allows 
substantial cost savings and significant quality improvements. Hole and thread forming screws 
eliminate the drilling operation in the assembly of thin sheets and enable the realisation of high 
strength screw joints due to increased thread engagement in the formed draught. The economical and 
qualitative advantages are essentially the same as for self-tapping screws. However, special 
measures must be taken as the rim necessary for the female thread is formed directly in the joining 
process without producing chips. Thin materials can be also joined without pilot hole; for specific 
material combination, a pilot hole may be recommendable. Joining of steel sheets with thicknesses up 
to 2 mm and of aluminium sheets with up to 5 mm thickness is generally possible.  

Since there is no need for preparations like pre-punching or pre-drilling, the usual tolerance problems 
for screw joints such as overlapping of draught and insertion hole do not apply. The one-sided 
accessibility of the part provides for an assembly into hollow profiles (e.g. hydroformed or extruded 
aluminium profiles) without any counter support. Joining with hole and thread forming screws is highly 
suited for automated assembly; the screws can be also removed and the female thread can be used in 
case of future maintenance and repair. There are essentially two different methods. 

 

a) Cold hole and thread forming screws  

The basis for joining with cold hole and thread screws is a more sophisticated screw design. The 
special geometry of the screw point produces a high contact pressure per unit area which then leads 
to the necessary plastic deformation of the material.  
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Hole and thread forming screws for thin sheet metal 

(Source: Betzer) 

The hard point of the screw ensures that only little manual contact pressure is required. The hole 
begins to form after just a few turns of the screw. The specially designed cone shape and thread 
flanks enable proper forming of hole and rim. Then the thread is formed, the screw is fully screwed in 
and tightened. The resulting short cycle times allow cost-efficient assembly. Apart from the conical 
point, also screws with a truncated cone point are available. The conical shank end facilitates finding 
and positioning in particular in case of stamped thin sheets. 

 

Process sequence for hole and thread forming screws 

(Source: Betzer) 

 

b) Flow forming screws  

In the flow forming (drilling) process, a tapered, but unthreaded punch rotating at high speed is forced 
down to pierce through the metal. The sheet metal heats up and is momentarily softened. Thus, a 
collared hole is formed by plastic deformation. A thread can then be tapped into the cylindrical hole. 
Stainless steel sheet metal screws are most often used for joining aluminium alloys. 

 

Joining with flow drilling screws 

(Source: Betzer / EJOT) 
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After a short warming up period, the material is penetrated. Then, the draught and the thread are 
formed. After full thread engagement, the screw joint is tightened.  

 

Process steps of flow drilling screws 

(Source: EJOT) 

Due to the increased thread engagement in the formed draught, a high-strength screw joint is created 
− without any undesired metal chipping. The screw joint is able to transfer high pull-out as well as 
shearing forces. The positive fit of the screw in the self-formed thread prevents 
spontaneous loosening, i.e. ideally suited for the safe assembly of dynamically loaded screw joints.  

Since a small amount of the material flows against the fastening direction, the geometry below the 
screw head was optimised. While in the past the clearance hole was used for taking up the displaced 
material, it is now absorbed by the increased space below the screw head.  

 

8.2.1.4 Functional components for screw joints 

Another possibility to form a solid direct connection when the part to be screwed is thinner than the 
thread pitch of the tapping screw is the use of functional joining components. The applied functional 
components are generally threaded elements which take on the role of either the nut or the bolt and 
enable the attachment of additional parts by screws in a second step. Threaded studs and nuts fixed 
to the aluminium part may, however, also be used for other purposes. Steel threaded studs and nuts 
are usually installed for applications where higher strength or frequent dismantling is necessary. 
Aluminium studs and nuts are applied for lightly loaded connections for internal trim, electrical 
harnesses, equipment attachment, etc.  

Different types of steel inserts for studs and nuts are available that can be installed in pre-pierced 
holes in the aluminium part. Other type of studs and nuts are self-piercing and do not require prepared 
holes. Sometimes, installation of the inserts can be incorporated into the part forming operation, e.g. in 
the press line after the forming, trimming and piercing or into a hydroforming tool. They can be also 
installed separately at any stage in the assembly sequence including in-process and in-service repair. 

After installing, some types of stud and nut inserts leave a raised element on the opposite side that 
must be allowed for in the design of subsequent assembly of the part. For specific applications, there 
are also nut inserts that are sealed to prevent any leakage through the fixed joint. Due to the large 
variety of possible solutions, only a limited selection can be presented here. 
  

mailto:auto@eaa.be


 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  27  

Three types of functional components can be differentiated: 

- Press-in elements using pre-punched holes 
- Elements using pre-punched holes, attached by riveting   
- Self-piercing elements. 

Characteristic for the application of these types of functional components is, however, the necessity of 
double-sided access. On the other hand, a big advantage is the possibility to insert functional 
fasteners directly in a stamping operation. With each stroke of the press, any number or combination 
of fasteners may be positioned together for multiple installation. Compared to welded nuts and studs, 
significant cost savings can thus be achieved. 

 

a) Press-in nuts and bolts 

Press-in (or self-clinching) fasteners are threaded inserts that are pressed into a pre-punched hole in a 
sheet metal by applying a steady squeezing force. Self-clinching nuts and studs are available in 
various shapes and different materials (e.g. steel, stainless steel and aluminium).  

 

Different types of self-clinching fasteners 

(Source: Emhart Teknologies) 

Depending on the material combination, suitable measures have to be taken to avoid galvanic 
corrosion.  

Characteristic for press-in fasteners is that the functional component is not deformed during 
installation. The deformation of the work piece leads to a displacement of the material out of the area 
of the wall of the hole into the gear ring / annular grooves of the insert. The clinch ring then locks the 
fastener into place. Once fully embedded (i.e. when the shoulder of the fastener is seated flush with 
the sheet surface), the knurled area underneath the shoulder of the fastener prevents torque out 
during the tightening of the mating part; a permanent connection is formed. 

 

Screw joints realised with press-in nuts (left) and studs (right) 

(Source: Kerb-Konus) 
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The receiving hole is punched, laser cut or drilled, but not deburred or countersunk. With punched 
holes, the insert is preferably pressed in from the punching burr side. The press-in process takes place 
on a plane parallel basis using a customary press with adjustable pressure level. Self-clinching or 
press-in fasteners are used to create wear-free screw connections capable of withstanding high loads 
in thin walled components from metallic materials. 

 

Press-in nuts and studs (Clifa® system) 

(Source: Kerb-Konus) 

 

 

Installed press-in nuts and studs (Clifa® system) 

(Source: Kerb-Konus) 

Press-in nuts and studs are torque-proof, wear-resistant and capable of withstanding high loads. 
Press-in nuts are typically used in thin-walled work pieces with thicknesses above 0.8 mm up to 6 - 8 
mm. The use of press-in studs is generally limited to metal thicknesses of 0.7 to 2.5 mm.  

When installing a clinch stud, the stud is fed threaded side forward into the pre-punched hole. Initially 
the hole in the panel is widened by the calibrating collar, which also centres the stud. The material is 
deformed and pressed into the ribs under the head. Proper clinching is achieved by the displacement 
lobes underneath the stud head which squeeze the metal into the locking groove. An optimized tool 
design and the special displacement lobes guarantee a high torsion resistance and ensure that the 
bolt has a high load capacity. The force is applied until the shoulder of the fastener is seated flush with 
the sheet. 
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Installation of a press-in bolt (RIVTEX® system) 

(Source: Arnold & Shinjo) 

 

The installation of a clinch nut occurs in a similar way. The most important factor ensuring proper 
service performance is that the surface of the shoulder in the nut comes to rest flat against the surface 
of the sheet metal. 

 

b) Elements using pre-punched holes, attached by riveting  

In comparison to the self-clinching functional components, positive locking is ensured in this case by 
cold deformation of the functional component alone or together with the work piece.  
 

   

Bolt and nut, attached by riveting 

In practice, this approach is mainly chosen for the insertion of nuts. The introduction of bolts (or studs) 
into pre-pierced holes by riveting is only used for thicker materials. 
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Screw connection with a rivet bushing 

(Source: Kern-Konus) 

 

The result is a rivet bushing for captive, torque-resistant screw connections capable of withstanding 
loads from both sides in thin-walled work pieces (0.5 to 5 mm thickness). 

 

 

.   

Rivet bushing (Anchor® system) 

(Source: Kerb-Konus) 

 

Installation of a rivet nut (HR rivet nut) 

(Source: Arnold & Shinjo) 
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At the start of the installation, the rivet nut is mounted in the clamps on the ram. The pre-punched 
sheet lies on the die. During the down stroke of the press, the rivet collar is introduced into the 
prepared hole. The nut shoulder comes up against the sheet. The nut is moved together with the sheet 
to the die and riveting begins. In the final stage, the rivet collar has been completely reshaped and an 
optimal connection has been achieved. Depending on the design type of the nut elements, the sheet 
blank is to be prepared with or without a bead. 

 

Installation of a stud by riveting 

(Source: FabriSteel) 

 

The rivet bushing is a threaded insert with a counter bored and serrated shank. It is riveted into thin-
walled work pieces with pre-punched or pre-drilled receiving holes using a simple riveting tool. During 
this process, the riveted serrations of the shank cut into the side wall, creating an absolutely secure 
fastening. The special shape of the shank and the countersinking at the bottom protect the thread from 
damage during installation. In order to avoid deformation of thin sheet metal components, the use of a 
double-acting riveting tool is recommended. 

 

c) Self-piercing functional elements 

Self-piercing nuts and bolts pierce their own hole through the part. The hole is punched and the 
fastener is permanently fixed to the plate in one operation. Self-piercing fasteners can be installed in 
pre-embossed areas, but also in flat areas. Compared to the systems using pre-punched holes, 
additional cost savings are possible. 
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Self-piercing nut after installation 

(Source: Arnold & Shinjo) 

 

 

Self-piercing nuts and bolts 

(Source: aluMATTER) 

 

Installation of the self-piercing nut starts with the nut clamped in the punch; the sheet metal is placed 
on the die. When the punch moves down, the spigot of the nut punches a hole into the sheet 
component. The stamping waste drops through the die (or is pressed out by an ejector) and the sheet 
is pressed into the nut.  When the punch is in its lower position and the sheet metal is completely 
forced into the undercut of the nut, the connection is completed. A positive locking connection is 
achieved as the metal is squeezed through the special shape of the die into the circumferential locking 
groove of the nut. The sectional view shows how the sheet metal has flown into the special clinching 
feature. As a rule, the geometry of the nut does not undergo any alteration. The joint is flush on one 
side.  
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Installation of a piercing nut (PIAS® KP piercing nut) 

(Source: Arnold & Shinjo) 

 

 

Various designs of self-piercing nuts are used in practice. The standard form of the self-piercing nut 
has a rectangular geometry, which ensures higher torque performance via a positive connection. 
Depending on the sheet thickness and the design of the nut, the sheet blank is to be prepared with or 
without a bead. Positive and non-positive connections, which can be loaded from both directions, are 
achieved via beading.  

 

Rotational symmetrical self-piercing nuts require a special knurl on the punch collar to offer a 
torsionally strong seat in the sheet blank. Round shoulder nuts are used to attach dynamically highly-
loaded components. Self-piercing nuts are typically applied for sheets with 0.6 to 2.5 mm thickness; 
special nut designs are applicable for sheet thicknesses up to 5 mm. 
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Self-piercing nuts for different applications: 
- PIAS®HN piercing nuts for thicker sheets offering high mechanical strength and 
vibration resistance (upper left) 
- Round RIVTEX® RX piercing nuts for automatic installation providing high resistance 
against push out and torque (upper right) 
- PNC piercing nuts, a cost-effective solution for medium-strength applications 
(bottom) 

(Source: Arnold & Shinjo) 

 

Self-piercing bolts are installed in a single step in a manner such that a plane bolting surface results. 
Acting forces from operating loads can be equally well accepted in both traction and compression 
directions. After positioning the self-piercing bolt, the sheet is pre-formed, partially cut and 
subsequently completely cut. As the self-piercing/rivet segment of the bolt is pressed against the 
cutting/curling surface of the die, it is partially rolled while being widened. The joint is completed when 
the partially rolled end of the self-piercing and rivet section surrounds the rim of the hole completely 
and generates a closed, continuous, u-shaped interlock.  The slug produced during the punching 
process is pushed against the bottom surface of the self-piercing bolt and permanently fixed to it by 
the locally acting high pressure.         

 

Self-piercing bolt 

(Source: aluMATTER) 
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Installation of a self-piercing bolt 

(Source: aluMATTER) 

In contrast to self-piercing nuts, self-piercing bolts (or studs) are, however, seldom used in practice. 
 

8.2.1.5 Blind rivet nuts and bolts 

Blind rivet nuts and bolts are thread-bearing insert fasteners. They are a most versatile solution for 
fastening high-strength nut or bolt threads to components when tapped threads are not possible due to 
small wall thicknesses. They are also used when the material is too soft to support tapped threads or 
where disassembly is required. 

 

Blind riveting nut and bolt, installed by upsetting 

(Source: Böllhoff) 

Blind riveting elements are inserted into a pre-punched, pre-lasered or pre-drilled hole from one side 
and efficiently and rapidly set with a processing tool. They are mounted without counter pressure 
(“blindly”) and can therefore be set also at hollow sections.  No additional finishing is required. 

Blind riveting nuts and bolts are available in many variations and sizes offering numerous fastening 
solutions with additional functions. Most important are blind rivet inserts which are installed by 
upsetting. These types of fasteners generally protrude through the backside of the application 
material. During the installation process, the insert collapses into a buckled fold on the backside of the 
application material, trapping the material between its flange and the backside fold. The result is a high 
resistance to pull-out loads. The folded part also serves as a load bearing surface, which absorbs the 
force of setting the insert. Otherwise the setting force could spread into the application material and 
might damage the material. 

mailto:auto@eaa.be


 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  36  

 
Different types of blind rivet nuts (RIVKLE® system): 

- Blind rivet nut with hexagonal body (left) 

- Blind rivet nut with splined round body (centre) 

- Closed blind rivet nut (right) 

(Source: Böllhoff) 

 

Blind rivet nuts with a hexagonal or even square body (or shank) improve the torque-to-turn in metallic 
materials up to 200 % or more compared to plain round body inserts. They are primarily used when 
high resistance to turning under vibrating loads is required (e.g. in chassis components). An improved 
torsionally stiff joint can be also achieved by the selection of a round insert with a splined body (up to 
50 % compared to a plain body insert). The closed end prevents the ingress of dirt and fluids into the 
thread. Blind rivets fasteners are generally supplied in steel, aluminium and stainless steel. The choice 
of material depends on the required strength of the blind rivet nut or stud and corrosion resistance of 
the final product. 

        

Blind rivet bolt (RIVKLE® system) 

(Source: Böllhoff) 

 
Setting of blind riveting bolts and nuts requires a rotary action to release the inserted fastener from the 
chuck (in case of a blind rivet bolt) or mandrel (for a blind rivet nut). Special tools for manual and 
automated installation are available. The spin-pull-spin setting technique is usually used. With this 
technique, the blind nut or stud is threaded (spun) onto the mandrel, inserted into the hole and then 
pulled back (without rotation) to upset the rivet nut body. Finally the mandrel is spun out. 
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Installation of a blind riveting nut (top) and bolt (bottom) 

(Source: Böllhoff) 

 

For special applications, further blind rivet nut designs have been developed. Specifically for 
applications in thin-walled sheet metal, hollow sections or plastic parts, a nut with a slit shaft is offered. 
Thus, the shaft is splayed out on the blind side of the carrier material and forms four” petals”. With the 
resulting large bearing surface, it is possible to achieve maximum pull-out forces. 

 

Blind rivet nut offering maximum pull-out resistance (RIVKLE® PN system) 

(Source: Böllhoff) 

 

Also available are blind rivet fastener with noise and vibration damping characteristics. The elastic 
blind rivet nut consists of a threaded metal insert captured in an elastomer or thermoplastic elastomer 
body. It is used for load-bearing threaded inserts in thin-walled components where noise and vibration 
dampening is also required. 

 

Another type of blind rivet design relies on four flared legs expanding outwards, with a threaded inner 
ring for threading a bolt into, to attach the other work piece. The “tri-fold” rivet is used where a 
distributed load is required – spreading it across the wide area formed by the compressed legs. 
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“Trifold” blind rivet nut 

(Source: Emhart) 

 

A different mounting method is used for the expanding inserts. An expanding insert is a single piece 
which breaks into two pieces during installation. The lower, threaded section of the insert is drawn up 
inside the upper sleeve section, causing the sleeve to expand over its entire circumference, thus 
swaging the insert into the hole. Expanding inserts show a reduced rear-sheet protrusion. However, 
because the insert does not form a buckled fold on the backside, an expanding insert has less 
resistance to push out forces (i.e. mainly suited for low load bearing applications).   

 

Expanding blind rivet nut (Nutsert® system) 

(Source: Avdel) 
 

8.2.2 Riveting 

Rivets are permanent (non-detachable) mechanical fasteners. For a long time, riveting was considered 
to be outdated and uneconomical. Recently, however, riveting has been rediscovered as a cost-
efficient high quality joining technology for automotive applications.  

In the riveting process, the parts to be joined are clamped together using an auxiliary joining element. 
In principle, one of the components to be joined could be designed that part of it could act as the 
auxiliary joining component so that no separate riveting element is necessary (e.g. a protruding flange 
of an aluminium casting could serve as a solid rivet). However, such connections are mainly applicable 
as secondary, low performance joints, suitable only in specific situations and will not be covered in 
more detail.  

Rivet technologies can be subdivided into two groups:  

- Rivet systems requiring pre-punched holes  
- Self-piercing systems which do not require pre-punched holes.  

The first category includes standard (upsetting) riveting systems (solid riveting and blind riveting). In 
particular, the blind riveting process − which can be applied from one side only − is of great 
importance in automotive applications. 

Assembly systems used for riveting range from hand tools and simple work stations to fully automated 
systems. Pneumatic, hydraulic, manual or electromagnetic processes are all highly effective in driving 
the rivets.  
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8.2.2.1 Solid rivets 

Solid rivets are the oldest and most reliable type of mechanical fasteners. Solid riveting requires pre-
punched or pre-drilled holes as well as two-sided access. Before being installed, a solid rivet consists 
of a cylindrical shaft (or shank) with a head on one end. Once the rivet has been inserted, the closing 
head is formed from the rivet shank by plastic deformation. Because there is effectively a head on 
each end of an installed rivet, it can support tension loads (loads parallel to the axis of the shaft); 
however, it is much more capable of supporting shear loads (loads perpendicular to the axis of the 
shaft). Bolts and screws are better suited for tension applications.  

 

Different head shapes and shank forms of solid rivets 

 

Rivets are classified according to the shape of the rivet head and the form of the shank. The most 
common types of solid rivets show a round or flat, sometimes also countersunk heads. Apart from 
solid shanks, also semi-tubular or tubular shanks are used in order to reduce the closing forces. Joint 
characteristics can vary greatly depending on the rivet type, material and geometry.  

The rivet forming process and the resulting joint characteristics depend on the type of rivet shank. The 
shank on a solid rivet expands in the hole during the riveting process, typically forming an interference 
fit. On a semi-tubular rivet, where the part of the shank which protrudes beyond the back of the second 
work piece is hollowed out, the hollow tenon curls over on impact, drawing the parts together with 
minimal shank swell. Semi-tubular or tubular rivets are thus ideal to use as pivot points since the rivet 
only swells at the tail.  

With all-aluminium constructions, cold-formed aluminium rivets are used almost exclusively. Hot-
formed steel rivets are only used for joining aluminium and steel, however, care must be taken to 
avoid negative effects of the rivet heat on the properties of the aluminium component.  

 

Joining by solid riveting 

Solid rivets are pressed through the two materials and into a solid die. When they hit the die, the 
penetrating end deforms and spreads out. This creates a permanent hold since the head and the 
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deformed tail of the rivet are both larger than the hole in the material. Once in place, the only way to 
remove a rivet is to cut it from the work piece.  

 

Installation of a solid rivet 

Solid rivets are used in applications where reliability and safety are top priorities (e.g. in structural 
parts of aircrafts), but also in critical automotive components.  

 

8.2.2.2 Blind rivets 

A characteristic feature of blind riveting is the fact that the joining element is only inserted and closed 
from one side using pre-punched, pre-drilled or -laser cut holes. However, blind fasteners can be also 
used in joints with both-sided accessibility in order to simplify complicated assembly processes or to 
improve the visual appearance. 

The application of blind rivets offers benefits in many joining applications. Fast and easy-to use blind 
rivets enable speed of assembly, consistent mechanical performance and excellent installed 
appearance, making blind riveting a reliable and economical assembly method. Blind rivets are 
available in different designs both for non-structural and structural applications. The selection depends 
on the respective requirements, e.g. component material and envisaged strength. Typical examples 
are shown below:  

 

Different types of blind rivets 
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Structural blind rivets should be considered where:  

- Access is not available to both sides of the assembly 
- Speed of installation is required 
- Skilled labour is not available 
- Uniform clamping is desirable and consistency of appearance is desirable 
- Fastener removal is not necessary for maintenance.  
- Repair fasteners for field use by untrained personnel are needed.  

 

a) Standard (break stem) blind rivets 

Blind rivets (also called break stem rivets) proved to be an ideal joining process to support the 
increasing application of aluminium and the emergence of new materials as plastics in automotive 
design. Break stem blind rivets allowed the design and assembly of large, complex structures 
including tubular shapes and other closed systems.  

The standard blind break-mandrel rivet consists of two components, a smooth, cylindrical rivet body 
(shell or sleeve) and a solid rod mandrel with a head (headed stem or tool pin) which runs through the 
hollow rivet shaft. Mandrels have weakened grooves where this separation occurs, and some have a 
mechanical lock that snaps into place. While the shaft of the mandrel is discarded after setting, the 
mandrel head generally remains permanently attached.  

 

Illustration of a standard blind rivet 

(Source: BRALO) 

Today, many types of standard break stem rivets are offered by various suppliers. Depending on the 
design of the rivet body, different functions can be fulfilled. 

 

Three basic types of rivet heads: Dome head (left), Countersunk head (centre) and Large head 
(right) 

(Source: BRALO) 
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With respect to the rivet head, there are three basic types: 

- The dome head is the most versatile type of head. It provides enough bearing surface to retain 
all kinds of materials, except those extremely smooth and brittle. 

- The countersunk head allows the riveting of a bigger thickness and it is designed to obtain a 
flat surface, free of projections. 

- The large head provides a larger bearing area compared to the dome head and offers a great 
resistance. It is designed for applications where a soft or brittle material must be assembled to 
a rigid support material. 

 

b) Blind rivets for non-structural applications 

Most types of blind rivets are of the mechanical lock type. In specific cases, however, also friction lock 
blind fasteners can be used. In this case, the tail end of the rivet body is not deformed. The mandrel 
portion of the solid stem leads to an expansion of the rivet shank when the stem is pulled into the rivet. 
When the friction force is sufficiently high, the stem will snap at the break-off groove. The plug portion 
(bottom end of the stem) is retained in the shank of the rivet giving the rivet much greater shear 
strength than could be obtained from a hollow rivet. 

 

 

Self-plugging friction lock blind rivet: Protruding head (left) and countersunk head 
(right) 

 

The main problem is that under vibrations, friction lock rivets tend to loosen and possibly fall out. In 
case of mechanical lock blind rivets, the stem is retained in the rivet sleeve by a positive mechanical 
locking collar at the tail end. 
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Standard break stem blind rivets for non-structural or lightly loaded applications: Standard 
blind rivet, Peel type rivet, Slotted rivet, Sealed rivet and Multi-grip rivet (from left to right)  

(Source: Böllhoff) 

A special type of blind rivet is the drive rivet. Drive-in blind rivets have a short mandrel protruding from 
the head that is driven in with a hammer. This causes the end of the rivet to split open. Components 
with through hole or blind hole can be riveted. All kinds of different material combinations are possible. 
However, drive-in rivets have less clamping force than most other rivets. It is an extremely effective 
method of joining sheets and profiles to soft and fibrous materials.  

 

Blind drive pin rivets 

(Source: VVG Befestigungstechnik) 

Peel (split) rivets are break-mandrel blind rivets designed for the fastening of rigid materials to soft 
materials. They provide additional grip support and pull-out resistance by splaying out into three or 
four segments when inserted. Edges pressed onto the mandrel head that longitudinally cut the rivet 
body on the blind side. The rivet body is divided into four petals that bend outwards and come into 
contact with the material to be fastened, creating a locking head with a big diameter. The large 
expansion on the blind side distributes the load and the clamping force, reducing the risk of crushing 
and breaking of materials. Once the riveting process is finished, the head of the mandrel head falls out 
of the rivet body. 
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Split blind rivet (ARCO® split ends) 

(Source: VVG Befestigungstechnik) 

Analogous to the split rivet, a blind rivet with slotted shanks form a large bearing area in the shape of a 
clover. The large expansion on the blind side uniformly distributes the load and the clamping force, 
reducing the risk of crushing and material breaking. It is ideal for applications with soft materials or 
materials with a low resistance to pressure. The connection is splash-proof due to the locking of the 
remaining section of the mandrel. 

 

Slotted break-mandrel blind rivet 

(Source: BRALO / VVG Befestigungstechnik) 

The large load bearing surfaces on the blind side of the work piece also allow break stem fastening in 
thin gauge metals that require added fastener support. Together with large rivet heads, the joined 
materials are tightly clamped; an ideal joint for thin sheets or low strength material offering high 
resistance to pull-out loads.  

Standard rivets are blind rivets with a breaking mandrel are designed for the fastening of all kind of 
materials when there is no need for an especially high torque force or vibration resistance. When a 
blind rivet is installed, the rivet is first placed into an installation tool and then inserted into the 
application. Activating the tool pulls the mandrel into the rivet body and through drilled or punched 
holes in the material layer.  

When the mandrel head is drawn into the blind end of the rivet body, the rivet walls are expanded, 
compressing them firmly in the hole while forming a tightly clinched load bearing area on the reverse 
side of the material. The upset head on the rivet body securely clamps the application materials 
together. Finally, the mandrel reaches its predetermined break-load, with the spent portion of the 
mandrel breaking away and being removed from the set rivet. The remaining portion of the mandrel is 
captured inside the sleeve and plugs the opening in the rivet shell. The entire installation cycle takes 
about one second. 
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Installation of a blind rivet (Avex® multi-grip break stem blind rivet) 

(Source: Stanley Engineered Fastening) 

These types of break stem fasteners (open end blind rivets) are primarily found in non-structural and 
lightly loaded structural applications. The mandrel breaks off near the blind side head.  

 

Standard blind rivets of the multi-grip design accommodate variations in material thicknesses 

(Source: BRALO) 

Standard blind rivets of the multi-grip design offer significant advantages. Unlike threaded assemblies, 
there are no concerns over tool clearance and secondary parts such as bolts and washers. Good 
bearing pressure characteristics are ensured by the expansion of the rivet walls in the hole. In 
addition, the edges of the machined hole are covered on both sides. Blind rivets also compensate for 
hole irregularities (e.g. misalignment or oversized holes). Even with hole diameters that vary within 1 
mm, the fluently adjusting closing head ensures a tight fit of the rivet.  

A special design of the rivet body even ensures the alternative forming of a simple or double closing 
head depending on the clamp area, thus allowing the bridging of a wide thickness range. For 
structurally loaded applications, the double closing head configuration should be chosen. 

   

Standard blind rivets of the multi-grip design 

(Source: GOEBEL) 
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A further variant are closed end blind rivets which seal the holes by closing off the tail end of the rivet 
body, preventing passage of vapour or liquid around or through the set rivet and safely capturing the 
mandrel inside the rivet bore. Closed end break stem rivets are not used as extensively as before. 
Today, they are largely replaced by improved open end designs which are optimised for high strength 
and seal the rivet body bore with equal effectiveness.  

 

Installation of a closed end blind rivet (POP blind rivet) 

(Source: Stanley Engineered Fastening) 

 

c) Blind rivets for structural applications 

Selecting and installing the right blind rivet in the right hole is a systematic process that requires 
careful evaluation of the different factors affecting quality and durability of the joint. Among these are 
rivet diameters, grip ranges, hole preparation, head styles and corrosion resistance.  

In order to prevent corrosion effects, rivet bodies and mandrels are generally made from identical 
materials. In all-aluminium designs, aluminium rivets are often used. However, often steel mandrels 
are chosen for strength reasons. Stainless steel is the preferred option, but also steel mandrels with 
protective coatings can be used. 

For structural applications, the breaking point of the mandrel is generally shifted to the rivet head. Most 
important for structural applications is also the controlled expansion of the break stem rivet body. This 
is achieved through an appropriate design of the mandrel and selection of the rivet material. Uniform 
compression ensures proper locking of the stem and hole filling. The goal must be to consistently 
ensure that the rivet bodies deform precisely as specified and the mandrels break precisely at the 
planned forces.  

The most reliable blind fastening solutions are offered by structural blind fasteners where − during 
installation − an internal lock between pin and sleeve is created also at the rivet head. The shear 
strength of structural blind fasteners is generated by the combined resistance against failure of pin and 
sleeve. This takes place along the joint’s shear line between the fastened plates. Since the blind 
fasters form a blind side positive lock either by bulbing or expanding of the sleeve, the sleeve, assisted 
by the permanently secured pin, resists failure under tensile loads along its centre line. Different 
options for mechanically locking the pin to the sleeve have been developed. 

 

Working method of structural blind fasteners 

(Source: AFS Huck) 
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One possibility to ensure maximum strength and resistance to vibration is the introduction of a solid 
circle lock under the rivet head. As the tool pulls on the pintail, the pin (mandrel) expands the sleeve 
and begins drawing the work pieces together. Continued pulling on the pintail draws the hollow pin 
head inside sleeve. The pin extrudes itself inside the sleeve and the work pieces completely expand 
the sleeve to match the hole of the work pieces. A solid circle lock between the pin and sleeve is 
formed just prior to the pin breaking flush with the sleeve head, completing the installation. 

 

Installation of a blind fastener with a solid circle lock (Huck Magna-Lok®) 

(Source: AFS Huck) 

Another option is a double locking system which locks the assembly from both sides. The “breakaway” 
ring design lets the shear ring settle into an appropriate catch groove, ensuring a consistent clamp 
throughout the whole grip range. As the tool pulls on the pintail, the shear ring pushes the rivet sleeve 
outward, forming a bulb that compresses against and tightens the application. During bulb formation, 
the shear ring forms a support ring from the rivet sleeve by creating a build-up of material above the 
ring. The shear ring breaks free and is pressed onto the catch grooves. The pulling action continues 
until the internal rivet shoulder engages the lock groove on the pin and forms an internal lock. The 
pintail then breaks off, completing the installation. The solid pin provides an exceptionally high strength 
in the shear plane. 

