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Objectives: 

− to aquire sufficient basic knowledge to recognize the application benefits of 
aluminium and the forms in which it is available. 

 
More specifically, the objectives are 
− to illustrate the natural abundance of the element and the history of its extraction 

from the ore 
− to show the properties of pure aluminium. To outline the importance of alloys to 

commercial development. To show the range of alloys available and their 
classification 

− to describe the principal markets for aluminium 
− to illustrate the basic processes used in the production of primary aluminium  and the 

main fabricating routes used to provide the products needed by manufacturing 
industry 

− to outline the structure of the European aluminium industry and the historical    
contexts which shaped its growth. 
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1101.01 History of exploitation and production 

 

• Introduction 
• History of discovery 
• Development of industrial production 

 
 

Introduction 

 
It is only 160 years since the element aluminium was discovered and only 100 years 
since a viable production process was established, yet by volume more aluminium is 
produced each year than all other non-ferrous metals combined.  
 
An astonishing achievement and a very good reason for engineers to appreciate the 
benefits and master the application technology. 
 
Aluminium is the third most abundant element - comprising some 8 percent of the 
earth's crust. Therefore the natural abundance of aluminium is a key factor in a world of 
diminishing resources (see Figure 1101.01.01). Why was it not discovered sooner?  The 
main reason is that it never occurs naturally in metallic form.  Aluminium is found in 
most rocks, clay, soil and vegetation combined with oxygen and other elements. 
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1101.01.01Analysis of Earth's Crust

 
 

Aluminium bearing compounds have been used by man from the earliest times, pottery 
was made from clays rich in hydrated silicate of aluminium. Ancient Middle Eastern 
civilisations used aluminium salts for the preparation of dyes and medicines: they are 
used to this day in indigestion tablets and toothpaste. Alum, a double sulphate 
containing aluminium has been used for centuries for many useful purposes. 
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History of Discovery 

 
In 1807, Sir Humphrey Davy, the British scientist, postulated the existence of the 
element arguing that alum was the salt of an unknown metal which he said should be 
called "Alumium". The name was respelt as the more euphonious aluminium by later 
scientists. 
 
Following Davy's work, H.C. Oersted in Denmark isolated small nodules of aluminium 
by heating potassium amalgam with aluminium chloride (see also Figure 1101.01.02).. 
By 1845 Wöhler in Germany had established many of the metal's properties, including 
the remarkably low specific gravity.  It was the determination of this property that paved 
the way for more generous development funding - its lightness! 
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The Danish chemist Oersted produced aluminium by reducing the chloride

with potassium amalgam.

The German scientist Wohler succeeded in separating small globules from

which he determined essential properties.

The French scientist Saint-Claire Deville reduced aluminium chloride with

sodium.

Deville started "industrial" production at Nanterre using sodium.

Hall in America and Heroult in France independently developed the fused

electrolysis method of producing aluminium from alumina dissolved in

cryolite.

America took up industrial production of aluminium by the new electrolytic

method.

In the same year, industrial production started in Switzerland, at Neuhausen.

France also commenced production at Froges.

By 1910 production was established in seven countries (Canada, France,

Italy, Norway, Switzerland, U.K. and U.S.A.); total output 45,000 tonnes.

By 1918, with production in nine countries, the total world

production was 208,000 tonnes.

..

The Early History of Aluminium 1101.01.02

 
 
 
During the third quarter of the 19th Century Henri Sainte-Claire Deville, a Frenchman, 
developed a reduction process using sodium which, with further refinement by others, 
allowed the production of high cost metal in limited quantities. Kilogrammes were a 
great advance on grammes. 
 
These initial attempts to produce metallic aluminium in commercial quantities were of 
necessity based on chemical reduction of the oxide.  The invention of the dynamo 
increased the options available to include electro-thermal and electrolytic processes. 
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Development of Industrial Production 

 

In 1886, Charles Martin Hall and Paul L.T. Héroult each perfected a similar method for 
producing aluminium electrolytically from aluminium oxide (alumina) dissolved in 
cryolite (Figure 1101.01.03). Hall filed patents in the USA and Héroult in France, a fact 
that was to have great influence on the future structure of the industry. 
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Heroult's Crucible - 1888 1101.01.03

 
 
 
The success of the Hall/Héroult process was compounded in 1888 when Karl Bayer, an 
Austrian, developed a viable process for producing alumina from bauxite ore. While the 
Deville production cost savings were the more dramatic in magnitude, the final figure 
(price) was still uncompetitive with alternative materials. The Hall/Héroult invention 
closed the critical gap. By 1890 the cost of aluminium had tumbled some 80 percent 
from Deville's prices (see Figure 1101.01.04). The metal was now a commercial 
proposition, how would it be used? 
 
 

alu

Training in Aluminium Application Technologies

Source: Light Metals Industry. Temple Press. 1949

Early Cost Changes 1101.01.04
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Figure 1101.01.05 shows that differences in density make a price per unit of weight 
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largely irrelevant. Price/volume is the key. In most lightly stressed applications it is area 
that matters most for practical purposes. Thus, in 1896 tin, bronze, gunmetal, German 
silver, copper and nickel were obvious targets. Substitution of ″cheaper″ materials 
would be possible only where aluminium could provide a key benefit commanding a 
premium price. 
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Comparative market prices of all metals

Comparative Costs in 1896 1101.01.05

Source: British Alcan archives
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The discovery, successful extraction and the first commercial applications of aluminium 
all took place in the 19th Century.  That period's enthusiasm for new materials and their 
possible use was immense. Not only metals were involved, the first organic plastics 
were made in the 1870's.  The rubber and plywood industries were also established 
during the same period. 
 
The public in general were also intrigued. Charles Dickens (Household Words, Dec. 
13th 1856) commenting on Deville's initial success wrote: "Aluminium may probably 

send tin to the right about face, drive copper saucepans into penal servitude, and blow 

up German-silver sky-high into nothing". 
 
Some 25 years later J.W. Richards wrote in his standard work "Aluminium" that: "It has 

been well said that if the problem of aerial flight is ever to be solved, aluminium will be 

the chief agent in its solution". 
 
It is important to visualise the technical and economic context of the pioneer efforts. 
 
With hindsight we can say that the Hall/Héroult process was the winner, but at the time 
is was by no means so obvious. High risk choices had to be made. 
 
During the period between 1855 and 1900 many aluminium manufacturing businesses 
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were established, most briefly prospered and rapidly waned. A select few survived into 
the 20th Century. 
 
All the pioneers found that once viable production was established that selling the 
output was very difficult indeed.  Markets did not exist, they had to be developed.  
Above all manufacturing industry, the users of more traditional metals, needed to 
acquire specific skills to successfully fabricate aluminium end products. 
 
The first target markets involved the substitution of copper, brass and bronze. Despite 
the problems world production of aluminium soared from less than 200 tonnes in 1885 
to something approaching 18 million tonnes in 1990 - plus some 4 million tonnes of 
recycled aluminium (Figure 1101.01.06, also see Figure 1101.05.01). The prophecies 
of Dickens and Richards have come true! 
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1101.02. Developing Useful Properties and Markets 

 
• Properties of unalloyed aluminium 
• Aluminium alloys 

     
 

Properties of Pure Aluminium 

 

The properties of pure aluminium are remarkable (see Figure 1101.02.01). It is 
comparatively soft metal of limited strength. The properties of 99.5% purity aluminium 
are such that the obvious first applications were where modest strength was acceptable, 
e.g. domestic utensils, electrical conductor, decorative uses, etc. Aluminium conducts 
both heat and electricity well; better than copper on a weight for weight basis.  It has 
high ductility. 
 
Thanks to a natural and tenacious oxide film it has excellent corrosion resistance and in 
most applications is extremely durable. It is a good reflector of light and heat. It has low 
emissivity of heat . 
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Aluminium has only one third the density of steel. 
 
The pure metal is malleable and easily worked by the main manufacturing processes.  
Cold working, e.g. rolling, induces higher strength and hardness. 
 
It has poor foundry characteristics. 
 
Wrought aluminium products such as sheet, rod and wire in unalloyed form were the 
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infant industry's first commercial offerings. 
 
If it was the inventive genius of Hall and Héroult that made aluminium commercially 
available, it was the subsequent development of alloys, enhancing the properties of pure 
metal, that brought about aluminium's dominance amongst non-ferrous metals. 
. 
 

Aluminium Alloys 

 
Even earlier than 1886 aluminium had been employed as an alloying constituent in 
bronze and as a de-oxidant in steel making. 
 
The first official alloy designation that denotes commercially pure aluminium dates back 
to 1888.  Since then the introduction of new wrought and casting alloys, each developed 
for specific qualities, has continued steadily until the present day (Figure 1101.02.02). 
The range of alloy choice is important. The number of widely used commercial alloys is 
of course much smaller. Designers should try to avoid a fixation on the familiar 
specification, it may not be a logical choice for a new product or application. 
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Source: Aluminum Association
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There is an impressive array of commercially available alloys the composition and logic 
being regulated by agreed international nomenclature. For wrought alloys each is 
described by a four digit number plus further letter and number indicating the temper or 
condition of the alloy (see Figure 1101.02.03). 
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The classification provides for :  
 1xxx aluminium of 99% min. purity 
 2xxx aluminium and copper alloys 
 3xxx aluminium and manganese alloys 
 4xxx aluminium and silicon alloys 
 5xxx aluminium and magnesium alloys 
 6xxx aluminium, Mg and Si alloys 
 7xxx aluminium, Zn and Mg alloys 

  8xxx other alloys (e.g. aluminium lithium)  
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These alloys fall into two main groups (Figure 1101.02.04). The work hardening alloys, 
where strength is related to the amount of  'cold work' applied, by rolling or forming, 
and heat treatable or precipitation hardening alloys. With the latter strength and other 
properties are enhanced by heat treatment of various kinds. 
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In 1906, Alfred Wilm, a metallurgist working at Düren in Germany, quenched an 
experimental AlCu-alloy after annealing it and left the specimen on the bench over the 
weekend.  Testing it a few days later he found that both hardness and strength had 
increased simply by having been left at room temperature. Wilm gave the name 
'Duralumin' to his alloys after the place where they were first made. 
 
This discovery of hardening during natural ageing was a vital turning point. It became 
possible eventually to endow aluminium with strengths comparable with steel, so 
providing structural alloys for aircraft and many other markets. Indeed, by 1912 
aluminium alloy properties were equated to those of ash - then the principal structural 
material for aircraft (Figure 1101.02.05). Alloys 2014 and 7075 are virtually 
unweldable, as are most copper containing alloys. 6082 is weldable, hence its usefulness 
in many commercial applications. The limits on the solution of alloy constituents are set 
by the speed of solidification possible with conventionally manufactured aluminium 
alloy ingots. This restriction can be overcome by less conventional production routes, 
e.g. powder metallurgy (see also TALAT lectures 1400). 
 

All the wrought alloys are amenable to commonly used metal working processes such as 
rolling, extrusion and forging. Casting alloys with four-figure or other designation 
provide specific combinations of properties allied to acceptable foundry characteristics.  
All have been devised to meet particular requirements and offer different combinations 
of properties. 
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Particular properties vary for different reasons, heat treatment or chemical composition 
for example (Figure 1101.02.06). This unscaled purely indicative diagram is intended to 
stress the importance of selecting alloys on the basis of several properties. The vertical 
axis rises from ″poor″ to ″good″, the central zone of medium strength weldable alloys 
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involve AlMg compositions with AlZnMg at the right-hand or higher strength margin.  
The selection available is thus more in the nature of a full restaurant menu rather than 
″today's special″. The end product designer needs to know his or her way around the 
menu if the full benefits of the metal are to be exploited. 
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1101.03 Principal Markets 

 
• Building and Construction 
• Transportation 
• Electrical engineering 
• Packaging 
• Other applications 

 
The principal markets for aluminium are represented in Figures 1101.03.01 and 
1101.03.02. 
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Source: European Aluminium Association 1991
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Building and Construction 

 
In buildings aluminium was initially used for decorative purposes. Today it is used in 
wall panels, roofing, partitions, windows, doors, awnings and canopies. All aluminium 
structures and sub-structures are growing in popularity. Durability and finish ability are 
the key benefits closely followed by extrudability - complex architectural sections can 
be produced (see Figure 1101.03.03).  
 
Much construction equipment, e.g. scaffolding, staging and ladders employ the metal. A 
major sector of the market is in home improvements; glass houses, conservatories etc.  
Competitive materials include: steel, brick, concrete, timber, plastic, copper and lead.  
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1101.03.03Building Applications

 
 

 

alu

Train ing in Alum inium  App licat ion Technologies

1101.03.04Transport Applications

 
 

 

Transportation 

(see Figure 1101.03.04) 
 
Strength to weight plus durability are the main reasons for aluminium being specified. 
The overwhelming tonnage goes into road transport, aircraft represent no more than 5% 
of the industry’s shipments. In aerospace aluminium usage has long dominated all other 
constructional materials. The metal constitutes about 80% of a civil airliner's structural 
weight. Competing materials include: titanium, magnesium and carbon fibre 
composites. 
 
Aluminium trains and rolling stock are in widespread use as railroads seek for 
operational economics. 
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Automobile designers have turned to aluminium for the same reason.  Bodies, bumpers, 
radiators, wheels and engine components can be made in aluminium - and frequently 
are.  
Commercial and public service vehicles, where payload is at a premium, incorporate 
substantial quantities of the metal. In both rail and road transport the competing material 
include iron, steel, timber and plastic (incl. glass reinforced plastic). 
 
On the water aluminium masts and spars are now more common than wood for small 
craft. Aluminium hulls are not a rarity. Larger vessels have been built with aluminium 
superstructures, the Queen Elizabeth 2 has some 1500 tonnes on board. The competition 
is primarily steel, timber and GRP in small craft. 
 

Electric Engineering   

 
In the electrical field aluminium is widely used for long distance high voltage 
transmission lines (see Figure 1101.03.05). Virtually all high voltage transmission lines 
use aluminium conductor. Although larger in cross section than the equivalent copper 
cable, the aluminium conductor is only half the weight allowing larger pylon spacing 
and easier stringing. The electrical industry as a whole employs the metal for many 
purposes including busbars, condenser windings, heat exchangers, equipment housings 
and electrical hardware. The competitor is principally copper.   
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Packaging 

 
The recyclable beverage can, made from aluminium, is now an integral part of modern 
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living competing on equal terms with tin plated steel (Figure 1101.03.06). It is one of 
the few products that as ″used″ scrap can be recycled back into can stock and thus new 
cans. It therefore commands a premium scrap price and, once the collecting 
infrastructure is in place, achieves high levels of recycling. 
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1101.03.06Recyclable Beverage Cans

 
 

The metal is also used for many other types of containers, caps and closures. Aluminium 
foil, on its own or laminated to paper or plastic, is excellent for preserving foodstuffs - 
and making the package attractive. 
 
 

Other Applications 

 
There are a myriad other uses, some that use significant quantities of aluminium are: 
Lithographic sheets (for printing), storage silos, TV aerials and dishes, domestic 
appliances, office equipment and offshore structures for oil industry. Weight saving and 
freedom from maintenance are the key benefits. Weight saved on the superstructure of 
an oil rig can result in massive savings in structural cost below sea level (Figure 

1101.03.07). 
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1101.03.07Off-Shore Structures

 
 
 
The consumption of aluminium varies widely in different parts of the world. Many uses 
considered commonplace in North America and Europe are not yet widespread 
elsewhere. Figure 1101.03.08 shows an Indian bullock cart: at a cost premium of 
10/15%  the aluminium cart offers twice the useful life and an extra payload of 
200/400kg. It also saves three scarce trees from being felled.  
 
Much remains to be done to fully exploit proven uses and their associated aluminium 
application technologies.  
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1101.04 Production of Primary Aluminium and Semi-finished 

Production 

 
• Primary aluminium 
• Semi-fabricating 

− Rolling 
− Forging 
− Casting 
− Extrusion 

 

Primary Aluminium 

 
Aluminium produced from ore via the alumina stage is termed primary metal to 
distinguish it from secondary or recycled aluminium. 
 
The ore most commonly used for the extraction process is bauxite - named after Les 
Baux in France where it was first identified.  Bauxite is rich in aluminium oxide, 
typically 40 to 60%, the remainder being mainly iron and silicon compounds. Aluvial 
deposits near the surface, and thus amenable to opencast working, are normally used. 
 
Today the greatest proportion of bauxite is mined in Australia, West Africa, Brazil and 
Jamaica. Crushed, and if necessary dried, bauxite is shipped to the alumina plant. This 
may be adjacent to the deposits or half way round the world nearer to the smelter. 
 
The economic size of modern alumina plants is large, capacities of 800,000 to 1,000,000 
tonnes per annum being the norm when producing metallurgical grades. A substantial, 
though smaller, quantity of alumina hydrates are used for non-metallurgical end uses.  
This activity constitutes a chemical industry in its own right. The extraction process, 
devised by Karl Josef Bayer in the late 1880's depends on the fact that aluminium 
trihydrate dissolves in heated caustic soda but the impurities do not; this enables 
practically pure aluminium oxide (alumina) to be separated. Figure 1101.04.01 is a 
much simplified schematic diagram. A full sized plant is a large complex with perhaps a 
quarter of a million tonnes of steel pipework and tanks. The kiln can be rotary (like a 
cement works) or, in more modern plants a fluid bed furnace.  
 
The bauxite is crushed and ground to powder, then mixed at high temperature with a 
solution of caustic soda (NaOH) in digesters, under pressure. The aluminium trihydrate 
dissolves in the caustic soda, forming sodium aluminate which, being soluble, can be 
passed through filters, leaving the insoluble impurities behind. The aluminate solution is 
pumped into precipitator tanks 25 metres high, in which very fine and pure particles of 
aluminium trihydrate are added as "seed". Under agitation by compressed air with 
gradual cooling, pure aluminium trihydrate precipitates on the "seed" and is then 
separated from the caustic soda solution by settling and filtration.  Heating to 1000-1100 
degrees C, drives off the chemically combined water, leaving the alumina as a fine white 
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powder suitable for the electrolytic smelting process. The caustic soda is recovered and 
returned to the start of the process, to be used over again to treat fresh bauxite. 
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Four tonnes of bauxite are required to produce two tonnes of alumina, which in turn 
produce one tonne of aluminium at the primary smelter.  The logistical implications are 
clear, for each million tonnes of primary metal produced four million tonnes of bauxite 
and two million tonnes of alumina have to be transported. 
 
At the smelter the alumina is mixed with cryolite (sodium aluminium fluoride), which at 
a temperature of about 950 degrees C, forms the electrolyte of the large "cells" or "pots".  
Each pot is a steel shell up to 10m in length, some 4m wide and 1.5m deep, lined with 
pure carbon, baked hard. The lining acts as the cathode of the electrolytic cell.  
Suspended in the middle of the pot are the consumable carbon anode blocks through 
which the electric current enters the cell. Pots run on very low voltage but high 
amperage, 180,000 amps or more being typical values for a modern smelter (see Figure 

1101.04.02). The alumina hopper has a built-in crust breaking prong to allow computer 
controlled injections of alumina into the fused electrolyte. Anode adjustment is 
computer controlled, anode replacement is mechanically assisted. 
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Each cell in a primary smelter produces over 1 tonne of molten aluminium each 24 
hours.  The operation is continuous for the life of the pot which may well be between 5 
and 10 years. With a modern smelter having an annual capacity of 150 to 250 thousand 
tonnes there will be several hundred pots.  The molten metal is syphoned out of the pots 
and taken to a cast house for further processing. 
 
Clearly, large amounts of electrical energy are required and the cost of power is critical 
to successful operation. Over 60 percent of primary aluminium production uses 
renewable hydro-electric power and smelters tend to be located near suitable 
watersheds. Such a large element of basic cost has been subjected to continuous study 
during the 100 years production experience of the Hall/Héroult process. Early plants 
needed 40 to 50 KWh to produce 1kg of metal, modern smelters only use 12 to 14 
(Figure 1101.04.03). 

 
At the primary smelter the metal can be cast into ingots (pig) or larger blocks (sows) for 
subsequent remelting.  More usually the metal is alloyed at the smelter and then cast 
into extrusion billet (cylindrical) or rolling ingot (rectangular slabs). A semi-continuous 
process known as direct chill casting (DC) is employed. 
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The primary smelter products are shipped to factories that make what are known as 
semi-fabricated products. These are the types of material required by end product 
manufacturers. 
 
 

Semi-fabricating 

 
Semi-fabricating involves mainly the following processes: 
 

Rolling. 

Rolling ingot is hot rolled down to plate or slab. The slab is subsequently cold rolled to 
sheet or foil thicknesses, with intermediate annealing where necessary. 
 

Forging. 

The metal is hammered or pressed into required shapes which have been cut into facing 
dies. The starting stock can be either cast blocks or extruded bar. 
 

Casting.  

This is the oldest and simplest (in theory if not in practice!) means of manufacturing 
shaped components.  The metal is melted and poured into moulds of the required shape. 
Moulding in sand is one of the oldest industrial arts and still practised extensively. Other 
processes include gravity (or permanent mould) die casting in which the aluminium 
flows by gravity into a metal mould and pressure die casting in which molten metal is 
forced under pressure into a steel die. 
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Extrusion. 

This process entails forcing heated metal through a die cut to the cross section of the 
required shape, in much the same way as toothpaste is squeezed from its tube. This is 
the principal method of making structural shapes, tubes and an endless variety of 
sections both large and small. 
 
Although other processes are used, particularly for specialist products and purposes, 
these four semi-fabricating routes account for the overwhelming proportion of 
aluminium used by manufacturing industry.  
 
The production of both alumina and primary aluminium are highly capital intensive and 
the volume production of semi-fabricated products requires substantial investment.  The 
aluminium industry tends therefore to be vertically integrated from alumina to semi-
fabs. 
The further fabrication of semi-fabs into finished products is ideally suited to light 
manufacturing facilities needing more modest capital investment. 

 

 

1101.05 Development of the European Industry 

 

As previously mentioned the industry in 1890 was divided by the Hall patent in the USA 
and Héroult patent in France. At the interface between the two there were some stormy 
incidents with litigation about patent rights in various parts of the world. The colonies - 
remember them? - were a particular bone of contention. Eventually an uneasy but 
generally peaceful relationship was established. 
 
When the two patents finally lapsed the differences became less disruptive.  Since 1945 
many more aluminium companies have become truly international with their operations 
spread over several continents. 
 
Because of the difficulty initially in selling aluminium in ingot form, the first companies 
rapidly started to integrate forward so that they could offer a full range of semi-
fabricated products and in some cases consumer products. 
 
The classic example of this trend was Hall's own company in the USA, The Pittsburgh 
Reduction Company, soon renamed the Aluminum Company of America, which found 
itself becoming a major manufacturer of domestic holloware.  It could find no 
established company in that business willing to manufacture in aluminium. 
 
In Europe many companies were formed to provide a wide range of semi-fabs in modest 
quantities to national markets. As consumption grew the economies of larger scale 
production became attainable, a process that naturally led to mergers, acquisitions and 
eventually joint ventures. 
 
In the first half of the 20th Century the development of the motorcar and the aeroplane, 
coupled with the massive demands of two major wars in under twenty years, produced 
phenomenal growth. 
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The First World War more than doubled capacity in three years, the second was even 
more spectacular providing 600% growth in under ten years from a much higher base.  
In both cases peacetime demand caught up with the available capacity within five or six 
years (Figure 1101.05.01). 
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From 1950 onward aluminium consumption grew at a relatively steady 8% compound 
for another 25 to 30 years - with packaging and building applications amongst the 
leaders. 
 
Clearly production efficiencies had to be massively improved to meet this demand, and 
the availability of secondary (recycled) metal and its economic attractions increased (see 
also Figure 1101.05.02). 
 
In alumina production the size of plant increased to present day levels of 1 million t.p.a. 
or more.  Not surprisingly many new alumina plants are joint ventures.  The cost of bulk 
shipment has fallen in real terms for both bauxite and alumina as bulk carrier vessels 
have increased in size. 
 
In smelting the individual pots grew in size and the operating amperage increased.  For 
obvious reasons a large pot is thermally more efficient than a smaller one.  Anode 
technology and detailed cell design has steadily improved.  The service life of the pot 
has been extended by several years.  
 
Despite these improvements the total power requirement for a smelter has increased as 
the economic size grew.  This has led to new smelters - being concentrated even more in 
favourable power cost regions. 
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In the European aluminium industry today:

- 13 alumina plants produce 6.6 million tonnes

- 40 primary smelters produce 3.8 million tonnes

- 60 rolling mills, 200 extrusion plants 

   produce 4.8 million tonnes of semi-fabricated products

- 2500 foundries produce 1.4 million tonnes of castings

- 200 secondary refiners produce 1.7 million tonnes,

   which represent 31 % of the metal supply

- The industry directly employs over 200,000 people

- In 1991 the total turnover was 25 billion ECU and

   investment in plant was 2.5 billion ECU

European Aluminium Industry Today (1991) 1101.05.02

 
 
Semi-fabricated product manufacture has seen the greatest productivity improvement 
within the entire industry.  Sheet mills within a 25 year period have increased rolling 
speeds from 150m/minute to over 600m, strip width has doubled and coil sizes have 
grown from 1 to 2 tonnes to 15 to 20 tonnes or more. 
 
The average extrusion press a quarter of a century ago produced perhaps 1/2 tonne of 
section per hour with a crew of 6 or more people; a modern press has three times the 
output with half the crew. 
 
All these changes involve much greater specialisation and lead to plants requiring 
markets far beyond their national boundaries, especially for rolled products.  The speed 
of change has also varied from country to country; the adjustment by many of the former 
controlled economies in Eastern Europe still has to take place. 
 
Reference to a trade directory will show that the most commonly required semi-fabs are 
still manufactured in many European countries.  Such references do not indicate the 
scale of manufacture or the corporate links that bind many of these plants across 
international borders. 
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Production of Primary Metal

Aluminium comprises eight per cent of the earth's crust. Since aluminium occurs in

extremely stable oxygen compounds, it took quite some time for scientists to figure out

how to reduce it into pure metal. That process was first accomplished in 1824 in the

laboratory of H.C. Ørsted of Denmark. Some small-scale commercial production was

achieved, but even five decades later aluminium remained more costly and coveted than

gold.

The breakthrough came in 1886.  Independently of each other, the American scientist

C.M. Hall and the French scientist P.L.T. Héroult invented the electrolytic reduction

process for producing aluminium. The method is based on alumina derived from

bauxite.  Although improvements have been made in the process over the past century,

the industrial production of aluminium is essentially based on the same process today

(see Figure 1100.01.01).
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In about 1918, the Norwegian scientist C. W. Søderberg invented a continuous

electrode, the "Søderberg cell", which is still in use today.  Most modern electrolytic

reduction plants now use pre-baked electrodes for environmental reasons.

Aluminium production has increased rapidly in recent years, rising from a modest 5,700

tonnes per year at the turn of the century to the current level of about 25 million tonnes

annually (see Figure 1100.01.02). Aluminium consumption has increased dramatically

during the past 40 years in particular. According to forecasts, growth is expected to

continue at a rate of 2-3 per cent per year until the year 2010.
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Aluminium and the Environment

The aluminium industry has invested enormous resources in reducing emissions from

their production plants.  Pollution has been slashed by nearly 80 per cent during the past

20 years, and today's modern electrolytic reduction plants represent minimal

environmental problems. We must not forget, however, that there are still plants,

especially older ones, which do not satisfy today's environmental standards.