 

 

Installation of a “breakaway” ring design blind fastener (HuckLok®) 

(Source: AFS Huck) 

Most demanding high-tensile application (e.g. in auto suspensions) can be fulfilled with optimized 
mechanically locked blind fastening systems. Blind fasteners for high tensile and shear strength 
applications are installed using a push-and-pull design. The rivet body shows a collar which − in a 
second step − is locked to the pin through a “swaging” process, creating a high vibration resistant 
connection. Large bearing areas on both sides of the work piece ensure a permanent tamper-resistant 
joint. 

mailto:auto@eaa.be


 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  48  

 

Installation of a high tensile strength blind fastener (BOM®) 

(Source: AFS Huck) 

When the tool pulls on the pintail, the unique collar design delays the swaging action until the 
maximum allowable bulb is formed. Continued pulling on the pintail then draws the work pieces 
together and the swaging anvil overcomes the standoff. As it moves down the length of the collar, the 
collar is securely locking to the pin. Once the collar is swaged, the pin breaks.  

A selection of other high strength blind rivets for various applications is shown below.  

 

- Bulb-forming blind rivets for thin sheet applications and the joining of softer materials 

The formation of a bulb in the rivet tail during installation spreads the load over a wide surface area. 
The increased bearing area makes bulb-forming blind rivets ideal for pull-out resistance in thin 
materials, and oversized or misaligned holes. The positive, mechanical pin-retention ensures structural 
integrity, supplying a strong, long-lasting connection. Also available are variants providing a fully 
sealed, visually attractive connection.  

 

High strength break stem blind rivet for thin sheet applications (Magna-Bulb®) 

(Source: AFS Huck) 

The shear ring design promotes bulb formation and grip adjustment for flush break throughout the grip 
range. As the tool pulls on the pintail, the shear ring feature on the bolt acts to initiate bulb formation 
and draws the work pieces together. Continued pulling on the pintail expands the bulb to the maximum 
allowable diameter. The shear ring then breaks and catches on the annular grooves as the pin 
continues to draw down inside the sleeve. A solid circle lock between the bolt and sleeve is formed 
just prior to the pin breaking flush with the sleeve head, completing the installation. Breaking flush 
throughout the entire grip range, the Magna-Bulb fastener eliminates costly cosmetic finish work and 
ensures “visually” that the fastener has been installed correctly. 
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- Hole-filling blind rivet 

Hole-filling blind fasteners are moisture-resistant. They offer a unique circle-lock feature, which means 
a simple visual inspection ensures it is installed properly. 

 

Structural break stem blind rivet providing a fully sealed joint (Monobolt®) 

(Source: Stanley Engineered Fastening) 

Pulling on the pintail draws the hollow pin head inside the sleeve. The pin expands the sleeve and 
begins drawing the work pieces together. Then the pin extrudes itself inside the sleeve and the work 
pieces and completely expands the sleeve to match the hole of the work pieces. A solid circle lock 
between the pin and sleeve is formed just prior to the pin breaking flush with the sleeve head, 
completing the installation. 

 

- Structural blind rivet with interference lock 

Exceptional shear and tensile strength can be achieved with an interference lock formed by a splined 
feature on the pin ensuring a strong vibration resistant joint whilst the large blind side bearing area 
spreads the load and prevents creep. 

Continued pulling on the pintail after complete expansion the bulb brings a spline feature on the pin 
into contact with a step on the sleeve, creating an interference lock between the pin and sleeve. The 
pin will break close to flush in minimum grip and below flush as the grip increases. 

 

Structural blind rivet with interference lock (Huck Auto-Bulb™) 

(Source: AFS Huck) 

 

- Three-piece blind fastener 

The same service performance can be realized with a three-piece blind fastener, i.e. using a separate 
collar similar to the lockbolt principle. In a first step, the installation tool pulls the pintail to form the 
bulb. Once the bulb has formed, the clamp up force is applied to the joint pulling the work pieces 
together. The collar material is then swaged into the pin lock grooves, trapping the clamp up load and 
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forming a tamper proof lock. At a pre-determined load, the pin breaker groove fractures; the pintail is 
detached and the joint is complete. 

 

Installation of a three-piece Avbolt® structural blind fastener 

(Source: Stanley Engineered Fastening) 

 

d) Pull-through blind rivets 

"Pull-through" or "hollow" type rivets are used where the high shear strength of the self-plugging type 
of rivet is not required.  This design provides excellent clamp up characteristics, but possesses inferior 
mechanical characteristics.  

An example is the Pull-Thru (PT) rivet, a steel countersunk blind fastener designed to set surface flush 
on both sides of an application. It is best used in the assembly of any product where clearance is 
extremely limited and protrusion of the rivet body from the application surface must be either 
minimized or eliminated. When the PT rivet sets, the mandrel head remains integral with the mandrel, 
i.e. there is no danger of loose mandrel heads.  

                

Installation of a “pull through” rivet (Pull-Tru (PT) rivet) 

(Source: Stanley Engineered Fastening) 

Based on this principle, the Speed Fastening® system for different types of blind rivets was developed. 
Speed fasteners are placed using a unique repetition mandrel system. The rivets are loaded into a 
special tool which also pulls the mandrel through the fastener body. The mandrel expands the rivet in 
the radial direction, ensuring clamp-up and hole fill. At the end of each cycle, the next rivet is 
automatically delivered to the nose piece ready for placement providing continuous feed with cycle 
times as low as 1.5 seconds. 

The following figure shows the installation of a Chobert® rivet. The Chobert® rivet is the original speed 
fastener which was developed in the 1930’s. It is primarily a hole filling rivet, i.e. it expands radially into 
the application hole. The rivet does not collapse or shorten during installation. Maximum performance 
is realized by interaction of the tapered inner diameter of the rivet body and the flared shape of the 
mandrel head. The flared mandrel head passes through the tapered bore expanding the rivet fully 
against the application hole and surrounding material. This ensures consistent controlled light clamp 
and maximum hole fill without damaging soft or brittle materials.  
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Installation of the Avdel Chobert® speed fastener 

(Source: Avdel) 

 

Also available are blind rivet variants that have a bulbed tail providing consistent high clamp and shear 
which are specifically useful for assembling softer materials. Most interesting is also the Grovit® rivet 
which was developed for blind hole applications in plastics, composites and aluminium (to be used 
specifically in cast components). The grooves on the Grovit rivet expand radially during installation to 
provide a vibration resistant joint and increased pull-out resistance.  

 

      

       

Installation of the Avdel Grovit® speed fastener 

(Source: Avdel) 

 

The Rivscrew Speed Fastening® system has been developed for similar application areas. It is a 
threaded, removable speed fastener that combines the speed of rivet placement with the benefits of 
being able to remove and re-fasten. During installation, it expands radially to form a thread in host 
material.  

 

Installation of the Avdel Rivscrew® speed fastener 

(Source: Avdel) 

 

8.2.2.3 Lock bolts 

Lock bolts allow the realisation of high strength joints with a high, controlled clamp. They are specified 
whenever robust and reliable fastening is desired. Lock bolts consist of two parts: a pin made of high 
strength materials and a closing collet (collar) which is fixed onto the rivet. The pin is inserted into one 
side of the joint material and the collar is placed over the bolt from the other side of the joint material. 
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Application asks for two-sided accessibility and pre-punched or pre-drilled holes. An installation tool is 
used to swage the collar materials into the grooves of the bolt providing a permanent and vibration 
resistant fastening. 

 

Working method of a lock bolt 

(Source: AFS Huck) 

 

The shear strength of lock bolts varies according to the material strength and minimal diameter of the 
fastener. By increasing the diameter or selecting a higher strength material, the shear strength of the 
fastener can be increased. The tensile strength of lock bolts is dependent on the shear resistance of 
the collar material and the number of grooves it fills. 

In a first step, the pin is placed into the prepared hole and the collar is placed over the pin. In the initial 
stage of the installation process, the tool engages and pulls on the pintail. The joint is pulled together. 
At the same time, the conical shaped anvil is forced down the collar, pushing the collar against the 
joint and generating the initial clamp. In a second step, the tool swages the collar into the grooves of 
the harder pin. The squeezing action reduces the diameter of the collar, increasing its length. This in 
turn stretches the pin, increasing the clamp force over the joint. When the collar is fully swaged, the 
pin breaks and the installation is complete. 

 

Installation sequence of a lock bolt 

(Source: AFS Huck) 
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There are different designs of lock bolts, depending on the specific application. The original Huck 

design is shown below. 

   

Original lock bolt design (Huck C6L®) (left) and the BobTail® lock bolt (right) 

 (Source: AFS-Huck) 

The BobTail® system is a new style lock bolt with lower installation loads than previous style lock bolts, 
allowing for lighter and smaller installation tools and shorter cycle times. The standard lock bolt 
features such as vibration resistance, high and consistent clamp load, and high fatigue strength are 
still provided. Lock bolts can be also installed in tight access areas since the pintail, the part of the bolt 
that the tool holds onto, is so small that it now remains on the pin after swaging the collar. This 
eliminates bare surfaces that can corrode, tail break off noise, and picking up discarded pintails.  

 

 

Installation of the BobTail® lock bolt 

(Source: AFS Huck) 

In case of the BobTail® system, the installation tool is applied to annular pull grooves. When the tool is 
activated, a puller in the nose assembly draws the pin into the tool, tension loading the joint and 
drawing up any sheet gap. At a predetermined force, the anvil begins to swage the collar into the pin’s 
lock grooves. Continued swaging elongates the collar and pin, developing precise clamp. When 
swaging of the collar into the pin lock grooves is complete, the tool ejects the fastener and releases 
the puller to complete the sequence. 

 

8.2.2.4 Self-piercing rivets 

Self-piercing riveting can be classified as a single-step joining process where the prior formation of 
holes, necessary for conventional riveting processes, is unnecessary and replaced by a combined 
cutting-riveting process. It is a high-speed mechanical fastening method for point joining of two or 
more material layers. Two-sided access to the work piece is necessary. Depending on the type of 
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rivet, two technologies can be differentiated. Mainly semi-tubular (half-hollow) rivets are applied, but 
there are also solid self-piercing rivets. 

Self-piercing rivets pierce and fasten the components to be joined in one operation, eliminating the 
need for insertion holes and alignment and minimizing distortion and other material changes. The 
process can be used on a wide variety of materials including steel, aluminium and other metals, plastic 
and composites, and rubber. Also dissimilar materials and pre-coated, pre-painted or pre-plated 
materials can be joined. Furthermore, also joining of material layers with intermediate compounds (e.g. 
adhesives) or materials covered with oil or other surface contaminants is possible.  

With solid rivets, the punch drives the rivet which pierces the sheet plies completely. Using semi-
tubular rivets, the punch drives the rivet which pierces the top sheet and is set into the work-piece by 
partially piercing the bottom layer. The lower sheet layer is not penetrated in the process. A shaped 
die on the underside reacts to the setting force and causes the rivet tail to flare within the bottom 
sheet. This produces a mechanical interlock which includes the added rivet joining fastener and 
creates a button in the bottom sheet.  

 

Self-piercing riveting with half-hollow (left) and solid rivets (right) 

(Source: Novelis) 

Although aluminium self-piercing rivets are available, steel elements are generally used which are 
covered with a special protective layer to prevent galvanic corrosion.  

Assembly equipment can be stationary, robotic or integrated into an assembly cell, depending on 
production rates and complexity of parts joined. Typically, equipment is comprised of a support 
structure engineered to endure setting forces up to 50 kN, ensuring rivet alignment with the die. The 
force used to install the rivet is generated by a hydraulic cylinder that drives a plunger against the rivet 
head. Approximately 70 % of self-piercing rivet applications use robot-mounted equipment. Typically, 
the rivet setter and die are mounted in a C-frame, which must be large enough to allow access into the 
areas to be riveted. In automated application, the punch rivet is separated out from a bin and 
conveyed to the setting tool through a feed tube. A magazine can also be used for the feeding 
process.
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a) Semi-tubular self-piercing rivets 

Self-pierce riveting is done by driving a semi-tubular rivet through the top material layers and upsetting the 
rivet in the lower layer − without piercing this layer − to form a durable joint. The entire process takes less 
than 1.5 seconds, depending on cylinder stroke and feed tube length.  

 

Process sequence for self-piercing riveting with a semi-tubular rivet 

(Source: Böllhoff) 

The process starts by clamping the sheets between the die and the blank holder. The semi-tubular rivet is 
driven into the materials to be joined between a punch and die in a press tool either at a controlled force or 
speed. The rivet is forced to pierce through the punch-side sheet and while driven into the die-side sheet, 
it is plastically formed and forced to penetrate laterally into this sheet by the special shape of the die. The 
resulting rivet collar in the plastically formed lower layer acts as a mechanical interlock. The rivet may be 
set flush with the top sheet when using a countersunk rivet head. 

The length of the rivet, the diameter of the inner die contour, the ratio of the depth of the inner die contour 
to the diameter of the rivet shank, and the design of the tooling mainly determine the final result of the joint 
and the button on the underside of the joint. Self-piercing rivets and process equipment are offered by 
various system suppliers. Although the operation principles are basically the same, there are variations 
from one system to another in, for example, rivet and die shape. Since the joints are generated by local 
plastic deformation the fastener and the work-piece, the joint properties may depend strongly on the 
chosen tooling and fastener parameters.  

The combination of rivet, die and material must lead to a virtually form-fit joint. To ensure optimum 
conditions, an analysis of the riveting conditions and material properties is necessary, i.e. tests have to be 
carried out to determine: 

- Appropriate rivet length 
- Suitable die contour for optimum joint conditions  
- Required setting force. 

 

 

Quality features of a self-piercing rivet joint 

(Source: Tucker) 
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A most important part is the determination of the proper die design. Apart from destructive tests to 
determine the mechanical properties of the joint, relevant quality features such as undercut (SH) and 
remaining base thickness (tmin) are determined in a cross section.  

Semi-tubular rivets can fasten stacks of two or more layers. Current applications include up to 12 mm total 
thickness in aluminium (6 mm in steel). A joint made with self-piercing rivets is both leak proof and has a 
very high degree of joint integrity. It will not damage coated or painted surfaces; also it is compatible with 
adhesives or sealants. Furthermore, the joint has a higher dynamic strength in comparison to a spot 
welded joint. For these reasons, self-piercing riveting is more and more used in automotive applications. 

  

Three layer Al/steel/Al joint produced by self-piercing riveting 

(Source: Böllhoff) 

 

b) Solid self-piercing rivets 

During self-piercing riveting with solid rivets, the rivet sits flush with the sheet and almost fully retains its 
original geometrical form. In contrast to punch riveting with semi-tubular rivets, the rivet is punched 
through both sheets to be joined. The parts of the sheet punched out during the punch process do not 
remain in the hollow shaft and has to be removed. Thus, the tools used must have an arrangement for 
allowing the removal of the punched out parts.  

Two variants of self-piercing riveting with solid rivets are used industrially. One possibility is that the 
material in the region of the cut joint is forced to flow around the concave rivet due to the compressive 
action of the shoulders both on the punch and the die. In the other case, the applied rivet offers one or 
more grooves in the rivet shaft. The punch-side rivet is flat while the die plate has a ring-shaped contour 
that presses into the bottom sheet layer in order to create the undercut necessary for the connection 
strength.  

 

 

Different form-locking methods when self-piercing riveting with solid rivets 
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In addition to the geometrical parameters, the selection of the rivet material is most relevant for a high-
quality riveted joint; the material used for the rivet depends on the parts being joined and determines the 
strength and corrosion behaviour as well as the punching performance and formability during processing. 
Solid punch riveting involves the use of aluminium, coated steel or stainless steel rivets. 

 

Cross sections of punch rivet joints: 

EN AW-6181A (1.5 mm) in EN AW-5754 (2.5 mm) (left) and St1203 (2.0 mm) in EN AW-5754 (2.0 mm) 
(right) 

(Source: Kerb-Konus) 

The solid punch rivet can be placed by C-bow or column presses, hand held or robot tongs as well as by 
custom made devices. Two or more material layers of the same or different materials up to a combined 
sheet thickness of approximately 9 mm can be automatically joined. Solid punch rivets offer large 
tolerance allowances regarding sheet metal thickness and strength variations, i.e. high strength steel 
grades (Rm up to approximately 1700 MPa) as well as less ductile materials (e.g. aluminium castings or 
fibre reinforced composites) can be also riveted if they are placed on the punch side. However, the 
strength of solid punch riveted joints is inferior to that of semi-tubular riveted joints. 

On the other hand, solid punch riveting is suitable for visible applications; there is minimum piece part 
distortion and a flush surface on punch and die side is possible. When aluminium solid punch rivets are 
used, they can be even reworked mechanically.  

In punch riveting, the work pieces are clamped to the bottom die by the hold-down device. They are then 
punched by the solid rivet that acts at the same time as the blanking die. The punching waste that is 
created with the through punch is removed automatically. When the stop-point is reached, both the hold-
down device and rivet punch are flush with the work piece surface. In the last phase, the contour of the 
bottom die and the compressive force applied by the rivet punch and hold-down device cause the material 
to flow in the opposite direction of the punch movement, pressing the material into the peripheral shank 
groove(s) in the rivet. 

 

Process sequence for self-piercing riveting using solid rivets 

(Source: Kerb-Konus) 
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The rivet is not deformed in this process. Rivet shaft diameters between 3 and 5 mm are generally used, 
the standard rivet length varies between 3.5 and 9 mm.  

 

  

Typical shapes of Tuk-Rivet® solid punch rivets (left) and an aluminium heat shield assembly 
consisting of a sheet and a die casting (right) 

(Source: Kerb-Konus) 

The obvious difference between semi-tubular and solid punch rivets is that the semi-hollow rivet creates 
an elevation (“button”) on the die side, whereas the solid punch rivet shows a level surface. Moreover, 
almost no distortion of the work piece takes place with the solid punch rivet. Solid punch rivets are, in 
addition, better suited for joining high-strength and ultra-high-strength materials (tensile strengths higher 
than Rm = 1600 MPa) and aluminium castings with lower ductility. With regard to joining directions, the 
only restriction with solid rivets refers to ultra-high-strength materials saying that the brittle/hard material 
must be put on the punch side. 

The self-piercing rivet technologies outlined above involve using special patented rivets. In specific 
applications, the auto-piercing technology offered by Capmac Industry which is based on the use of 
standard solid rivets could be also used. 

 

Auto-piercing riveting process (above) and finished joint (bottom) 

(Source: Capmac) 
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c) Practical application  

Self-piercing rivets can be used to fasten not only similar and dissimilar metals, but also different type of 
materials, as long as the bottom material layer is a ductile material. Actual ranges are dependent on 
application requirements and material types. Two conditions are required for the successful use of self-
piercing rivet systems: 

- Access for tooling on both sides  
- Material thickness, strength and ductility need to fall within the practical range for self-piercing 

technology.  

Generally, the range for sheet metal applications is a total joint stack thickness of up to 6 mm for steels, 
and 12 mm for aluminium. However, there are many exceptions in production, such as for high-strength 
steels, aluminium castings, and multi-layer joints with metallic and non-metallic layers. Furthermore, new 
requirements are constantly expanding fastening capability ranges.  

The minimum thickness for steel and aluminium is 1.6 mm. For best results − when dissimilar materials 
are being joined − the rivet is generally applied from the direction of the thin sheet into the thick sheet, 
or from the low strength material into the high strength material. If this is not possible, it is 
recommended that the bottom layer thickness is not less than one-third the joint stack thickness.  

Self-piercing rivet joints have virtually the same static strength (in tensile and peel loading) as resistance 
spot welded joints. However, self-pierce rivet joints generally show higher strength and stability under 
dynamic load. The joints need to be of a lap-type configuration. In terms of part size or configuration, the 
only condition is that the rivet actuation cylinder and C-frame can access the joint. It is important to allow 
for die clearance, to specify adequate flange dimensions and to avoid closed box sections.  

 

Car body assembly by self-piercing riveting 

(Source: Audi) 

Just as in the case of conventional riveting, different head forms are used for simple and complex 
components and for varying loads. The rivet elements can be stored in magazines or supplied directly. 
The rivets can be protected against corrosion by surface coating. Today, chromate and galvanised steel 
rivets are generally used for self-piercing riveting aluminium. If necessary, also aluminium self-piercing 
rivets made from special high-strength aluminium alloys can be applied.  

The cycle time for a self-pierce riveting system is generally the same as for spot welding. The process can 
be easily automated; it offers high productivity and consistent joint quality. Self-piercing rivets are 
generally installed with a servo-driven or hydraulic tool allowing proper control of the rivet-setting process. 
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A process load monitoring incorporated into the installation tooling system allows tracking and notifying 
the operator of any variance in joint quality.   

 

d) Joint design 

In principle, joint configurations suitable for resistance spot welding can be also used for self-piercing 
riveting.  

 

Possible joint configurations 

(Source: Avdel) 

 

The following recommendations for joint design should be observed:  

− Flange width should be sufficient to contain the deformation zone  
− Adequate spacing between rivets must be maintained  
− Ensure good fit up of components. 

In case of semi-tubular rivets, the flange width (D), i.e. the distance from the edge to where the rivet is 
placed, must be sufficient to ensure that there is enough material to contain the deformed rivet as well as 
the surrounding deformed material.  

 

Otherwise, the button may break out of the edge of the flange or cause distortion of the component. 
Proper overlap of the material layers to be joined and a correct flange width also help to ensure proper 
alignment between the work-piece, punch and die. A pre-clamping step may be helpful if joining a flange 
width close to the minimum width. Similar considerations are also applicable to solid punch rivets. As an 
example, for a rivet with a diameter of 4 mm, the minimum flange width should be about 12 mm. 
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The length of a solid punch rivet should correspond to the thickness of the material ply. In case of semi-
tubular rivets, the rivet length L can be estimated as follows: 

- 3 mm rivet diameter:    L3 = thickness of sheet plies + 2.5mm  
- 5 mm rivet diameter:    L5 = thickness of sheet plies + 3.5mm.  

Rivets should be spaced to avoid contact with neighbouring rivets or the strained area immediately around 
them. Since the rivets are made of harder material than the work pieces, riveting over an existing joint may 
result in serious damage to the tooling. Placing several rivets too near to each other may cause distortion 
of the joint. A pre-clamping step can help to minimise this. Poor fit-up and alignment may reduce joint 
performance and accelerate tool wear.  

A precise relationship between part fit-up, alignment and joint quality is not easy to quantify. However, 
good control of these two variables will help ensure that the layers of material to be joined are drawn 
together properly as the rivets are driven and set. 
 

e) Quality criteria 

In self-piercing riveting with semi-tubular rivets as well as solid rivets, the strength of the joint is 
determined by the amount of undercutting.  

Since the tool and rivet dimensions are carefully tuned to each other and to the joint thickness, the amount 
of interlock is determined by the "compression measure", which can also serve as a non-destructive 
quality criterion when compensated for the position of the rivet head within the joint. 

 

Quality criteria for semi-tubular (left) and solid rivets (right) 

 

8.2.2.5 Clinch riveting 

With the introduction of the solid punch or clinch riveting technology, the clinching technology was further 
developed. The materials to be joined are complemented with an additional retaining member. Clinch 
riveting has its preferred application in the field of automotive lightweight constructions, respectively for the 
joining of hybrid components. 
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Clinch riveting, a spin-off development of clinching  

(Source: TOX Pressotechnik) 

The actual rivet connection is made using a simple cylindrical rivet in a joining process including a 
combined deep drawing/pressing operation. A simple, cylindrical rivet is pressed-in and formed during the 
clinching process. Just like with the clinch joint, the materials to be joined are not cut, but only deformed 
inside a die cavity. The result is a very strong joint, even when used with thin materials. 

              

Installation of the TOX®-ClinchRivet  

(Source: TOX Pressotechnik) 

The special advantage of the clinch riveting technology is the simple, symmetrical and inexpensive rivet. 
This provides for a trouble-free feeding and pressing operation.  

The high strength values of the TOX®-ClinchRivet joint result from the formed full rivet firmly positioned in 
the joint and the work hardening of the sheet metals in the neck zone created during the deep-drawing 
process. The die with solid and flexible elements enables a closely controlled guidance of the rivet, 
ensuring higher process reliability even with unfavourable production conditions (e.g. when applied with 
gaps and adhesives between the metal layers). An additional benefit of the closed rivet shape compared 
to the “open” forms of semi-tubular self-piercing rivets lies in the absence of any adhesive or air pockets, 
and their potentially higher risk of corrosion in the riveted joint. Furthermore, the essentially smaller die 
diameter permits the utilization of significantly smaller flanges when clinch riveting is used instead of self-
piercing riveting. 
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Quality control of TOX®-ClinchRivet joints  

(Source: TOX Pressotechnik) 

The quality control dimension “Remaining rivet height + remaining bottom width” can be easily and non-
destructively determined and provides an excellent quality measure. It is proportional to the shear and 
tensile strength of the joint, provided that the joining parameters have been appropriately observed.  
  

8.2.2.6 Tack high-speed joining 

The name “tack joining” describes a simple and fast joining process. It requires only one-sided access; 
however, there is a need for a relatively stiff counterpart. Therefore a preferred application is a 
sheet/profile joint. No pre-punching of holes is required. Especially advantageous are the very short 
joining and cycle times of less than 1 second. 

Classification of RIVTAC® high-speed joining within the mechanical joining processes 

(Source: Böllhoff) 

In the tack joining process, a nail-like fastener is accelerated to high speed and driven into the parts to be 
joined. In a single step, the tack penetrates both components and joins them efficiently without pre-
punching. The ogival tip of the tack displaces the material without forming a slug. The component material 
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flowing in joining direction forms the draught. Material flowing contrary to the joining direction is taken in by 
the ring groove or lower head ring groove of the tack. 

The speed, which can be controlled via the adjustable pressure, is optimised to suit the material type and 
the wall thickness. An important prerequisite is a sufficient stiffness of the joining parts, ensuring that the 
joining parts can sustain the penetration impulse of the tack without major deformation.  

Joint stability in the lower joint section is achieved by a combination force fit (resulting from the restoring 
force of the displaced material) and of form fit. During penetration, the material experiences a momentary 
temperature rise in the joining zone and the locally heated material flows into the knurled shaft of the tack 
leading to a high form fit. 

 

Tack joining element (RIVTAC®) 

(Source: Böllhoff) 

In the tack setting process, the joining energy is transferred onto the tack via a punch piston which 
accelerates the tack is to high speed. Only a single process step, concluded in a split second (approx. 6 
ms), is required, which has a positive effect on the processing time. A wide range of different applications 
can be joined with only one tack geometry. A disadvantages is the inevitable impulse noise during joining, 
in particular when the components favour a large-scale sound radiation. Also required is a sufficient 
support which can be achieved by a sufficient inherent stiffness of the components or by a temporary rear 
support. 

 

 

Process sequence of the tack high-speed joining process (RIVTAC®) 

(Source: Böllhoff) 
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A tack joint is characterised by the tack head which is directly placed on the cover sheet and a draught on 
the back which tightly encloses the tack shaft. For this joining process a preferably consistent and 
complete contact of tack head and cover sheet is desired, which can especially be attributed to optical and 
corrosive aspects. The following illustration also indicates test criteria for joint quality, which can be 
examined by visual inspection or in a cross-section. Another quality control measure is on-line process 
monitoring the joining process. 

 

Joining zone formation and test criteria for joint quality 

(Source: Böllhoff) 

The material combinations which can be joined with a single tack geometry reach from aluminium 
materials to a wide range of plastics (including fibre-reinforced plastics) to ultra-high strength and press 
hardened steel. Multiple-layer joints can also be realized. In combination with adhesive, joints can be 
achieved for which a constant thickness of the adhesive layer in the joint flange is specified.  Due to the 
high tack setting speed, the adhesive layer acts as a third rigid layer, preventing the adhesive from 
spreading uncontrollably. 
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Three-layer aluminium profile joint with adhesive produced by RIVTAC® high-speed joining (left) 
and sheet-profile joint (right) 

(Source: Böllhoff) 
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9.0 Introduction 

 

Robotic application of structural adhesive to aluminium sheet 

 

Adhesive bonding is a reliable, proven and widely established technique for joining metals, plastics, 
composites and other materials. In recent years, adhesive bonding has been used more and more in 
automotive joining for a variety of components including closures and structural modules. The 
application of adhesive bonding instead of or in combination with conventional joining technologies 
enables a significant weight reduction of the vehicle, an increase of the body stiffness, improved 
crash performance/safety and enhanced NVH characteristics. In addition, adhesive bonding allows 
the realisation of new, innovative designs, in particular mixed material designs including high 
strength steels, non-ferrous metals, plastic and composites offering further lightweighting potentials. 
Also possible are the introduction of new, efficient assembly opportunities. 

In fact, the introduction of adhesive bonding into car manufacturing can be viewed as one of the key 
enabling technologies for the production of aluminium closures and all-aluminium car body 
structures. In general, exclusively bonded joints are today not applied for structural purposes. 
However, several automakers have demonstrated that aluminium bodies assembled using adhesives 
in combination with self-piercing rivets, spot welds or other joining techniques equal or exceed 
conventional stiffness requirements (see 10.1.2). Purely adhesively bonded joints show limited 
strength in peel and cleavage and thus punctiform joints provide peel-stopping points in the case of 
overload (e.g. crash). The combination of the assembly methods ensures a high fatigue strength and 
offers economic benefits because there is no need for fixtures during the polymerisation of the 
adhesive (and – compared to purely adhesive bonding − assembly times can be shortened).  

Adhesive joining is defined as the process of joining parts using a non-metallic substance (adhesive) 
which undergoes a physical or chemical hardening reaction causing the parts to join together 
through surface adherence (adhesion) and internal strength (cohesion). Ideally, the joining surfaces 
should be clean (although adhesives are also often applied over stamping lubricants) and generally 
require proper preparation of the aluminium surface. Furthermore adhesives require time and/or 
temperature to cure (harden). However, the cure can also be achieved in inevitable post-processing 
steps, such as during the paint cycle.  
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Today, many different types of adhesives, pre-treatment methods and processing techniques are 
available and on-going developments are looking for further improvements. The selection of the 
optimum solution involves a close consideration of multiple criteria, close contact with the respective 
suppliers is recommended. In some cases, extensive experimental testing may be required. 

 

9.0.1 Adhesive joints  

Adhesive joints are multi-layer organo-metallic materials whose strength depends on both the 
geometrical design and loading type as well as the material properties of the joined components, the 
adhesives and/or the characteristics of the bonded surfaces. A direct combination of these factors in 
order to determine the characteristics of the bond is, however, generally not possible. 

The characteristics of an adhesively bonded joint are basically determined by three components: 

 The wetting behaviour of the surfaces to be joined  

 The bonding (adhesion) of the adhesive to the joined component 

 The inner strength (cohesion) of the adhesive. 