The production of primary aluminium is highly energy-intensive. Roughly 12 - 14 kWh

are required to produce one kg of pure aluminium using the electrolytic reduction

process.  Please note, however, that the metal's melting point (approx. 660 °C) is so low

that re-melting requires only about five per cent of the original energy input. This means

that efficient aluminium re-cycling is profitable.

Hydroelectric power is used to produce more than 50 per cent of primary aluminium.  In

actual fact, this is a means of storing and exporting energy to countries where energy

production is possible only through the combustion of fossil fuels. This is important in

terms of the global environment.
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Aluminium lends itself well to recycling and recycled metal currently accounts for about

one-third of world aluminium consumption (Figure 1100.01.03). Due to growing

volumes of used aluminium, increasing environmental awareness and new technologies,

we expect the amount of recycled aluminium to increase dramatically in the years to

come.
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Potential Applications

(Figures 1100.01.04 - 1100.01.06)

The rapid growth in the consumption of aluminium is primarily due to the amazing

versatility of the metal:

Aluminium is ductile.  The metal can be hot rolled or cold rolled down to thicknesses

of 6-7 µm (foil).  It can be extruded down to wall thicknesses of 0.5 mm. It can also be

pressed, drawn, forged, stamped or cast by traditional methods.

Aluminium is corrosion resistant and its surface can be further protected from

corrosion by anodising, painting or lacquering.

Aluminium can be joined by most well-known joining methods, including welding,

soldering, gluing and riveting.  Extruding offers special advantages for shape

adjustments such as pockets for screws, snap-fit covers, etc.

The tensile strength of aluminium can be varied from 70 to 700 MPa, depending on the

alloying elements added and the process. Its ductility and strength can be altered
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during the working process to give the material the desired degree of strength. If

aluminium is used in structural components that are subject to stress or bending,

however, it must be borne in mind that the metal's rigidity (modulus of elasticity) is not

altered significantly by alloying or hardening. It will always remain about one-third that

of steel (E = 70 GPa).
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Aluminium is light-weight. Used in vehicles, it reduces deadweight and energy

consumption while increasing load capacity.  Aluminium has only one-third the density

of steel.

Aluminium is non-toxic and can therefore be used for food storage and preparation.
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Aluminium is a good conductor of heat.  This property is exploited in products such

as cooking utensils and heat-exchange systems.

Aluminium is an excellent conductor of electricity, twice as good as copper per

weight unit.  This has made aluminium the most commonly used material in major

power transmission lines.
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1100.01.06Applications Based on Useful Aluminium Properties (3)

There is no doubt that aluminium is a material which offers a wealth of possibilities. It

is nevertheless important to point out that skill and experience are required to take

maximum advantage of the possibilities inherent in the material.
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Areas of application

A total of 5.8 million tonnes of semi-finished aluminium products were manufactured in

Europe in 1998.

As the illustration (Figure 1100.01.07) shows, rolled products clearly accounted for the

largest sector, while extruded products took a good second place. The next figure

(Figure 1100.01.08) shows how aluminium is divided among various areas of

application in Europe.

The per capita consumption of aluminium varies considerably from country to country

(see Figure 1100.01.09).  US tops the statistics with 33.4 kg.  The European average is

20.7 kg, but this figure conceals significant differences, e.g., 19 kg in the United

Kingdom  or in France to 26 kg in Germany.
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The Outlook for Aluminium Structures

The picture (Figure 1100.01.10) offers a prime example of how aluminium has been

used on a "flotel", an accommodation platform for an oil drilling rig in the North Sea.

The supporting structure is built up of welded aluminium extrusions.  Special fireproof

aluminium panels have also been used.  The structure is a good example of what can be

achieved with aluminium when the material is used correctly.

More knowledge of aluminium technology will give the designers of tomorrow a chance

to take advantage of the full range of aluminium's properties when developing new

products.
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1201.01. Basic mechanical and physical properties 

 

1201.01.01  Background 

 

The chemical element aluminium (symbol Al) is a metal, which in its pure, bulk form is 

relatively soft, light and abundant - 8.07% of the Earth’s crust compared, for example, with 

the familiar metal iron at 5.06% (see TALAT 1101, Figure 1101.01.01). Only oxygen and 

silicon (as sand) are more abundant in the Earth’s crust, and yet it was only a century ago that 

aluminium was discovered as the most common of metals (see TALAT 1501.01; History and 

production process of aluminium). We are all familiar with the bronze and iron ages that 

considerably predate the discovery of aluminium - so why was aluminium so late in 

appearing on the scene? The answer, as for the pre-historic copper and bronze ages (bronze is 

a metallic mixture of copper and tin) and later iron and steel (a mixture of iron and a small 

quantity of carbon), relates to man’s technological capability not only to extract the material 

from the Earth’s crust but also to process the material into a useful product.  

 

Man’s discoveries and exploitation of metals 

 - Copper Age to Bronze Age to Iron Age to Steel and finally Aluminium  
 

Copper may be found as lumps in the ground. In pre-historic times, around 8,000 BC,  it was discovered that copper may be 

beaten cold into a useful tool (today we call this cold work hardening). Later, it was found that the use of fire to heat copper 

it softened (today we call this annealing) and this made it easier to fashion into a tool and implements such as cups. Later 

still, it was found that further addition of heat allowed the copper to melt (at 1,083.4°C), whereupon it can be cast into a 

variety of useful shapes.  However, as a fighting weapon, a copper knife, although much less brittle than flint, very rapidly 

lost its cutting edge.  

 

Tin also may be found in the ground.  Around 2,000 BC it was discovered that if a mixture copper and tin (today we call this 

an alloy) was melted and cast, the product - bronze - was much harder than pure copper. This remarkable discovery set the 

pattern for the major progress in civilisation known as the Bronze Age. 

 

Copper and tin are relatively scarce in the Earth’s crust compared with iron, which is abundant but in the form of iron oxide.  

One cannot but wonder what inspired the discovery, around 1,000 BC that by heating iron ore together with charcoal 

(carbon) gives metallic iron, and hence the birth of the Iron Age [the carbon combines preferentially with the oxygen from 

the iron oxide - carbon dioxide gas is given off, leaving metallic iron].  Iron, and later steel (an iron alloy with a small 

amount of carbon), became dominant as a structural material and today is still the most widely used metallic material 

because of its high strength and relatively low cost - it is, however, heavy and very susceptible to corrosion (rusting). 

 

Aluminium oxide is also very abundant in the Earth’s crust. However, the chemical affinity between aluminium and oxygen 

is very much stronger than that between iron and oxygen.  Consequently, aluminium as a metal was not discovered until 

relatively recently and requires a large amount of energy to extract it from its ore. 

 

The great affinity of oxygen for aluminium (which produces a chemical compound, alumina 

Al2O3) means that the element aluminium is present in the Earth’s crust incorporated in a 

mineral, Bauxite ore. The technical challenge at the end of the last century was to extract 

aluminium metal from Bauxite. The solution - the “Hall – Héroult” process (see TALAT 

1501.01) - was the development of an electrolytic process, which is still used today. A large 

quantity of electricity is required, and it was the development of cheaper electricity 

(particularly hydroelectric power) at the turn of the last century, that made the industrial 

production of aluminium a commercial proposition. The incentive to recycle aluminium is 

considerable because, compared with he energy required for primary electrolytic extraction, 

only a few percent of that energy level is required to remelt scrap material. Nonetheless, as a 

general rule, aluminium is more expensive than steel; hence, for a given application, the 

selection of aluminium over steel (or any other competitive material) will rely upon one or 
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more of the many attributes of aluminium which make it a better choice for a particular 

application. Lightness in weight, the characteristic to be readily formed into useful shapes, 

good corrosion resistance, and high electrical and heat conductivities are just some of the 

potentially valuable attributes. 

 

1201.01.02 Commercially pure aluminium 

 

Commercially pure aluminium is the product of the electrolytic cell process. It contains a low 

level of impurities, usually much less than 1%.  Commercially pure aluminium is light in 

weight (2,700 kg.m
-3

 compared with iron at 7,870 kg.m
-3

) and melts at 660 °C. 

 

A lump of aluminium that has been heated to just below the melting point and allowed to 

cool slowly (annealed) is light in weight, is not very strong, is soft and ductile, is corrosion 

resistant and has high thermal and electrical conductivities - see Figure 1201.01.01 for data.  

If the lump is mechanically deformed at room temperature, then it becomes noticeably harder 

and less ductile - the material has been “work hardened”; the mechanism of work hardening 

will be explained later in this section.  The mechanical and physical properties of 

commercially pure aluminium may be also be changed by deliberate additions of other 

elements, for example, copper (Cu), magnesium (Mg), silicon (Si) - the products are alloys 

and the aim of industrially useful alloys is to enhance their properties and hence make them 

more suitable for fabrication into useful products. Again, the mechanisms involved will be 

the subject of much discussion later in this chapter.  Such alloy additions are small in amount 

(typically up to a few percent); consequently they have only a very small effect on the 

density, which remains low at typically 2800 kg.m
-3

.  An exception is additions lithium (Li), 

density 540kg.m
-3

, of up to a few percent and specially developed for aerospace applications, 

where the aluminium-lithium alloy density is lower at 2200-2700 kg.m
-3

.  Also, alloys of 

aluminium with small additions of lithium are stiffer than other aluminium alloys, which is a 

feature of benefit to some applications (see section on aerospace alloys, TALAT lecture 

1255). 
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The extremely strong affinity of aluminium for oxygen means that, at room temperature in 

normal air conditions, a lump of aluminium will instantaneously form a very thin layer of 

surface oxide. This is only a few atom layers thick; however, it is very stable and provides 

good protection against chemical attack. 

 

The surface oxide film formed at room temperature is amorphous (this means that the 

component atoms are not arranged in a regular array).  Upon heating to elevated temperature, 

say around 550 °C, the amorphous film starts to crystallise - small regions of aluminium 

oxide re-arrange their atoms into a more stable, regular arrangement - small crystals are 

formed.  Stripping of the films allows them to be examined at very high magnification in a 

transmission electron microscope (see later section on metallographic techniques); this 

allows the structure of the films to be determined - Figure 1201.01.02.  The small aluminium 

oxide crystals formed at an elevated temperature are of a size and separation to cause optical 

interference effects (diffraction) in normal white light - thus, such a sample may appear 

bluish through brown to black, as opposed to the familiar reflective “silvery” colour of 

aluminium.  

 

 

 

Aluminium oxide (also called alumina) is a brittle, ceramic material that has a very high 

melting point of 1,773  °C.  This means that when a lump of aluminium is melted, the 

alumina film remains solid and, unless special measures are adopted, it breaks up and, 

because of turbulence in the liquid, readily becomes incorporated inside the liquid where it 

remains during subsequent freezing (solidification).  The alumina films are folded back on 

them-selves and are poorly bonded and, as such, present regions of weakness in the solidified 

aluminium.  Unless special precautions are adopted, entrapped oxide films can be a serious 

problem in components cast from aluminium alloys - see TALAT lecture 3202 (Figure 

3202.00.01). 
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1201.02  Crystal structure and defects 

 

1201.02.01  Crystals and atomic bonding 

 

Aluminium is a metallic material, composed of atoms which are arranged in a specific three-

dimensional array - a crystal.  The way in which the atoms of all materials are bonded is 

determined by their atomic structure.  The box below provides brief descriptions of various 

types of bonding and some simple crystal structures. 

 

Atoms, bonding and crystal structures 

 

Most solid matter is crystalline.  The atoms of which it is composed form a regular pattern which is repeated throughout 

space; this is the crystal structure.  Since solid matter has strength, it is clear that there must be a force, the atomic bond, 

holding each atom to its neighbours in the crystal.  Bonding is of three basic types:  Metallic bonding;   

Covalent bonding and Ionic bonding.  Let us look at the characteristics of each in turn. 

 

Metallic bonding 

In metallic bonding, an electron is lost by one type of atom and gained by another.  Electrons carry a negative charge. An 

atom will lose one or more atoms if it has this number in its outer shell; this is the chemical definition of a metal. 

 
Suppose some metal atoms are brought together, each having spare electrons in their  outer shells.  What holds them 

together ?  Again it is a matter of sharing but not one atom with another but more on a communal basis !  The way a metal is 

best viewed is of a system of positive charges or ions (the atoms which have lost electrons ...... so-called positive ions) 

surrounded by a cloud of negatively-charged electrons - sometimes called ‘electron-gas’ - see Figure 1201.02.01 - which 

shows pictorially metallic bonding with positive ions surrounded by an  ‘electron-gas’.  The mutual attraction between the 

positively charged ions and negative ‘electron-gas’ provides the bond. 

 

 
 

The free electrons in the “electron gas” of a metal are relatively free to move.  Under the influence of a voltage potential, an 

electron current flows.  Hence, metals are good conductors of electricity.  

 

It is important to note that mixtures of metallic atoms occur commonly - these are known as alloys.  There are many 

different alloys of aluminium.   There are also a number of different classes of aluminium alloy;  these will be discussed later 

in this lecture series.  In all cases of metallic alloys, the simple picture of positive metal ions in an electron gas holds true.  

The positive metal ions may assemble into special arrays as a result of a particular heat treatment or special mechanical 

treatment - this gives rise to crystal structures with special features , for example grain structures and more general 

microstrucures; we will look at these features later in this lecture.  

 



TALAT Lecture 1201 7 

 

Covalent bonding 

Electron shells can be made complete by sharing electrons.  Carbon is an example;  this has 4 electrons in the outer shell and 

shares these to make the stable shell of 8. 

 

The diamond structure of carbon is shown in Figure 1201.02.02.  This shows a three dimensional representation with the 

bonds shown as the region of high electron probability . The strength of the covalent bonds is what accounts for the great 

hardness of diamond. atoms.  The strong bonding of the electrons also means that there are no free electrons to carry an 

electrical current: diamond is an electrical insulator. 

 

 
 

Mixtures of atoms - compounds - can have covalent bonds. Organic materials are mostly covalently bonded, e.g. plastics, 

which are mostly good electrical insulators. 

 

Ionic bonding 

Non-metals, in contrast, have almost full outer electron shells and become more stable by gaining one or more electrons.  

Consider sodium (Na) and chlorine (Cl)  - see Figure 1201.02.03.  As electrons carry a negative charge the Na atom 

becomes positively charged and the Cl negatively charged.  Opposite charges attract and this is the basis of the bond - in this 

case producing NaCl, common salt. 
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1201.02.02 Atomic structure of aluminium 

 

Let us return to the specific case of aluminium.  The atomic number of an aluminium atom is 

13;  by definition this is because it has 13 protons in its nucleus, together with 14 neutrons.  

The atomic structure is shown pictorially in Figure 1201.02.04.  The outer electron shell - the 

valancy shell - contains three electrons; these contribute to the “free electron gas” of 

aluminium crystals and give such crystals excellent electrical conductivity.  As a general rule, 

the electrical conductivity is reduced by the addition to aluminium of impurities and by the 

deliberate addition of other elements to form aluminium alloys. 

 

 
 

1201.02.03 Crystal structures 

 

As already indicated above, aluminium atoms assemble into an array to form a crystal lattice.  

The crystal lattice has a face-centred cubic structure (often abbreviated to fcc).  Aluminium, 

in common with most other metals and their alloys, pack atoms together in a highly 

compacted way - mostly, this is achieved by one of three different lattices, face-centred 

cubic, close-packed hexagonal or body-centred cubic - see Figure 1201.02.05. 
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1201.02.04 Some comments on crystal structures of materials 

 

As we saw above, covalently-bonded materials must have their atoms arranged to allow 

electron sharing; this leads to some very complicated structures - for example, plastic 

polymers and bio-medical materials.   Ionic crystals have, as their priority, the requirement 

that positive and negatively charged particles are neighbours.  

 

The metallic bond, however, makes no such demands and, as a result, the atoms can pack 

together in the most efficient way.  This leads to close-packed structures of which there are 

two types, face-centred cubic (fcc) and close-packed hexagonal (cph), Figure 1201.02.05.  

Another common structure is body centred cubic (bcc) , which is also illustrated in Figure 

1201.02.05. 
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Although the fcc and cph look very different, they are, in fact, both made up by stacking 

close-packed layers, one on top of another.  This is illustrated in Figure 1201.02.06.  

Probably a rather simpler picture is to consider rafts of close-packed atoms, which may be 

stacked on top of each other. These rafts may be stacked in two distinctly different sequences, 

ABCABC and ABABAB (or ACACAC) , as illustrated in Figure 1201.02.07; the former is 

fcc stacking, and the latter is hcp. [This is readily demonstrated with small spheres, e.g. rafts 

of glued table tennis balls].  

 

 
 

The slip of one raft of atoms over a neighbouring raft is the mechanism by which a crystal 

can change its shape - that is, by the application of a sufficient force to a crystal, it responds 

by changing its shape. This is known as plastic deformation. The plane on which the slip 

occurs is determined by the geometry of the crystal structure. The geometry involved is 

relatively simple for crystals based on cubic symmetry, for which crystal planes and crystal 

directions may be defined in terms of Miller indices, see box below. 

 

Miller indices 
 

Three axes, x, y and z, are defined which are parallel to the edges of a cube whose cell edges are of unit length - see Figure 

1201.02.08.  The convention to define a crystal plane is as follows:-  

1. Determine the intercept of the plane along the three axes x, y and z.. 

2. Take the reciprocal of each intercept. 

3. The three resulting numbers are the Miller indices of the plane.  

 

As an example, consider one of the faces of the cube shown in Figure 1201.02.08.  The intercepts are   

   1 along the x-axis 

    infinity  along the y axes 

    infinity along the z axis. 

 

Take the reciprocal of each intercept to obtain the integers 1, 0 and 0. 

 

The convention is to enclose these integers in brackets - (100) - to define the plane, again see Figure 1201.02.08. Clearly, 

other faces of the cube will be represented by (010). (001) and so on.  Such a family of planes id denoted by {100}.  

 

Note that the close-packed planes are {111}, and these are the slip planes. 
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Directions in the cubic crystal are defined in ‘square brackets’ as the normals to the planes; for example, the direction along 

the x- axis is [100].  A family of equivalent ‘cube’ directions is denoted as <100>.    

 

 

 

1201.03 Plastic deformation, slip and dislocations in single crystals. 

 

1201.03.01 Slip and dislocations 

 

Deformation by slip in aluminium mostly occurs on {111} planes and along <110> 

directions.  In practice, the energy that would be required to move a complete raft of close-

packed atoms all in one go would be impossibly large, and this never happens. Instead, slip 

occurs by the movement of so-called line defects in the crystal, known as dislocations. The 

science of dislocations is a huge and complicated subject, so for details the interested reader 

is referred to specialised texts [1]. Nonetheless, the basic principle of slip by dislocation 

movement is easy to illustrate by reference to a so-called ‘edge dislocation’.  The 

arrangement of atoms is shown in Figure 1201.03.01.  The dislocation line is the boundary of 

an extra plane of atoms.  Slip occurs by the movement of this extra plane along the slip plane; 

hence, deformation is a localised process and the energy required is very much less.  Note, 

however, the very localised distortion of the atomic lattice around the dislocation; the lattice 

is said to be in a state of strain, with some atoms further apart than normal, and some atoms 

closer than normal.  

 

In practice, any macroscopic shape change requires movement of very large numbers of 

dislocations.  However, because dislocation movement in a pure aluminium crystal requires 

only a small energy, macroscopic deformation is relatively easy - we perceive the material to 

be soft. 

 



TALAT Lecture 1201 12 

 

 
 

1201.03.02 Other features and defects in aluminium single crystals. 

 

In the real world, very high purity aluminium is a rarity; normally aluminium material 

contains at least a small amount of impurities and, for most engineering applications, the 

material contains deliberate additions of alloying elements. The main impurities in 

commercially- pure aluminium are iron and silicon.  Iron has a very low solubility in 

aluminium (0.05wt% maximum at 665°C), hence an impurity level higher than this results in 

particles of aluminium-iron intermetallic which are insoluble.  Some elements, notably 

copper (Cu), lithium (Li), magnesium (Mg), manganese (Mn) , silicon (Si) and zinc (Zn) 

dissolve, each up to a certain limit which is temperature dependent, in the aluminium lattice 

.... they form so-called solid solutions .... see Figure 1201.03.02.  
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In a solid solution, the ‘foreign’ atom substitutes for an aluminium atom - see Figure 

1201.03.03.  These foreign atoms are known as solute atoms; they have atom sizes that are 

different from the atom size of aluminium (see Figure 1201.03.02). This means that solute 

atoms introduce a distortion into the aluminium lattice - see Figure 1201.03.03- a feature that 

has a controlling influence on how the solid solution - the alloy - responds to heat treatment 

and to mechanical working; we will return to the important feature later in this chapter. Some 

lattice sites are not occupied by any atom - the sites are vacant.  The point defect caused by 

the vacant lattice site is called a vacancy.  The equilibrium concentration of vacancies is very 

temperature dependent.  The concentration of single vacancies, Cv , in equilibrium in a pure 

metal  at a temperature T°K is given by [2] 

 

               
=C v c o n s ta n t   x 


−




k T

E fe x p
 

 

where Ef  is the energy of formation of a single vacancy and k is Boltzmann’s constant. The 

equilibrium concentration varies [3] from about 2 x 10
-3 

/ atom (i.e. 2 lattice sites in every 

1,000) at just below the melting point, to 1 x 10
-12

 / atom (i.e. 1 lattice site in 1, 

000,000,000,000 at room temperature).  However, if a sample of aluminium is cooled rapidly, 

a high, non-equilibrium level of vacancies can be retained in the structure; this has important 

implications to the metallurgy of aluminium alloys - we will return to this when we discuss 

the mechanism of precipitation hardening in section 1201.04. 

 

 
 

Vacancies are also important because they facilitate the mechanism of the diffusion of solute 

atoms in an aluminium alloy lattice - see Figure 1201.03.04. In the illustration, the small 

solute atom diffuses upwards, and the large solute atom diffuses downwards. 
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1201.03.03 Grain features of bulk aluminium and its alloys. 

 

Although it is possible by special procedures to grow large single crystals of pure aluminium 

and aluminium solid solutions, in most situations where aluminium is processed and applied 

as an engineering material, the bulk material (as with other engineering materials) is 

composed of an agglomeration of a large number of crystals, so-called grains - so next, we 

must look at the formation and characteristics of multi-grained materials.  

 

 
 

Let us start by considering the freezing (solidification) of an aluminium alloy.  As the liquid 

cools to, and then below, the freezing point, small crystals of solid start to grow within the 

liquid.  The solid crystal grows at different rates in different lattice directions - in aluminium, 

as for all fcc metals, the preferred growth directions are the cube <100> directions, and the 
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crystal takes on a characteristic, so-called ‘dendritic’ morphology; branching takes place, to 

produce crystals as illustrated in Figure 1201.03.05.  If the liquid contains dissolved solute 

atoms which, as a general rule will be either smaller or larger than the aluminium atoms, 

these solute atoms will not easily fit into the growing crystal and are therefore rejected into 

the surrounding liquid - the solute atoms are microsegregated into the inter-dendritic 

regions, Figure 1201.03.06. Hence, the solid formed is not uniform in composition, but is 

microsegregated on a scale determined by the sizes of the dendrites.  The sizes of the 

dendrites are controlled by the conditions of freezing, that is, by the method by which the 

bulk material is cast. 

 

 
 

Figure 1201.03.07 shows the arrangement for vertical, direct chill (DC) cast of aluminium 

alloys - a variant of this produces horizontal cast bars [4].  Liquid aluminium alloy is poured 

into a water-cooled mould. The liquid starts to solidify - the mixture of solid dendrites and 

solute-enriched liquid is known as the ‘mushy zone’. Solid aluminium alloy is withdrawn 

downwards on a vertical hydraulic ram.  Metallurgically important processes occur within the 

cooling liquid and in the mushy zone - Figure 1201.03.08.  A steep temperature gradient 

from the surface of the water-cooled mould extends inwards to the centre-line.  This sets up 

buoyancy-driven convection currents that cause dendrites to flow downwards, along the 

region in the vicinity of the mushy zone and the liquid - the interface between the 100% 

liquid and the mushy zone is called the ‘liquidus’ surface, and the interface between the 

mushy zone and the 100% solid is called the ‘solidus’ surface.  This flow of dendrites, 

coupled with the fact that dendrites will grow preferentially parallel to the temperature 

gradients leads to elongated crystal grains growing towards the centre line; also solute atoms 

get redistributed over large distances, which leads to macrosegregation.  Sometimes an 

electromagnetic coil is placed around the mould, which induces eddy currents in the liquid 

and tends to counter the buoyancy flow.  Also, it is common practice in industry to add an 

inoculant, whose purpose is appreciably to increase the nucleation of dendrites, and so reduce 

the scales of microsegregation and macrosegregation. 
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Grain refinement of aluminium [4]. 
 

Because uniformity of grain size and chemical composition is so desirable - this produces a consistent, uniform 

engineering product of isotropic properties - it is usual to add small amounts of an inoculant of Al-Ti or Al-Ti-B 

to the melt in order to promote refinement.  Two theories have been advanced to explain the mechanism of grain 

refinement: (1) small particles of either TiC or TiB2 are added to the melt and these act as seeds for dendrite 

grow; and (2), as so-called peritectic reaction, as follows: 

 

 Liquid aluminium + TiAl3    reacts and goes to    α- alloy solid solution. 

Dendrites grow from the TiAl3 coated with solid solution. 

  

Fully solid cast material consists of colonies of dendrites, separated by grain boundaries. The 

grains are microsegregated, Figure 1201.03.09.  Heat treatment of the solid at a temperature 

just below the melting point (homogenisation) allows concentration gradients in the solute 

compositions to even out by diffusion, and grains of uniform composition are formed, Figure 
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1201.03.10. 

 

 
 

 
 

The boundaries between grains are in a state of local, high disorder and are of higher energy 

relative to the regular lattice of grain interiors.  Thermodynamic principles say that systems 

always tend to minimise their total energy; consequently, a sustained annealing treatment 

leads to growth of grains to lower the total grain boundary area. This same principle is the 

main driver that determines how a material responds to deformation (working) and further 

heat treatments.  
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1201.03.04 Plastic deformation, recrystallisation and grain growth 

 

Let us take as our starting point a slab of commercially pure aluminium that has been fully 

annealed and homogenised, with a relatively large grain size - say of the order of a 

millimetre, see (a) in Figure 1201.03.11.  The grains are reasonably uniform in size (equi-

axed) and of low dislocation density; hence, the material is soft and easily deformed.  If the 

material is mechanically worked at room temperature, it hardens noticeably - this is called 

work hardening. The plastic deformation creates a multitude of dislocations, Figure 

1201.03.11, whose ability to slip becomes progressively more difficult because of resistance 

from neighbouring dislocations - macroscopically the material becomes ‘hard’. 

 

 
 

Recovery.  If the temperature of the slab is now raised to around 250°C, the 

dislocations will form a network structure of cells (polygonisation), Figure 1201.03.12. The 

process is called recovery and the material will start to soften slightly. 
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Recrystallisation. If the temperature of the slab is raised further, new strain free crystals 

are nucleated; recrystallisation has commenced, Figure 1201.03.12. and the material starts to 

soften.  This process continues until the whole of the material has recrystallised and softened, 

Figure 1201.03.13. 

 

 
 

Primary and secondary grain growth.  If a fully recrystallised material is held at elevated 

temperature for a period of time, then the grains grow, Figure 1201.03.14.  Initially the 

growth is reasonably uniform but later, a small number of grains grow preferentially and 

abnormal grain growth sets in, Figure 1201.03.14.   
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Texture.  Plastic deformation of aluminium normally occurs by slip on {111} planes in 

<110> directions. 