Adhesion is the result of mechanical interlocking between the adhesive polymer and the rough 
material surface (mechanical adhesion) and the physical and/or chemical interaction between the 
adhesive and the material (material-specific adhesion). Mechanical adhesion is determined by the 
(micro-) morphology of the joining surfaces, i.e. the anchoring of the hardened adhesive in the 
material surface.  

Material-specific adhesion summarises the attractive forces between the molecules of the adhesive 
and the surface(s) to be bonded. These forces have a maximum range of about 0.5 nm. Thus, a 
necessary condition for attaining high adhesion forces is that the adhesive is able to wet the material 
surfaces spontaneously and uniformly. This can be achieved by the selection of an adhesive with an 
appropriate viscosity and a lower surface tension than the material(s) being bonded. In general, 
polymers and other organic materials have low surface energy while metals and ceramics have high 
surface energy.   Therefore, careful consideration should be taken when bonding plastics and 
composites to aluminium.  Either the adhesive needs to have a low enough surface energy or the 
surface of the plastic needs to be modified such that it can accept the adhesive. 

An important factor to keep in mind is that the incoming aluminium surface typically shows multiple 
surface chemistries due previous processing.  This can include both inorganic and organic 
contaminants including, but not limited to, lubricants, oxides, dust, and dirt.  These contaminants will 
prevent the adhesive from bonding to the base material and must be removed to prepare the surface 
for bonding. If the adhesive would be simply applied to the typical aluminium surface, the adhesive 
would not form a long-term bond to the base material, but to impurities and reaction products present 
on its surface. The surface contamination will reduce bond strength by interfering with the ability of 
the adhesive to form a proper bond (resulting in a weaker bond or a reduced bond area).  

For this reason, aluminium-based materials are normally subjected to a suitable cleaning and 
surface treatment before bonding. It is absolutely necessary to first remove impurities in a surface 
layer of undefined thickness (i.e., dust, dirt, oil, grease, fat, water). Also the subjacent inactive 
adsorption layer created by foreign molecules (i.e., water, gases) must be removed. Furthermore, 
the native (heat-generated) oxide layer (“reaction layer”) which is both inert and inhomogeneous 
must be generally replaced as well. 
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Typical aluminium sheet surface layers  

Adhesive bonding in the automotive industry presents an interesting challenge. General instructions 
for adhesive bonding usually include measures such as “clean the mating surfaces thoroughly”, “use 
an adhesion promoter” and/or “use a primer”. Priming can be an appropriate surface coating that 
provides a more consistent, bondable surface. An adhesion promoter may activate the surface, 
providing chemical groups ready to latch onto the adhesive when applied. However, both the use of 
adhesion promoters and primered parts is usually limited to adhesive bonding processes in final 
assembly operations (e.g. the attachment of interior and exterior components to an already 
lacquered car body). Such measures are not used in the body shop. 

The surfaces of all the aluminium parts (sheets, extrusions and components ready-to-assemble) 
which will be adhesively bonded in the body shop are generally cleaned and properly pre-treated by 
the material or part supplier. But in manufacturing of the body-in-white, there is no specific surface 
cleaning of the components before assembly (i.e. before hem flange bonding and structural 
bonding). Proper cleaning of the body-in-white is only carried out prior to painting.  

In the stamping plant, only a light cleaning of the pressed panels may take place occasionally. 
Consequently, it is most important that the adhesives applied in body-in-white manufacturing are 
compatible with the protective coatings and/or processing lubricants applied in any subsequent 
operations at the material manufacturer or in the press shop (e.g. during finishing, transport and 
stamping). The adhesive must be able to displace, absorb or otherwise tolerate any specifically 
applied coating. Proper care must be taken to avoid any additional contamination of the material 
surface. 

 

9.0.2 Benefits of adhesive bonding 

The application of structural adhesives, alone or in combination with other joining methods, enables 
significant improvements of the overall efficiency and effectiveness of a car body structure and is 
therefore a key element of aluminium-based lightweight design solutions. The use of adhesives in 
automotive manufacturing processes offers the designer additional possibilities to exploit new, 
innovative design and manufacturing concepts. Adhesives are particularly popular for light-weight 
constructions, where thin-walled parts (wall thickness < 1 mm) must be joined. Adhesive bonding 
also allows combining different types of materials (e.g. aluminium with other metals, plastics and 
composites) which otherwise could not be reliably joined or would require additional measures (e.g. 
to avoid galvanic corrosion effects). Adhesives generally feature excellent adhesion to properly 
surface pretreated aluminium and a wide range of other substrates including steel, magnesium, 
plastics and composites. For mixed material structures, most interest is in joining aluminium to 
thermoset composites, such as carbon fibre reinforced epoxy composite. However, aluminium can 
be bonded to thermoplastic composites as well.  

In adhesive bonding, unlike most other joining methods, the bulk of the material is not involved in the 
joining process. Adhesive bonding is an attachment to a surface and does not interfere with the 
aluminium metallurgy or results in thermally or mechanically weakened metal zones. Compared to a 
conventionally joined structure, the entire interfacial surface in the joint can be bonded. The uniform 
stress distribution over the entire bond face has a very positive effect on the static and dynamic 
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strength of the joint, i.e. the static and dynamic stiffness of the vehicle structure is significantly 
increased. More rigid body structures have higher resonance frequency modes and faster structural 
damping, providing improved vehicle handling and NVH characteristics (reduced vibrations and 
noise). In particular in combination with other joining methods, also crash performance and fatigue 
strength are improved by adhesive bonding, allowing an additional weight reduction of the body 
structure (e.g. by the application of lower material gauges).  

Apart from pure strength transfer, adhesively bonded interfaces can fulfil additional functions, 
including damping or insulation. Adhesives can also act as sealants, preventing loss of pressure or 
liquids and blocking the penetration of condensation water. Proper gap filling eliminates crevice 
corrosion and galvanic corrosion of dissimilar joints is hindered by the presence of an insulating 
layer. Properly selected adhesives can join materials with different coefficients of thermal expansion 
(as long as the coefficients of thermal expansion are not radically different). The adhesive may also 
acts as an electrical and thermal insulator. 

Another advantage of the adhesive bonding technology compared to conventional joining techniques 
is the improved aesthetics of the final assembly (although there may be a need for fillet control in 
order to obtain a completely “clean” aesthetic which can be accomplished by precise metering during 
application). There are no visible weld seams, rivet heads or discolorations and pre-treated and/or 
lacquered surfaces are not damaged. Thus, adhesive bonding may minimizes or eliminates 
secondary operations like grinding and polishing. Most beneficial is also its gap filling potential. 
Adhesives can bridge large gaps between panels and improve the overall appearance compared to 
other joining methods. Therefore, in many cases, joining and sealing operations can be combined.  

Properly designed adhesively bonded joints have distinct advantages over those made by 
mechanical or thermal joining methods. Whereas spot welding and riveting result in localized stress 
peaks, adhesive bonding achieves uniform distribution and absorption of stress loads. Adhesive 
bonding eliminates holes or other local disruptions as observed in connection with mechanical joining 
techniques. The cured adhesive ensures a uniform stress distribution which leads to strong and stiff 
joints with improved fatigue performances. A riveted joint, for example, is highly stressed in the 
vicinity of the rivets and failure tends to initiate in these areas of peak stress. Similar, 
inhomogeneous stress distributions are observed with other punctiform joining methods. A 
continuous welded joint is, like a bonded joint, uniformly stressed, but the metal in the heat affected 
zone will have undergone a change in performance. In addition, adhesive bonding enables the 
design of smooth external surfaces and integrally sealed joints with minimum sensitivity to crack 
propagation.  

 

Adhesive bonding offers also additional design possibilities over conventional joining methods. As an 
example, large panels of thin gauge material can be more effectively stiffened by bonded stiffeners. 
Towards the edge of the sheet, the top hat stiffener may be cut away in order to reduce stress 
concentrations even further. 
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Stiffening of large panels  

 

In automotive assembly, the rapid and easily automated application of adhesives proved to be a 
clear benefit. For example, whereas thermal joining methods can cause distortion of the individual 
components which may affect the overall assembly performance, adhesive bonding does not distort 
sufficiently inflexible parts.  

However, there are also some limitations.  A basic limitation compared to some mechanical joining 
methods is that adhesively bonded structures (similar to welded structures) cannot be easily 
dismantled for in-service repairs. Care must be given to use of adhesive joining on thin metal 
automotive panels where localised modulus (strength) variations may increase the potential for 
appearance concerns known as “read-through”. The biggest problem is that assembled joints must 
be supported until the adhesive has sufficiently cured. This can significantly slow down the assembly 
process as it is necessary to allow for the relative slow strength build-up during assembly and 
processing of adhesive bonds. An alternative is to use temporary fixtures that ride along with the 
assembly processing. The generally applied solution is to combine adhesive bonding with 
(resistance or laser) spot welding or with mechanical joining techniques such as, for example, self-
piercing riveting or clinching as part of the overall assembly process. Combining welding or riveting 
with adhesive bonding is known as weld-bonding or rivet-bonding, respectively. These methods are 
most commonly used today and will be covered in more details under “10. Hybrid joining 
techniques”.  

 

9.0.3 Adhesive bonding in the automotive industry 

Adhesive bonding has been applied in automotive manufacturing for a long time. However, adhesive 
bonding for structural application is relatively new. Today, the variety of adhesives on the market is 
enormous. The biggest problem is the selection of the optimum adhesive for a specific application, 
depending on its processing behaviour (application and curing characteristics) and the final service 
performance (in particular long-term stability).  

Moreover, development activities are going on and improved adhesives, surface preparation 
methods and application systems are continuously introduced giving body designers yet even more 
cost-effective and/or higher-performing assembly tools. Considering the amount of sealants and 
caulks used in modern car body construction, a most promising development route is the 
combination of the role of sealants with the function of adhesives in the joints and thus gain improved 
structural performance at little additional cost. 

 

mailto:auto@eaa.be


 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  8  

 

Adhesive application to light metal intake manifold   

(Source: Henkel) 

 

9.0.3.1 Sealants 

Before paint is applied to the car body, joints and crevices must be sealed to prevent possible 
damage of joined substrates by protecting against unfavourable environmental influences, 
penetration of air, moisture or dust, leakage of hazardous materials and gasses, corrosion, etc. They 
also allow simplified designs and, in many cases, seam sealers are also used to provide a superior 
painted finish.  

Seam-sealing materials must show very good corrosion resistance and gap filling properties. 
Additional requirements include the ability for smooth manual and automatic application, stability and 
wash out resistance during cleaning, electro-coating and lacquering, and durability in service. 

 

 

Manual and automatic application of sealants 

(Source: Sika / Henkel) 
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Sealants form a “bridge” between different part surfaces. The strength of the bond depends upon 
adhesion of the sealant to the surface of the substrate and cohesion (strength within the sealant 
itself). The physical and chemical properties of sealants depend to a large extent on the selected raw 
material basis. 

 

Basic sealant types 

(Source: Henkel) 

 

The basic difference between adhesives and sealants is that sealants typically have lower strength 
and higher elongation than adhesives. Since the primary objective of a sealant is to seal assemblies 
and joints, sealants need to have sufficient adhesion to the substrates and resistance to 
environmental conditions to remain bonded over the required life of the assembly. When sealants 
are used between substrates having different thermal coefficients of expansion or differing 
elongation under stress, they need to have adequate flexibility and elongation. Low shrinkage after 
application is often required too. 

Sealants generally contain inert filler materials and are usually formulated with an elastomer to give 
the required flexibility and elongation. Normally, they have a paste consistency to allow the filling of 
gaps between substrates. Conventional sealants are one-component adhesives which generally rely 
on the moisture in the air to cure.  

Many newly developed sealants are designed to also perform structural functions. They are partially 
cured in the assembly process with full curing during the paint processing. Urethanes, epoxies and 
vinyl-plastisols are widely used as adhesives/sealants.  Also solid hot melts are growing in 
popularity. 
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9.0.3.2 Anti-flutter adhesives 

The function of an anti-flutter adhesive is to reduce or eliminate any “fluttering” or vibration of the 
outer and inner panels relative to each other. Anti-flutter adhesives are commonly used on horizontal 
closure panels such as bonnets, trunk lids or roofs with less application on vertical panels like doors. 

A characteristic of anti-flutter applications is the relatively large thickness of the bond line (up to 
several millimetres). In addition, the anti-flutter adhesives are generally not applied as a bead; but as 
local “drops” strategically spaced across the inside surface of the outer panel, aligning with the 
shape of the inner panel. The applied anti-flutter adhesives have a low modulus and a lower strength 
than for example hem flange adhesives. The very low modulus enables anti-flutter adhesives to 
function as a stress-relief interlayer, improving the read through performance on thin panels.  

 

Application of anti-flutter adhesive/sealants 

(Source: Sika) 

 

The materials used in this application include vinyl plastisols, elastomeric or rubber-based, and 
warm-applied adhesives. New elastomeric rubber based technologies exist, known as high damping 
foams, which provide additional acoustic (NVH) performance, by converting the kinetic energy of 
vibration into thermal energy. A specific surface preparation is generally not necessary. 

 

9.0.3.3 Hem flange bonding 

The closure panels, i.e. doors, bonnets, trunk lids, tailgates, etc., of cars are usually made from an 
outer panel which is hemmed (or clinched) over an inner panel around its periphery. Whilst hemming 
alone would produce sufficiently strong mechanical joints, adhesives are widely used in these 
flanges to provide improved strength, stiffness, crash performance and corrosion protection.  

Hem flange bonding takes place in the body shop, i.e. before painting. At this moment, the stamped 
panels are usually covered with processing lubricants (rolling oil, drawing oils or dry lubricants, etc.). 
Residues of these processing lubricants will be present when the adhesive is applied since before 
hemming, the pressed panels will be subjected only to a light cleaning step, if at all. Therefore hem 
flange adhesives have to be compatible with the lubricants applied in earlier processing steps as well 
as other potential contaminations. 
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Adhesive application for hem flange bonding  

(Source: Sika) 

 

After the adhesive is applied to the outer panel either as an extruded bead or a sprayed film, the 
inner panel is positioned and the hem flange is formed. Hem flange adhesives are applied using 
swirl, bead or fine jet nozzles. In order to avoid “zero gap” in the hem flange, hem flange adhesives 
often contain glass beads to ensure constant distance between outside and inside panels. A hem 
flange includes a very thin adhesive film (around 0.1 mm). Bead size is carefully controlled in order 
to completely fill the bond line, but to avoid that excessive adhesive is squeezed out as it would 
contaminate the equipment. 

A cure step may be introduced at this stage, such as induction curing. This can be a full cure or just 
enough to prevent any movement of inner to outer panel during subsequent processing. The 
induction process is a rapid cure technique that begins the chemical cross-linking process within the 
adhesive so it is “set”. The cure is usually not complete, but will be finished in the paint ovens. 
However, the resulting pre-gelling holds the adhesive in place and improves resistance to wash-out 
of the adhesive.  

The most widely used hem flange adhesives are one-part epoxies. They are sufficiently thixotropic 
that they stay within the bond line through application, mating of the inner and outer panels, 
attachment of the closure parts to the body-in-white, and movement through the paint line until final 
cure in the paint ovens. 

In some applications, an elastomeric adhesive/sealer that functions both as a hem flange adhesive 
and an anti-flutter adhesive is used. Also two-part epoxies are used as hem flange adhesives. In this 
case, cure starts under ambient conditions and is completed in the paint ovens. Specific formulations 
of two-part epoxies improve wetting through lubricant films allowing hem flange bonding without any 
lubricant removal. Furthermore, improved adhesives have been produced with higher modulus (to 
increase body stiffness), instant grab (to eliminate the need for extra fixings and alignment aids) and 
more rapid development of green strength. 

 

9.0.3.4 Structural bonding 

Structural adhesives must be able to form and sustain a strong bond between the adherents in 
various environmental conditions over a long period of time. The majority of current automotive 
bonding applications are based on epoxy adhesives. This is due to the combination of various 
advantageous characteristics such as oil absorption capacity, good wash-out resistance, durability, 
and outstanding mechanical characteristics across a wide temperature range. An important 
requirement is also good processing performance (automated applicability, compatibility with 
mechanical joining techniques, resistance spot welding, etc.). While for pure stiffening applications 
the modulus of the adhesive is most important mechanical parameter, a combination of high 
modulus and high flexibility is essential for adhesives applied to improve vehicle component 
behaviour under high strain rates. Both parameters are important for optimum distribution of stress, 
optimum energy transfer between outer panel and carrier and broadening of the deformation area.  
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Structural bonding in the body shop 

(Source: Sika) 

 

Special impact resistance-modified epoxy structural adhesives allow additional load path-
optimization, thus further improving crash performance. They are mainly used for structural bonds in 
the car body, but also in hem flange bonding for closures. Compared to previous generation 
structural adhesives, new generation adhesives show greater elongation at fracture, reduced 
bonding strength loss after corrosion, and reduced loss of dynamic peel strengths at low test 
temperatures.  

In special applications, two-component polyurethane adhesives are used. Polyurethane adhesives 
are characterized by high strength and stiffness values at high elongation levels, resulting in 
improved impact and fatigue properties of bonded joints. Choices in adhesive chemistry may be 
influenced by surface conditions (absence of soils and oxide layers) and application process 
conditions. 

In addition to the established epoxy systems, innovative rubber-based structural adhesives with 
glass transition temperatures of over 90° C are becoming increasingly popular due to an attractive 
cost-benefit ratio. Many closures are bonded with low modulus rubber-based adhesives. These 
adhesives, however, show some disadvantages over epoxy adhesive systems. The static and 
dynamic strengths are significantly lower than epoxy adhesives and they are generally less corrosion 
resistant. Also their temperature resistance is limited as their glass transition temperature is at the 
upper limit of the operating temperature range of the vehicle.  

The relatively high elastic modulus of epoxy resin-based structural adhesives can result in read 
through effects when bonding exterior panels. Since sheet thicknesses have continuously decreased 
over recent years, read through becomes an increasingly relevant issue. A low-modulus adhesive 
can prevent such problems. Consequently, very flexible epoxy resin adhesives with low modulus 
have been developed which possess significantly higher static and dynamic characteristics than 
rubber-based adhesives. The new adhesive technology unites sealing and reinforcing characteristics 
in a single product. This is an especially significant improvement in the application of multi-material 
joining where both adhesive and sealing (insulating) characteristics are required to prevent the 
development of corrosion in the joint. 

 

9.0.3.5 Interior bonding 

Bonding applications for the interior of cars include a wide variety of substrates, adhesives, sealers, 
and requirements. Although most applications can be considered as trim bonding, there are also 
some with structural character. For example, the headliner may be designed in such a way that it 
contributes to the structural integrity of the roof.    

Bonding applications for the interior of cars occur in the final assembly stage of the vehicle assembly 
plant. The bonding process needs to be as clean, quick, and as easy as possible. Therefore, 
cyanoacrylates adhesives, pressure sensitive adhesives, tapes, and hot melts are most popular. 
Two-part epoxies that cure at ambient temperatures have limited application. New technologies 
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receiving customer acceptance include hybrid cyanoacrylate-epoxy based adhesives which produce 
rapid fixture capability with more robust and longer term joint performance. 

 

9.0.3.6 Glass bonding 

There are several areas of glass bonding, such as windshield, rear window, side windows, or 
headlamps. In earlier applications, the primary function was to keep the glass in place and to act as 
a sealant. 

New structural requirements take advantage of the large bond area and the strength of the glass to 
make the joint load-bearing and thus part of the load bearing structure. Therefore stronger 
adhesives/sealants are needed, and urethanes are usually chosen for these applications. They offer 
the required strength as well as the flexibility to bond two materials with very different expansion 
coefficients and can seal against moisture.  

The adhesive can be one- or two-part polyurethane, with the second part more of an accelerator 
since the adhesive will eventually cure on its own in the presence of moisture. Other adhesives are 
also being investigated. Innovative direct glazing technologies are now available that eliminate the 
need for application of surface primers over painted surfaces 

 

 

Windshield application 

(Source: Sika) 

.  

9.0.3.7 Repair bonding  

In many repair situations, a replacement part will need to be attached to the vehicle. Adhesives may 
be involved in the manufacture of a new part, which is then employed as a replacement unit in the 
repair shop. For these applications, the same or similar adhesives as used in the original joint will be 
used, as the part is prepared before shipping to the repair shop. Examples include replacement 
hoods, rear deck lids or roof panels where adhesively bonded flanges or hems may be present.   

For the repair of structural members, there is generally a lack of high temperature curing facilities in 
the repair shop. The selection of adhesives for structural repair is likely to be limited to two-part 
epoxy formulations, but with significantly reduced joint strength and performance compared with the 
adhesive used in original manufacture. Consequently, this will lead to relatively low strength repair 
bonds compared to welded alternatives. Hence, structural bonding repairs should always be 
supplemented by mechanical reinforcements such as rivets, screws, clinches, etc. 

Since the staff of repair shops will likely have limited experience in the use of adhesives and metal 
preparation techniques, bonding practices must be simple, safe and quick. In addition, the aluminium 
surface pre-treatment techniques originally used in automotive manufacturing are generally not 
applicable. Therefore special methods for local surface pre-treatment will have to be applied (e.g. 
flame spraying (Pyrosil® technology), modified grit blasting techniques or manually applied pre-
treatments (Bonderite® /Prep-n-Cote)). It has been demonstrated that certain two-part epoxy 
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adhesives, used in conjunction with suitable in-situ cleaning/pre-treatment practices can provide a 
total system with very good bond durability performance. Such systems form the basis of a 
mechanically reinforced bonded joining technology for structural repairs.  

 

9.1 Design aspects 

When designing adhesive bonding applications, optimizing joint design is an important consideration. 
An adhesive joint requires sufficient surface contact between mating work pieces to allow for a 
squeeze-out effect, a tiny bead that squeezes out from between the clamped, mated surfaces. An 
understanding of the various possible joint designs for application is an essential step to finding the 
optimum bonding solution. During the design phase, particular attention must be paid to the potential 
mechanical loads (static and dynamic). Furthermore, assembly, manufacturing methodology, and 
cost factors must all be taken into account when proposing a joint design.  

 

In some cases, suitable measures can be already taken in the design of the individual components, 
e.g. by proper adaption of the cross section of an extruded aluminium profile. Where tongue and 
groove type bonded joints are possible, properly designed aluminium extrusions may be often the 
best solution. 

 

Aluminium extrusions designed for adhesively bonded joints 

(Source: Lotus) 

 

 

9.1.1 Design for adhesive bonding 

Adhesive bonding involves the formation of a load-carrying element connecting the joined 
components. The material in the cured adhesive bond (plastic or rubber) is not as strong as 
aluminium. In practice, however, this can be easily compensated by providing a larger contact 
surface. An optimal joint design for adhesion is therefore an overlap configuration of sufficient width. 
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Types of adhesive joint design: 
a) Lap (overlap) joint, formed by partially placing one substrate over another  
b) Offset lap joint, similar to the lap joint 
c) Strap joint (single or double), a combination of an overlap and a butt joint 
d) Butt joint, formed by bonding two objects end to end 
e) Scarf joint (angular butt joint), cutting the joint at an angle increases the surface 

area 
f) Cylindrical joint, a butt joint between two cylindrical objects 

(Source: Henkel) 

 

Butt joints are generally not applicable for adhesive bonding; certainly not for components with small 
wall thicknesses. Scarf joints would be highly suitable for tensile-shear loading since the load 
distribution is in this case most favourable, however, they can be used only for parts with larger 
material thicknesses and are complicated to manufacture. In general, the practical alternative is a 
(single or double) strap joint which is a combination of an overlap joint with a butt joint.  

Bonded joints may be subjected to a range of stresses including tensile, compressive, shear or peel 
and often a combination of these. Adhesives perform best in shear, compression and tension. They 
behave relatively poorly under peel and cleavage loading.  

 

Loading types relevant for adhesive joints 

 

A bonded joint needs to be designed so that that the adhesive is used to its fullest mechanical 
advantage. The main advantage of adhesive joining over welding, riveting and screw fastening is 
that the load is distributed more evenly at right angles to the loading direction. In the loading 
direction, however, this is valid only for scarfed joints. Within a given structure, the bond should be 
aligned so that it is stressed in its strongest direction. The design should reinforce the tensile, 
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compressive and shear stresses. For maximum strength, cleavage and peel stresses should be 
designed out of the joints as far as possible.  

When an adhesive bond experiences a tensile or compression stress, the joint stress distribution is 
represented as a straight line. The stress is evenly distributed across the entire bond. 

 

Joint stress distribution in tension (left) and compression (right) 

(Source: Henkel) 

A shear stress results in two surfaces sliding over one another. On loading a simple lap joint, the 
main force resolves into a shear component along the plane of the interface with a peel component 
at right-angles. The stresses are highest at the edges of the bond causing strain and twisting. 
Adhesives accommodate high loads in shear because there is a large active joint area.   

 

Shear stress distribution 

(Source: Henkel) 

A cleavage stress occurs when two rigid substrates are opened at one end. When a flexible 
substrate is lifted (peeled) from the other substrate, a peel stress develops. Cleavage and peel 
loading concentrate the applied force at one end into a single line of high stress.  

 

Cleavage (left) and peel stress (right) 

(Source: Henkel) 

Furthermore tensile loading resulting in peel or cleavage peel is not desirable for adhesive bonding. 
On the other hand, many joints designed for spot welding or riveting emphasize peel mode loading 
because welds and rivets perform relatively well in peel. As an example, the standard T (or coach) 
joint is not a suitable design for adhesive bonding. Therefore, the direct conversion of an existing 
joining system to adhesive bonding is not a good approach.  
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T-peel joint under tension  
 

In most cases, the stress distribution throughout a T joint can be improved by leaving intact the small 
amount of resin squeeze-out and tapering the overlap to remove the sharp, right-angle ends. 
Appropriate design concepts which have proved most successful also exist for corner joints, closed-
sectioned profile joints and tube joints. 

In the manufacture of automotive structures, however, a large percentage of adhesively bonded 
joints will be peel-type joints in order to enable the application of an additional joining method (e.g. 
clinching, self-piercing riveting, friction stir spot welding, laser stitch welding or resistance spot 
welding). The use of adhesive bonding in combination with spot-type joining techniques significantly 
increases the joint stiffness and will result in a positive contribution to the overall stiffness of the 
vehicle structure. 

For this reason, the strength of bonded T-peel joints in peel must still be considered. The amount of 
adhesive in the fillet region has a considerable effect on the stiffness of the T-peel joint. As the fillet 
size increases, the strength of the T-peel joint also increases. During manufacturing, however, the 
fillet size will not be controlled and will be influenced by panel fit-up and alignment. It is therefore 
important to develop experimental test data based on a conservative fillet size. 

 

 

Definition of fillet size in T-peel joint  

 

Joints that favour shear loading are the best types for adhesive bonding. Some examples of shear 
joints that can be used in automotive construction are shown below. Aluminium, other metals, or 
composites can be successfully combined using any of these approaches. 
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Shear joints suitable for automotive design (from left to right): Double lap, Step (offset) lap, 
and Hem joint 

The following design guidelines which should be considered when designing an adhesive joint: 

 Maximise shear/minimise peel and cleavage 

Justification follows from the stress distribution curve. Whereas in the case of shear, both 
ends of the bond resist the stress, stress is located at one end of the bond line for cleavage 
and peel. 

 Maximise shear/minimise tensile 

For compression and tension, stress is uniformly distributed across the bond. In most 
adhesive films, the compressive strength is greater than the tensile strength. Thus an 
adhesive joint is less likely to fail under compression than under tension.  

 Joint width more important than overlap 

The ends of the bond show a higher stress level than the centre of the bond. If the bond 
width is increased, stress will be reduced at each end and the overall result is a stronger 
joint. If the overlapping length is greatly increased, however, there is little, if any, change in 
the bond strength (“increase the joint width rather than the overlap area”). 

Another aspect that must be considered when designing adhesively bonded joints is the fact that 
bond strength decreases with increasing temperature. Proper selection of the applied adhesive 
helps, but compared to conventional joining methods like welding or mechanical joining, the thermal 
degradation of adhesively bonded joints is nevertheless significant. It is also important to note that an 
adhesive can behave like rubber at room temperature, but can become like glass at subzero 
conditions. 

Bonded joints distribute stress relatively well. However, stress is rarely evenly distributed across the 
entire surface area of a bonded joint. Generally, stress is greatest at the edges of the joint. The local 
concentration of any subsequent loading stress is the higher, the stiffer the chosen adhesive. In 
order to avoid unnecessarily high stress on the adhesive and the surface that has been bonded, the 
chosen adhesive should not be stiffer than necessary. Also thicker bonded joints reduce the 
concentration of stress at the edges of the joint. Thus, especially when using a stiff adhesive, it is 
important that the design spreads any load evenly throughout the bonded joint in order to reduce 
edge effects. 

 

Lap joints modified to reduce stress at a joint’s edges 

(Source: Sapa) 
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9.1.2 Structural analysis and modelling 

Finite element analysis (FEA) and fracture mechanics methodologies are routinely used for 
designing bonded joints. Bulk mechanical properties and single lap shear data taken off an adhesive 
technical data sheet are not valid for design purposes. The reported adhesive bulk properties do not 
reflect the true adhesive bond strength. Single lap shear data, while representative of relative 
performance, do not provide pure shear mode values. It is necessary to obtain genuine engineering 
design data from actual peel and shear tests. These measurements provide actual engineering data 
that reflect the surface condition expected to be used in practice. 

For modelling, the interfacial regions between the adhesive and the bonded surface are often 
represented as viscoelastic elements rather than rigid elements. To model the bond, spring elements 
are placed at the interface. Spring elements are necessary because the load is applied through one 
side of the joint, into and out of the adhesive, and through to the other side of the joint through a 
viscoelastic fluid (adhesive), as opposed to a fairly rigid, homogeneous material (welds or rivets). 
Welds and rivets can be inserted into the model and defined as rigid elements, or another protocol 
commonly used by the analyst can be modelled. This is particularly important in modelling crash 
behaviour. 

Modelling the adhesive joints as springs is, however, an inconvenient modelling procedure as spring 
properties are not intrinsic in nature and are not mesh-size independent. Modelling of adhesives with 
solid elements can provide good prediction of the mechanical behaviour of adhesively bonded joints, 
but is time-intensive and impractical for large vehicle models. Various attempts have been made to 
develop simplified finite element models; however, all these approaches have limitations and 
drawbacks. There is still a need for further developments before an efficient, numerical method for 
the simulation of the crashworthiness of an adhesively bonded car structure is available.  

 

9.2 Adhesive selection  

Identifying a suitable adhesive is a complex task due to the range of available adhesives and the 
specific application requirements. Such requirements can include specific structural and 
environmental performance, such as load transmission, media exposure, leak tightness, electrical 
conductivity, heat conductivity, and damping. This necessitates a holistic consideration of the entire 
process – from the design and surface pre-treatment to integration into the relevant production 
process. 

 

9.2.1 Selection criteria 

When an adhesive is selected for a specific application, it is important to ensure that the chosen 
adhesive fulfils all the engineering and service requirements (good adhesion to the applied 
materials), static and dynamic strength (with defined levels of strength retention after environmental 
exposure), impact peel strength (especially at low temperatures), creep (ability to carry load at 
temperature), etc. Equally important, however, is to consider whether the processing characteristics 
of the adhesive are compatible with the planned assembly process. The adhesive must have 
sufficient fluidity and the necessary time to mould itself to the surface topography of the substrate. 
Fast setting, high-viscosity adhesives rarely permit this. In this case, it might be advisable to first 
apply a low-viscosity primer. Other relevant processing characteristics are related to the application 
and curing properties of the adhesive:  

 What type of dispensing equipment is required; is the adhesive easily dispensed using 
automated and/or manual methods? 

 Is special curing equipment (e.g. ovens or UV light sources) required? 

 What is the influence of environmental factors (i.e. temperature and relative humidity) on the 
curing rate of the adhesive? 

 How much time needs the adhesive to develop sufficient strength to proceed to the next step 
in the assembly process? 
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In addition to the correct chemical and mechanical properties of the adhesives applied in automobile 
fabrication, their robustness in the manufacturing system must be considered as well. The adhesive 
must be easy to handle, it must offer suitable rheological properties for automated application 
(pumpability, dispensability, etc.). Most important is also material consistency from batch to batch 
and storage stability. Furthermore, two-part adhesives must have a tolerance of off-ratio mixing. 

Another aspect is sag and slump resistance during application. During assembly, there is always the 
possibility of larger gaps present between the flanges due to poor panel fit-up or misalignment. The 
adhesive should have sufficient gap bridging capability and the cured joint must offer consistent 
properties over a certain range of bond line thicknesses. Experience showed that for both single-lap 
and T-peel structural joints, there is very little joint property change over a bond line thickness range 
of 0.2 to 0.5 mm. Additional requirements exist if the adhesive should act simultaneously as a 
sealant. 

Further complicating the adhesive application process are the unique needs of an automotive 
production line. Adhesives are applied to separately assembled parts (e.g. closure panels like 
bonnets or doors). These parts are then attached to the car body structure which may also include 
adhesively bonded joints. After completion of the body-in-white, the assembled structure will go 
through a cleaning and painting process before additional components are attached by adhesive 
bonding in the final assembly. The applied adhesives need to have the ability to stay in place during 
subsequent assembly processes as well during all the different surface treatment steps (i.e. wash-
out resistance and electro-coat compatibility are generally necessary). Also required is proper 
planning and control of the curing conditions (e.g. time, temperature and/or humidity) at all steps.  

An important aspect is the fact that adhesive bonding in structural joints is usually combined with a 
secondary joining technique (hybrid joining). As an example, when combined with mechanical joining 
methods, it must be ensured that the displacement of the adhesive does not lead to disturbances 
within the adhesive film. It is most important that the adhesive still completely protects the flange 
because any open gap may increase the corrosion risk. When combined with resistance spot 
welding, it must be ensured that the adhesive will not interfere with the formation of the weld nugget. 
The adhesive must be fluid enough to flow out of the weld area without leaving significant residue 
that would weaken the weld, but not so fluid that it escapes the joint area or contaminates the weld 
equipment. In this context, it must be kept in mind that the heat introduced during spot welding will 
also affect viscosity of the adhesive. Furthermore, the adhesive must not catch fire, smoke 
excessively, or produce any toxic gases.  

 

9.2.2 Type of adhesives 

Adhesives are generally classified by either the way they are used (specifically by the way they are 
setting) or by their chemical type. There are only three ways of setting (although combinations of 
these may occur): 

- Setting through drying (i.e. the solvent or water evaporates). Since most of the drying must 
take place through the material, this adhesive type is not suitable for bonding aluminium to 
aluminium or other metals. However, it could be used for example for bonding porous 
materials to aluminium. 

- Setting through cooling. Some of the drying adhesives can be heat activated. They are 
applied to one or both surfaces and dried. When joining, the adhesive is activated (melted) 
on one of the parts and quickly joined with the other. This type of adhesive (not to be 
confused with hot melts which are applied hot) enables rapid assembly, but is only suitable if 
one of the materials is readily deformable. 

- Setting through curing (chemical reaction): The two most common types of forced cure 
adhesive are one and two component systems. One component system adhesives are 
supplied in a ready to use form, which cures when exposed some external energy (heat, 
radiation or moisture). Two component system adhesives utilize the mixing of two different 
materials which creates a chemical reaction that causes the polymerization (curing or 
setting) of the materials.  
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Illustration of adhesive curing methods 

(Source: Henkel) 

The strongest adhesives solidify by chemical reaction, with the less strong types hardening by a 
physical change. In the following, the most important types of adhesives are shortly described, for 
more detail please contact the adhesive suppliers. 

 

Relationship of adhesive types to performance 

(Source: Henkel) 

 

9.2.2.1 Two-step acrylic adhesives 

Two-step acrylic adhesives consist of a resin and an activator (“hardener”). The resin component is a 
solvent-free, high-viscosity liquid, the activator is typically a low viscosity liquid. When the resin and 
activator contact each other, the resin begins to cure very rapidly at room temperature (typical fixture 
times are 15 seconds to several minutes), depending on the gap width. The resin can be fully cured 
with light or heat (typical heat curing time 10 - 20 min at 150 °C). Heat curing normally offers higher 
bond strengths, improved thermal resistance and better chemical resistance.  
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Two-step acrylic adhesives require no mixing and bond to lightly contaminated (oily) surfaces. The 
hardener is generally spread on one surface and the adhesive on the other. These types of 
adhesives show high peel strength and toughness as well as good environmental resistance. They 
bond well to a range of materials, but are not particularly suitable where gap filling is required.They 
are best suited for small to moderately large surfaces. 

 

9.2.2.2 Two-part acrylic adhesives 

Two-part acrylic adhesives consist of a resin and an activator, both of which are normally high-
viscosity liquids. The activator is chemically similar to that of a two-step acrylic, but it is delivered as 
a high viscosity liquid. The two components are mixed just prior to dispensing, i.e. a homogenous 
one-part material is dispensed. The curing times are somewhat longer than those which can be 
achieved with two-step acrylics. These adhesives can therefore also be used for thicker joints. For 
high volume applications, meter mix dispense equipment is used. Two-part acrylics cure at room 
temperature (5 – 30 min), but cure can be accelerated with heat. Contactless handling and good 
ventilation is required as the components have a strong smell. 

Two-part acrylic adhesives offer high peel and impact strength as well as good environmental 
resistance and bond to moderately contaminated surfaces. As a consequence, acrylic adhesives are 
now becoming more and more common. 

 

Extrusion pumps for low to high viscosity adhesives 

(Source: WIWA) 

 

9.2.2.3 Cyanoacrylates 

Cyanoacrylates are one-part, room-temperature curing adhesives that harden very quickly in contact 
with moisture. They are available in viscosities ranging from water-thin liquids to thixotropic gels. 
When pressed into a thin film between two surfaces, the moisture present on the bonding causes the 
adhesive to form a rigid thermoplastic with excellent adhesion to most substrates. Typical fixture 
times are 5 to 30 seconds.  

Cyanoacrylates are particularly suited for bonding aluminium to plastic parts and rubber. A bond 
between two aluminium surfaces takes longer to harden than a bond between aluminium and plastic 
or rubber materials. However, the peel and impact strength of cyanoacrylates is pretty poor, also 
their solvent resistance is relatively low. Thus, cyanoacrylates are not appropriate for the bonding of 
the metal parts in an automobile. The automobile-specific environmental conditions (exposure to 
moisture, temperature variations, solvents like gasoline or oil, salt spray, ultraviolet light, etc.) will 
lead to severe degradation of the bonded joint. 

In addition to standard cyanoacrylates, there are many specialty formulations with somewhat 
enhanced performance properties. New two-part cyanoacrylates adhesives can provide larger gap 
filling capabilities, faster curing, and open/closed cavity cure potential. 
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9.2.2.4 Epoxy adhesives 

Epoxy adhesives consist of an epoxy resin plus a hardener. They are supplied as one and two-part 
systems with viscosities ranging from thin liquids that can be sprayed to thixotropic pastes which 
must be pumped. They have very good gap filling properties. Upon cure, epoxies typically form 
tough, rigid thermoset polymers with high adhesion to a wide variety of substrates and good 
environmental resistance. When exposed to elevated temperatures, epoxy adhesives may become 
rubbery, but cannot melt as a thermoplastic material would.  

A big advantage of epoxy adhesives is that there are a wide variety of commercially available resins, 
hardeners and fillers. Thus the performance characteristics of epoxy adhesives can be tailored to the 
specific requirements of almost any application. Basically, there are two types of epoxy adhesives: 
Toughened (flexible) epoxies and glassy matrix (stiff) epoxies. Glassy matrix epoxies are extremely 
strong and rigid, and they resist shearing at very high force levels. Toughened epoxies are more 
flexible, but break under lower shearing forces and the bond is fairly heat-sensitive. Toughened 
epoxies contain a dispersed, physically separated, but chemically attached rubber phase which 
improves fracture and impact resistance. They are successfully used in many structural applications 
since they offer a suitable balance of toughness and durability. There are both stiff and elastic, two-
component epoxy based adhesives.  

When using a one-part heat-cure system, the resin and a latent hardener are supplied already in a 
mixed state and can have extended shelf life (storage) when refrigerated. By heating the system, the 
latent hardener is activated causing cure to initiate. The epoxy will normally start to cure rapidly in 
the temperature range 125 – 150 ° C; curing temperatures of 150 °C and times of 30 to 60 minutes 
are typical. Heat curing also generally improves bond strengths, thermal resistance and chemical 
resistance. 

When using a two-part system, the resin and hardener are packaged separately and are mixed just 
prior to use. This allows the use of more active hardeners, i.e. two-part epoxies will rapidly cure at 
ambient conditions. Two-part systems are normally mixed by passing them through a mix tip and 
dispensed as a single, homogenous liquid. However, two-component epoxy adhesives that cure at 
room temperature can rarely be loaded at temperatures above 80 °C. Epoxy adhesives with 
considerably higher heat resistance require heat curing, but also offer higher strength and improved 
durability.  

Epoxy resins can accommodate significant addition of fillers, etc., without adversely affecting desired 
adhesion properties. Any single property (peel strength, shear strength, durability) can be improved 
by selecting an alternative chemistry, but usually to the detriment of the overall balance of properties. 
Formulating to meet specific application requirements provides epoxy adhesives with a wide range of 
properties that includes good chemical resistance, excellent adhesion, good mechanical properties, 
and little shrinkage, but also optimum cure and other processing conditions. In addition, epoxy 
adhesives can be formulated to be either conductive or insulating. 

 

 Multi-material application rendering of epoxy adhesive on aluminium shock tower to steel rail 

(Source: Henkel) 
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9.2.2.5 Hot melt adhesives 

Hot melt adhesives (“hot melts”) are mostly one-part, solvent-free mixtures of thermoplastics that are 
solid at room temperature. At dispensing temperatures (typically higher than 175 °C), they show low 
to medium viscosity and can be easily processed. After dispensing, hot melt adhesives cool and 
rapidly build up their internal strength allowing efficient assembly and further processing. But the high 
curing speed also has a drawback. When the hot adhesive meets a cold surface, setting is often so 
rapid that the adhesive does not properly wet the surface. The non-wetting effect is more distinct with 
increasing temperature difference between surface and adhesive as well as with increasing thermal 
conductivity of the substrate. Therefore, metals are sometimes heated before bonding with hot melts. 

In the cured state, hot melt adhesives can vary in physical properties from soft, rubbery and very 
tacky to hard and rigid. Hot melts have excellent long term durability and resistance to moisture, 
chemicals, oils, and temperature variations. They are usually designed for light loads, only 
polyamides and polyesters can withstand limited loads at elevated temperatures without creep. 
Adhesion to plastics is good, but rather poor to metals since the thermoplastic hot-melt adhesives 
usually set too quickly.  

The performance of the hot melt varies widely based on their chemistry: 

Ethylene vinyl acetate (EVA) hot melts are the “original” hot melt. They have good adhesive to 
many substrates, lowest cost, but typically have the poorest temperature resistance (upper service 
limit is about 50 °C).  

Polyamide or polyester hot melts are higher cost, higher performing adhesives with good 
temperature resistance (up to 150° C), but long term strength at 70 – 80 °C is already quite low. The 
application temperature for this adhesives type is approx. 250 °C, i.e. a shielding gas must be 
generally used since at this temperature, the adhesive breaks down if it comes into contact with 
oxygen.  

Polyolefin hot melts are specially formulated for high adhesion to plastics. 

Because hot melts are based on thermoplastic polymers, they can be repeatedly heated to melt and 
cooled to solidify. Thus, they can be used to create bonded joints that are thermally detachable and 
can be re-attached later. However, this unique characteristic limits the temperature resistance of hot 
melt bonds and explains their tendency to creep when subjected to continuous stress or elevated 
temperatures. Many thermoplastic hot-melt adhesives also become brittle in cold environments.  

Today, curing hot-melt adhesives are available too. These adhesives are based on polyurethanes 
that cure on contact with moisture. They are solid before the curing process actually starts. The 
application temperature of the polyurethane-based hot melts is considerably lower than for the 
thermoplastic hot-melt adhesives. 
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Application of hot melt adhesives 

(Source: Nordson) 

 

9.2.2.6 Polyurethane adhesives 

Polyurethane adhesives are supplied as one and two-part systems which range in viscosity from 
self-levelling liquids to non-slumping pastes. They are made of urethane polymers with chemical 
based of isocyanate group. There are three different types of polyurethane adhesives: 

 Two-component polyurethane adhesives  

 One-component polyurethane adhesives curing by heat (rigid)  

 One-component polyurethane adhesives curing by moisture (elastic).  

Polyurethane adhesives are extremely versatile and can range in the cured form from highly elastic 
elastomers to rigid thermosets. The elastic polyurethane adhesives are cured by moisture whereas 
the rigid polyurethane adhesives are cured by heat input. 

Single component systems typically consist of non-volatile urethane pre-polymers. The elastic 
variants are cured by polyaddition; moisture acts as the hardener. Since the cure is dependent on 
moisture diffusing through the polymer, curing is comparatively slow (hours) and the maximum depth 
of cure that can be achieved in a reasonable time is limited at approximately 10 mm. However, 
because the curing time mainly depends on the moisture concentration, curing can be accelerated 
through the addition of a product containing mostly water in a mixing nozzle, resulting in a 
homogeneous and fast cure. The curing temperature has only a small effect on the curing times and 
70 °C is a practical upper limit. Moisture-curing polyurethane adhesives show an elongation to 
fracture of up to 600 %, but their strength level reaches only about 8 MPa. 

In rigid one-component systems, temperatures in the range 100 ºC – 200 ºC are required to unlock 
the isocyanate groups necessary to produce the polyurethane. Heat curing results in a lower curing 
rate compared to that of polyurethane adhesives cured by moisture, but produces a highly cross-
linked thermoset polymer with a strength of about 15 MPa, a maximum elongation to fracture  over 
20 % and high fatigue resistance. Innovative snap-cure one component hybrid polyurethane 
technologies are being introduced to facilitate shorter cycle times in assembly operations.  

Two-component polyurethane adhesives can be elastic or rigid, depending on the structure the 
adhesive acquires once it has fully cured. For the resin, polyols with low molecular weight are used; 
for the hardener low molecular weight pre-polymers with isocyanate ends. After mixing the two 
components in the right proportions, the curing process of the adhesive starts immediately. The fast 
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cure usually means that the adhesive must be applied by machine. In case of the elastic variant 
(elastomer structure), the main advantage of the two-component system compared to the one-
component variant is a very good creep resistance. The rigid two-component polyurethane adhesive 
(thermoset structure) offer an interesting combination of cohesive strength (about 25 MPa) and 
flexibility (maximum elongation to fracture over 50 %) that results in a good fracture toughness. A 
specific advantage is the minimal dependence of the adhesive properties over a service temperature 
range between approx. – 30 °C to + 80 °C. Some types of two component ambient cured 
polyurethane adhesive can be applied over some surface soils without need for pre-cleaning or oxide 
removal. 

A preferred application of two-component polyurethane adhesives is structural bonding in the 
assembly area, i.e. after electro-coating and/or painting, in particular for the combination of dissimilar 
materials (e.g. metals to plastics and fibre reinforced composites) or pre-painted metal assemblies. 
This is due to the fact that there is no need for surface pre-treatment or external heating for curing. It 
is also possible to fill joints that have large gaps. 

Initially, polyurethane adhesives were considered as possible replacements for epoxy adhesives for 
health and safety reasons. However, the risks of isocyanates means that they cannot be seen as a 
safer option than epoxies. When using epoxy, skin allergies are the greatest risk, for polyurethane 
adhesives, breathing difficulties dominate.  

 

9.2.2.7 Elastomeric adhesives 

Elastomeric adhesives, specifically silane modified polymers and silicones, are available in one-part 
moisture curing systems as well as two-part static mix systems that range in viscosity from self-
levelling liquids to non-slumping pastes. On curing, they form soft thermoset elastomers with 
excellent thermal resistance. Silane modified polymers and silicones offer good adhesion to many 
substrates, but their applicability as structural adhesives is limited by the low cohesive strength. 
Elastomeric adhesives are typically cured via reaction with ambient humidity at room temperature, 
although formulations are also available which can be cured by heat, mixing of two components, or 
exposure to ultraviolet light.  

Since the cure of moisture-curing elastomers is dependent on moisture diffusing through the 
elastomeric matrix, the cure rate is strongly affected by the ambient relative humidity and the 
maximum depth of cure is limited to about 10 mm. Complete curing depends on the film thickness 
and can take several days. This occurs because the reaction between the reactive groups on the 
polymer and the reactive groups on the substrate surface is slower than the crosslinking reaction of 
the products groups with themselves.  

Silicones remain highly elastic at low temperatures (-75 °C), and also have very good temperature 
stability; up to 200 °C continuous exposure and up to 300 °C for short periods. The properties of 
silicones remain virtually unchanged over this temperature range. Silicones are nearly inert to 
chemicals and have excellent resistance to moisture and weathering. Bonds made with silicones 
can, however, only be subjected to relatively small mechanical loads. That is why they are chiefly 
used as sealants. They are used for bonding metal when the low bond strength is offset by the 
higher flexibility and resistance to low temperatures. Several types of moisture curing silicones are 
available depending on the bonding conditions and substrates. 
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Liquid gasket sealant adhesive robotically dispensed onto an aluminium cover 

(Source: Henkel) 

Two component silicone adhesives are available with a range of properties and cure rates. The initial 
strength and rate of strength build-up is typically higher than that of moisture cured silicones. The 
curing reaction can take up to 24 hours. Meter mix equipment is used to pump the two components 
through a mixing element. The mixed adhesive is then dispensed in bead form.  

 

9.2.2.8 Anaerobic adhesives  

Anaerobic adhesives are based on synthetic acrylic resins and only harden when in the presence of 
a metal and absence of oxygen. Anaerobic adhesives work by completely filling gaps between metal 
components. They are often termed locking compounds as they are used to secure, seal and retain 
close-fitting parts. Using an anaerobic adhesive augments the holding force of a mechanically joined 
assembly and prevents loosening under vibration and protects the joint from corrosion. They are 
typically used as thread lockers, thread sealants, flange sealants, etc.   

Anaerobic adhesive are thermosets and provide high shear strength. They maintain their integrity at 
temperatures up to 200 °C. The bonded joints are, however, very brittle and are not suitable for 
flexible substrates. Curing occurs exclusively in the joined area and only relatively small gap widths 
can be bridged (maximum gap about 0.1 mm). Special formulations have been developed which 
provide improved overall performance under thermal and mechanical stress and are less surface-
sensitive, i.e. which can be applied also on oily and contaminated surfaces. Besides their bonding 
function, anaerobically curing adhesives are often simultaneously used for their sealing properties 
because they are very resistant to oils, solvents and moisture. However, they cannot be used for 
bonding to plastics. 
 

9.2.2.9 Plastisols 

Plastisols are single-component adhesives that are applied as a paste consisting of solid 
polyvinylchloride (PVC) particles dispersed in a liquid plasticizer. In order to form a bond, the applied 
adhesive is heated so that the thermoplastic PVC swells and can take up the plasticizer. The two-
phase system converts to a single-phase system by incorporating the plasticizer in the swollen 
polymer. This process occurs at a temperature between 150 and 180° C and results in an adhesive 
film consisting of a plasticized polymer. The cured product may be a soft, rubber-like material or a 
tough, hard solid. 

Plastisols have high flexibility and good peel resistance. However, they are sensitive to shear stress 
and also tend to undergo creep when subjected to loads. For most applications, as an adhesive 
sealant this has no adverse effects. Being thermoplastics, they only have limited resistance to heat. 
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If overheated, for example during spot welding, there is also the risk of liberating hydrochloric acid. A 
typical area of application for plastisols is in vehicle body construction. Besides their bonding 
function, they also serve to seal joints against moisture, to dampen vibrations and to increase the 
rigidity of the body.  Plastisols can also be used to bond non-pretreated metal sheets as they have 
the ability to take up oil. On the down side, PVC plastisols give rise to environmental problems when 
recycling the bonded components, and consequently have become increasingly replaced by 
alternative adhesives, such as epoxy resins.  

 

9.2.2.10 Rubber adhesives 

Based on solutions or latexes, rubber adhesives solidify through loss of solvent or water. Rubber is 
particularly suited as a bonding element because of its flexibility. In many situations, sealants must 
be able to expand and contract because they are sometimes used on parts that experience 
temperature variations. Styrene is one type of rubber adhesive commonly used in automobile 
manufacturing because it adapts well to temperature and pressure changes. However, they are not 
suitable for sustained load. 

 

9.2.2.11 Modified phenolics 

Phenol-formaldehyde adhesives cure at temperatures between 100 and 140° C depending on the 
composition of the adhesive. During the cure, water is liberated from the adhesive. As the curing 
process requires temperatures above 100° C, the liberated water is present in gaseous form. In 
order to avoid foaming, phenolic resins are cured under pressure. Pure phenolic resins are very 
brittle and sensitive to peel stress, thus modified phenolic resin adhesives which contain additives in 
order to increase the elasticity are generally used. They offer good mechanical properties and 
temperature stability. In the automobile, they are used for bonding brake and clutch lining materials.  

 

Brake linings are bonded using modified phenolics 

(Source: www.adhesives.org) 

 

9.2.2.12 Pressure-sensitive adhesives  

The special feature of pressure sensitive adhesives is that they do not solidify to form a solid 
material, but remain viscous. As a result, they remain permanently tacky and have the ability to wet 
surfaces on contact. Bonds are made by bringing the adhesive film in contact with the substrate and 
applying pressure. If inadequate pressure is applied or the processing temperature is too low, 
bonding faults such as bubbles or detachment can occur. Since these adhesives are not true solids, 
the strength of pressure sensitive adhesives decreases when the temperature is increased. Pressure 
sensitive adhesives also exhibit a tendency to undergo creep when subjected to loads. They are 
typically formulated from natural rubber, certain synthetic rubbers, and polyacrylates. Pressure 
sensitive adhesives are often used to temporarily hold components in position during assembly. 
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Attachment of decorative trims with adhesive tapes 

(Source: Lohmann) 

Roof and decorative trims are often bonded to the vehicle using adhesive strips. On the one hand, 
the trim has to bond reliably at all temperatures and under all weather conditions. On the other hand, 
the adhesive tape must remain invisible for cosmetic reasons. The tape has to be adapted perfectly 
to the thermal expansion characteristics of the trim and the bodywork. As the trim usually expands 
more in heat and contracts more in cold weather than the metal or the plastic to which it is bonded, the 

tape must be able to compensate for these differences. 

 

9.3 Adhesive application 

Developments in robotics, control systems and metering, dispensing and monitoring equipment have 
made adhesive application a highly automated, controlled and repeatable process. However, various 
measures have to be taken in order to guarantee consistent, reliable high quality bonds. 

Adhesives must be stored under correct conditions (one-part adhesives usually refrigerated) and 
should not be used after their expiration date. Also adhesive containers must be kept covered and 
free of contaminants. Temperature must be carefully controlled. Some warming can be useful to 
lower the viscosity during compounding, but care must be taken not to start a chemical reaction that 
might prematurely cure the adhesive. Mixing is generally achieved under vacuum to minimize air and 
moisture entrapment, neither of which would benefit an adhesive bond.  

 

9.3.1 Application techniques 

The possible application processes, depending on the consistency (solid or fluid) of the adhesive and 
on the application method used (manual or mechanised). Viscosity of the applied adhesive must be 
tailored to the application. Depending on the situation, the adhesive can for example maintain the 
bead shape until the force is applied to fill the bond line or it can flow into the bond line and fill any 
unevenness in the surface of the substrate.  

In automotive manufacturing, automated application of adhesives is generally used. A wide range of 
equipment is available to apply virtually any adhesive or sealant during the manufacturing process. 
The optimum adhesive application method depends on the specific production requirements and the 
type of adhesive being used. Manual application is limited to repair bonding and the production of 
niche vehicles. Typical handgun systems can be cartridge-based or hose fed. Cartridge-based 
systems are portable, but require frequent refilling and costly cartridges. In addition, product quality 
strongly depends on operator skill. With selected nozzles for producing bead or spiral spray patterns, 
hose fed systems offer more consistent output than cartridge-based systems and optimize 
productivity.  

Extremely short possessing times are attained through robot based adhesive bonding and seam 
sealing with appropriate adhesive application systems. The simplest method of robotic dispensing is 
extrusion. However, the extrusion method has now been largely replaced by the streaming and 
spraying technique which offers a significantly higher production rate. Automated guns offer a variety 
of options for achieving precise, consistent dot and bead patterns. Air-driven guns provide accurate 
timing and are insensitive to material viscosity and system pressure. Today’s automatic pneumatic 
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guns deliver reliable, long-life operation and can run at speeds that exceed 3500 cycles per minute. 
Also automatic electric guns can accommodate very fast cycle times. Typically incorporating an all-
electric driver to optimize performance, these guns can achieve greater pattern control and 
consistency. In addition, by eliminating the used of compressed air and dynamic seals, automatic 
electric guns lower operating costs and minimize module maintenance. 

 

Different dot and bead patterns 

(Source: www.adhesives.org) 

 

The small beam method is utilised to apply minute adhesive beads to the component, ensuring the 
same seam height and width. It is used for example in hem flange bonding. A constant width of the 
sealed seam can be consistently attained at high advance speeds by precisely controlled feeding of 
the adhesive. Depending on the specific requirements of the component, the quantity of the applied 
adhesive can be closely controlled. Adhesive bead diameters of less than 2 mm are possible. Finally, 
the quality of an adhesive bead determines the quality of the adhesive bond. Optical quality 
assurance devices can be integrated, because apart from the dosing system also the type of the 
feeding unit and the programmed robot track can have an influence on the produced adhesive bead. 

 

Various application methods in the adhesive technology 

(Source: Eisenmann) 

 

The wide slot application method enables dispensing of support adhesives or filler adhesives as well 
as silencing materials on large surfaces. The wide slot nozzles equipped with automatic low-wear 
high-pressure ball valves are available in dispensing widths up to 200 mm. This method is used in 
the automotive industry to apply dampening materials to components where no offset is allowed 
between the applied lengths. For this reason precision in series production is also indispensable in 
connection with the wide slot application method. 

Further possibilities are the multipoint adhesive application method where the adhesive is applied at 
multiple points and the airless flat stream method. In the flat stream method, different dispensing 
patterns can be individually implemented using customized, single or multiple nozzles. 
Consequently, the flat stream method offers highest degree of flexibility. 
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Wide slot application method 

(Source: intec Bielenberg) 

 

In spiral spraying, large surfaces can be coated with adhesive in a single step and at high advance 
speeds. Reproducible spray patterns are created under full temperature control. The constant 
material flow enables rapid production processes. An interesting option is also the short bead 
technology which works with an electric servo drive allowing a much faster and more precise 
opening and closing of the applicator head than conventional needle valves and pneumatically 
operated pistols. The adhesive bead can be interrupted at precisely defined intervals for example 
when using a combination of spot welding and adhesive bonding. Adhesive-free sections can be 
attached with spot welds and without “burning” the glue. Thus the short bead technology improves 
the efficiency of the joining process both by saving adhesive material and reducing the cycle time in 
the body shop.  

  

Spiral spraying (left) and short bead application technology (right) 

(Source: intec Bielenberg/Dürr) 

 

Bond line thickness is generally maintained through the tolerances of the manufacturing equipment, 
such as folding the sheet metal over to make a hem flange bond or moulding features into the bond 
area of a plastic panel. When manually preparing test samples, glass beads or wire of the 
appropriate diameter can be used to control the bond line thickness. 

An important aspect is also proper environmental control of the area where adhesive bonding is 
performed (temperature, humidity, airborne contaminants, cleanliness, etc.). Also important is the 
correct handling of the parts to be joined, in particular any contamination of previously pre-treated 
surfaces must be prevented. In addition, it is necessary to anticipate any stresses (particularly peel 
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or cleavage) which may be encountered during assembly or handling. In specific cases, fixture or 
racks may be required to hold the assembly while the adhesive is curing. 

 

9.3.2 Adhesive curing 

Structural adhesives cure, generally with negligible contraction, in different ways. The applicable 
curing methods for the various types of adhesives have been outlined above. Generally, structural 
adhesive bonds in automotive manufacturing are cured by heating (although in some cases, pre-
curing at ambient temperature takes place e.g. as a result of the mixing of two components or by 
contact with moisture). Cure is most often achieved with an oven cure, usually concurrent with the 
paint bake cycles in automotive applications. Curing by contact between hardener and adhesive and 
curing with UV light are relatively seldom used.  

 

Curing temperatures for structural adhesives 

As a rule, a higher cure temperature means more cross-linking and higher environmental resistance, 
but less toughness. Single part epoxies generally represent a good compromise with a wide range of 
properties, but they require curing at well over 100 °C. In case of two-component epoxy adhesives 
(where curing occurs already at room temperature), joints of a higher strength and improved 
durability can be achieved by curing at elevated temperatures. The curing times can be also 
considerably reduced as the curing time roughly halves for each 10 °C rise in temperature. Ultimate 
adhesion and mechanical properties are accomplished by extending the polymer chain and cross-
linking between chains, with the cross-linking making the resultant polymer a thermoset. The 
reaction is often exothermic, releasing heat and furthering the cure. There are no by-products, i.e. 
potential outgassing issues are avoided. 