 

Aluminium wire and extruded bar have a ‘fibre’ texture[4], with <110> directions parallel to 

the axis of the wire and extrusion, Figure 1201.03.15.  The texture of rolled sheet is more 

complicated [4], with <112> parallel to the rolling direction and certain preferred grain 

orientations, Figure 1201.03.16.  
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1201.03.05 Structural transformations in aluminium alloys   

 

In contrast to pure aluminium, aluminium alloys contain solute additions which can markedly 

effect grain structures and particularly the microstructures within the grains, Figure 

1201.03.16.  This in turn strongly influences the responses of alloys to working and heat 

treatment.  Both crystal structure and microstructure influence mechanical properties.  Slip is 

inhibited by grain boundaries, which are disordered regions, (and so small grains improve 

strength).  Slip can also be made difficult by dispersing particles of another phase throughout 

the matrix.  To understand the metallurgy of this we must first look at methods by which the 

structures can be investigated (Metallography of Aluminium Alloys, TALAT lecture 

1202), then we must see how the structures present (phases) depend upon composition and 

temperature (Phase Diagrams, TALAT lecture 1203). This will then lead us on to the very 

important subject of Precipitation Hardening, which will be treated in TALAT lecture 

1204.  
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1202.01. Introduction 

 

The examination of microstructure is one of the principal means of evaluating alloys and 

products to determine the effects of various fabrication and thermal treatments and to 

analyse the cause of failure.  Main microstructural changes occur during freezing, 

homogenisation, hot or cold working, annealing, etc.  Good interpretation of the 

structure relies on having a complete history of the specimen.  

In general, the metallography of aluminium and its alloys is a hard job in the meaning 

that aluminium alloys represent a great variety of chemical compositions and thus a 

wide range of hardnesses and different mechanical properties.  Therefore the techniques 

required for metallographic examination may vary considerably between soft and hard 

alloys.  Moreover, one specific alloy can contain several microstructural features, like 

matrix, second phases, dispersoids, grains, subgrains and thus grain boundaries or sub-

boundaries according to the type of the alloy and its thermal or thermomechanical 

history.  However, some methods of sample preparation and observation are quite 

general and apply to all aluminium alloys.  In other cases one should refer to specific 

developed methods.  

 

As a general rule, examination should start at normal eye vision level and proceed to 

higher magnification.  Simplicity and cost make optical examination (macro and micro) 

the most useful.  When the magnification and the depth of focus become too low, the 

electron microscopies are required. 

 

 

1202.02 Sample preparation 

 

Aluminium alloys require the same principle of preparation for examination as most 

metals. Careful visual inspection of the part to be examined should precede cutting or 

etching.  Fracture surfaces must be carefully preserved against abrasion or 

contamination.  If the part is difficult to handle and has to be sectioned, care should be 

taken to cut the material along directions determined by the working process and by 

other interesting criteria.  As an example, if the alloy has been rolled, it can be 

interesting to examine the evolution of microstructure along the rolling direction and so 

the part must be cut in the same direction.  

 

1202.02.01 Optical microscopy: mechanical grinding, mechanical polishing, 

etching, anodising 

 

The general metallographic sample preparation for optical microscopy includes a 

series of steps described in the following paragraph.  The selected part of the material is 

cut by a SiC abrasive saw at a certain distance from the plane to be observed, because a 

thickness of several tens of microns will be then removed by mechanical grinding.  A 

lubricant for cutting is used to avoid temperature increases and structure modification of 

the specimen.  The sectioning is usually followed by mounting of the sample in a plastic 
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medium to form a cylindrical piece that can be handled during grinding and polishing.  

This stage is not necessary if the sample is large enough. Cold mounting has to be 

preferred to the hot one if the alloy is sensitive to microstructural modifications 

(precipitation) also at low temperature (around 100°C).  

 

Mechanical grinding is performed in successive steps using SiC abrasive papers of 

different grit sizes, usually 180, 220, 320, 600, 800, 1000, 1200, 2400 grit.  The starting 

grit depends on the type of cut surface to be removed.  The abrasive particles embed 

easily into soft aluminium alloys. So a wet grinding (water) to flush away these particles 

and a small pressure on the specimen are recommended. 

 

The following step is the mechanical polishing.  It is important for removing the 

surface scratches produced during grinding. The mechanical polishing is usually 

performed in two steps : rough and final polishing. The rough polishing is performed 

using 3 and 1 µm diamond paste on a short nap cloth disk.  The lubricant can be a 

solution of alcohol and propylene glycol. The final step is made by 0.25 µm diamond 

paste.  It is important to wash the sample after every step in an ultrasonic bath to remove 

all the abrasive.  In cases where polishing with 1 or ¼ µm diamond paste does not 

produce a sufficiently deformation - free and scratch-free, highly reflective surface, as it 

is the case of pure aluminium and its soft alloys, the final polishing can be carried out 

using metal oxides in aqueous suspension. The most commonly used oxides are 

colloidal silica (SiO2) and alumina (Al2O3). Silica comes as a ready made colloidal 

suspension OP-S 0.04 µm. The advantages of silica over alumina are the particle size 

distribution which is much narrower than in alumina and the particles which do not 

agglomerate and are always in suspension. This means that there is less chance of fine 

scratches and it is easy to apply because it does not need continuous stirring.  The cloths 

used for final polishing are usually soft compared to the harder cloth for diamond 

polishing. 

 

The polishing can be also performed in an electrolytic way.  This technique is suited for 

polishing homogeneous structure such as pure aluminium or very soft alloys which are 

difficult to polish mechanically [1,2]. Ref. 1 reports some of the electropolishing 

solutions frequently used for aluminium alloys. The principle of electrolytic polishing 

is described in the section which covers sample preparation for transmission electron 

microscopy (TEM).  After polishing, the sample is ready for the last step before 

observation; this is called the etching.  Etching is basically a controlled corrosion 

process resulting from electrolytic action between surface areas of different potential. 

With pure metals and single-phase alloys, a potential is produced between differently 

oriented grains, between grain boundaries and grain interiors, between impurity phases 

and the matrix or at concentration gradients in the single-phase alloys.  With two phase 

or multiphase alloys, potential differences are also present between phases of different 

composition.  These potential differences are used to produce controlled dissolution.  

The quality of the polishing influences the development of the true microstructure.  A 

faulty preparation can lead to misinterpretation of the structure.  In general wiping of the 

surface with moist cotton under running water is adequate, although ultrasonic cleaning 

especially if cracks or pores are present, is preferable [3]. 
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The etchants for use in microscopic examination of aluminium alloys are numerous and 

are illustrated in several books [2,3,4].  The most common for practical use are the 

followings : 

• Keller’s reagent - 2ml HF (48%) + 3ml HCl + 5ml HNO3 + 190ml H2O. This 

etchant gives the possibility to reveal grain boundary contrast and precipitates 

in several wrought alloys. 

• 1g NaOH + 100ml. H2O -  This solution is useful for grain boundary contrast 

in 6xxx series. 

• (HF etch) - 1 ml (HF) (48%) + 200ml H2O. It is used for constituent 

identification in cast alloys, especially those containing Si. 

 

It is clear for example that the grain structure can not be easily revealed in every alloy. 

On a specimen with low alloying metal, the etching produces steps at the grain 

boundaries which do not provide good contrast.  In this case anodising is preferable, as 

described below. 

 

Anodising or anodic oxidation is an electrolytic etching process for depositing an oxide 

film on the metal surface that is often epitaxial to the underlying grain structure.  The 

resulting interference colours are a function of the anodic film thickness, which depends 

on the anodising voltage, the solution and the composition and/or structure present in 

the specimen [2,5]. Anodising was first applied to the study of the grain structure of 

aluminium.  Although aluminium has a cubic crystal structure and is therefore isotropic, 

the oxide film produced permits the grain structure to be observed under crossed-

polarised illumination.  If the film is thin, interference colours are produced and physical 

and chemical inhomogeneities can be observed.  Generally thicker films are produced 

and the optical effect is ascribed to the surface structure of the oxide film or to 

submicroscopic profile of the interface of the metal and oxide [3].  The solution used for 

anodising aluminium and its alloys is called Barker’s reagent - 5ml HBF4 (48%) + 

200ml. H2O (anodising conditions : J=0.2 A/cm
2
 for 40-80 s at room temperature).  

Actually the anodising voltage can be selected by trial and error. It is recommended to 

electropolish the sample before anodising. 

 

In other materials, grain boundary precipitation can delineate the grain boundary itself if 

of course the alloy is heat treatable.  A similar thinking concerns the examination of 

precipitates by optical microscopy.  Moreover, the identification of precipitates requires 

other techniques like x-ray analysis or electron microscopy. 

 

1202.02.02  SEM and TEM : electropolishing, dimpling, ion milling 

 

Specimen preparation for electron microscopy has to be differentiated between scanning 

and transmission electron microscopy.  In general, for the scanning electron microscope 

(SEM) the sample preparation is similar to the one for optical microscopy.  The different 

results in observations are eventually attributed to the technique that is based on the 

interaction between electrons and metals and not on visible light.  If the interesting area 

is a fracture surface, no special sample preparation is required, only a careful cleaning of 

the surface to be examined. 
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For transmission electron microscopy (TEM), sample preparation is more difficult 

compared with SEM and optical microscopy, especially because of the very thin and 

small pieces that have to be handled.  The procedure for TEM preparation of aluminium 

and its alloys is standard, and like that used for other metallic materials [1].  Extreme 

care must be taken to avoid the introduction of artificial defects into the microstructure, 

especially during cutting and mechanical grinding, that can substantially modify its 

evaluation.  All the preparation steps are listed in the following section but more 

emphasis will be given to the final thinning techniques. First the sample is cut in slice 

1 mm thick by SiC abrasive saws and then mechanically ground and polished down to ≈ 

100 µm using the same papers and clothes as for optical microscopy preparation.  In this 

case the foil has to be polished on both sides.  When the thickness of the slice has 

reached 100µm, other techniques are used to thin the sheet or disc specimen down to its 

final electron-transparent thickness.  These are the electropolishing or the dimpling and 

the ion milling.  These three techniques are described hereafter. 

 

The principle of electropolishing is quite simple. An electrolytic cell is established with 

the specimen as the anode and an appropriate potential is applied so that the sample is 

dissolved in a controlled way (Figure 1202.02.01). Electropolishing is performed until a 

hole has formed : this means  that the region around the hole should be thin enough for 

TEM. Experimentally there are many variables to control like cell geometry, applied 

potential, temperature and stirring velocity of the solution. The electropolishing must 

remove very fine surface irregularities and must thin the specimen uniformly.  

 

 
 

The electrolyte must contain an oxidising agent together with reagent that will form a 

thin but stable viscous film. The fine electropolishing action is achieved by dissolution 

controlled by the length of the diffusion path through the viscous film to the electrolyte 

(Figure 1202.02.02).   
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In order to start polishing, the essential components are the electrolyte, the cell and a 

power supply (usually d.c.) to provide 5-50 V (see Figure 1202.02.03). 

 

 
 

Some of the most used electrolytic solutions are listed in ref. 1. 

 

In practice, after the slice is uniformly 50µm in thickness, it is punched into several disc 

of three mm in diameter and then every disc is again electropolished in an automatic jet 

polisher. In a jet polisher a jet of electrolyte is directed at the centre of the disc on both 

sides of the specimen until it is appreciably thinned. This produces an ideal specimen 

for mounting in the TEM with strong edges that support the thin areas in the centre. 

Usually the electrolyte and the other parameters are the same as for electropolishing. 
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If it is desirable to have a disc with a depression in the centre for the final thinning (for 

example when using the ion milling technique) it is necessary to mechanically dimple 

the disc. This is a means by which a disc is created with a depression in its centre only 

on one side.  Usually a 1mm thickness metal wheel tool is all that required to dimple 

discs cut by spark machining or ultrasonic drilling.  During dimpling, rough abrasive 

diamond paste is used for grinding and fine diamond paste for polishing with felt 

wheels.  Care must be taken in all cases that the thickness remaining in the centre of the 

disc is not so small that damage has occurred through the final thin area. If the starting 

disc thickness is around 100µm, the depression can reach 2/3 of its initial thickness 

(Figure 1202.02.04). 

 

 
 

If the material is composed of two phases and one phase electropolishes faster than the 

other, it is more suitable to use ion milling for the final thinning. In aluminium alloys, 

ion milling is useful for Al-Si system and their metal matrix composites. 

 

The principle of  ion beam thinning  is rather simple. A beam of inert gas ions or atoms 

is directed at the disc specimen from which it removes surface atoms in a process 

known as sputtering.  If this can be achieved without the creation of artefactual damage 

then the ion beam thinning is an ideal method for the preparation of foils from both 

conducting and non-conducting materials.  However it is necessary to control several 

undesirable effects like ion implantation, the development of a rough surface and the 

heating of the specimen that for aluminium alloys is a very important problem to avoid. 

For these reasons it is necessary to control the nature of ions, their energy and direction 

of incidence and their frequency of arrival (ion beam current). Sputtering occurs when 

any ion carrying more than about 100eV of energy hits a surface. The number of atoms 

ejected by each incident ion is called the sputtering yield Y. In general Y increases with 

ion energy and ion mass, but decreases with increasing specimen atom mass. The argon 

is the inert gas mostly used for ion beam thinning because of its reasonable cost and 

good sputtering yield.  The optimal ion energy is easy to select according to Figure 
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1202.02.05 (a), where the Y at high ion energy decreases because the ion start to implant 

in the surface instead of ejecting atoms.  

 

 
 

The value of energy corresponds to an accelerating voltage of 4-6 kV. The sputtering 

yields depend also on incident angle as shown in Figure 1202.02.05 (b). Usually the 

starting incident angle is around 14° to increase the yield, but after a while it is 

decreased to 12° to a have a better control on the thinning. For aluminium alloys it is 

recommended to have a cooled specimen holder because the sample temperature can 

increase also to 100°C or more due to ion interactions with the material and this can 

affect the structure. 

The ion beam technique has become useful also for ceramics and non-conducting 

materials. It is less useful for light ductile conducting metals where the microstructural 

damage introduced by ion implanting in the surface may lead to confusing artefacts. 

 

 

1202.03 The techniques used in metallography of aluminium and its 

alloys 

 

This section will deal with the main techniques used in optical and electron microscopy 

for observation of aluminium and its alloys.  As the techniques are common to other 

metallic materials, tables will be reported containing a list of the most common 

observation techniques with emphasis on the visible structure and the sample 

preparation required. Information about specific techniques can be found in the 

indicated references. 

 

1202.03.01 Polarised light, interference contrast [2] 
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Light microscopy is the major tool for microstructural examination of aluminium alloys 

and is recommended for use before electron microscopy.  It can reach magnification of 

1500X and resolves features as small as 0.1µm.  Usually, optical microscopy can show 

the size and distribution of resolvable particles, and shows the state of the crystal 

structure.  It does not reveal precipitate particles responsible for precipitation hardening 

or dislocation arrangement. Generally, analysis of these conditions is the domain of 

electron microscopy.  

 

Table I reports some of the most common techniques used in optical microscopy for 

observation of metallic materials.  In the following a description of polarised light and 

interference contrast mode will be reported with reference to their use for aluminium 

alloys. 

 

 

 

 

Table I : optical microscopy observation techniques 

 

technique    sample preparation  structure 

 

bright field    normal    g, gb, p 

dark field    normal    p, gb 

polarised light    anodisation   g 

interference contrast   normal    g, gb, p 

 

 g : grain, gb : grain boundary, p : phases and precipitates, fs : fracture surface, 

d : defects and dislocations, i : interfaces, e : etched, u : unetched 

 

 

 

 

The polarised light.  An isotropic metal (cubic or amorphous crystal structure) transmits 

or reflects light of the same velocity in all directions.  If a plane polariser light beam 

strikes normal to the surface of an isotropic metal, it will be reflected as a plane-

polarised beam with the same azimuth of polarisation.  The amplitude of the beam of 

course will be reduced by an amount that varies with the reflectivity of the particular 

metal.  If a plane-polarised light beam is passed through a second polarising filter (the 

analyser) placed at 90°C to the polariser, the light will be extinguished.  This position of 

the polariser and analyser is referred as crossed.  If an anisotropic metal is substituted 

for an isotropic metal in the previous experiment, an image of the microstructure will be 

observed.  The rotation of the sample under the beam of 360° produces four positions of 

maximum and minimum light intensity in each grain.  The use of monochromatic light 

is recommended, but white light also produces colour contrast effects [2].  A strain free, 

clean surface is required for best results.  So electropolishing is the best preparation 

method. The technique of anodising, frequently used with aluminium, produces a thick 

oxide film on the metal surface electrolytically : irregularities in the film lead to double 
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reflection. Although the polarising response of anodised specimens has been attributed 

to optical anisotropy of the film, experimentation has shown that the effect is due to film 

surface irregularities. In the case of aluminium, this technique is primarily used to reveal 

the grain structure but not the determination of crystallographic orientation of the grains. 

 

Interference-contrast technique.  This mode is useful for studying microstructures 

which exhibit little or no intensity contrast.  It produces images with emphasised 

topographic details similar to those observed using oblique illumination.  A detail that is 

invisible in bright field like small precipitate or grain boundary may be revealed with 

interference contrast illumination. Usually this is achieved using the Normansky-

modified Wollaston prism [7].  When light passes through the double-quartz prism, it is 

split in two waves front with a path difference : that is one wave front is slightly ahead 

of the other. When this light is reflected from the specimen surface, the path difference 

changes due to the height differences on the surface. At the end, the image intensity in 

the field of view is a function of geometric height differences and phase jumps. 

Therefore the intensity differences produces relief effects resembling unilateral, oblique 

illumination [2]. 

 

 

 

1202.03.02  Electron channelling contrast and electron channelling patterns 

 

The SEM is mainly used for the examination of thick samples. Electrons which are 

emitted or backscattered from the specimen are collected to provide topographical 

information (secondary electrons), atomic number or orientation information if 

backscattered electrons are used. In addition other signals like electron beam induced 

current and light cathodoluminescence can be collected.  

 

Table II reports some techniques used in scanning electron microscopy for observation 

of metallic materials. In this chapter a description of electron channelling contrast and 

electron channelling pattern (ecc and ecp) modes will be reported with reference to their 

use for aluminium alloys.  This choice has been attributed to the increasing industrial 

importance of both techniques for understanding the recovery and the recrystallisation 

processes. The ecc and ecp represent very powerful techniques to achieve this. 
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Table II : observation techniques for SEM  

 

 

technique    sample preparation  structure 

 

secondary electron images  normal    g, gb, p, fs 

back scattered electron images normal, e, u   g , gb, p 

channelling images   electropolishing  g , gb, p 

chemical analysis   normal    - 

 

local orientation measurements (ebsp)electropolishing  - 

 g : grain, gb : grain boundary, p : phases and precipitates, fs : fracture surface, 

 d : defects and dislocations, i : interfaces, e : etched, u : unetched 

 

 

The study of crystalline materials in the SEM has been greatly advantaged by the 

discovery of electron channelling effects from bulk crystals [7].  The electron-

channelling pattern can provide crystal orientation from a surface layer less than 50nm 

thick.  Electron channelling contrast can be employed in images scanned in the 

conventional manner to provide images of grains and other crystallographic features.  

 

The interaction of the primary electrons of the beam with the atoms of the solid results 

in deflections of the electron trajectories from the incident direction due to high angle 

elastic scattering and a loss of energy due to inelastic scattering.  In a crystalline solid 

the periodicity of the atom arrangement can affect the way in which the primary beam 

interact. The electron channelling effect arises because of the different atom packing 

density observed along the crystallographic directions.  When the angle between the 

incident beam and one of the crystal axes decreases (see Figure 1202.03.01), the 

electrons penetrate more deeply into the crystal passing along the channels of atoms. 

The chance of escaping for the incident electrons decreases near exponentially with 

depth below the surface.  So the electrons that channel into the crystal have a lower 

probability to escape from the crystal respect to ones close to the surface.  This 

difference creates the contrast.  Actually, in order for the ecc effect to produce contrast 

in a SEM image the condition θ < θB and θ >  θB must be satisfied at sequential points 

in the SEM images. If these conditions are satisfied for a particular set of planes contrast 

will occur becuase of differences from point to point in the number of emitted electrons 

(θ is the incident angle and  θB the Bragg angle). Electron channeling  contrast is thus a 

form of pure emission number contrast. 

 

In practice this means that the channelling mode will be achieved only with the incident 

rays near parallel to the optical axis. 
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If a complete two-dimensional raster is scanned on the crystal, as would normally be 

done in the SEM, then other sets of lattice planes will also be able to contribute to the 

contrast and the resultant signal plot, the electron channelling pattern, will show 

bands of contrast from all sets of planes normal or nearly normal to the surface.  The 

width of each band will be twice the appropriate Bragg angle for the set of lattice planes 

from which it comes and the angle between the bands will be the angle between the 

corresponding sets of planes. This ecp thus has the symmetry of the crystal lattice in the 

area examined.  If the crystal is tilted or rotated the bands will move as if fixed rigidly to 

the lattice.  Any of the electron signals from the specimen (backscattered, secondary, 

specimens current etc.) will show equivalent contrast features and whichever is the most 

convenient can be used [8].  The ways in which the technique can operated are well 

illustrated in ref. 8,9,10,11. The sample to be examined by this technique is usually 

electropolished to obtain a strain free image and a clear pattern. 

 

1202.03.03 High resolution electron microscopy (HREM) and high voltage electron 

microscopy (HVEM) 

 

Many of the structures observed by light microscopy can be studied in more detail in the 

electron microscope. Furthermore, information that can not be obtained by optical 

microscopy become available. Thus in addition to grain structure of the material, 

subgrains and dislocation structure can be observed and also crystallographic orientation 

can be measured. 

As far as the TEM observation techniques are concerned, it is not the author’s intention 

to describe the several modes of TEM observation because the subject is very wide and 

complex and the bibliography to refer to is exhaustive.  Table III lists common 

techniques of observation with references to the type of structural information 

obtainable. In the following, a short comment is dedicated to two powerful techniques : 

high voltage and high resolution electron microscopy (HVEM and HREM). 
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Table III : TEM observation techniques 

  

 

technique    sample preparation  structure 

 

bright field    normal    g, gb, p, d 

dark field    normal    p, d 

sadp     normal    - 

HREM     normal    p, i 

HVEM     normal    p, d 

CBED     normal    - 

 

g : grain, gb : grain boundary, p : phases and precipitates, fs : fracture surface, 

d : defects and dislocations, i : interfaces, e : etched, u : unetched 

 

 

 

Most commercial microscopes operate between 100 and 200kV but a significant number 

of high voltage electron microscopes (hvem) can reach an accelerating voltage of 1MV. 

A major difference is in their physical size:  HVEM requires much larger lenses and 

much more radiation shielding.  The larger space available in HVEM has led naturally 

to the development of stages which allows in situ experiments to be carried out, like 

tensile stages and environmental stages.  Tilting about two orthorhombic axes of ± 60° 

and ± 45° is a common requirements in diffraction analysis but if the microscope is 

designed for high resolution electron microscopy (HREM) then the amount of tilt 

available is reduced.  Typically 1MV microscopes allow the examination of samples 

which are about five times the thickness of those which can be examined at 100kV.  

Loss of intensity occurs because the various scattering mechanisms combine to reduce 

the intensity of those electrons accepted by the objective aperture.  

 

Even more sophisticated imaging and microanalytical techniques are being developed 

for studying aluminium structure in greater detail.  High resolution TEM is capable of 

directly imaging the lattice structure, contributing to the understanding of lattice defects 

and the early stages of precipitate formation in some alloy systems.  

 

HREM leads to some differences from conventional diffraction contrast microscopy. In 

HREM the high angle information must be allowed to interfere in the image plane in 

order to resolve the periodicity of the object, whereas in TEM diffraction contrast only 

one axial beam is allowed through the objective aperture.  Thus an objective lens of very 

small spherical aberration is required in HREM so that the high angle information 

retains the correct phase relationship with respect to low angle information so that when 

they interfere in the image plane they reproduce faithfully the object periodicity.  

Additionally coherent illumination is required in order to obtain the correct phase 

relationships [12].  
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1202.04  The metallography of the different class of aluminium 

alloy 

 

Aluminium and its alloys are divided in two categories, cast and wrought and each of 

this group is further subdivided into classes according to the composition. Table IV 

reports the classes with the main alloying element. 

 

 

Table IV : classes of aluminium alloys 

 

Cast alloys     

 

1xx.x aluminium ≥≥≥≥ 99.00%  

2xx.x copper 

3xx.x silicon (with Cu and Mg) 

4xx.x silicon 

5xx.x magnesium 

7xx.x zinc 

8xx.x tin 

9xx.x other element 

 

Wrought alloys 

 

1xxx aluminium ≥≥≥≥ 99.00% 

2xxx copper 

3xxx manganese 

4xxx silicon 

5xxx magnesium 

6xxx magnesium and silicon 

7xx.x zinc 

8xxx other element 

 

 

 

Experience suggests that these alloys are suited to conventional metallographic 

preparation techniques and observations. The goal is the understanding of the 

appropriate technique for the observation of a certain class of alloys according to their 

processing history.  

 

1202.04.01  Commercial purity of aluminium 

 

The structure of commercial pure aluminium can derive from a cast process or from a 

wrought process. One of the problems is that the contrast is not relevant during 

observation by optical microscopy because of the lack of constituents and alloying 

element (cf. figs. 1 and 2 in ref. 3). This is a typical example where the anodising can 

help a lot for the grain structure observation of the aluminium, as illustrated in  

Figure 1202.04.01. The sample has been electropolished before anodising. 
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The cold worked structure of aluminium can be better examined by TEM that reveals 

dislocation and grain boundary structure. But this is a more microscopic scale to follow 

the structure evolution. It depends on the degree of information the investigator needs.  

 

1202.04.02 Wrought alloys 

 

Conventionally produced aluminium alloys originate from a cast ingot from which all 

subsequent mechanical and thermal processing represent different degrees of change of 

the as-cast structure. Modifications are relatively minor for large wrought forms like 

forged pieces, thick plates and heavy extrusions that are hot worked. The modifications 

become greater as the total amount of reduction in original cross-sectional area is 

increased by hot and cold working and as the frequency of the thermal treatments is 

increased [13].  The most visible modifications may consist of : 

- solution of more soluble phases or coalescence to reduce their surface energy 

- precipitation of elements at elevated temperature that had supersaturated the 

as cast solution 

- mechanical fragmentation of brittle intermetallic phases and their alignment 

along the principal     

  direction of working 

- process of recovery and recrystallisation as a consequence of deformation. 

 

As it is reported above, wrought alloys are divided in eight major classes according to 

their alloying elements and thus each class has a different microstructure. In this chapter 

typical microstructural features are described for the major classes. Another division 

concerns the strengthening by work hardening or by precipitation that is non-heat 

treatable (1xxx, 3xxx, 4xxx, 5xxx) and heat treatable alloys respectively (2xxx, 6xxx, 

7xxx). 
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1xxx - In this family it is very common to find phases of aluminium-iron or aluminium-

iron-silicon because iron and silicon have a low solubility in aluminium and they are 

ever present as impurity elements. So it is easy  to reveal phases like FeAl3, Fe3SiAl or 

Fe2Si2Al9  by etching the sample with a solution of 0.5% HF.  If the interest is addressed 

to the grain structure, also in this case the anodisation by the Barker’s reagent is 

recommended.  