 

9.4 Surface pre-treatment for adhesive bonding 

Because adhesives bond to surfaces, the actual surface condition is most important. As a rule, the 
surfaces to be joined should be as clean and dry as practically possible. Surface pre-treatment will, 
therefore, normally be necessary if optimum performance of the adhesively bonded joint is aspired. 
Proper surface preparation generally improves both adhesive bonding and paint adhesion. On the 
other hand, alloy differences or even different materials are of less concern as long as the 
appropriate surface treatment methods are used and the applied adhesive bonds to both sides of the 
joint.  

Surfaces are likely to be contaminated with materials that could adversely affect joint performance. 
Therefore, impurities (i.e. dust, dirt, oil, grease, fat or water) and the inactive adsorption layer created 
by foreign molecules (i.e. water and gases) are generally first removed. Care must be taken to avoid 
contaminating the surfaces during or after pre-treatment. Contamination may be caused for example 
by part handling (“finger marking”) or by other working processes taking place in the bonding area, 
e.g. oil vapours from machinery, metal dust from abrasive processes or vapours from spraying 
operations (paint, mould release agents, etc.). 
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Light truck entering multi-metal pre-treatment immersion stage 

(Source: Henkel) 

 

9.4.1 Aims of a surface pre-treatment 

The main aims of a surface pre-treatment for adhesive bonding are: 

 Removal of oil, greases and other contaminants as well as other surface layers, including 
weak oxide layers formed by heat treatment or exposure to humid atmosphere.  

 Protect the substrate surface prior to bonding and maximise the degree of intimate molecular 
contact between the adhesive and the substrate surface.  

 Generation of a stable surface topography for optimum mechanical interlocking.  

 Improve durability and corrosion resistance of the adhesively bonded joint; promote 
formation of intrinsic adhesion forces that exhibit both resistance to environmental attack by 
moisture and chemical stability over a wide pH range. 

The type and intensity of the surface treatment necessary for successful adhesive bonding depends 
on the materials to be bonded and the performance requirements of the bonded joint. It may include 
a simple surface cleaning step, a chemical conversion of the substrate surface, and/or the 
application of a suitable inorganic or organic coating. 

In automotive manufacturing, however, a pressing lubricant is often present on the material surface 
when adhesive bonding takes place. Thus the adhesive must be able to absorb and displace this 
layer before wetting the metal surface. Due to the complex interactions of the adhesive and the 
adherent surface, and possible lubricant interactions, the adhesive cannot be selected in 
isolation. The adhesive, pre-treatment and lubricant must be chosen as a fully compatible system. In 
addition, pre-treatments employed in the automotive industry generally need to be simple and rapid 
in order to comply with the low cost and high manufacturing speeds required for automotive 
production. High performance aerospace pre-treatment techniques are clearly not appropriate for 
volume car production.  

 

9.4.2 Surface pre-treatment of aluminium alloys 

The surface treatment methods applicable for aluminium alloys are covered in detail in another 
section of the EAA Aluminium Automotive Manual (see Manufacturing – 4 Surface Finishing). In 
the following, only some aspects relevant to the adhesive bonding process will be reviewed shortly.  

The aluminium surface is a complex transition zone between the bulk of the alloy and the 
environment (see 9.0.1). A thin (“natural”) aluminium oxide layer lies on top of a subsurface layer 
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with different chemical and microstructural properties than the bulk material. In rolled aluminium 
products, the disturbed (“deformed”) surface layer generally has a thickness of a few 100 nm. It 
contains rolled-in oxide particles from the high forces used during hot and cold rolling; it has 
elongated and smaller grains than the bulk and it can contain various intermetallic particles different 
in chemistry and concentration to the bulk.  

The natural aluminium oxide film has a thickness of a 5 – 20 nm and follows exactly the material 
surface topography. In principle, this oxide film would present an ideal basis for adhesive bonding. In 
fact, a high initial joint strength can be often obtained without any pre-treatment or by a simple 
degreasing of the aluminium surface before adhesive bonding. But in order to maintain the integrity 
of bonded joints, in particular in humid environments, some form of surface pre-treatment is always 
necessary, specifically if the joints are subjected to tensile stresses. 

The underlying reason is that the natural oxide film is not perfect. It may show thickness variations 
and exhibit defects such as pores and fine cracks; the aluminium oxide can be disturbed locally (e.g. 
where intermetallic particles are present in the adjacent aluminium metal) and it can contain surface 
contaminants (e.g. residues of rolling oils). Furthermore, depending on the thermal history 
(temperature and time), solute alloying and impurity elements can diffuse from the matrix into the 
surface oxide layer, modifying the structure and composition of the surface oxide film. Surface 
enrichment and the formation of a heterogeneous surface oxide layer is particularly pronounced for 
element like Mg, Li, Na, Be, and Ca. These effects degrade the characteristics of the surface oxide 
layer, i.e. make it more hygroscopic and less corrosion resistant. Therefore, the natural, 
inhomogeneous aluminium oxide surface film is often removed and replaced by a properly 
controlled, new, homogeneous surface film. 

Depending of the specific aluminium product (sheet, extrusion, casting, etc.), the applied surface pre-
treatments in preparation for adhesive bonding may be somewhat different; however, the individual 
steps are essentially the same. Rolled aluminium products are often already surface pre-treated in 
the mill in order to avoid chemical processes within the press shop or assembly plant. Other product 
forms are generally surface treated by the supplier and delivered ready-for-assembly.  

 

9.4.2.1 Surface cleaning 

Simple cleaning (“degreasing”) removes surface oils and contaminants. Cleaning approaches differ 
in aggressiveness depending on need. In some cases, detergent solutions may suffice. More 
aggressive cleaning ("deoxidizing”) requires an alkaline rinse, an acid rinse, or polyphenols followed 
by water rinsing. Deoxidizing only involves minimal metal removal. These cleaning methods are 
minimum practice in automobile applications. Proper degreasing provides a clean bonding surface 
which can be sufficient for moderately stressed joints in a dry environment. In general, however, 
degreasing is followed by additional surface treatment steps. 

Mechanical cleaning approaches include surfacing techniques such as brushing, grinding, polishing, 
and sand or dry ice blasting. For many substrates, light abrasion of the surfaces to be bonded may 
allow a better interlock of the adhesive. However for aluminium, the application of abrasive methods 
is generally not recommended. If mechanical surfacing methods are applied, special care must be 
taken since the resulting deformed surface layer may severely impair corrosion resistance.  

Although mechanical cleaning is not a commonly used process step in automotive manufacturing, 
mechanical surfacing methods are often used in rework and repair. If necessary, aluminium surfaces 
should be cleaned with a suitable abrasive cloth or water-proof abrasive paper. When using such 
techniques, operating under wet conditions can assist in the removal of contaminants and keeps 
dust generation to a minimum. If wet techniques are used, then the substrate must be thoroughly 
dried immediately after mechanical surfacing.  

Fine grinding/blast cleaning removes weak surface layers and is therefore slightly safer than simple 
degreasing, but should be only used for stressed joints in dry environments. In specific cases, in 
particular for local adhesive bonding on painted surfaces, also laser cleaning may be applied. A 
further option is a surface activation step (such as plasma treatment). 

The preferred surface cleaning option for aluminium is generally the alkaline or acidic 
cleaning/etching process which involves overt metal removal, in particular in preparation for 
subsequent surface pre-treatments that provide a properly controlled, stable surface oxide. Cleaning 
and etching may be two distinct steps, or may be combined into a single step. In case of rolled 
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aluminium products, the cleaning/etching step removes rolling oil residues, aluminium debris 
generated during rolling as well as the natural inhomogeneous oxide layer. After an alkaline cleaning 
step, an acidic cleaning step must be always carried out to remove any smut layer (brittle aluminum 
hydroxide). For the acidic cleaning step, sulphuric acid or a mixture of sulphuric and hydrofluoric acid 
is often used. Additionally, nitric, nitric/hydrofluoric and phosphoric acids can be used. Also, there are 
continuous treatment lines which use electrolytic cleaning in a phosphoric acid electrolyte. 

For high quality adhesive bonding, the alkaline or acidic cleaning/etching step is followed by the 
controlled build-up of a new oxide layer (i.e. conversion coating or thin anodised film). The exposure 
of the freshly acidic etched (pickled) surface to boiling water produces a corrosion resistant, but only 
moderately strong oxide layer. Thus this surface treatment method should only be used for lightly 
stressed joints using flexible adhesives.  

 

9.4.2.2 Conversion coating systems 

Chemical conversion coating includes the dissolution of the natural oxide film and the controlled 
formation of a new, stable aluminium surface layer which reduces the risk of corrosion and improves 
the bonding of adhesives and/or organic coatings. The natural oxide film is removed by alkaline or 
acidic cleaning. 

Traditionally, chromate films were formed on the aluminium surface. Conversion processes 
containing hexavalent Cr6+ ions perform exceptionally well for corrosion protection purposes because 
of their self-healing ability: when scratched or damaged, Cr(VI) reduces to Cr(III) and locally restores 
the film by forming chromium(III) oxide, thus healing possible weak spots. Cr(VI) is, however, a 
highly toxic and carcinogenic substance; its use is now being restricted for many applications by 
strict legislation. In response to the ban of Cr(VI), Cr(III) processes were developed for some 
applications. Chromate layers offer good corrosion resistance, but their load bearing properties are 
relatively poor (i.e. for adhesive bonding, the chromate layer must be thin). This method works best 
for moderate loads and elastic adhesives. But for environmental reasons, Cr(III)-based conversion 
treatments are also not applied in the automotive industry.  

Widely used in automotive applications are chromium-free conversion treatments based on either 
titanium fluoride or a mixture of titanium and zirconium fluoride (commercially offered for example by 
Henkel® or Chemetall®). The processing baths often contain organic acids or phosphate compounds 
to further improve adhesion. The surface pre-treatment is carried out either by conventional 
immersion, spray or no-rinse processes. During these types of chemical treatment, modified mixed 
oxide surface films containing titanium and zirconium ions are formed which are homogeneous, 
stable and offer good adhesion to organic compounds. Fluoride is necessary for the activation of the 
aluminium surface. The very thin conversion layers (10 – 30 nm) have no negative effects on the 
formability of the material; also material performance during welding or during the zinc-phosphating 
process (which normally precedes the final lacquering operation) is not influenced. Although the 
fluoride level in these conversion solutions is kept very low for health and safety reasons, its 
presence presents nevertheless a potential issue.  

For this reason, other non-toxic alternatives have been developed. An early solution was PT2 
(developed by Novelis). PT2 is a chrome- and fluor-free pre-treatment for structural adhesive 
bonding of aluminium sheet. It is applied on the strip surface as an aqueous suspension of colloidal 
silicate, with some additions required for film formation and wettability. The generated surface film 
follows exactly the strip surface topography and has a thickness of about 50 to 100 nm. Providing 
excellent long term stability of adhesive bonds, PT2 also offers good welding performance. The PT2 
pre-treatment has been primarily developed for inner and structural sheet, it is not recommended for 
outer panel applications. 
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Ti/Zr-fluoride based conversion treatment (TEM micrograph of cross section through pre-
treatment layer) 

(Source: Novelis) 

   

In addition, the use of silanes as adhesion promoters and for corrosion protection is widely 
investigated. Silanes are hybrid organic-inorganic molecules containing Si-O-CnH2n+ groups which 
can interact with the metallic substrate to form a complex interface region containing -Si-O-M bonds 
(M=metal). After application, curing of the silane film is required to obtain a dense film network, 
which provides good corrosion barrier properties.  

The newest development is the Alcoa 951 technology, an aluminium pre-treatment process that 
results in enhanced adhesive bonding durability compared with the conversion coating systems 
described above. The technology is applicable for aluminium sheets, extrusions and castings. It 
employs an organic, environmentally friendly system tailored for both the aluminium substrate and 
the structural adhesives used for joining. The surface treatment is applied through an immersion or 
spray application. The molecular structure chemically binds aluminium oxide with one end, and 
adhesive with the other. This creates a strong link at the molecular level resulting in lasting, durable 
joints for automotive structures. The minimal level of treatment on the surface offers full compatibility 
with downstream steps in the automotive manufacturing process such as forming, resistance spot 
welding and painting. In tandem with a suitably selected adhesive, the Alcoa 951 treatment is 
amenable to a variety of wet and dry film stamping lubricants. 
 

9.4.2.3 Thin anodised films 

In this case, a controlled film of active aluminium oxide, highly suited for structural bonding, is grown 
on the properly pre-treated aluminium (generally after electrolytic cleaning in an acidic bath); its 
thickness being dependent on the chemical process and the alloy used. Thin anodised films are 
generated using an AC or DC powered electrolytic process and have several advantages over 
conventional chemical cleaning and pre-treatment methods. They consist entirely of aluminium oxide 
and thus offer an environmental-friendly alternative to chromium or other transition metal based pre-
treatments. In addition, the thickness and morphology of thin anodised films can be closely controlled 
by varying cell voltage and applied current. The formed oxide film consists of an amorphous barrier 
layer, which improves the corrosion resistance of the material, and a porous filament layer which 
provides excellent adhesion to adhesives, primers and lacquers. Thin anodized films can be tailored 
to ensure excellent long term stability of adhesive bonds. For structural bonding, a film thickness in 
the range of 80 to 120 nm is recommended with a barrier layer of 30 to 40 nm and a filament layer of 
50 to 80 nm. Thin anodised films do not affect sheet formability, joining characteristics, surface 
appearance or corrosion resistance after painting. The films are compatible with wet and dry press 
lubricants. During a typical layer forming zinc phosphating treatment of the body-in-white, the thin 
anodised films are removed and a homogeneous zinc phosphate layer is formed.  
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Thin anodised film produced by anodising in phosphoric acid (cross section and surface 
view) 

(Source: Novelis) 

 

Suitable aluminium oxide films with an open structure are produced by anodising in phosphoric acid; 
the anodic oxide contains “bound” phosphate which will provide some degree of durability to the final 
adhesive joint. The resulting, very stable oxide film exhibits the optimum pre-treatment for highly 
stressed adhesively bonded joints in corrosive environments. The porous surface is ideal when used 
with low-viscosity adhesives and primers. Sulphuric acid anodising techniques can also be used to 
pre-treat aluminium alloy surfaces, but the resulting thicker oxide film leads to a lower adhesive 
strength and durability. Anodising with sulphuric acid is best used with elastic adhesives for lightly 
stressed joints in corrosive environments. Some improvement is possible by dipping the anodised 
components in a solution of phosphoric acid to dissolve part of the anodic oxide layer in order to 
reveal a more open structure more amenable to adhesive bonding. 

For other performance criteria, e.g. for a spot-weldable substrate, much thinner < 30 nm barrier non-
porous films have been shown to be more suitable. This is readily achievable as the anodising 
process is highly controllable, i.e. for any given electrolyte, the process relies solely on the selection 
of the correct electrical parameters. 

 

9.4.2.4 Primer coating 

Modern coil treatment lines allow the application of an organic coating, subsequent to  a suitable 
chemical pre-treatment step which is required to ensure adequate primer adhesion and corrosion 
resistance. Both conductive and non-conductive primers are available. The use of non-conductive 
primers offers the possibility to save surface finishing process steps at the car producer. Conductive 
primers are of particular benefit for protection against galvanic corrosion in mixed metal 
constructions, i.e. aluminium and steel and/or galvanized steel. Other advantages of coated material 
include for example surface protection during transport and handling, improved formability as well as 
good adhesive bonding characteristics. However, there are also some disadvantages, e.g. welding of 
primer-coated aluminium sheet is not possible. 

The main purpose of priming prior to the bonding of aluminium is to fill (seal) the surface when high-
viscosity and/or fast setting adhesives are to be used. Priming becomes more important where the 
aluminium is to be used in a corrosive environment and no surface treatment that improves corrosion 
resistance (e.g. anodising) is considered.  

 

9.4.2.5 The total system approach 

As outlined above, care must be taken that the chosen adhesive is compatible with subsequent 
processing steps in car body manufacturing, in particular all the various operations in the lacquering 
line. However, the selected adhesive must be also able to comply with preceding processing steps. 
This aspect is most important for rolled aluminium products where various surface pre-treatment 
steps are often already carried out in the rolling mill. As a consequence, a holistic approach is 
necessary.  
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The Aluminium Vehicle Technology (AVT) concept for the production of aluminium car bodies 
developed by Novelis covers the selection of the appropriate sheet alloys, the surface cleaning and 
chemical surface treatment method, the application of a suitable lubricant and finally the choice of 
the proper structural adhesive. Depending on the customer requirements, either complete coils or cut 
blanks (rectangular or specific shapes) are supplied. The supply of aluminium blanks in any arbitrary 
geometry (“ready for stamping”) produced on highly automated laser cutting lines in the rolling mill 
offers substantial cost reduction potential in particular for smaller production volumes (elimination of 
the blanking step, more effective process scrap handling and recycling, etc.). 

In the AVT system, the aluminium sheet material is supplied by the aluminium manufacturer as a 
pre-treated and lubricated sheet. The car body panel is then stamped in the conventional way, 
without further application of lubricant. Only in specific cases, minimum additional local lubrication is 
required. The parts are joined by adhesive bonding (generally using a single part toughened 
structural epoxy adhesive) and locally supported by self-piercing riveting (or another secondary 
joining technique). The adhesive in the complete body structure is then cured during paint baking of 
the electro-coat layer. No cleaning or surface preparation is needed in the press shop and assembly 
plant.  

A key element of this approach is the lubricant on the sheet surface. Different kinds of lubricants can 
be applied. Normally, only a thin lubricant film is applied to protect the material surface against 
corrosion and friction effects. In the press shop, this film is then replaced by a proper press forming 
lubricant. In principle, it would be possible to directly apply a lubricating oil that can be used for 
forming, eliminating the need to apply additional lubrication at the press shop. However, the oil can 
redistribute during transport and storage resulting in an inhomogeneous distribution. 

The preferred approach is therefore the application of a dry lubricant film suitable for press forming in 
the rolling mill. Depending on the complexity of the panel to be formed, typical coating weights are in 
the range of 0.5 to 1.2 g/m2. The trend is to use mineral oil based dry lubricants that are applicable 
for both aluminium and steel sheet. The lubricants are applied at temperatures of about 60 to 70 °C, 
and solidify at about 50 °C. In general, the dry lubricants are not removed from the stamped panels. 
Consequently, the applied dry lubricants must be compatible with any adhesives applied during 
assembly as well as with all the agents used in the sprays and immersion tanks during zinc 
phosphating and electro-coating. In practice, the lubricant is removed from the assembled body-in-
white only in the alkaline degreasing step immediately before zinc phosphating. But even if the body-
in-white is thoroughly degreased, traces of lubricant might still be present (e.g. in crevices) and could 
be transferred into the electro-coat bath. If the applied lubricant is not fully compatible with the 
electro-coat process, craters or pimples could develop on the lacquered surface which would lead to 
costly rework.   

A disadvantage is that up to now, no dry lubricants are available which allow high quality fusion 
welding of the lubricated material. Without a pre-cleaning step, weld porosity will generally be 
observed when dry lubricated sheets are fusion welded. 

 

9.5  Properties of adhesively bonded aluminium alloys 

Joint design incorporating adhesives requires specific attention because of the large property 
differences between the adhesive and the materials being bonded. In order to correctly understand 
the effect of different adhesives on a bonded joint, the bonded joint must be considered as an 
independent structural element in a composite structure. It has different mechanical properties which 
can be influenced in a different manner by temperature and other environmental conditions. Since 
the durability of the various adhesives in different environments is generally known, the selection of 
an appropriate adhesive presents normally little problems.  

Low-strength bonded aluminium joints are often a boundary layer problem, i.e. the result of 
undesired effects between adhesive and aluminium oxide. Water, either in its liquid or vapour phase, 
is the most common and generally most severe environmental stress factor. Different adhesives can 
differently interact with the aluminium surface in the boundary layer as a result of the electrolytes that 
can form in the presence of water. The effect on the boundary layer is even more negative if the 
water contains salts. 

The long-term strength of a bonded aluminium joint exposed to moisture depends on the quality of 
the connection between the adhesive and the aluminium surface (e.g. water can penetrate into 
incompletely filled surface roughness’s) and the stability and durability of the existing surface oxides 
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in the presence of the water (or a salt-containing electrolyte). Bonding to a naturally formed 
aluminium oxide surface layer does not provide the required long-term strength. If there is water or 
high air humidity in the service environment, the natural surface oxide must be replaced by a stable 
oxide layer formed under carefully controlled conditions to increase the durability of the bonded joint.  

In addition, during any assembly operation, there is always the possibility that no adhesive is 
dispensed over a certain flange length/area (e.g. due to problems with the adhesive dispensing 
equipment). This will result in local loss of joint strength. Experimental work showed that the 
reduction in strength is directly proportional to the length of the adhesive skip. A small skip will 
generally only result in a small reduction in joint strength (assuming joints are loaded uniformly).  In 
real structures, however, joints are often non-uniformly loaded and the position of the skip will be as 
important as its size. 

 

9.5.1 Mechanical and thermal properties of adhesives 

Detailed information about the inherent bulk mechanical and thermal properties of the adhesives is 
generally available from the respective suppliers. But the bulk mechanical properties of adhesives do 
not quite represent the strength performance of a bonded joint. Nevertheless, the bulk properties are 
still important parameters. Structural adhesives suitable for aluminium have an inherent bulk tensile 
strength of 10 to 60 MPa and an elastic modulus of 1 to 5 GPa.  

The shear strength of a good adhesive bond on aluminium reaches approximately 30 MPa, even if 
the bulk tensile strength of the adhesive material reported in the technical data sheet may be 40–50 
MPa. High-strength aluminium alloys for automotive applications have yield strength level 
approaching 300 MPa and an elastic modulus of approximately 70 GPa. The elastic modulus for 
steels and fibre reinforced composites is significantly higher. Consequently, the adhesive mechanical 
properties will always be lower than those of the materials being bonded together. Thus, it is 
reasonable to assume that an adhesive bond on aluminium can (and should) fail internally in the 
adhesive itself (“cohesive failure”).  

 

Lap shear strength of bonded aluminium joints 

(Source: Dow) 

The coefficient of thermal expansion for most adhesives is slightly higher (30 – 40 ppm/°C) than that 
of aluminium alloys (approx. 20 – 25 ppm/°C). Because the adhesive has a lower elastic modulus, 
this mismatch is generally manageable. However, the mismatch is about triple that for steel (12 
ppm/°C) and double that for carbon fibre reinforced composites (10 – 20 ppm/°C). Thus, in mixed 
material joint design, it is important to allow for thermal strain effects. The joint will fail if thermal 
strain exceeds the bond shear strength. Similarly, residual strain or any other added strain in 
combination with the operating load must be compensated in joint design.  
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The properties of an adhesive are strongly temperature dependent. The elastic modulus of an 
adhesive decreases with increasing temperature. At some point, the adhesive ceases to be visco-
elastic and deforms plastically. Therefore, when stressed by further heating or mechanical loads, the 
resulting strain leads to permanent deformation. The temperature at which permanent deformation 
occurs is called the glass transition temperature. For a structural joint to be thermally stable, it is best 
to select an adhesive with a glass transition temperature that is 10 °C – 15 °C higher than the 
highest expected operating temperature.  

For many adhesives, the maximum temperature at which stressed bonded joints can be used in 
practice is between 60 and 80 °C. The highest heat resistance (approx. 150 – 250 °C) is achieved 
with heat-curing adhesives. Silicon adhesives can also provide a heat resistance of about 250 °C 
without heat curing. 

Most critical are the reduced creep resistance of adhesives at high temperatures and an increased 
sensitivity to stress concentrations and shock loads at low temperatures. Different adhesives, even 
within the same group, can be affected to a different degree by temperature. When bonded joints are 
to be exposed to long-term tensile loads at elevated temperatures, application-specific tests will be 
often necessary to ensure that the creep strength of the applied adhesive meets the requirements.  

 

9.5.2 Performance of adhesively bonded joints 

In order to design a component or structure with adhesives, it is essential to have confidence that an 
adequate joint strength and performance will survive throughout the lifetime of the vehicle. The 
mechanical performance of adhesively bonded joints differs widely. It depends on the actual bond 
strength, the joint design, and the environmental exposure conditions. There are many different 
standardized test methods, e.g. to determine the lap shear strength of boded joints or the peel 
resistance of adhesives. Apart from a suitably durable adhesive, it is essential that the substrate and 
interface do not fail during the vehicle life.  

Specific shear strength data for adhesively bonded joints are available from the adhesive suppliers. 
Typically, bond strengths are evaluated at ambient conditions and after exposure to high 
temperatures as well as high humidity and corrosive environments. Sometimes, also the effect of the 
surface roughness of the substrate has been evaluated. 

On the other hand, there are no completely non-destructive methods for testing adhesively bonded 
joints. Non-destructive tests allow the measurement of pores, non-uniform adhesive layer thickness 
and absolute joining defects; however, the quality of adhesion cannot be determined. Normally, 
specially prepared test samples which run through the standard manufacturing process are used to 
control the adhesive joining process. 

Bonded joints are normally regarded as rather insensitive to vibration and fatigue at high 
frequencies. They are often used as vibration dampers. Nonetheless, mechanical loads and specific 
environmental conditions can exacerbate boundary layer problems. The simultaneous effects of 
temperature, environment and mechanical load may result in a significantly faster strength reduction 
than would occur if these three stresses operated individually and had their outcomes added 
together. The stress concentrations that can arise when an adhesively bonded structure is loaded 
manifest themselves at the edges of the joints (especially if the joint has not been designed to 
minimize such concentrations), where environmental impact is also greatest. This can result in more 
rapid aging of the bonded joint than would otherwise have been the case. 

 

9.5.3 Long-term durability 

The most important environmental factors determining the durability of adhesive bonded aluminium 
joints are humidity, temperature and mechanical stress. Normally, moderately increased 
temperatures or mechanical stresses have no adverse effect on a structural joint. However, in the 
presence of water, increased temperatures may lead to accelerated degradation. Apparently, 
increased diffusion of water into the adhesive is an important factor. The rate of joint degradation by 
water is further increased if the joint is subjected to stress. Cyclic loading seems to be more 
detrimental than a constant load.  

Under standard environmental conditions, there is normally no problem with respect to degradation 
of the adhesive or failure of adhesion. However, adhesively bonded joints are often located in 
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confined zones where water and salt can accumulate for longer times. Thus the micro-environment 
in these confined zones is usually much different from the open (outdoor) atmospheric conditions.  

 

9.5.3.1 Effect of moisture on a bonded joint  

Water (often in the form of salt water) is the predominant factor in bond degradation. Water can enter 
the bonded system by bulk diffusion through the adhesive, interfacial diffusion along the interface 
between the adhesive and substrate, and by capillary action through cracks or defects in the 
adhesive or conversion layer. Absorption of water may slowly plasticize and weaken the adhesive, 
i.e. lower the glass transition temperature of the adhesive and decrease the load bearing capacity of 
the joint. Water may also displace the adhesive at the interface and cause true interfacial failure. 
Furthermore, the presence of water may cause chemical degradation of the adherent interface by 
corrosion of the metal (in particular in the presence of salt). Hydrolysis can also lead to weakening of 
the oxide layer covering the aluminium substrate. The aluminium oxides produced by the applied 
surface pre-treatments are often not thermodynamically stable in a humid environment and may 
react with water to form hydrated oxides. All these effects will intensify with increasing temperature 
and humidity. 

But there are also additional factors. Since the aluminium surface is never completely flat, highly 
viscous (slow flowing) and fast setting adhesives will most probably only come into limited contact 
with the surface. This results in a bond with in-built weak points (air pockets). In humid environments, 
the air will eventually be replaced by (salty) water.  

Furthermore, the type of the applied adhesive may influence the stability of the interfacial region as a 
result of chemical reactions between water and specific components of the adhesive, thus forming 
products that leach out and can react with aluminium oxide. Specifically, it is assumed that an 
alkaline environment is formed in epoxies by reactions between water and curing agents such as 
dicyandiamide, causing attack of the aluminium oxide. In contrast, residues leaching from phenolic 
based adhesives are slightly acidic, which possibly contributes to the superior joint durability often 
shown by phenolic based adhesives. 

  

9.5.3.2 Test methods for evaluating adhesive bond durability 

For a structural joint, load and ability to withstand creep under extreme conditions are most 
important. In practice, long term performance of bonded joints cannot be reliably predicted from the 
properties of the adhesive and the adherent surfaces. Bond lifetime depends on the synergistic 
effects of stress, temperature and environment. The complexity of the interfacial chemistry generally 
requires experimental testing of the bonded structures. Hence, structural joints are usually exposed 
to severe testing conditions including variations of temperature and moisture, often with addition of 
salt for corrosion and some form of load.  

Weathering tests of adhesively bonded aluminium generally include outdoor exposure (in case of 
automotive applications usually field tests under extreme climatic conditions) or accelerated testing 
under aggressive laboratory conditions. Although the conditions encountered in actual driving tests 
are close to service conditions, this type of testing is time consuming and requires several years 
before an evaluation of the bond durability can be made. The main difficulty is that in field tests – 
even at locations with extreme climatic conditions – rather static environmental conditions are 
encountered (e.g. relative humidity and temperature change slowly and within a rather limited range).   

Therefore many efforts have been made to develop short-term laboratory test procedures which 
allow to draw safe conclusions concerning the long-term stability of adhesively bonded joints. Vehicle 
testing showed that environmental parameters such as dirt and mud have a significant influence. 
Fairly good correlation was obtained when using accelerated laboratory tests including cyclic 
temperature and humidity conditions and salt additions. Although it is difficult to use results from 
these tests to predict real life durability, a pre-treatment / adhesive system that performs well in 
accelerated tests provides a good starting point for the design and manufacture of bonded joints. 

There is no harmonised specimen geometry and test procedure to evaluate adhesive bond durability 
in accelerated tests. Different conditions are used by the different car manufacturers and also by the 
suppliers. The test conditions used by car manufacturers often result from their experience with steel 
sheet. In addition, quite aggressive test conditions are applied during corrosive exposure in order to 
enhance the testing process and to allow a clear discrimination of different bonding systems. 
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Usually tensile lap shear tests are used for screening. Sometimes also wedge tests are carried out, 
although in this case, the preparation of the test samples is more complicated. Following the 
screening trials in the laboratory, actual driving tests are carried out at the car companies to evaluate 
the performance of the joined components under severe service conditions. 

In laboratory testing, the geometry of the test specimen plays an important role. The use of a small 
sample width (or the introduction of drilled holes in the joint area) results in a stronger edge effect, 
i.e. it leads to a higher sensitivity regarding corrosive undermining effects compared to samples with 
higher width. Also pre-straining of bonded samples before corrosive exposure (e.g. 10 sec at 50 % of 
initial lap shear strength) should be considered. Pre-straining is used to simulate loading during 
service and may introduce micro cracks at the bond interface which are expected to increase 
corrosion sensitivity. An important parameter is the surface condition of the specimen before 
corrosive exposure. The use of plain test specimens results in most severe conditions as corrosive 
undermining can easily propagate from the plain edges. More realistic testing conditions are seen for 
samples with a zinc phosphate and electro-coat layer or even for samples with a zinc phosphate 
layer and a full lacquer system. 

In general, the adhesively bonded samples for accelerated corrosion testing are aged in a cyclic 
environment including temperature and humidity; also important is the chloride concentration. In 
addition, a load is sometimes also applied. The samples are then evaluated based on both strength 
retention and failure mode. Typical tests applied in practice are the VDA Cycle Test (VDA 621-415 
standard) or the Salt Spray Test (DIN 50021, ASTM B117). But there are also additional OEM-
specific test procedures, e.g. the SCAB test defined by General Motors, the Climate Cycle Corrosion 
test (used by Audi/VW), the APGE test of Ford or the KWT test used by Daimler.  More often a 
combination of different accelerated laboratory test methods is used in practice.  
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10.0 Introduction 

In hybrid joining, two or more joining operations are carried out either simultaneously or 
sequentially, leading to enhanced properties of the joint due to a synergistic load bearing 
interaction under service conditions.  

The most common type of a hybrid joint includes an adhesive in conjunction with a point joint 
such as for example a mechanical fastener (e.g. rivet or threaded device) or a spot weld. It is 
mainly used for joining sheet materials, but there are also applications involving extrusions 
and thin castings. The main advantages of combining a point joining method with an adhesive 
are:  

 production of continuous, leak-tight joints  

 in general improved strength (static and dynamic)  

 increased joint stiffness  

 improved peel and impact resistance (the point joint arrests crack growth in the 
adhesive bond).  

An important advantage is also that the immediately effective spot-joint fixes the position of 
the components until adhesive curing takes place, i.e. the assembly process is significantly 
shortened and facilitated. 

The adhesive is normally applied to the surfaces to be joined prior to assembly and fixing with 
point joints. The most widely used hybrid sheet joining methods are: 

 adhesive bonding / hemming 

 adhesive bonding / resistance spot welding (“WeldBonding”) 

 adhesive bonding / self-piercing rivets (“RivBonding”)  

 adhesive bonding / clinching  

 adhesive bonding plus other mechanical fasteners (screws, tacks, ...). 

The second important group of hybrid joining techniques involves the combination of two 
different fusion welding methods. This combination is mostly used in structural applications in 
order to join thicker sheet materials, extrusions and castings. The combination of two different 
welding processes allows to achieve an optimum in weld quality and welding speed by 
exploiting the advantages of individual processes. Although the term "hybrid welding" includes 
in principle any other combination of welding techniques (e.g. also plasma arc / MIG welding 
or plasma arc / laser welding), in practice, it is used to specifically describe the MIG 
augmented laser welding process. 

Other possible combinations of joining methods are: 
- mechanical joining / fusion welding 
- mechanical joining / mechanical joining 
- adhesive bonding / adhesive bonding 

however, these combinations are much less important.  

The combination of a mechanical and a fusion joining method in the form of a hybrid 
technology has little practical relevance, although the combination of some mechanical 
fixation techniques and the subsequent fusion welding process could well be considered as a 
sequential “hybrid joint”.  

The sequential use of two different mechanical joining methods can be observed in practice 
quite often. But only one example for the simultaneous use of two different mechanical joining 
methods has been found. 

Also the combination of two different types of adhesive joining methods can be considered as 
a hybrid joining technique. As an example, combining pressure sensitive adhesive bonding 
with structural adhesives can offer advantages in terms of processing and load bearing 
capacity when high levels of both static and dynamic mechanical resistance are required.  

Additionally, pressure sensitive adhesives can be combined with structural thermosetting 
adhesives (e.g. as a formulated blend), creating a thermo-curable, pressure sensitive bonding 
technology. The so-called structural bonding tapes exhibit pressure sensitive properties at 
ambient temperature, but can be cured to develop structural adhesive-like properties at 
temperatures above 140 °C. This material represents an adhesive hybrid system combining 
pressure sensitive and structural adhesives.  
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10.1 Combination of adhesive bonding with mechanical joining 

The various aspects related to adhesive bonding are described in detail in the previous 
section (9. Adhesive bonding). Therefore only those aspects relevant for the specific hybrid 
joining technology are mentioned. 

 

10.1.1 Hem flange bonding 

Closure panels like doors, hoods, trunk lids or tailgates are usually made from an outer panel 
which is hemmed (or clinched) over an inner panel around its periphery. Whilst the hemming 
technique (described in section 8.1.1) produces a sufficiently strong mechanical bond, 
adhesives are today widely used in the flange to give improved strength, stiffness, crash 
performance and corrosion protection. 

 

Hem flange bonding happens in the body shop of an assembly plant, i.e. before painting. The 
body panels are stamped and formed starting from rolled sheets, thus they may be covered 
with residues of various lubricants (rolling oils, pre-lubricants and/or drawing compounds). 
Aluminium surfaces are typically provided properly surface pre-treated for bonding (cleaned 
and pre-oiled or covered with a dry lubricant). However, in general, there is no cleaning step 
used in the stamping plant which removes the applied stamping lubricants.  

 

The adhesive is applied using swirl, bead or fine jet nozzles. In order to avoid “zero gap” in 
the hem flange, most hem flange adhesives contain glass beads to ensure constant distance 
between the outer and inner panels. Then the inner panel is positioned and the outer panel is 
bent around the inner panel, forming the hem flange. The bead size is carefully controlled to 
fill the bond line, but not to squeeze out. Adhesives that escape the bond line would 
contaminate the equipment and cause cleanliness and maintenance issues in the assembly 
plant. Ideally, the excess adhesive would help seal the cut edge (where the bare metal is 
exposed), but equipment contamination issues are usually considered to be more critical. 

 

A curing step may be introduced at this stage, such as induction curing. This can be a full 
cure or just enough to prevent any movement of inner to outer panel during subsequent 
processing. Depending on the applied adhesive, pre-gelling by induction heating holds the 
adhesive in place while improving resistance to wash-out of the adhesive.  

 

However, in most cases, hem-flange bonded closure panels are not pre-cured. They are 
attached to the rest of the body-in-white and sent to the paint shop where the body-in-white is 
cleaned, primed (electro-deposition of a zinc phosphate film, complete with oven cure), and 
painted. Cure of the adhesive is completed in the paint ovens. 

 

One of the reasons for using an adhesive in the hem flange is to reduce or eliminate the use 
of spot welds or mechanical point joints to hold the inner and outer panels together. Such 
point joints are sometimes noticeable on the outer panel, necessitating a finishing or polishing 
step prior to painting. Nevertheless, there are usually a few remaining spot joints which hold 
the panels together until the adhesive is cured, reducing the susceptibility of the adhesive to 
any peel loads.  
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Hem flange bonding 

(Source: Fluidmetering) 

 

Hem flange adhesives have to fulfill a wide range of requirements.  They must not interfere 
with the integrity of the spot welds or mechanical point joints and may not escape during the 
joining process and get on the joining equipment. They must show improved wetting through 
lubricant films to ensure proper hem flange bonding on oily or draw-lubricated metals. Panel 
distortion during curing must be minimal, the adhesives should be tolerant to over-curing 
during lacquer baking and, last not least, must show good structural bond strength, excellent 
long-term durability and corrosion resistance. In practice, different types of one- or two-
component adhesives are used. 

 

10.1.2 Adhesive bonding in conjunction with mechanical point joints 

Hybrid joints combining adhesive bonding with spot-joints with can generally be created in 
one of three ways: 

 The “fixing” method, in which the adhesive is first applied to the parts being joined. 
Once the components have been joined together, a spot-joint is made to complete 
the process. This is followed by the hardening of the adhesive layer. 

 The injection method where the parts are joined with a spot-joint before injecting the 
adhesive into the gap between the components. Capillary action causes the adhesive 
to spread throughout the joint. The adhesive layer then hardens. 

 In the sequential method, the parts are joined after the adhesive has been applied. 
But the parts are spot-joined only when the adhesive has hardened. 

Most industrial applications make use of the “fixing” method; the injection and the sequential 
variant are seldom chosen. 

These types of hybrid joints are generally used for joining sheet materials and involve an 
adhesive in conjunction with a point joint such as a mechanical fastener, a clinched joint or a 
friction stir welded joint. The adhesive is applied to the surfaces to be joined prior to assembly 
and fixing with point joints. Similar results are achieved by combining resistance spot welding 
with adhesive bonding (see section 10.2.2).  

The adhesives used in these hybrid bonds are predominantly liquid adhesives like single 
component hot curing or two-component room temperature curing toughened epoxy 
adhesives. However, combining pressure sensitive adhesive bonding with mechanical joining 
may also offer advantages in specific cases. The apparent advantages of pressure sensitive 
adhesives include quick-fix properties due to tack, easy roll-on dispensing and viscoelastic 
properties creating a high level of impact resistance and vibration dampening properties for 
pressure sensitive adhesive joints.  

Hybrid joints using pressure sensitive adhesive tapes or structural bonding tapes with 
pressure sensitive properties in combination with mechanical joining exhibit superior 
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properties in terms of incipient tear and peel resistance. A negative interference can only be 
observed in case of clinching. A proper interlocking of the clinch punch is not achieved in the 
presence of the pressure sensitive adhesive tape.  

The self-fix properties of the acrylic adhesive tapes greatly facilitate the overall hybrid joining 
process. As an example, the combination of acrylic pressure sensitive tape with self-piercing 
rivets leads to hybrid joints with an excellent peel resistance without the need of a thermal 
curing process. This practice is preferentially applied for mounting parts in final assembly (i.e. 
on the painted body). 

 

10.1.2.1 Adhesive bonding and clinching 

In this variant, the point joints are produced using the clinching technology (see section 8.1.2). 
Clinch-bonding has the advantage of being a cold joining process but, compared to other 
mechanical joining techniques, the only consumable is the adhesive. The adhesive is applied 
to one of the components being joined, and the two items are placed together. The 
components being joined are then subjected immediately to the clinching process, which 
causes some adhesive to ooze out of the joint. Once clinching has taken place, the joint is left 
to harden.  

 

Clinch-bonding process 

(Source: aluMATTER) 

Proper control of the clinching operation is necessary. There is a risk that “pockets” are 
formed when the still liquid adhesive is squeezed out of the clinch point and the required 
clamping force cannot be achieved. 

 

Formation of adhesive pockets in clinch-bonding 

(Source: FhG Chemnitz) 

Clinch joints are not as strong as riveted or spot welded joints. Therefore clinch-bonding is 
used mainly for less demanding applications in the automotive industry, e.g. for joining steel 
to aluminium in areas where the structural loads are relatively small.  
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10.1.2.2 Adhesive bonding and self-piercing riveting 

This combination developed to the predominant joining technology in the production of 
aluminium car body structures, in particular when using aluminium sheets. For details on the 
self-piercing riveting process, see section 8.2.2.3. 

The adhesive is pre-applied to the faying surfaces, the joint is formed and the rivets are 
inserted. The adhesive is displaced by the self-piercing rivet and surrounds the resulting 
mechanical linkage. In an adhesive-intensive joint, the rivets serve as peel stops and thus 
compensate for the adhesive’s inherent shortcoming in peel performance. In contrast, the 
adhesive excels in shear performance. The net result is a joint that shows significantly 
improved shear strength and peel performance and a much better fatigue life. 

The result is a considerable potential to reduce the sheet thickness (and to save weight). 
Rivets produce point loads and stress concentrations. The material between the junction 
points transfers the load from one point to another, but does not participate in “joining” even 
though it is part of the “joint”. With the addition of the adhesive, the material between junction 
points contributes to stress management all along the joint. Therefore, in structural 
applications, also less punctiform mechanical joints are require to transfer relatively high 
point-to-point loads. In addition, the reduced metal gauge may allow for higher fatigue life 
overall.  

  

Formation of a self-piercing rivet / adhesively bonded joint 

(Source: FhG Chemnitz / Boellhoff) 

Proper control of the subsequent mechanical joining operation is required in order to ensure 
that the squezzing out of the adhesive does not lead to local imperfections. Of specific 
importance is the avoidance of open channels to the seam edges since these could to serious 
corrosion problems.  

 

10.1.2.3 Adhesive bonding and blind riveting 

In specific cases, also the combination of adhesive bonding with blind riveting (see section 
8.2.2.2) may be useful. In this case, the adhesive is applied to one of the previously-drilled 
components. Then the items are joined, the joint is blind-riveted and the adhesive is left to 
harden. If a two-component adhesive system is used, it is important that the joint is finalised 
within the shelf-life of the product. Also this joining process causes some adhesive to ooze 
out of the joint.  
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Adhesive bonding and blind riveting 

(Source: aluMATTER) 

 

10.1.2.4 Adhesive bonding combined with other mechanical fasteners 

In principle, all types of mechanical fasteners can be combined with adhesive bonding. 
Threaded fasteners (see section 8.2.1.2) were for example used in combination with 
structural adhesive bonding in the construction of the Lotus Elise. The screws hold the 
assembly together during cure of the adhesive, they clamp the parts together to give metal-to-
metal contact and help to resist peel forces during impact.  

 

Self-threaded drive screws hold the assembly together during adhesive cure 

Another possibility for a preliminary fixation of the assembled structure is for example the tack 
high-speed joining technology (see section 8.2.2.6).  

 

Aluminium-hybrid joint produced in RIVTAC® high-speed joining 

(Source: Boellhoff) 
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10.1.2.5 Adhesive bonding combined with solid state joining techniques 

The combination of friction stir spot welding (see section 7.1.3) with adhesive bonding has 
been evaluated on an experimental basis. The adhesive does not only serve for bonding, but 
also seals the gap between the metal sheets to be joined. Positive effects of this hybrid 
joining method were observed in dissimilar Al/Mg welds. It seems that the adhesive 
suppressed the formation of large brittle intermetallic compounds during the welding process. 
However, no further applications are known. 

Experimental tests have also been carried out combining adhesive bonding and ultrasonic 
welding (see section 7.3) using lap joints of EN AW-6022-T4 sheets. However no further 
developments were made in this case either. 

 

10.1.3 Adhesive injection fasteners 

Invented by TWI, AdhFAST® is a hybrid joining technology which differs from the methods 
described above in that the adhesive is introduced into the joint after the structure has been 
assembled using fasteners. The adhesive is injected into the joint through specially designed 
fasteners which incorporate a means of controlling the spacing between the top and bottom 
substrates. This gives greater control of bond-line thickness and, therefore, improved process 
reliability and joint quality, maximising the benefits of hybrid joint technology. 

 

Computer simulated graphics showing cross sections of AdhFAST® in-situ and 
exploded views 

(Source: TWI) 

The fastener design is very flexible and must only enable the three functions of retention, 
spacing and injection. Injection of the adhesive can be carried out manually or by an 
automated process. Again no automotive applications are known. 

 

10.2 Combination of adhesive bonding with fusion welding 

Only a few hybrid joining methods combine adhesive bonding with fusion welding. In principle, 
there are two possibilities to additionally join adhesively bonded sheets by a fusion welding 
process: 

- a weld nugget can be placed between the two sheets  

- a weld spot or bead can be made joining the upper to the lower sheet.  

 

Fusion welding of adhesively bonded sheets  
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A necessary requirement is that the heat input by the applied fusion welding method is 
limited. Otherwise, the efficiency of the adhesive bond would be deteriorated too much. 
Consequently, only two fusion welding techniques are of specific interest: resistance spot 
welding (see section 5.1) and laser (spot or seam) welding (see section 4.1). 

 

10.2.1 Adhesive bonding combined with resistance spot welding  

The combination of adhesive bonding and resistance spot welding (“WeldBonding”) allows 
designers to maximise the vehicle performance (e.g. body-in-white torsional rigidity, fatigue, 
weight reduction, etc.) while still maintaining the relative ease and speed of assembly. 

It is one of the most common hybrid joining technologies used in the high volume automobile 
production (specifically for steel-intensive cars). The dominating joint configuration, which 
consists normally of overlapping sheets, is highly suited for both processes either singly or 
when combined. The weld-bonding process is generally fully automated and utilises robotic 
dispensing systems. Today, structural adhesives are used rather than low strength adhesives 
or sealants.  

The adhesive is normally applied to one sheet in the area to be joined. After assembling the 
two elements, resistance spot welds are performed through the adhesive. Before the actual 
welding starts, the electrode force displaces the adhesive to obtain electrical contact between 
the sheets and the weld can be made in the normal way. The local heating generated during 
spot welding causes only a limited damage around the weld. The adhesive is finally cured to 
complete the assembly.  

Heat curing paste type adhesives are normally used as these are stable and have a 
consistent viscosity at room temperature. Typically, such adhesives are cured in the lacquer 
baking ovens at up to 180°C for 30 minutes. Some adhesives are also available in tape form 
and incorporate a metal particle filler which allows initial electrical contact to be made for spot 
welding.  

In automotive applications, adhesives and sealants are welded through in order to improve 
joint strength, load distribution, fatigue performance and joint sealing. Whereas for steel 
materials, no special difficulties are encountered, some development work was required for 
aluminium alloys. The surface condition (or prior surface treatment) of the aluminium sheets 
must be properly selected to ensure the long-time durability of the adhesive especially in 
difficult service conditions, but not to interfere with the spot welding process. It was found that 
a special, tightly controlled aluminium surface treatment step is necessary to achieve the 
required consistent surface quality which ensures long-term durability of adhesive bonds in 
hostile environments (e.g. in the presence of moisture, especially when under load), but 
nevertheless offers the required spot welding performance (where normally a low surface 
resistance is needed). 

   

Examples of peeled weld-bonded aluminium joints: Peeled prior (left) and after (right) 
adhesive cure (note the clearance zone around the weld) 

Good process control is required to ensure correct joint filling for the adhesive and to avoid 
weld quality problems. In the weld-bonding process, the work piece and tooling may be more 
susceptible to contamination as a result of adhesive being squeezed out of the joint. Also, 
health and safety issues linked to the use of adhesives need to be considered. Welding 
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through adhesives may create hazardous fume, thus suitable ventilation/fume extraction 
systems should be used. 

The success of the resistance spot welding step relies primarily on the force applied by 
electrodes to displace the adhesive before welding starts (during the “squeeze-time”). Thus, 
some specific recommendations be made:  

 Spherical shaped electrodes will assist adhesive to flow from the weld site.  

 Squeeze time must be long enough to allow adhesive to flow (typically ~1 sec).  

 Temperature strongly affects adhesive viscosity. Too low temperatures (ambient or 
water-cooling temperatures) will make the adhesive hard to displace.  

 A weld current profile that uses a pre-heat to warm the adhesive prior to welding can 
be an advantage.  

 

10.2.2 Adhesive bonding combined with other fusion welding processes  

Arc or beam welding can be used to produce welds spot or beads which join the upper to the 
lower sheet. Different weld-bonding hybrid processes have been evaluated with limited 
success. 

As an example, the combination of a modified metal inert gas (MIG) spot welding process 
(see section 3.1.3.5) with adhesive bonding was examined. In another experiment, the 
‘‘Plasma arc weld bonding’’ process, a combination of plasma arc welding (see 3.2.2) and 
adhesive bonding, was used to weld magnesium. It was found that the presence of the 
intermediate adhesive layer played an important role. However, the existence of the adhesive 
layer had not only advantages, but also some disadvantages. During fusion welding, the 
adhesive decomposes and produces a mass of decomposition products. The result is 
significant weld porosity and thus a decrease of the properties of the welded joint. 

 

Plasma arc weld bonding process 

(Source: L. Liu et al., Dalian University) 

A further hybrid joining concept, called laser continuous weld bonding, was tested by joining 
the magnesium alloy AZ31B (upper sheet) to the aluminium alloy EN AW-6061 (lower sheet). 
The formation of brittle intermetallic phases in the fusion zone could be effectively reduced. It 
seems that the rising adhesive vapour hinders the downward movement of liquid magnesium. 
Hence, the weld is composed of a two-phase mixture with less intermetallic compounds and 
more solid solution. 

The process consists of four stages: (1) spreading of the adhesive on the lower sheet surface; 
(2) applying pressure and assembling; (3) laser (spot or seam) welding and (4) adhesive 
curing. 
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Laser weld bonding process 

(Source: Liu et al., Dalian University) 

A hybrid assembly process which combines laser welding and adhesive bonding (“Laser weld 
bond”) to generate higher joint shear and peel strengths over conventional welding or 
adhesive bonding alone has also been evaluated in aircraft production. It has the ability to 
demonstrate significant manufacturing process simplification to produce very cost effective 
airframe structures and control surfaces. A variety of lasers, adhesives and substrates were 
tested. It was shown that the laser weld bond process is a viable joining alternative capable of 
producing joint strengths which exceed target rivet joint strength requirements.  

However, the concepts combining adhesive bonding and arc or beam fusion processes 
described above are today not yet ready for practical application in the automotive industry. 
Further developments are necessary. 

 

10.3 Combinations of fusion welding techniques 

The term “Hybrid welding” is often used to describe the Laser-MIG welding process, but there 
are other combinations of fusion welding techniques used in practice (e.g. plasma arc and 
MIG welding). 

The combination of two welding techniques allows the exploitation of the advantages and 
reduce as much as possible the negative factors of the individual techniques. It is, however, 
important to recognise that hybrid joining techniques need to be adapted to each specific 
application if maximum reliability is to be achieved. A good example is the influence on the 
weld profile. 

 

Characteristic profiles of hybrid welds 

 

10.3.1 Laser – arc welding processes 

The combination of laser light and an electrical arc into a hybrid welding process has existed 
since the 1970s, but introduction into industrial applications took some time. Hybrid laser-arc 
welding is a joining process whereby arc welding and laser welding are carried out 
simultaneously, in the same weld pool and in the same welding operation.  

Laser beam welding is described in detail in section 4.1. Since the laser is primarily used to 
ensure the deep penetration capability, power-intensive laser sources (CO2, Nd:YAG, diode, 
fibre, etc.) are preferentially combined with any arc welding process (MIG welding, TIG 
welding, plasma welding). However, hybrid laser-MIG (often also referred to as GMA) welding 
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and laser-TIG (often referred to as GTA) welding are perhaps the most common 
combinations.  

The hybrid process exhibits the individual advantages of both − laser beam and arc − welding 
processes when carried out separately. Deep penetration welds comparable with laser welds 
can be made, but at the same time, the tolerance to joint fit-up and the resulting weld profile 
are more comparable with arc welds. Furthermore, arc welding consumables (and gas 
mixtures) can be used, leading to a higher degree of control over weld quality and properties 
than with laser welding. 

In hybrid welding, the laser beam is feeding heat to the weld metal in the top part of the seam, 
in addition to the heat from the arc, i.e. both welding processes act simultaneously in the 
same process zone. Depending on which arc or laser process is used, and depending on the 
process parameters, the processes will influence one another to a different extent and in 
different ways. Also the character of the overall process may be determined to a greater or 
lesser degree either by the laser or by the arc. 

 

Laser and arc process operating in a single process zone (left) or in tandem (right) 

 

There is also the possibility a sequential configuration where two separate welding processes 
act in succession, but still in a joint weld pool. In this case, the greatest effect is achieved if 
the laser beam is used to produce the root pass, and MIG or TIG arc welding is used for filling 
the pass.  

Where there are two separate weld pools, the subsequent thermal input from the arc means 
that the laser-beam welded area is given a post-weld heat treatment.  

The biggest potential of laser-arc hybrid welding is seen in the addition of filler material. Thus 
the laser - MIG hybrid welding process is currently the most preferred laser-arc hybrid welding 
method. Using the MIG process (continuous or pulsed arc) as the arc process in laser hybrid 
welding, the gap bridging ability can be increased as the addition of filler metal is better 
controlled and filler metal volume can be higher than by using cold wire feeding together with 
the plasma or the TIG arc. 

 

10.3.1.1 Laser - MIG welding 

The laser and the MIG arc have a common process zone and weld pool. The process can be 
controlled in such a way that the MIG welding technique (see section 3.1.3) provides the 
appropriate amount of molten filler material to bridge the gap and to close the joint, while the 
laser delivers the high power densities needed to ensure the desired penetration depth and to 
enable higher welding speeds. Thus, the hybrid technique is faster than MIG welding alone, 
and the joined components are subject to less distortion. 
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Principle of the Laser - MIG welding process 

 

As soon as the laser beam impinges on the material surface, it vaporises a spot on the 
surface. A vapour cavity is formed in the weld metal due to the escaping metal vapour, 
creating a deep and narrow heat-affected zone. The use of expensive laser energy is 
restricted almost exclusively to the deep-welding effect, which also permits thicker sheets to 
be joined. The remaining energy requirement is met by the cheaper MIG process, whose 
melting electrodes at the same time provide better gap-bridging capabilities. Since both 
processes focus their energy on the same processing zone, weld depth and speed and 
significantly improved compared to the individual processes. Depending on what ratio of the 
two power inputs is chosen, the character of the overall process may be determined to a 
greater or lesser degree either by the laser or by the arc process. 

In hybrid welding, the arc torch has to be oriented with a flatter angle than in conventional arc 
welding because the laser beam may impinge the gas nozzle if the arc torch is too close to 
the laser beam. 

Laser – MIG hybrid welding is particularly suitable for applications that use industrial robots, 
as the potential offered by this high-performance process can only be exploited by automated 
applications. The heart of the hybrid welding system is a compact welding torch with an 
integral MIG system and laser optics. A robot holder gives the welding head the flexibility to 
access difficult-to-reach areas of the work piece. The filler wire can be placed in any position 
with respect to the laser beam, thus enabling the joining process to be adapted precisely to 
the wide variety of seam preparations, outputs, wire types, wire grades and joining tasks. A 
coated protective glass is required to protect the laser optics from welding spatter damage. In 
order to prevent weld-spatter from soiling the protective glass, a cross-jet is used to divert the 
spatter so that it can be vacuumed off through an exhaust-air duct. The work area remains 
free of contaminants and welding fumes. 
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Laser – MIG welding head 

(Source: Fronius) 

Both the weld penetration depth and the welding speed are greater in the combined process 
than when either of the processes is used on its own. The Laser – MIG hybrid welding 
process is suitable for a wide range of materials and thicknesses. It is specifically suitable to 
weld components where tolerances and preparation times make them unsuitable for laser 
welding. Another positive aspect is the relatively low heat input and the reduced amount of 
shielding gas required. On the one hand, high-strength materials exhibit hardly any loss of 
strength, while on the other hand, the low levels of thermal delay mean improved component 
precision.  

  

Laser – MIG hybrid welding of two vacuum high pressure die-cast aluminium half 
shells 

 

Laser – MIG hybrid welding asks for lower tolerance requirements for edge preparation (low 
sensitivity for gap width variation) than laser welding, leads to an improved weld seam quality 
(less blowholes, porosity, undercuts, solidification cracks, better seam surface quality) than 
either laser or MIG welding and produces smoother thickness transitions and bead surfaces 
than by laser alone. 

 

10.3.1.2 Laser - TIG welding 

When the TIG arc technique (see section 3.2.1) is operated simultaneously with a laser beam, 
the absorption of the laser energy into the base material is enhanced in the heated region. 
Laser-TIG hybrid welding has proven to be a promising technique to weld thin steel sheets in 
a butt joint configuration. However there are no known practical application of this hybrid 
welding method with aluminium. 
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Principle of hybrid laser – TIG welding process 

 

10.3.1.3 Laser - plasma arc welding 

For laser - plasma hybrid welding, the laser beam and the plasma jet (see section 3.2.2) are 
brought together in the process region close to the work piece. The plasma torch is generally 
positioned at an angle of about 45° to the laser beam. 

Plasma arc welding can be also used together with the laser beam process in such a way that 
the laser beam is surrounded by a concentric plasma arc. The heat of the plasma arc reduces 
the cooling rate of the weld zone and decreases the development of residual stresses. It is 
therefore possible to tailor the microstructure of the weld and the heat affected zone to a 
specific application. 

 

Plasma arc augmented laser welding system 

 

10.3.1.4 Laser – MIG tandem welding process 

The combination of laser and MIG tandem welding (see section 2.1.3.4) is a logical 
development of hybrid laser – MIG welding. The laser beam is set at approx. 90° to the work 
piece and is used for welding the root. Both of the trailing arcs have a pushing tilt angle and 
are used to increase the ability to bridge root openings and increase weld throat thickness.  

 

Laser – MIG tandem arc welding 
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The process uses three different power outputs, thus the weld joint geometry, the preferred 
joint overfill and the welding speed can be selected by means of a suitable power output. The 
key advantage of combining the processes in this manner is the fact that as the filler metal 
melts off, it generates an arc pressure which does not act on the work piece, but is distributed 
across separate arc roots.  

 

Laser – MIG tandem arc welding unit 

(Source: Fronius) 

An automated high-performance welding process is the combination of laser – MIG hybrid 
welding with MIG tandem welding. The combination of a laser beam with three arcs offers 
new possibilities to join heavy gauge metallic sheet materials: high welding speeds with good 
gap bridging and metallurgical characteristics.  
    
The preceding laser - MIG hybrid process with one arc creates a very narrow heated zone 
with a great weld-depth to seam-width ratio. The following tandem welding process has 
considerably less concentrated energy and is characterised by a very high deposition rate.  

 

Torch for laser – MIG hybrid plus MIG tandem welding 

(Source: Fronius) 

 

10.3.2 MIG plasma welding 

MIG plasma welding is a high-performance welding process that was specifically developed 
for aluminium welding. The combination of MIG and plasma arc welding achieves an increase 
of the filler wire melting rate by adding the plasma arc and enables improved pre-heating of 
the work piece and filler wire, thereby avoiding cold shut defects at the weld start. However, it 
is unsuitable for manual welding due to the required large sized welding torches.  
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The process is a variation of MIG welding method in which the MIG arc is constricted with the 
help of a plasma gas. Unlike conventional MIG torches, a MIG plasma torch has a second, 
inner, water-cooled nozzle through which the plasma gas flows. The MIG electrode is placed 
in the centre and the ring electrode in which plasma arc is generated is placed in the 
circumference.  The plasma gas, usually argon, is ionised by high-frequency pulses between 
the wire and the plasma arc and ignites the pilot arc, which then ionises the whole column of 
gas between the plasma arc and the work piece. As with MIG welding, the outer gas layer 
acts as a shield for the plasma arc to prevent the molten metal from reacting with ambient air.  

The melting power of the MIG welding arc is increased by the addition of the plasma arc. 
Furthermore the plasma arc preheats the work piece and the wire, thus avoiding cold-shut 
(lack of fusion) defects at the start of the weld. The "hot" wire can be fed at a higher rate 
resulting in a higher melting performance. The higher heat input improves gap bridging, but 
may also lead to thermal distortion of the work piece. Thus the MIG plasma welding process 
is applied only in special cases (e.g. when welding aluminium components with large wall 
thicknesses).  