 

In a number of alloy systems the most important microstructural changes involve the 

dislocation and subgrain structures. They depend of course from the degree of 

deformation and the temperature and can represent recovery, involving the 

rearrangement of dislocation into lower energy configuration or recrystallisation 

processes.  In this system (1xxx), and in 3xxx and 5xxx families,  the recrystallized 

condition is fundamental because they are supplied in the fully recrystallised state to be 

used in forming applications.  So TEM investigation is necessary in these cases to 

understand the kinetic and the evolution of these processes.  

 

3xxx - The addition of manganese to the chemical composition creates phases like 

(Mn,Fe)Al6 or (Mn,Fe)3SiAl12 that can be revealed by a solution of 10% of phosphoric 

acid.  The grain structure obtained by work hardening or by annealing are usually 

revealed by anodisation. 

 

4xxx - Most of the alloys belonging to this family are used for welding and brazing filler 

materials where they are remelted. In any case, the good joining properties depend on 

the initial wrought structure. The as-cast phases are usually Si and Fe2Si2Al9. During 

thermal treatment Si coalesces while the iron phase may remain unchanged. These 

particles are etched by a solution of 0.5% HF. 

 

5xxx - Magnesium is largely soluble in aluminum compared to the other elements, but 

the content in excess can appear as eutectic Mg2Al3.  After cold rolling and annealing 

they can be found at the grain boundaries or after cold working they can precipitate on 

deformation bands.  In both cases the structure can be revealed by an etching of 10% 

H3PO4.  At the same time as Cr is a frequent additive in this series, Cr2Mg3Al18 may 

appear as a fine dispersoid. 

 

6xxx - This family takes the main advantages from the strengthening due to the 

precipitation of  Mg2Si.  So the etching will reveal the iron rich phases like Fe3SiAl12, 

Fe2Si2Al9 that are insoluble and the coarse precipitates or the excess soluble precipitates 

(0.5%HF). The initial stage of precipitation is visible only at the TEM.  The sequence of 

ageing is the following :  

s.s.s (supersaturated solid solution)→ GP→ β’ (Mg2Si) → β (Mg2Si), see TALAT 1204 

for more details. 

 

Also the 2xxx and 7xxx systems are characterised by ageing sequences that can be 

extensively revealed only by TEM.  In fact the precipitation process is strictly connected 

to defect density like vacancies and dislocations, and the several intermediate phases 

that are involved complicate the nature of observation.  So only TEM can solve this 

scale of microstructure. 
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2xxx - This group is rather complex because of the many additives used for strength, 

corrosion resistance or grain control. So the system is usually multiphase especially in 

the as cast state. After homogenisation, it is probable to find Al2CuMg and the iron 

containing phase Al7Cu2Fe, visible by etching with 10% H3PO4. The sequence of 

precipitation in this system is the s.s.s → GP→ θ’’ → θ’→ θ (Al2Cu).  As the copper 

content is usually 3.5-5% the last two phases of the sequence are visible at the optical 

microscope by etching with Keller’s reagent. 

 

7xxx - This class of aluminium alloys contains zinc, magnesium and copper as major 

elements as well as additives like Cr, Zr, Mn and Fe and Si. Thus the number of 

constituents and precipitation systems is further increased. These may be some of the 

constituents : Al7Cu2Fe, Cr2Mg3Al18, (Fe,Cr)3SiAl12, Al3Zr and the precipitation 

sequences follow the 2xxx and 6xxx series. The Keller’s reagent may reveal most of 

them. Concerning the grain or subgrain structure, it can be revealed by a solution of 

10% H3PO4, but of course a deeper investigation always need TEM [13]. 

 

1202.04.03 Foundry alloys 

 

Aluminium alloy castings can be produced by virtually all casting processes in a range 

of compositions possessing a wide variety of useful engineering properties. For large 

production quantities, high-pressure die, permanent mould and sand are the most 

important casting processes. Smaller quantities of castings are produced in plaster, 

investment and composite material moulds. Commercial aluminium casting alloys 

include both heat treatable and non-heat treatable compositions. Castings made from 

non-heat treatable alloys are not appreciably affected by heat treatment and are usually 

marketed in the as-cast conditions except for the spheroidisation of Si in the Al-Si 

system to improve ductility. Alloys that respond to heat treatments provide improved 

combinations of mechanical properties [13]. 

 

2xx.x - usually this alloy system has a marginal castability relative to most of the alloy 

containing silicon, and also limited fluidity. In addition pressure tight parts of intricate 

design are difficult to obtain. The integrity of the part can be revealed by optical 

microscopy an as polished sample, without etching (see fig. 105 in ref. 4). The 

constituents are mainly the same as for the wrought system. 

 

5xx.x - this family is characterised by excellent corrosion resistance, good machinability 

and attractive appearance when anodised. Also in this case more care in gating and 

greater chilling respect to Si containing alloys are required to produce sound castings. 

An etching by 0.5% HF may reveal the sand cast structure with the main constituent 

particles [see fig. 144-144 in ref. 4]. 

 

Al-Si (3xx.x and 4xx.x) - Alloys with Si as a major alloying element are the most 

important commercial casting alloys because of their superior casting characteristic in 

comparison to other alloys. They also have high corrosion resistance, good weldability 

and low specific gravity. The microstructural features consist mainly of network of 
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silicon particles deriving from the interdendritic aluminium-silicon eutectic, etched by 

0.5%HF.  A solution treatment spheroidises the eutectic and ageing produces 

precipitates in the regions surrounded by Si [see fig. 109-141 in ref. 4]. 

  

7xx.x - Generally these alloys have good machinability and high melting points, making 

them suitable for castings that have to be assembled by brazing. They can be sand cast 

with attention to a good feeding ; hot cracking make them not suitable for permanent 

mould casting [13]. The suitable etching solution is the same as above. 

 

8xx.x - The tin containing alloys were developed for bearings with high load-carrying 

capacity and fatigue strength. All the alloys can be cast in both sand and permanent 

mould. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TALAT 1202 20

1202.05 References 

 

1. P.J. Goodhew, ‘Specimen preparation for transmission electron microscopy’, Oxford 

University Press-Royal Microscopy Society (1984), p.12 

2. G.F. Vander Voort, ‘Metallography, principles and practice’, Mc Graw Hill (1984), 

p.267-333 

3. G.F. Vander Voort, ‘Metallography, principles and practice’, Mc Graw Hill (1984), 

p.165-265 

4. ‘Aluminum Alloys’, ASM Metals Handbook 9
th

 ed., vol.9, (1985), p. 354. 

5. ‘Metallography and Microstructure’, ASM Metals Handbook 9
th

 ed., vol.9, (1985), 

p.142 

6. ‘Metallography and Microstructure’, ASM Metals Handbook 9
th

 ed., vol.9, (1985), 

p. 79 

7. D.G. Coates, Phil. Mag. 16, (1967), p. 1179 

8. J.I Goldstein et al., ‘Practical scanning electron microscopy’, J.I Goldstein and H. 

Yakovitz eds, Plenum Press (1975), p150 

9. D.C.Joy, D.E.Newbury, D.L.Davidson, J. Asppl. Phys. Vol. 53, (1982), pp. 81-122 

10. D.J. Dingley, Scann. Electr. Micr., (1984), pp. 569-575 

11. J. Hjelen, ‘ebsp- a powerful SEM technique to study local textures in metallic 

materials’ Proc. of ICAA3, Trondheim 1992,  pp. 408-409 

12. M.H. Loretto, ‘Electron beam analysis of materials’, Chapman and Hall - London 

(1984),  p.43 

13. J.E. Hatch, ‘Aluminum-properties and physical metallurgy’, ASM (1984) 

 

 

1202.06 List of Figures 

 

 

Figure No. Figure Title (Overhead) 

1202.02.01 The stages of electropolishing 

1202.02.02 The mechanism of electropolishing 

1202.02.03 Electropolishing equipment 

1202.02.04 Disc specimen for TEM 

1202.02.05 Ion Beam Thinning 

1202.03.01 Electronchanneling 

1202.04.01 Anodised grain structure 

 

 



 
 

 

 

 

 

 
 TALAT Lecture 1203 

 

 

 Phase Diagrams 
 

14 pages, 13 Figures 

 

 Basic Level 

 

prepared by M H Jacobs 
*
 

Interdisciplinary Research Centre in Materials 

The University of Birmingham, UK 
 

 

(Based on approach adopted by Dr D J Stratford of The School of Metallurgy & 

Materials at the University of Birmingham) 
 

 

 

 Objectives 

 

To develop a qualitative understanding of binary phase diagrams by reference to the 

model systems Cu-Ni, Ni-Pt, Au-Ni and Ag-Cu, and also by reference to the Phase 

Rule. 

 

To apply the basic concepts of phase diagrams to binary aluminium alloys. 

 

To extend the discussion to an outline of ternary phase diagrams, and to show how a 

so-called pseudo-binary section can be applied with benefit to the Al-Mg-Si system 

for alloys balanced in Mg2Si.  

 

 

 

 

 

 

 

 

 

Date of Issue: 1999 

    EAA -  European Aluminium Association 



TALAT 1203 2 

1203 Phase Diagrams 
 

 

 

 Contents  
 

 

 

1203 Phase Diagrams__________________________________________________2 

1203.01  Introduction to binary and ternary phase diagrams ___________________ 3 

1203.01.01 Background - single and two component systems _________________________3 

1203.01.02 Model binary systems_______________________________________________5 

(a) Cu-Ni ________________________________________________________________5 

(b) Ni-Pt_________________________________________________________________7 

(c) Au-Ni ________________________________________________________________8 

(d) Ag-Cu________________________________________________________________9 

1203.01.03 Some important aluminium-rich binary systems __________________________9 

1203.01.04 Ternary phase diagrams ____________________________________________11 

1203.02 Pseudo-binary diagrams (particularly Al- Mg2Si) ____________________ 12 

1203.03 References ____________________________________________________ 14 

1203.04 List of Figures ___________________________________________________ 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TALAT 1203 3 

1203.01  Introduction to binary and ternary phase diagrams 

 

1203.01.01 Background - single and two component systems 

 

Super-pure aluminium is a single component material, that is, the only material is 

aluminium: below its melting point it is a single phase solid (crystalline aluminium 

with a face-centred cubic structure - see lecture 1201); above its melting point it is a 

single phase liquid; and at atmospheric pressure it has a unique melting point at 

933°K (660°C) which is co-incident with its freezing point when solidifying from 

liquid to solid. Experimentally. the freezing point may be determined  by 

measurement of a cooling curve from liquid to solid, as shown schematically in 

Figure 1203.01.01. The transformation from liquid to solid during solidification at the 

freezing point is accompanied by the evolution of latent heat.  This causes a 

temporary arrest in the cooling curve at the freezing point.   

 

 
 

Solidification occurs by the nucleation and growth of dendrites of solid aluminium, 

Figure 1203.01.01 (see also lecture 1201 and Figure 1201.03.06).  During the 

growth of dendrites, two phases are present; the solid dendrites and the remaining 

liquid.  According to Gibb’s Phase Rule, see box below, at a constant pressure of one 

atmosphere the temperature of solidifying aluminium remains constant until 

solidification is complete (pure aluminium is a single component system (c = 1), two 

phases are present during solidification (p = 2); hence, f = 0 and there are no degrees 

of freedom, so the temperature cannot be a variable according to the phase rule and is 

constant). 
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 Gibb’s Phase Rule 

 
This states that if a system containing c components and p phases is in equilibrium then the number of 

degrees of freedom f is given by the relationship: 

 

  p  +  f  =  c  +  2 

 

A degree of freedom is a variable such as temperature (T), pressure (P) or composition (Xa, Xb, etc). 

 

For the purposes of this lecture, the pressure (P) is constant at one atmosphere; hence, one degree of 

freedom is lost and the Phase Rule for this special case becomes 

 

 

  p  +  f =  c  +  1          (at constant pressure) 

 

   

The above argument assumes that the pressure environment is inert.  In practice this 

probably will not be true, and is more likely to be air. In one atmosphere of air, 

oxygen reacts immediately with aluminium at the air / aluminium interface to produce 

a second phase, aluminium oxide. This reaction applies not only to pure aluminium 

but to all of its alloys - we shall take it ‘as read’ in the presentation below in which we 

concentrate on the interactions between the metallic components in aluminium alloys. 

 

In general, engineering materials are composed of a system of more than one 

component and more than one phase.  This applies to aluminium alloys. A phase is a 

region of system that is separated from the remainder by a mechanical interface.  

Again in general, each different phase will have a characteristic composition and 

crystal structure. 

 

Let us take as an example the system of aluminium and iron.  Atoms of aluminium 

have a diameter of 0.29nm, which is much larger than the diameter of an iron atom at 

0.25nm [1] (see also Figure 1201.03.02 in lecture 1201).  At a high temperature, in 

the liquid state, atoms are far apart; consequently, liquid aluminium will readily mix 

with liquid iron to produce a system composed of a single phase - a solution of liquid 

aluminium and iron. 

   

The situation is very different at around room temperature in the solid state.  The large 

atomic size difference and the fact that solid aluminium is face-centred cubic and 

solid iron is body-centred cubic at low temperatures mean that there is extremely low 

solubility between aluminium and iron in the solid.  Consequently, iron is regarded as 

an ‘impurity’ in 1xxx type wrought alloys of ‘commercially pure’ aluminium, in 

which it appears as particles of an ‘intermetallic phase’ FeAl3. 

 

A phase diagram (often also called an equilibrium diagram) is a convenient way of 

representing the phases present in an alloy system at equilibrium as a function of 

composition and temperature (remember, pressure is one atmosphere).  A system of 

two components is known as a ‘binary system’ ; one with three components as a 

‘ternary system’, and so on. 