  

MIG plasma torch 

(Source: aluMatter) 

A slightly different arc configuration is used in the Super-MIG® technology. This hybrid 
welding technology combines the plasma arc and the gas metal arc technique into one 
operational welding system. It provides welding capabilities not available by each of the two 
welding technologies alone.  

The equipment combines a plasma torch and a MIG torch in one processing torch. The axes 
of the non-consumable electrode (plasma arc) and the consumable electrode (MIG arc) are 
positioned in an acute angle facing the work piece. Thus the plasma arc at the leading 
position creates a keyhole and the following MIG arc operates typically in the conduction 
welding mode to fill the void created by the plasma arc. The net result is that the hybrid 
process relies on the plasma arc for deep penetration and high arc efficiency and metal 
deposition rate of the MIG process to finish the weld. 

  

Super-MIG® processing torch 

(Source: Plasma Laser Technologies) 
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The interaction between the plasma arc flow and the MIG arc promotes wire heating and 
current transfer at the anode spot (at the end of the MIG filler wire), where the molten weld 
metal droplets form and subsequently detach. The hybrid process uses a negative plasma arc 
electrode and a positive MIG electrode to achieve maximum processing speed and to operate 
in the spray transfer mode. The magnetic force causes deflection of the plasma arc toward 
the front of the weld pool, compensating for the plasma arc’s natural tendency to trail behind 
the torch axis during high-speed welding. The resultant effect is an increase in plasma arc 
rigidity and stability, leading to increased penetration depth and welding speed when 
compared with conventional MIG technology. 

  

 

Super-MIG® aluminium welding system 

(Source: Plasma Laser Technologies) 

 

 

10.4 Friction self-piercing riveting – a combination of two mechanical   
joining techniques 

Self-piercing riveting is currently the most popular mechanical joining technique for dissimilar 
materials and is widely used in joining all-aluminium and multi-material vehicle bodies. 
However, when riveting magnesium alloys, cracks always occur for its low ductility. A hybrid 
joining process named friction self-piercing riveting, which combines the mechanical joining 
mechanism of self-piercing riveting with the solid-state joining mechanism of friction stir spot 
welding was developed aiming at joining the low-ductility materials. In this process, the rivet 
rotates at high speed during the actual riveting process.  

The effectiveness of the friction self-piercing riveting process was validated by riveting 1 mm 
thick EN AW-6061-T6 aluminium and 2 mm thick AZ31B magnesium sheet. The results 
showed that the riveting performance of magnesium alloys could be significantly improved 
and the joint strength could be greatly increased.  

 

Friction self-piercing riveting process 

(Source: YongBing Li et al.,J. Manuf. Sci. Eng. 2013; 135(6)) 
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11.0 Introduction  

As aluminium alloys are more frequently applied in the automotive industry, the joining of 
aluminium to itself, but in particular also to other materials becomes increasingly important. 
When joining aluminium to other materials, three different tasks can be differentiated: 

- Joining aluminium to compatible metals (with some degree of solubility in each other) 

- Joining aluminium to incompatible metals (little or no solubility in each other) 

- Joining aluminium to different types of material (e.g. plastics and composites, 
ceramics). 

Joining dissimilar materials is generally more difficult than joining the same material (or alloys 
with minor differences in composition) and the number of applicable joining techniques 
decreases. However, in most cases, dissimilar materials can be successfully joined using an 
appropriate joining method and properly adapted processing conditions.  

Applicable joining processes for aluminium to other metals may be: 

− Fusion arc welding processes  

− Other fusion welding processes (beam welding, resistance welding)  

− Solid-state joining processes  

− Brazing and soldering 

− Mechanical joining processes 

− Adhesive bonding. 

However, when aluminium must be joined to other types of materials, e.g. plastics and 
composites as well as ceramics, fusion welding methods cannot be applied.  

Some of the processes described in the previous sections can be applied to join dissimilar 
materials with little adaptations. They will not be covered in detail in this section. The main 
focus will be on processes which have been specifically developed or modified to fulfil the 
additional requirements.  

A basic rule is that there is not a single process or a set of processing parameters which is 
best for all material combinations or fits all performance requirements. Each process has its 
advantages and limitations. Thus each dissimilar material joint is best viewed as a special 
application with unique requirements. Furthermore, many of the new developments are still in 
the laboratory or pilot-plant stage and not yet approved for large series application. Often 
extensive qualification tests may be necessary and time will show which joining techniques 
will be most successful for joining specific material combinations. 

 

11.1 General issues and limitations 

A number of factors must be taken into consideration when designing a dissimilar material 
joint, including: 

− Material combination and performance requirements 
− Joint design and material thicknesses 
− Thermal expansion-contraction mismatch during joining and in service 
− Potential for galvanic corrosion problems in service 
− Fixturing requirements and constraints regarding joining stresses. 

Depending on the specific joining process, additional factors have to be considered as well, 
e.g. in case of fusion welding: 

− Differences in melting temperature 
− Formation of brittle intermetallic compounds during joining which may lead to brittle 

joints 
− Heating and cooling rate effects on the microstructure of the joint  
− Need for pre- and post-heating to minimize stresses during welding and cooling 
− Need for composite transition materials or special filler materials during joining. 
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With respect to the automotive market, the most important task is joining aluminium to steel. 
Consequently, this problem is also the main driving force to develop new, improved joining 
methods for dissimilar materials. Most examples will therefore cover the aluminium-steel 
system. But the wish to produce innovative lightweight products has also raised significant 
interest in the production of structural joints between aluminium and plastics as well as carbon 
fibre reinforced composites. On the other hand, joining aluminium to ceramics is rather used 
in niche applications. 

 

11.1.1 Metallurgical limitations 

The following table shows the ease of joining aluminium to other metals by fusion welding 
processes. It indicates that aluminium is, in general, difficult to weld to other materials. For 
this reason, joining of aluminium to other metals has been mainly done using other joining 
methods than fusion welding in the past (in particular mechanical joining and adhesive 
bonding). However, new developments have led to a renewed interest in fusion welding 
processes.  

 

Fusion welding performance of aluminium to other metals 

 

When joining aluminium to other metals, the major difficulty is that at high temperatures, and 
in particular in the presence of a liquid phase, brittle intermetallic compounds are formed at 
the interface which result in poor joint characteristics. As an example, fusion welding of 
aluminium to steel leads to the formation of particles of intermetallic phases such as FeAl2 

and Fe2Al5. Brittle intermetallic phases are also formed when “fair weldable” metals such as 
copper, magnesium or titanium are directly fusion welded to aluminium.  

 

11.1.2 Galvanic corrosion 

Galvanic corrosion is an electrochemical process in which one metal corrodes preferentially to 
the other. Both metals must be in electrical contact in the presence of an electrolyte. 
Dissimilar electrically conductive materials have different electrode potential and when two or 
more come into contact in an electrolyte, one material can act as anode and the other as 
cathode. The difference in electrode potential between the dissimilar metals is the driving 
force for an accelerated corrosion attack on the anode member of the galvanic couple. The 
anode metal dissolves into the electrolyte, and the corrosion products deposit on the cathode.  

There are several possibilities to reduce or even prevent this type of corrosion: 

− The easiest option is the electrical insulation of the two materials from each other. If 
they are not in electrical contact, no galvanic couple will develop. This can be 
achieved by using non-conductive materials between metals of different electro-
potential.  

− The prevention of contact with an electrolyte can be done by using water-repellent 
compounds (such as greases) or by coating the metals with an impermeable 
protective layer (e.g. a suitable paint, varnish or plastic). If it is not possible to coat 
both materials, the coating should be applied to the material with the higher electrode 
potential. If the coating would be applied only on the more active material, there will 
be a large cathodic area if the coating is damaged and for the exposed, very small 
anodic area, the corrosion rate will be correspondingly high. 

− Electroplating or other metallic coatings can also help. More noble metals are 
generally used since they resist corrosion better. Galvanizing with zinc protects the 
steel base metal by sacrificial anodic action. 
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− Cathodic protection uses one or more sacrificial anodes made of a more active metal 
than the protected metal. Alloys of metals commonly used for sacrificial anodes 
include zinc, magnesium and specific aluminium alloys. 

− Cathodic protection can also be achieved by connecting a direct current (DC) 
electrical power supply to oppose the corrosive galvanic current.  

 

11.1.3 Thermal expansion 

Thermal expansion is the tendency of matter to a volume change in response to a 
temperature change. For solids, the main concern is the change along a length or over some 
area. The coefficient of thermal expansion is a material-specific parameter and generally 
varies with temperature. However, common engineering solids usually have coefficients of 
thermal expansion that do not vary significantly over the range of temperatures where they 
are designed to be used, thus practical calculations can be based on an average value of the 
coefficient of expansion. 

When the applied joining technique involves significant temperature changes, thermal 
expansion effects must be considered already during the joining operation of dissimilar 
materials. In addition, also the impact of temperature changes in the service phase must be 
taken into account. For body-in-white applications, however, the most important post-joining 
effect is the lacquer bake hardening process which takes place at temperatures up to about 
180°C. 

 

11.2 Joining aluminium to other metals 

Most of the technologies that have been used to join dissimilar metals in the past (e.g. 
mechanical joining processes, solid state joining techniques, adhesive bonding) are only able 
to deal with certain geometries or require extensive control inputs. Thus there is a big interest 
in the introduction of more flexible joining techniques in industrial practice. 

The most critical factor when joining aluminium to other metals (including steel) are the 
metallurgical issues. Under the influence of heat, intermetallic phases are formed at the 
interface between the two materials either during solidification of the molten mixture or by 
diffusion processes at the interface. The more heat is applied, the larger the zone containing 
the intermetallic phases and the poorer the mechanical properties of the joint.  

However, the different chemical and physical properties also require appropriate measures to 
be taken. Differences in the thermal expansion coefficients of the two materials may create a 
stress field around the joint. There may be also a marked tendency for corrosion as a result of 
the difference in electrochemical potential.  

Most examples described below include aluminium/steel joints. However, the basic process 
principles can be also applied to joints of aluminium with most other non-ferrous metals. 
Because of its importance in lightweight design, a specific chapter is only added for 
aluminium/magnesium joints.  

 

11.2.1 Fusion arc welding processes  

The two most common methods which enable the application of arc welding processes for 
joining aluminium to steel are the use of bimetallic transition inserts and the application of a 
suitable coating to one of the metals prior to welding. More promising, however, are recent 
efforts to limit the heat input in fusion welding to the absolutely necessary minimum in order to 
closely control the formation of intermetallic phases. Today, the Cold Metal Transfer (CMT®) 
welding technology is industrially applied to join aluminium and steel sheets in automotive 
applications.  

 

11.2.1.1 Fusion welding with transition inserts 

The use of bimetallic transition inserts is today widely employed in the shipbuilding industry. 
The application of bimetallic transition inserts means that similar material joints can be made 
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on either side of the insert (i.e. one side of the insert is a steel-to-steel and the other an 
aluminium-to-aluminium joint). Thus standard arc welding methods can be used. However, 
care must be taken to avoid overheating the inserts during welding since this may cause 
growth of brittle intermetallic compounds at the interface of the transition inserts. 

Aluminium/steel transition joints are applied only for special cases in the automotive sector. 
The primary requirement is to keep the heat input sufficiently low to restrict the time above 
temperatures of about 300 °C and thus minimise the formation of brittle intermetallic phases. 
It is good practice to perform the aluminium-to-aluminium weld first. This way, a larger heat 
sink can be provided when the steel-to-steel weld is performed. 

Bimetallic transition materials combining aluminium with different other materials as steel, 
stainless steel and copper are commercially available. The methods used for joining the 
dissimilar materials - and thus producing the bimetallic transition inserts - are usually solid 
state joining processes (e.g. roll bonding, explosion welding, friction welding or hot pressure 
welding).  

  

Welding of dissimilar metals with transition joints 

(Source: Shockwave Metalworking Technologies) 

As an example, a transition insert for aluminium/steel (Triplate®) welding produced by 
explosion welding is shown above. It consists of a sandwich of three metals (steel, EN AW-
1050A and EN AW-5083). 

Another type of transition joints has been developed at TWI. The Stir-lockTM technique is a 
forge/forming seam joining technique. One side of the Stir-lock TM joint can be compared with 
riveting. A rivet head is formed into a countersunk hole, to provide a mechanical interlock 
between two or more plates. The countersunk holes are made in the harder sheet material. 
The material that forms the interlock (or “rivet head”) remains an integral part of the softer, 
more easily formable sheet.  

 

Possible application of the Stir-lockTM technique for joining dissimilar metals 

(Source: TWI) 
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Single sided, Stir-lockTM aluminium-to-steel transition joint: Friction treated side (left) 
with a continuous weld track and opposite side showing aluminium extruded into the 

pre-machined holes (right) 

(Source: TWI) 

 
11.2.1.2 Fusion welding of coated materials prior to welding 

Another option is the application of fairly thick aluminium coatings to the other material. 
Different methods can be used to coat steel with aluminium, e.g. roll bonding, dip coating (hot 
dip aluminizing) or brazing an aluminium sheet to the steel surface.  Once coated, the steel 
member can be arc welded to the aluminium component. Care must be taken to prevent the 
arc from impinging onto the steel.  Proper processing includes directing the arc onto the 
aluminium member and to allow the molten aluminium from the weld pool to flow onto the 
aluminium coated steel.   

Another method of joining aluminium to steel involves coating the steel surface with silver 
solder. The joint is then welded using an aluminium filler alloy, taking care not to burn through 
the barrier layer of silver solder.   

Neither of these coating methods can ensure full mechanical strength of the joint; they are 
usually used for sealing purposes only. 

 

11.2.1.3 Fusion-brazing arc welding processes  

In the fusion-brazing welding process, the aluminium base metal and the filler metal melt and 
form a fusion weld, whereas the molten aluminium alloy spreads on the top surface of the 
steel plate and forms the brazed joint with steel. As the steel does not melt, the excessive 
formation of the intermetallic compounds can be effectively prevented. The heat source used 
in brazing-fusion welding of aluminium to steel can be a MIG arc or a TIG arc. But also 
electron beams or laser beams can be used for this purpose (see 11.2.2.1). 

In fusion-brazing welding, a properly controlled, stable energy input is necessary to make 
sure that the steel does not melt. Arc welding has the advantage of low cost, but its power 
output is normally not sufficiently stable and the welding efficiency is not satisfactory keeping 
in mind the increasing application requirements. Some progress could be achieved using the 
pulsed MIG welding technique (see 3.1.3.2). Better results were achieved by the application 
of the Laser MIG hybrid technique (see 10.3.1.4). However, up to now, only aluminium/steel 
joints produced by the cold metal transfer (CMT®) welding process have found practical 
application in the automotive industry. 

 

a)   Arc brazing-welding 

As an example, butt brazing-welding was carried out between an aluminium alloy and 
stainless steel with the help of a TIG arc using an Al - 6 % Cu filler alloy and a non-corrosive 
flux. On the aluminium side, the interface shows the characteristics of a welded joint whereas 
on the steel side, the interface characteristics are that of a brazed joint.  
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Electromagnetic hybrid TIG welding-brazing 

(Source: J.Luo et al.) 

A thin intermetallic compound layer formed at the interface between the weld seam and the 
steel with an average thickness of 3 – 5 μm (which is less than the generally accepted limiting 
value of 10 μm). The dominating factor determining the joint quality is the wetting action on 
the steel side (i.e. the spreading performance of the liquid filler wire). Further improvements 
could be achieved using a longitudinal electromagnetic hybrid TIG welding-brazing method on 
an aluminium alloy/low carbon steel joint. The distribution of the second phase particles in the 
welding seam was more uniform and the grain size is much smaller than in a normal TIG 
brazing weld seam.  

 

b) Laser MIG (or TIG) hybrid joining  

In a first attempt, a large spot laser was used to stabilize the MIG welding process and 
maintain a constant MIG arc energy output. In addition, the leading large spot laser preheats 
(but does not melt) the galvanized steel and thus improves the spreading of the liquid 
aluminium alloy on the steel top surface in case of overlap joints. The MIG arc energy (which 
is the main heat input) is used to melt the filler metal and the aluminium base metal; the laser 
energy plays a secondary role in brazing-fusion welding. Similarly, laser TIG hybrid welding 
(see 10.3.1.2) can also be used. Whereas dissimilar metal joints could not be produced in 
laser or arc welding only, acceptable joints without obvious defects were obtained using the 
laser-assisted hybrid processes with a relatively wide processing window. 

 

Principle of the laser MIG hybrid joining process 

(Source: C. Thomy and F. Vollertsen, BIAS) 

Using laser MIG hybrid welding, aluminium/steel joints for both structural as well as tailored 
blank applications have been produced successfully in the laboratory. The aluminium and the 
steel sheet were arranged in a butt joint configuration. In this case, the laser beam was 
positioned on the aluminium side. During joining, the edge of the aluminium sheet is molten - 
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and together with the molten filler wire - the gap between the aluminium and the steel is 
bridged and the steel is wetted by the aluminium melt. The main task of the MIG arc is to 
create a large molten melt pool and to supply filler material to the melt pool. The laser beam, 
which is operated in the keyhole mode, allows to increase the welding speed by stabilising the 
MIG arc. Thus, heat input is reduced and the negative effects of a too large heat input such 
as excessive phase layer formation and distortion are avoided. 

 

Laser MIG hybrid welded joint between EN AW-6016 to zinc coated DC05 steel sheet 

(Source: C. Thomy and F. Vollertsen, BIAS) 

 

c)  Cold metal transfer (CMT®) welding 

The principle of the cold metal transfer process is described in detail in section 3.1.3.6. This 
process is commercially used both in car body assembly as well as for the production of 
aluminium/steel tailored blanks.  

The CMT® process evolved from the continuous adaptation of the MIG process to resolve the 
problems posed by the joining of steel and aluminium. It allows the material transfer to take 
place with barely any flow of current. The aluminium base material melts together with the 
aluminium filler, with the melt wetting the galvanised steel. Although the steel base material is 
only wetted during this brazing process and does not melt, fracture always occurred in the 
aluminium base material, not in the weld seam. 

  

Cold metal transfer (CMT®) welding of aluminium to galvanised steel 

(Source: Fronius) 

The special gas-shielded cold metal transfer process fulfils the crucial requirements of a 
joining process for dissimilar metals: low thermal input and good controllability. When steel is 
joined to aluminium, the filler metal and the aluminium wet the galvanised steel sheet and the 
filler metal fuses with the aluminium. On the steel side, a brazed joint is obtained, which the 
aluminium is then welded against. A special aluminium filler metal (Al - 3 % Si - 1 % Mn) has 
been developed for braze-welding. 
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Steel-aluminium hybrid blank 

(Source: voestalpine Europlatinen) 

 

11.2.2 Other fusion welding processes (beam welding, resistance welding)  

A more detailed evaluation of resistance spot welding (see 5.1) to join aluminium to steel was 
an obvious step keeping in mind the widespread use of this joining process in the automotive 
industry. However, as shown below, little success was achieved in laboratory tests. 

Laser (and electron) beam welding offer the possibility of a closely controlled, localized heat 
input and thus may allow better control of the formation of brittle intermetallic phases at the 
interface. Practical tests were successful, but no series application are known today. Electron 
beam welding techniques have been applied with some success in industrial tests, however, 
the following considerations will be limited to laser beam welding. 

 

11.2.2.1 Joining of aluminium to steel with lasers 

Experimental tests using keyhole laser welding (see 4.1.2.2) in order to join aluminium to 
steel have been carried out, but with limited success. Some approaches to decrease the 
thickness of the layer of intermetallic phases which are formed during laser welding at the 
aluminium/steel interface are described in the scientific literature. The results achieved up to 
now using different laser welding configurations and a wide range of processing conditions 
are not convincing. The tests in the keyhole welding mode using a steel-on-aluminium overlap 
configuration showed that changes of the processing parameters which decrease the 
percentage of intermetallic components also cause unfavourable effects such as inadequate 
penetration depth, spattering and cavity formation.  

On the other hand, laboratory tests using conduction laser welding (see 4.1.2.1) have shown 
very promising results. The advantage of using the conduction laser welding method to join 
dissimilar materials is based on the high process stability which allows a better control of the 
temperature in the interaction area between aluminium and steel. 

 

a) Laser conduction welding  

A possible approach based on the conduction welding principle is the use of a defocused 
laser beam which is directed onto the steel sheet; causing local heating, but no melting. Heat 
is conducted through the steel and causes local melting of the adjacent aluminium. The 
molten aluminium wets the steel and then solidifies, resulting in a metallic bond. The process 
can be applied to both lap joints and butt joints, although it is most suited to lap joints. In 
practice, the difficulty is to control heat input so that melting of steel is more or less prevented. 
However, even when a small amount of local melting of the steel sheet does take place, a 
relatively strong bond is formed when the intermetallic transition zone is sufficiently small.  

The technique was used to join Zn-coated steel sheets typically used in automotive body-in-
white fabrication to aluminium sheets. Some intermetallic phases were formed at the 
interface, but the use of adequate process control measures ensures that the intermetallic 
particles do not significantly influence joint strength. 
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Schematic of the laser joining process for both lap and butt joints  

(Source: TWI) 

Overlap welds can be made best using steel on top and aluminium at the bottom. This 
configuration results in a better joint quality mainly due to the thermal characteristics of both 
materials. When aluminium is used on top, the higher thermal conductivity of aluminium 
results in a much larger affected interfacial area since the heat tends to flow along the 
interface in the aluminium part rather than heating the steel. When steel is used on top, the 
conduction of heat from steel to aluminium can be much better controlled.   

 

b) Laser roll welding process 

The laser roll welding process was developed in 2002. The basic idea was to exploit the high 
local heat input and short process time of laser welding to shorten the thermal cycle in order 
to control the formation and growth of the brittle intermetallic phases. Furthermore, good 
thermal contact and rapid heat transfer from the steel sheet to the aluminium alloy sheet 
should be ensured by a pressure roller. 

Tests have been carried out using zinc coated steel and an aluminium alloy sheet. A layer of 
intermetallic compounds was observed in all welded joints. However, when the thickness of 
the intermetallic particles was less than 10 μm, tensile test specimens failed in the base metal 
(i.e. the damaging effect of the brittle intermetallic compounds can be tolerated). The welding 
speed influences the joint performance (intermetallic phase layer thickness and tensile shear 
strength) to a greater degree than the roll pressure. 

 

Schematic diagram of the Laser Roll Welding process 

(Source: M. Kutsuna et al.) 

This method was further developed to produce cold-formable aluminium-steel hybrid blanks. 
The aluminium and the steel sheets converge with an overlap of 5-10 mm and are guided 
between the rolls of a modified cold mill. One of the joining rolls is grooved, so that the roll 
forces mainly act on the overlapping area. The joining zone is activated and heated by means 
of a laser, immediately before undergoing the cold-rolling pass.  
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c) Laser welding-brazing process 

Preliminary tests using a high-power semiconductor laser showed that welding-brazing of 
aluminium to steel is possible. As an example, an aluminium/steel butt joint is shown below. 
Aluminium/steel joints can be made with both CO2 and solid state lasers using an AlSi12 filler 
wire and directing the laser spot primarily onto the aluminium alloy sheet. However, relatively 
large and brittle intermetallic phases are formed in the transition zone.  

   

Laser welded aluminium/steel butt joint 

(Source: BIAS) 

 

The use of a brazing flux (Nocolok® brazing flux) led to some improvement. The specimens 
were overlapped and while the brazing filler (EN AW-4043) was supplied to the lapped corner. 
The flux improved the wettability of the brazing filler metal and increased the brazing width. It 
also restrained the formation of a layer of Fe-Al intermetallic phases at the joint interface. 
However, the use of flux involves the application of a flux coating before brazing and the 
removal of residual flux after brazing, which tends to reduce work efficiency and productivity.  

Even better results were achieved when a Zn-based brazing wire was used in combination 
with a Zn-coated steel. 

 

Laser brazed aluminium/steel joint using Zn-based brazing wire and non-corrosive flux 

(Source: Novelis) 

 

Further developments led to the realisation of flux-less laser welding-brazing joints. Using an 
AlSi12 filler wire, a normal weld is produced between the filler wire and the aluminium 
substrate. Subsequently, the molten filler metal wets the steel and creates a brazed joint on 
the steel side. The preferred joint configuration for “Fluxless Laser Brazing” is a T joint, but 
also overlap joints can be realized. Both hot dip and electro galvanised steel sheets can be 
joined with this brazing method. Favourable results are achieved up to a brazing speed of 4 
m/min. 
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Principle of the “Fluxless Laser Brazing” 

(Source: Aleris) 

 

For flux-less laser welding-brazing of an aluminium alloy sheet to a galvanized (zinc coated) 
steel sheet steel, the application of a zinc-based filler alloy (Zn – 2 wt. % Al) produced better 
results than an Al-based wire. The reason is the use of similar materials for the zinc coating 
and the filler wire as well as the high miscibility of aluminium in zinc.  

 

Laser welding-brazing process 

(Source: H.Laukant et al., Science & Technology of Welding and Joining, 10 (2005) 219) 

  

For the filled overlap weld geometry, the laser beam was directed at the aluminium sheet. 
Hence the composition of the formed weld seam is aluminium-rich. In case of the filled flange 
geometry, the laser is positioned between the two flanges and a smaller amount of the 
aluminium sheet is melted. In both geometries, the intermetallic layers are limited to a small 
area where the laser transfers the highest energy into the steel. The intermetallic layers 
exhibit a maximum thickness of 5 µm, i.e. the mechanical characteristics of the joints exhibit 
tensile strength values of up to 80 % and an elongation of 40 % in relation to the used 
aluminium base material (EN AW-6016, T6).  
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Laser welding-brazing joints: filled overlap (left) and filled flange geometry (right) 

(Source: H.Laukant et al., Science & Technology of Welding and Joining, 10 (2005) 219) 

 

The key advantage of this process is the freedom to select laser power, brazing speed and 
filler wire speed independently from one another. In analogy to the use of a laser beam, such 
a brazing process could also be made using an electron beam. 

 

11.2.2.2 Resistance spot welding for joining steel to aluminium  

When the standard resistance spot welding technique is used to join steel and aluminium 
alloy sheets, the very brittle intermetallic phases which are produced at the interface 
significantly decrease joint strength.  

A possible solution offers a hot dip aluminized steel sheet which was developed by Kobe 
Steel and Nissan Steel specifically for joining to aluminium using conventional welding 
equipment. It has a nitrogen-rich layer at the interface of the base steel to the aluminium 
coating layer which effectively prevents the inter-diffusion of iron and aluminium atoms, i.e. 
the formation of brittle intermetallic phases at the interface is prevented. The resultant joint 
strength is almost equivalent to that of a resistance spot welded aluminium/aluminium joint. 

In another approach to overcome the brittle intermetallic phase problem by technological 
means, aluminium (and magnesium) were resistance spot welded to steel in a triple layer lap 
joint configuration with steel sheets on both sides. During welding, the current and electrode 
force in the spot welding operation were controlled so that the heat (generated mostly within 
the steel) was sufficient to melt the aluminium (or magnesium) sheet. It was expected that the 
molten metal, contained by the electrode force, would wet the steel surface, forming a bond at 
the interface between the two materials.  

  

Joining aluminium (or magnesium) to steel by resistance heating  

(Source: TWI) 

Experimental tests with different electrode forces and welding currents indicated that it was 
possible to produce some bonding in the interface between the steel and magnesium alloy. 
However, bonding could only be achieved when the welding current was adjusted to melt only 
the central magnesium sheet at a pre-set electrode force. Furthermore, severe porosity and 
solidification cracking occurred in the centre of the nugget and the welds exhibited weak, 
brittle interface failures in peel testing. When the same approach was used to join aluminium 
to steel, a continuous layer of intermetallic phases was formed at the interface since a steel 
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surface layer also melted. The weld failed in a weak, brittle manner at the interface on peel 
testing.  

In a second set of experiments, aluminium was joined to steel using an aluminium/steel 
transition piece. In this case, a weld nugget formed on the steel side as in conventional 
resistance spot welding. The generated heat also melts the aluminium at the interface of the 
transition piece to the outer aluminium sheet.  

  

Resistance spot welding of aluminium to steel using a transition material  

(Source: TWI) 

The heat sink effect of the aluminium within the joint prevents the steel from melting 
completely through to the contact with the aluminium. However, shrinkage defects were 
observed at the steel interface since that part of the nugget solidifies last. In addition, 
intermetallic phases are formed at the interface within the transition piece. Consequently, the 
resulting joints failed on peel testing in a brittle manner by pulling a plug out of the thin 
aluminium layer of the transition material. Nevertheless, some joint strength could be 
achieved. 

 

11.2.3 Solid-state joining processes  

Solid-state joining processes are generally well suited to join dissimilar metals. Friction 
welding processes such as rotational friction welding (see 7.1.1.1), friction stud welding (see 
7.1.4), etc., ultrasonic welding (see 7.3) and electromagnetic pulse welding (see 7.2.4) are 
routinely used to manufacture specific automotive components.  

Therefore in the following, only some new developments in connection with the friction stir 
welding technology will be covered in more detail. 

 

11.2.3.1 Friction stir welding 

Linear friction stir welding (see section 7.1. 2.1) can be used to join aluminium to steel. The 
rotating pin is plunged into the aluminium. Then, the rotating pin is pushed toward the faying 
steel surface and the oxide film is mechanically removed from the faying surface by the 
rubbing motion of the rotating pin. Aluminium, which is in a plasticized state due to the heat 
generated by the friction of the rotating tool shoulder, consequently adheres to the activated 
faying steel surface, i.e. a joint between steel and aluminium is achieved. 

Since the rotating pin is plunged into the softer aluminium and does not come in contact with 
the steel, the rotating pin shows minimal wear. When the rotating pin was inserted in the 
standard position (around the centre of the interface), no joint could be produced due to 
excessive wear of the rotating pin. 
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Schematic of the rotating pin position 

(Source: K. Kimapong and T. Watanabe) 

 

No intermetallic compounds were observed at the interface between the steel and the 
aluminium alloy. However, some intermetallic compounds were observed in the upper region 
of the friction stir weld where the temperature is higher due to the additional heat generated 
by the rotating tool shoulder.  

 

11.2.3.2 Friction stir welding 

Variants of the friction stir spot welding technology (see section 7.1.3.1) are well suited to join 
aluminium and steel. It was first used in closure applications in 2005 to join the trunk lid and 
bolt retainer for the Mazda MX-5 sports car. 

 

Friction stir spot welding of steel to aluminium (MX-5 trunk lid and bolt retainer) 

(Source: Mazda) 

 

Galvanized steel helps to prevent galvanic corrosion that results from the contact of two types 
of metal. The joining tool pushes aside the zinc coating. Then the heat bonds the two metals 
together. A residual layer of zinc remains on the metal surrounding the area where the two 
metals are joined, preventing local corrosion of the metals. 

A variant of the linear friction stir welding process (see 7.1.2) can be also used to form 
continuous structural aluminium/steel joints. A stable metallic bonding between steel and 
aluminium is achieved by moving a rotating tool on the top of the aluminium which is lapped 
over the steel with high pressure. The technology is used in practice to manufacture 
aluminium/steel subframes.  
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Friction stir welding of aluminium to steel  

(Source: Honda) 

 

11.2.3.3 Laser assisted friction stir welding 

In an effort to produce hybrid tailor welded aluminium-steel blanks by friction stir welding, the 
steel blank was preheated with a laser beam in order to diminish the flow strength of the 
material. The diode laser spot was positioned directly in front of the welding direction of the 
tool. The results show the high potential of laser assisted friction stir welded steel/aluminium 
tailored hybrid blanks in a sheet thickness of about 1 mm. Simultaneously, the welding speed 
could be significantly increased up to 2000 mm/min. 

 

 

Appearance of the weld seam in a cross section (I-III) and a top view 

(Source: M. Merklein et al., University of Erlangen) 

 
 

11.2.4 Brazing and soldering 

Brazing (see 6.1) and soldering (see 6.4) have a significant advantage over other molten 
metal joining techniques. The formation of brittle intermetallic compounds can be significantly 
inhibited through the use of brazing alloys and solders with low melting points. Dissimilar 
metals and even non-metals (i.e. metallized ceramics) can thus be joined to aluminium. For 
joining ceramics to metals, thin metal layers are usually deposited onto the ceramic part prior 
to brazing in order to facilitate the bonding process. 
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11.2.4.1 Brazing 

Furnace brazing, however, encounters some difficulties to ensure the required short process 
cycles (fast heating/cooling). Specific problems associated with torch brazing include the 
need for high levels of technical skill. Arc and, in particular, laser brazing offer the prospect of 
solving these problems.  

Aluminium can be brazed readily to other metals such as nickel, titanium and – with some 
limitations – steel. Only a thin layer of intermetallic phases is formed. However, when brazing 
aluminium to magnesium and copper, i.e. metals where the phase diagram shows a low 
melting eutectic, much larger particles of brittle intermetallic phases develop. Thus, brazing 
aluminium to Mg or Cu is practically not possible.  

Brazing processes require the use of a filler alloy and an adequate fluxing agents. As an 
example, suitable options when brazing aluminium to stainless steel are: 
- NOCOLOK® flux and Al-Si filler alloys or 
- CsAlF complex flux (melting range between 420 and 480 °C) and a 85 % Zn – 15 % Al filler 
alloy. 

Joining of aluminium to stainless steel using the NOCOLOK® flux is carried out for different 
applications on large a scale for non-structural joints outside of the automotive industry. It 
works both with NOCOLOK® flux + Al-Si brazing alloy and with NOCOLOK® Sil flux. After the 
flux melts and the oxides are removed, a thin layer of intermetallic phases is formed which 
serves as a metallurgical bond between steel and aluminium. The thickness of the brittle 
intermetallic layer is a function of the brazing time and temperature; consequently the need 
for a short brazing cycle with fast heat-up and very short holding time at maximum 
temperature.  

 

11.2.4.2 Soldering  

Soldering is highly suited to join a wide variety of materials, including aluminium to other 
metals as well as ceramic materials. Conventional soldering uses lead and tin based solders 
or silver, copper, nickel or other precious metals and/or alloys that melt at a lower 
temperature than either of the materials being joined. The soldering alloy fuses into the 
surfaces of the materials being joined, forming a metallurgical bond without significantly 
melting either of the two materials. When soldering in air, fluxes are used to react with oxide 
surface layers and to shield the joint area.  

When soldering dissimilar materials, the following aspects have to be considered when 
selecting the appropriate soldering system: 

 The compositional compatibility of the solder with both interfaces. 

 The differences in the coefficient of thermal expansion between the two materials.  

 The differences in melting points. 

Since aluminium has a high coefficient of thermal expansion, soldering – which is carried out 
at significantly lower temperatures than brazing – may be the preferred solution in many 
applications.   

An advanced soldering technology for dissimilar materials was developed by EWI. The EWI 
SonicSolderTM works in conjunction with the ultrasonic soldering process. Ultrasonic soldering 
offers the advantages of flux-less, lead-free soldering with the ability to join difficult-to-wet 
materials. The binary Sn-Al lead-free solder alloy allows for successful joining of aluminium, 
copper, titanium, glass, ceramics, and other difficult-to-bond materials. 

 

11.2.5 Mechanical joining processes 

Until recently, mechanical joining was the main technology used to join aluminium and steel 
components. In general, all the different mechanical joining methods used within the 
automotive industry (see section 8) are also suitable to join dissimilar metals. However, 
depending on the material combination (strength and ductility of both partners), some 
limitations may exist in particular for mechanical joining techniques which are based on 
forming and cutting processes (e.g. clinching, self-piercing riveting, flow drilling screws, etc.). 
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Clinching (left) and self-piercing riveting (right) of aluminium to steel 

(Source: Böllhoff) 

Furthermore, thermal expansion effects must be considered both during design and in the 
assembly process. Subsequent thermal influences (e.g. during bake hardening of the 
lacquered body-in-white) may result in severe distortions of an aluminium body panel 
mechanically joined to a stiff steel structure. Proper measures have to be taken for 
compensating the differences in the thermal expansion coefficient.  

 

Aluminium to steel joining technologies in the Audi TT 

(Source: Audi) 

In most cases, mechanical joining techniques are combined with adhesive bonding to 
increase the static and fatigue strength of joints and prevent any deterioration of corrosion 
resistance of joints caused by the contact between the dissimilar metals. 

 

11.2.6 Adhesive bonding 

Adhesive bonding (see section 9) is a standard joining technology for dissimilar materials. As 
mentioned above, adhesive bonding is also often used to mitigate galvanic corrosion when 
joining dissimilar metals. The adhesive must be compatible with both metals, and both metals 
may require some form of surface treatment, in special cases even including the application 
of an appropriate electro-coat primer. In addition, when bonding aluminum to another metal, 
for example, steel or magnesium, the difference between their respective thermal expansion 
coefficients is a major concern. 

Adhesive bonding is key technology to join steel to aluminium in the automotive industry. But 
as a consequence of the different thermal expansion coefficients, rigid bonds that have 
worked in homogeneous designs, may now require some flexibility. Elastic bonding 
techniques provide the required amount of flexibility of an adhesively bonded joint without 
cohesive or adhesive failure. The characteristics of elastic adhesives enable successful 
bonding of materials with dissimilar coefficients of thermal expansion and maintaining bond 
strength and integrity in service. In addition, these types of adhesives help to minimize read-
through of the bond, i.e. they prevent a visually noticeable appearance of the bond line on the 
surface. 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  19  

Elastic bonding is not a new concept to vehicle design. Different types of adhesives are 
available for elastic bonding, e.g. polyurethanes and silane modified polymer formulations 
with a proven track record in truck and bus applications.  

 

 

11.2.6.1 Hem flange bonding 

Hem flange bonding is the standard solution when aluminium and steel closure panels are 
joined. In order to prevent any problems related to galvanic corrosion and thermal 
deformation between an aluminium outer panel and a steel inner panel, Honda recently 
presented three newly developed technologies:  

- Adoption of "3D Lock Seam" structure, where the steel panel and aluminium panel 
are layered and hemmed together twice. 

- Adoption of a highly corrosion-resistant steel for the inner panel and a new flange 
form that assures the complete filling of the gap with adhesive agent to prevent 
galvanic corrosion. 

- Adoption of an adhesive agent with a low elastic modulus and optimised seam 
position to control thermal deformation. 

  

Optimised hem flange bonding technique to join an aluminium outer and a steel inner 
panel 

(Source: Honda) 

 

11.2.7 Joining aluminium to magnesium 

The combination of aluminium and magnesium components offers interesting new lightweight 
solutions. Whereas in case of dissimilar joints such as steel/aluminium alloys, it is possible to 
realize a solid/liquid state reaction at the joining interface between the two metals where only 
the metal with lower melting temperature melts, it is difficult to apply this method to 
magnesium/aluminium alloys joint due to the small difference between their melting points. 
Numerous attempts have been made to join magnesium to aluminium using arc and 
resistance spot welding, but they have invariably led to failure. The two metals react to form 
brittle intermetallic compounds in the melted zone and the weld literally falls apart. However, 
laboratory laser welding proved the possibility of a controlled molten metal penetration depth 
in the lap joint configuration.  
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Laser welding of lap joint 

(Source: R. Borrisutthekul et al., Science & Technology of Advanced Materials 6 (2005) 
199) 

It was found that an edge-line welding lap joint could be realized with the required shallow 
penetration depth of molten metal into lower plate, effectively reducing the reaction between 
the two metals and, thus, the formation of larger intermetallic compounds.  

Some work has also been done to demonstrate the basic feasibility of the friction stir welding 
process to join magnesium and aluminium alloys. Initial results were encouraging. The two 
materials are plasticised, but do not melt. The joint is a complex mechanical interlock and 
there is no evidence for the formation of intermetallic compounds. 

 

FSW of magnesium alloy (AZ91) to aluminium alloy (EN AW-2219)  

(Source: TWI) 

The most important methods for joining magnesium to other materials are mechanical 
fastening systems, often combined with adhesive bonding (in general with pre-fabricated 
holes in the magnesium part). However, in recent years, the self-piercing riveting and 
clinching techniques were also used with considerable success. The principal difficulty is the 
poor ambient temperature ductility of magnesium, which requires heating of at least the 
magnesium component prior to making the joint. Successful industrialisation of this process 
requires the development of machine tools capable of providing the right temperature 
conditions in an acceptably short time. 
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Self-piercing riveting (left) and clinching (right) of aluminium (1mm thick) and 
magnesium (3mm thick) alloys 

(Source: TWI) 

 

11.3 Joining aluminium to plastics and composites 

The following consideration focus on processes suitable to join aluminium and fibre reinforced 
composites. Aluminium-plastic joints are usually not structural joints. In practice, adhesive 
bonding and specifically developed mechanical joining methods are mostly used.  

Another most interesting possibility – which will not be covered here − is to join properly 
shaped aluminium components directly in the injection moulding process.  

  

The injection moulding process combines metal stamping with plastic structures 

(Source: Lanxess) 

 

11.3.1 Joining aluminium to plastics 

Adhesive bonding is probably the least expensive joining methods for permanent bonds. 
Adhesive bonding uses commercially available materials that are specifically formulated to 
bond plastic parts to the other material.  

 

11.3.1.1 Joining with mechanical fasteners 

Specifically for assemblies that must be taken apart a limited number of times, mechanical 
fasteners (i.e. screws, bolts and rivets) are the least expensive, most reliable and commonly 
used joining methods. If the part is going to be disassembled regularly, metal inserts in the 
plastics should be considered. Rivets offer a simple, easily automated installation process 
that can be used in particular for plastic-to-sheet metal joints. 
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Inserts for thermoplastic parts: screwed-in (left) or joined by ultrasonic welding (right) 

 (Source: Tappex Ltd.) 

In a typical large plastic and metal assembly where movement is restricted, high compressive 
or tensile stresses can develop since the expansion coefficient of plastics is four to six times 
higher. To avoid such problems, slotted screw holes in the plastic part should be used for 
temperature-sensitive designs.  

Designed into the geometry of mating parts, snap fits offer a very inexpensive, quick and 
efficient joining method. Press fits must be designed with great care to avoid excessive stress 
in the assembly. A special mechanical method has been developed to create hybrid 
automotive front-end assemblies. The approach is to form projecting annular collars in a 
metal sheet and then to cold-press those collars into plastic parts. Undercuts in the metal 
collars act as claws to firmly lock together the sheet metal and moulded plastic. The collar-
joining approach well with a number of reinforced and unreinforced materials, including 
nylons, PBT, and polypropylene, although most work to date has been with 30 % glass-filled 
nylon 6 and 66. No significant crazing or fracturing occurs when the metal collars are pressed 
into the plastic.  

  

Collars punched out of sheet metal are cold-pressed into plastic parts 

(Source: BASF) 

Also clinching seems to be a promising technology to join metals with short fiber reinforced 
polymers since there is to no thermal influence on the materials and the process requirements 
to surface finishing are low. One of the main challenges in designing a suitable clinching 
process is to consider the quite different stiffness, plastic behavior and forming limits of these 
two materials. 

 

11.3.1.2 Laser-assisted metal and plastic joining 

Laser-assisted metal and plastic joining is applicable to many combinations of metals (e.g. 
steels, titanium, and aluminium alloys) and plastics (e.g. PET, polyamide (PA), and 
polycarbonate (PC)). The laser beam heats the metal either from the plastic or the metal side 
of a lap joint and melts the plastic near the joint interface. The key point is the formation of 
small bubbles (diameter 0.5 mm or less) which induce a high pressure in the molten plastic. 
Thus the molten plastic is forced to the metal surface. Anchoring effects in concavities of the 
surface topography, physical Van der Waals forces and chemical bonding through the oxide 
film produce a strong joint. 

mailto:auto@eaa.be


 
 

 

Version 2015 ©European Aluminium Association (auto@eaa.be)  23  

 

Mechanism of laser-assisted metal and plastic joining  

(Source: S. Katayama, Osaka University) 

 

The surfaces of plastic sheets and metal plates are cleaned with alcohol; no other surface 
treatment is required. If the plastic sheet has more than 60% transparency, it may be placed 
at the upper side. The transmitted laser beam is absorbed to heat the metal surface, and the 
plastic near the joint can be melted to form bubbles by the heat conducted from the metal. A 
shielding gas should be used to keep the top plastic sheet surface clean and cool.  

For non-transparent plastics (e.g. GFRP and CFRP with high laser absorption), the metal 
sheet is placed on top. If the metal is thick, a partially penetrating weld should be produced to 
heat the plastic near the joint interface. The metal interface near the lap joint is not melted, 
but the plastic on the metal plate is melted and the required small bubbles are formed. 

 

Laser-assisted metal and plastic joining 

(Source: S. Katayama, Osaka University) 

 

11.3.2 Joining aluminium to composites 

Composite materials consist of a polymeric matrix resin which is used to bind fibrous 
reinforcements into the combined material. The type, volume fraction, length and layup of the 
fibres determine its mechanical properties. Composites can have complex directional 
mechanical properties, differing by in-plane and out-of-plane orientations. In the fibre 
direction, properties such as tensile strength, modulus, and yield strength are considerably 
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higher and depend on the adhesion between the resin matrix and the fibre. Perpendicular to 
the fibre, the properties approach those for the matrix resin alone.  

Composites can be divided into two major classes based on the matrix resin: thermoset 
composites and thermoplastic composites. A thermoset polymer matrix composite cures and 
crosslinks when heated; it cannot be re-formed by heating. Examples are epoxy, acrylic, or 
urethane reinforced with either glass or carbon fibres. A thermoplastic matrix composite 
softens with heating and continues to soften every time it is heated. Examples are 
polypropylene or nylon, also reinforced with glass or carbon fibres. These can be molded into 
shapes or welded by using some form of heat and pressure.  

Both thermoset and thermoplastic composites may be laminated, impregnated fabric 
structures. A typical laminar carbon-fabric composite might contain 50 – 60 vol. % 
reinforcement. Thermoplastic composites, especially, may take the form of short- or long-fibre 
random reinforcement mixed into the bulk and then molded into shapes. These may contain 
as much as 50 vol. % reinforcement, which gives rise to quasi-isotropic behavior, except at 
the surface, which will be high in resin.   

Joints between aluminium and either a thermoset or thermoplastic composite are generally 
achieved by adhesive bonding or a combination of adhesive bonding and mechanical 
fasteners. However, joining a composite panel to aluminium presents some problems. The 
mechanical anisotropy of the composite in the joint region must be accounted for in the 
design. In a shear-loaded joint, the fibers nearest the faying surface should be oriented along 
the joint in the direction of the maximum expected shear. Therefore, the fibre direction might 
be parallel to the long axis or the short axis of the joint, depending on the expected loading. 
Often, the layer nearest the joint is oriented to give maximum strength performance in the 
direction of maximum stress. To deal with complex loading at the faying surfaces, biased fibre 
layers can be oriented nearest to give an average directional stress distribution.  

It is also necessary to allow for thermal mismatch. The coefficient of thermal expansion for 
epoxy-based parts matches that of aluminium fairly well. In comparison, the coefficient of 
thermal expansion for a thermoplastic composite, such as glass fibre-polypropylene, is higher, 
and so has the potential for thermal strains at the bond line. 

Furthermore, when carbon fibre composites are in contact with aluminium, galvanic corrosion 
is a concern. An adhesive can provide a galvanic corrosion barrier. An electro-coat layer 
could provide additional protection. However, any through-holes (e.g. for riveting) require 
specific attention.   

 

 

11.3.2.1 Transition joints 

Transition joints are important auxiliary means to join metals and composite materials. They 
are normally metallic elements which are integrated into the composite during part 
manufacturing. Attachment to the metal part is then possible using conventional joining 
methods.  

Different concepts are evaluated to realize transition structures between aluminium and 
carbon fibre reinforced composites. As an example, using the Stir-lockTM technique (see 
11.2.1.1), reinforced transition joints can be produced. A stainless steel mesh, which provides 
a skeleton for the application of the composite material, is joined to an aluminium element by 
friction welding.  
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Stainless steel mesh reinforcement joined to aluminium by the Stir-lockTM technique 

(Source: TWI) 

Another possibility is a “wire” concept characterised by a parallel arrangement of miniaturised 
loop connections. It consists of a carbon fibre-titanium wire-textile which is joined to an 
aluminium sheet. A carbon fibre loop is threaded through a titanium wire loop on one side. On 
the side opposite, the titanium wire loops are joined to the aluminium component.  

The “foil” concept can be characterised as a hybrid laminate. It consists of carbon fibre 
reinforced plastic layers which alternate with titanium foils. The area of the laminate which 
only consists of titanium foils is then welded to aluminium.  

 

  

Titanium wire (left) and foil concept (right) to join CFRP-aluminium structure 

(Source: Fraunhofer IFAM) 

 

Both joint configurations, are in principle suitable to produce load-bearing carbon fibre 
reinforced plastic-aluminium structures, when using a laser beam welding process to join 
aluminium to titanium.  

 

11.3.2.2 Adhesive bonding 

Thermoset composites are easier to adhesively bond than thermoplastic composites because 
they have higher surface wettability. Epoxy, urethane, or acrylic adhesives can all be used for 
adhesive bonding with aluminium. Epoxies are especially reliable when used with epoxy-
based composites because they have similar flow characteristics.  

Careful preparation of both material surfaces is essential to achieve a high quality adhesive 
bond. The required surface treatment for the composite component varies depending on the 
type of composite and the adhesive used. The recommended preparation of many composite 
materials includes a solvent wipe (to remove loose surface dirt and oil) and an abrading 
operation. Abrasion should be done carefully to avoid damaging composite surface fibers. In 
some cases, a primer must be used to coat the composite before applying the adhesive. 

Thermoplastic composites do not wet well with adhesive and usually require a form of surface 
activation. This can be a flame, corona, or a plasma treatment that oxidizes the surface to 
increase wetting. A primer can also improve wetting. Once the polymer surface is acceptable 
for bonding, the system can be adhesively bonded or rivet-bonded. Efforts have been made 
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to weld-bond thermoplastics to metals. So far, these are mostly heat seal joints and may 
involve adhesives as well. But this is clearly an area which must be watch in future. 

Another possibility to adhesively bond composites to aluminium is the use of a primered 
aluminium component (preferably an electro-coat primer). The bond would then be between 
the primer and the composite. Normally the joint can then be designed with the assumption 
that the weak link is the primer/aluminium interface.  

A successfully bonded joint with a composite member will be one in which the composite fails 
rather than the adhesive joint. Typically, a laminated composite structure will fail between the 
first and second plies under the phenomenon of interlaminar shear failure. In this situation, 
the layers of fabric are held together only with resin (unless the material is braided), and the 
fault begins in the resin between two layers and propagates along the fabric interface.  

Joints with enhanced mechanical performance can be produced by the combination of 
adhesive bonding and mechanical interlocking between composite materials and metals. 
There are different possibilities to produce a metal surface topography which is optimized for 
mechanical interlocking. As an example, the Surfi-Sculpt surface topography is the basis for 
the proprietary Comeld TM method developed by TWI. 

  

 

Surfi-SculptTM surface treatment (top) and double step ComeldTM joint (bottom) 

(Source: TWI) 

ComeldTM joints can be produced from a wide variety of metals and composite materials using 
a variety of processing techniques. In the joints shown above, the matrix of the composite 
was used as the adhesive; however, an additional adhesive layer may be used at the 
interface between the composite material and metal. 

 

11.3.2.3 Mechanical fasteners 

Mechanical fasteners are often used to join aluminium with plastics and composites, in many 
cases combined with adhesives.  

Different standard mechanical joining methods (e.g. rivets, two-piece bolts or blind fasteners 
made of stainless steel or aluminium) use pre-drilled holes, both in the aluminium and the 
composite part. When specifying the applicable mechanical fasteners, several factors must be 
considered:  

− Thermal expansion of the fastener in the joined materials (differential of the thermal 
expansion coefficients of the fastener with respect to aluminium and the composite).  

− The effect of drilling on the structural integrity of the component as well as the 
possible fibre delamination caused by the fastener under load.  

− The possibility of water (humidity) intrusion between the fastener and the 
aluminium/composite material.  

− Possible galvanic corrosion effects at the aluminium/composite joint.  

Fasteners for composites should have large heads to distribute the load over a larger surface 
area in order to reduce crushing of the composite material. Fasteners should fit as close as 
possible to reduce fretting effects in the clearance hole. Interference fits may cause 
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delamination of the composite and should be avoided. If an interference fit is necessary, 
special sleeved fasteners can limit the chances of damage in the clearance hole. Fasteners 
can also be bonded in place with adhesives to reduce fretting. Furthermore, in carbon-fibre 
reinforced composites, contraction and expansion of the fasteners can cause changes in 
clamping load.  

Drilling and machining damage composite materials. The number and size of defects (e.g. 
delamination, resin erosion or fibre breakout) allowed in a structure depend on the 
application. For instance, delamination is a much more serious defect than fibre breakout in a 
carbon-fibre composite application. Applicable drilling techniques and tools are determined by 
the resin, the fibre (or fibre combination) in the resin as well as the way the fibres are 
configured.  

When carbon-fibre composites are cut, fibres are exposed and can absorb water and thus 
weaken the material. Local application of sealants can prevent moisture absorption, but this 
both complicates the process and prevents to maintain electrical continuity between the 
composite fibres and the fasteners. Moreover, carbon-fibre composites may corrode 
galvanically if aluminium fasteners are used. A solution is to apply a suitable coating to the 
fasteners. Another possibility is to replace the aluminium fasteners by titanium and stainless 
steel fasteners.  

Similar problems as with pre-drilled holes in the composite material have to be considered for 
joining elements which form their own hole (e.g. flow drilling screws, self-clinching functional 
elements, self-piercing rivets, etc.). The cut through fibres reduce the load carrying capacity. 
Friction effects between the self-cutting joining elements and the fibre reinforced composite 
as well as the introduced axial forces lead to delamination and other damaging effects. In 
addition, the composite material is being crushed. The respective damaging mechanism – 
and the appropriate countermeasures − are still under investigation. Nevertheless these types 
of mechanical joining processes are of high interest for the design of future lightweight 
vehicles.  

 

Self-piercing rivets used to join an aluminium alloy sheet (EN AW-6181A) to glass fibre 
reinforced composites (a,c,e,f) and to ABS plastic (b,d) 

(Source: University of Paderborn) 

 

Hole and thread forming screw joining a fibre reinforced thermoplastic (2 mm) and a 3 
mm aluminium alloy sheet (EN AW-6181A) 

(Source: University of Paderborn) 

Joining is generally easier when the ductile aluminium part is used as the bottom layer, i.e. if 
the joining elements first cuts through the carbon fibre composite. Therefore, an interesting 
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approach is also to use an aluminium counter piece for a joint where the aluminium sheet is 
positioned on top of the carbon reinforced composite. 

  
Hybrid CFRP/aluminium profile joint adhesively bonded and fixed by RIVTAC® tack-
setting (left) and a joint using a flow forming screw (right) with an aluminium counter 

piece  

(Source: Böllhoff/Volkswagen) 

A further development of the counter piece concept is a proposal made by the University of 
Paderborn. In this case, a solid self-piercing rivet is used with a suitable closing element on 
the composite side.  

 

Joining principle using a solid self-piercing rivet with a closing element 

(Source: University of Paderborn) 
 

 

11.3.2.4 Friction spot welding  

Friction spot joining (see 7.1.3) is a possible technique to produce hybrid structures by joining 
aluminium alloys with high performance thermoplastic composites. A non-consumable three-
part tool is used to generate frictional heat. The tool comprises of a stationary clamping ring, 
as well as a pin and a sleeve which can rotate and move independently.  

 

 

Friction spot joining tool 

(Source: Helmholtz Research Center, Geesthacht) 

The joining partners are clamped together in an overlap configuration with the metal piece on 
top of the polymer or composite against a backing plate. The sleeve and pin start to rotate in 
the same direction. Then, the sleeve plunges into the metallic sheet to a pre-defined depth 
while the pin retracts upwards. Due to the friction between the sleeve and the metal, the 
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temperature rises locally and the plasticized metal is squeezed into the reservoir left behind 
by the retraction of the pin. In the second step, the pin is forced against the soften metal to 
refill the key-hole. In this step, sleeve and pin return to their original position. Finally, the tool 
is retracted and the joint consolidates under pressure. 

 

Friction spot joining technique for polymer-metal joining 

(Source: Helmholtz Research Center, Geesthacht) 

 

During the joining process, heat flows by conduction from the metallic part to the composite 
and melts a thin layer of the polymer matrix at the interface. The thermo-mechanical 
phenomena involved in the process result in two bonding mechanisms: Mechanical 
interlocking due to the metallic nub created at the metal-composite interface and adhesion 
bonding since the thin layer of the molten polymer produced in the spot region spreads 
throughout the entire lap area due to the low viscosity of the molten polymer.  

Friction riveting (FricRiveting) is another innovative joining concept for polymer-metal hybrid 
structures, developed and patented by the Helmholtz Research Center Geesthacht in 
Germany. The basic configuration includes a rotating cylindrical metallic rivet which is 
inserted into a polymeric base plate. Heat is generated by the high rotational speed and the 
axial pressure. Due to the local increase of temperature, a molten polymeric layer is formed 
around the tip of the rotating rivet. As a result of the low thermal conductivity of the polymer, 
the further local temperature increase leads to the plasticizing of the metallic rivet tip. While 
the rotation is being decelerated, the axial pressure is increased and the plasticized rivet tip is 
deformed and anchored in the polymeric plate. After the consolidation under pressure, the 
joint is held by the anchoring forces related to the deformed tip of the rivet, as well as by 
adhesive forces in the polymer/metal interface.  

 

Schematic view of the FricRiveting process 

(Source: Helmholtz Research Center, Geesthacht) 
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FricRiveting of aluminum EN AW-2024 and polycarbonate 

(Source: Helmholtz Research Center, Geesthacht) 

 

The technology is adequate to produce overlap riveted joints between metal-polymer, metal-
composite and composite-composite connections. Thermoplastic polymers or even fiber 
reinforced composites can be joined. The main process parameters are: 

− Rotational Speed (angular velocity of the rotating rivet): It is important in the heat 
generation and associated phenomena.  

− Joining Time: It controls the joining speed as well as the amount of heat energy 
supplied to the molten polymeric film, influencing the level of volumetric defects 
related to thermo-mechanical processing.  

− Joining Pressure: The main role of this process parameter is to control the rivet 
forging and consolidation phases, but it is also related to the normal pressure 
distribution and heating of the rubbing surfaces.  
 

 

11.3.2.5 Injection clinching joining  

Injection clinching joining is a new joining process (patented by Helmholtz-Research Center, 
Geesthacht) for hybrid structures composed of a thermoplastic-based partner and a metallic 
or thermoset partner. The working principle is to produce joints through heating and 
deformation of a thermoplastic element, such as a cylindrical stud integrated in the polymeric 
partner, which is previously inserted in a drilled hole of the metallic / thermoset component, 
therefore creating a rivet from the structure itself.  

Injection clinching joining joints make use of specially designed cavity profiles in the through-
holes of the joining partner. The molten/softened polymer fills the cavity and remains 
anchored after the joint cools down and consolidates; the mechanical performance is 
improved by the additional anchoring performance. By the end of the process, a tight joint is 
obtained in which there are no additional parts other than the joining partners. Possible cavity 
profiles include chamfers and profiles such as threaded and dove-tail.  

The electrical-heating injection clinching joining process is shown in the figure below. A 
polymer-based part with a protruding stud is pre-assembled with a joining partner containing a 
drilled hole so that the stud fits into the hole. The tool system consisting of a hot case and a 
punch-piston approaches the pre-assembled parts (step a). The stud is heated to the pre- 
determined processing temperature (step b), after which the punch-piston pushes the 
molten/softened polymer into the cavity (step c). The system is then cooled under pressure to 
reduce polymer thermal relaxation and the joint is consolidated (step d). The use of a hot 
case has the advantage of good heat distribution through the volume of the rivet, facilitating 
cavity filling. The main parameters of this process are the heating time and heating 
temperature. Joints can be produced in times from a few seconds to a few minutes. 
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Steps of the electrical heating injection clinching joining process 

(Source: Helmholtz Research Center, Geesthacht) 

A variant is the friction-based injection clinching joining which uses a simple cylindrical tool. In 
its simplest configuration, a rotating tool approaches the polymeric stud (see figure below, 
step a), melting layers of the polymer through friction and pressure (step b). After the required 
amount of frictional heat is achieved, axial pressure is increased while tool rotation decelerate 
(step c); finally, the tool retracts and the joint is consolidated (step d). The design of the final 
rivet geometry can be tailored by defining the height of the original stud. A short stud will yield 
a shallow, more aesthetic rivet head, while a tall stud will deform into a large, more resistant 
rivet head. The main parameters of this process are rotational speed, joining pressure and 
joining time. This technique is fast (cycle times of a few seconds) and energy efficient.  

 

Steps of the friction-based injection clinching joining process 

(Source: Helmholtz Research Center, Geesthacht) 

 

Injection clinching joining is a potential candidate to substitute metallic rivets on secondary 
structures, especially when joining plastic partners with dissimilar materials.  

 

Injection clinching joining: Multiple spot hybrid structure (left) and cross-section of an 
EN AW-2024/PA66-GF joint (right) 

(Source: Helmholtz Research Center, Geesthacht) 
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