 

Clearly, the aim of this lecture is to demonstrate how phase diagrams can be used to 
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aid the appreciation and interpretation of how aluminium alloys respond to 

mechanical processing and heat treatment, topics of great importance to the 

understanding of the metallurgy of aluminium alloys.  Unfortunately, phase diagrams 

of aluminium alloys are not of the simplest type and their interpretation requires some 

prior knowledge.  This prior knowledge is developed in the next section,  where the 

principles for simple systems of  Cu-Ni, Ni-Pt, Au-Ni and Ag-Cu are presented.  This 

will put us in the position, later in this lecture,  to look at binary and ternary diagrams 

for aluminium alloys. 

 

1203.01.02 Model binary systems 

 

(a) Cu-Ni  

 

Let us begin with the simplest of all metallic binary systems; one in which there is 

complete solubility (mixing and complete miscibility of atoms) in both the liquid and 

solid states.  Alloys of copper (Cu) and nickel (Ni) are an example of such a system.   

The phase diagram for Cu-Ni is shown in Figure 1203.01.02, where the diagram 

follows the normal presentation, with the ordinate as temperature and the abscissa is 

composition, plotted in this case as wt% Ni (Note: an abscissa in atomic % is an 

alternative presentation, but we will use weight % in this lecture). 

 

 
 

The first point to note is that pure solid copper and pure solid nickel both have face-

centred cubic crystal structures (see Figure 1201.02.05) with closely similar lattice 

spacings, see Figure1203.01.02 (here, the lattice spacing a is defined as the length of 

the cube edge of the unit cell).  For pure copper a = 0.3615nm and for pure nickel a = 

0.3524nm [1]. Furthermore, the atomic diameter for each metal may be defined as the 

nearest neighbour distance, which for a fcc structure is given by (a√2)/2. Hence the 

atomic diameter for pure copper is 0.2556nm and for pure nickel is 0.2492nm. The 

difference in atomic diameters is small at 2.5%.  For all of these reasons, together 

with other thermodynamic and electron structure reasons which are outside the scope 
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of this lecture [2,3], copper and nickel are fully soluble (miscible) in the solid state - 

they form a continuous solid solution at all compositions - this is represented on the 

phase diagram of the system, Figure 1203.01.02. Note that, apart from the pure 

elements, all alloys of Cu and Ni have a range of temperatures over which 

solidification (freezing) occurs - the field is defined by the liquidus and solidus lines 

on the phase diagram.  We now need to look more closely at the consequences of this. 

 

In Figure 1203.01.03 consider and alloy X composed of Cu + 50wt% Ni, initially at 

some high temperature, say 1,400°C; the liquid is a uniform solution XL of Cu and Ni. 

Next, consider what happens if this liquid is slowly cooled. When the temperature has 

fallen to T1  and just below, the liquidus line is intersected and solidification begins.  

The first solid that forms is of composition XS, approximately 65wt% Ni in the 

example, Figure 1203.01.03. As cooling proceeds under equilibrium conditions, the 

compositions of the solid formed and the remaining liquid follow precisely those 

defined by the solidus and liquidus lines (this, in fact, if how the phase diagram is 

determined experimentally in the first place).  For example, at a temperature T2, the 

composition of the solid is Xa and of the liquid. Xb ; the relative amounts of solid 

phase (α solid solution) and liquid are given by the lever rule, as follows: 

 

 amount of α phase  =  Xb - X 

 amount of liquid X - Xa 

 

 
 

Clearly at temperature T2, indeed at any temperature between T1 and T3, two phases 

are present in equilibrium - α solid solution and liquid.  According to Gibb’s phase 

rule, we have a two component system, with Cu and Ni (c = 2) and two phases, with 

solid and liquid (p = 2), hence there is one degree of freedom (f = 1), which allows 

temperature to be a variable.  In physical terms, this means that solidification takes 

place over a range of temperature, as indicated in Figure 1203.01.03. The mixture of 

solid and liquid is often referred to as ‘mushy material’. When the temperature has 

fallen to T3, the alloy emerges from the mushy zone and the last solid to freeze will 

have composition, X. 
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Under true equilibrium conditions (that is, extremely slow cooling) the solid solution 

constantly changes its composition by diffusion such that, upon reaching T3, the 

material is 100% solid and of uniform composition X (Cu + 50wt% Ni in Figure 

1203.01.03). 

   

In practice, the solidification of alloys during industrial processing is never at a 

sufficiently slow cooling rate for equilibrium to be maintained. Time is not available 

for composition gradients to be removed by diffusion and dendrites with spines rich in 

the first solid solution to be solidified are retained. In the case of Cu-Ni, the spines are 

rich in nickel. This leads directly to coring of  the α- solid solution dendrites, Figure 

1203.01.04, where the core of each dendrite is rich in Ni. As indicated above, coring 

is common place at commercially used cooling rates and this leads directly to 

variations in composition - microsegregation.  Microsegregation is usually on a 

relatively large scale of distance - many µm - and, because of the large diffusion 

distances involved, a long homogenisation treatment is required at a high heat 

treatment temperature in order to obtain an α-solid solution of uniform composition.  

 

 
 

(b) Ni-Pt  

 

Let us now move on to another binary system, Ni-Pt, see Figure 1203.01.05, where 

again both pure elements are fcc but the difference in atom diameters is larger at 

10.4%. The larger atomic size difference depresses the solidification temperature, but 

it is not too big to prevent the atoms in the solid state from existing at random sites on 

the same crystal lattice at temperatures down to room temperature - the diagram is 

spanned by a complete series of random α - solid solutions. 
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(c) Au-Ni  

 

Figure 1203.01.06 is the phase diagram for Au-Ni, again both fcc but with an even 

bigger atomic size difference of 13.6%. There is still mutual solubility in the solid 

state, but at low temperatures the size difference is accommodated by random mixing 

being replaced by clustering via diffusion of higher compositions of atoms of similar 

type [2]. Two distinct phases, S1 rich in Au and S2 rich in Ni are formed, whose 

composition depends on the alloy composition and the temperature and cooling rate. 
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 (d) Ag-Cu  

 

Figure 1203.01.07 shows the phase diagram for Ag-Cu, again both fcc and with a 

large difference in atom size at 11.5%.  In this case, there is no single solid solution 

across the whole wide of the diagram; only end members α and β, which are 

characterised by increasing solid solubilities up to maxima A and B at the so-called 

eutectic temperature (780°C in the specific case of Ag-Cu).  It is emphasised at this 

point that this feature of increasing solid solubility with temperature will extremely 

important when we come to look at aluminium alloys, because it is central to the topic 

of precipitation hardening. Solid alloy between the end member solid solutions 

consists of a so-called eutectic mixture of two phases α and β.  

 

 
 

1203.01.03 Some important aluminium-rich binary systems 

 

Figure 1203.01.08 shows two important systems, Al-Si and Al-Cu. Both are eutectic 

systems.   Al-Si is a classical eutectic system, with a phase diagram with 

characteristics similar in that of the Ag-Cu phase diagram presented above.  Alloys of 

Al and Si are important as casting alloys and we will return to this system in lecture 

1205.  
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The Al-Cu system is important as a classical precipitation hardening system for alloys 

of up to ~ 4wt% Cu, and we will look in much more detail at this system in the next 

lecture 1204.  It is to be noted that the equilibrium eutectic phases are α and θ, where 

θ is the intermetallic phase CuAl2.  

 

Finally, let us return to where we began with the Al-Fe system.  The phase diagram 

for Al-Fe is shown in Figure 1203.01.09. Two points are to be noted: (1) the 

solubility of Fe in Al is extremely small, only 0.04 wt%Fe at 655°C and decreasing to 

virtually zero at room temperature; and (2) the second equilibrium eutectic phase is 

the intermetallic phase FeAl3.  Hence, the problem associates with iron as an impurity 

in aluminium that we looked at the beginning of this lecture.  At this point, however, 

it must be emphasised that phase diagrams deal with equilibrium situations and, for 

example, rapid quenching can and does introduce quite different metallurgical 

considerations - in fact, novel alloys based on very rapidly quenched Al-8wt%Fe 

contain interesting non-equilibrium structures with potentially valuable mechanical 

properties - this is discussed in lecture 1254. 
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1203.01.04 Ternary phase diagrams 

 

The concepts presented above for binary systems may all be extended to three 

component systems (and indeed higher order systems), the main problem being in the 

complexity of presenting the data on paper.  The situation is illustrated in 

Figure 1203.01.10 which is a three-dimensional representation of a hypothetical 

system of three components A, B and C, all alloys of which exhibit solid solubility.  A 

vertical binary section for A and B components will be as we have discussed above.  

Similar vertical sections could be drawn for binary alloys A + C and B + C.   A planar 

horizontal section of such a ternary diagram shows equilibrium phases present at the 

temperature T selected; this is demonstrated in Figure 1203.01.11.  It is also common 

practice to show non-planar horizontal sections in the form of contour maps where, 

for example, isotherms of temperature are displayed.  This is illustrated below for an 

example of great importance to the metallurgy of commercial aluminium alloys - for 

the AlMgSi system. 
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1203.02 Pseudo-binary diagrams (particularly Al- Mg2Si) 

 

Figure 1203.02.01 shows the liquidus surface at the aluminium-rich corner of the 

AlMgSi ternary phase diagram [4].  Also shown is the pseudo-binary line (also called 

the quasi-binary line) for the composition Al- Mg2Si. The pseudo-binary section of 

the AlMgSi system is extremely important because a series of commercially- 

important engineering alloys are based on the composition Al-Mg2Si. The equilibrium 

phase in these alloys is Mg2Si - hence, a pseudo-binary section, similar to the Al- 

CuAl2 binary for Al-Cu, Figure 1203.01.08, is of value and is shown in Figure 

1203.02.02.  This diagram forms the starting point, in lecture 1204, for a detailed 

presentation of precipitation hardening in Al-Mg2Si alloys.   
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1205.01 Basics of mechanical properties 
 

1205.01.01 Tensile testing 

 

Most materials are generally supplied to a mechanical property specification.  This 

usually involves data on tensile strength and ductility. Tensile strength is a measure of 

the material’s ability to withstand a load under tension.  Ductility is a measure of the 

material’s ability to be permanently stretched, again under tension. 

 

The most common method used to determine tensile strength and ductility is the 

tensile test.  This involves preparing a specially shaped standard test piece that has no 

sudden changes in cross-sectional area and then pulling it carefully in one direction 

with a continuously increasing load.  The test-piece may be round or rectangular in 

cross section, Figure 1205.01.01, depending upon the shape of the bulk material; for 

example, samples with rectangular cross sections are prepared from sheet material.  In 

both cases, the central portion of the test piece is reduced in section to form a gauge 

length. The reduced section helps to ensure that fracture, when it occurs, does so 

within the gauge length rather than within the grips where surface imperfections may 

induce premature failure. 

 

 
 

The extension is measured and plotted against load producing a ‘load / extension’ 

curve, as illustrated in Figure 125.01.02. 

 

The curve has several distinct sections. 

 

0 → A  where the extension is linearly proportional to load.  Point A is the 

limit of proportionality. 

 

A → B  extension non linearly proportional to load.  The extension from 

O → B is elastic deformation, and point B is the elastic limit. 
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B → C  the extension is non linearly proportional to load, and is plastic 

deformation uniformly distributed along the length. 

 

C → D  extension is plastic but localised. 

  

 
 

The point B is important as it marks the change from elastic to plastic behaviour. It 

can be difficult to locate on the curve, as the change can be gradual.  To overcome this 

a point is added to the curve at X.  X is found by measuring a distance Y, along the 

extension axis and drawing a line parallel to OA.  The intersection of this straight line 

with the curved line is not open to interpretation error.  The generally used value for Y 

is 0.2% of the original length under test. 

 

The load L1 associated with X, divided by the original cross sectional area, gives the 

0.2% proof stress for the material.   

 

Similarly L2 divided by the original cross sectional area gives the tensile strength.   

 

The elongation is given by the total extension divided by the original length (the 

gauge length) presented as a percentage. 

 

It should be noted that  

 - stress is defined as the load per unit area  

    (for example, expressed in units of MPa); 

 - strain is the extension of the gauge length divided by the original gauge  

    length (expressed as a fraction). 
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In the linear elastic part of the load - extension curve, O → A in Figure 1205.01.02 

there is negligible change in the cross-sectional area of the sample, so we may say that 

the ratio of stress to strain is a constant, that is : 

 

 stress / strain  =  a constant (E) , known as Young’s Modulus. 

 

The springiness of a material (its stiffness) is indicated by its Young’s modulus. For 

most aluminium alloys, irrespective of their metallurgical conditions, the value of 

Young’s Modulus is close to 68 GPa  (see lecture 1204 for the special case of 

lithium-containing alloys, where there is a significant increase in stiffness). 

 

The part of the load-extension curve given by C → D in Figure 1205.01.02 represents 

incipient fracture.  Appreciable necking of the sample occurs, leading to fracture.  

Note that a progressive reduction of cross-sectional area occurs in the necking region;  

the stress (ie the load per unit area) continues to increase, even though the total load 

decreases. 

 

The ratio of the cross-sectional area of the fracture surface to that of the original 

cross-sectional area is known as the reduction in area, usually expressed as a 

percentage.  

 

1205.01.02 Hardness Testing 
 

Hardness testing is a relatively quick and easy way to assess the strength of a material 

without the need to prepare tensile test samples.  For example, it may be a convenient 

way of investigating the progress of precipitation hardening. 

 

The majority of commercial hardness testers force a small hard metal or ceramic 

sphere, diamond pyramid or diamond cone into the body of the metal under test by 

means of an applied load, and a definite hardness number is obtained from the 

dimensions of the indentation so formed.  In practice, the dimension of the indent is 

referred to a set of values defined in a ‘hardness index chart’. Hardness then may be 

defined as resistance to permanent deformation, and a hardness test can often be 

considered as a rapid non-destructive estimation of the plastic deformation behaviour 

of metals. 

 

Small indenters are used for microhardness testing, with a special instrument 

equipped with an optical microscope to view the micro-indent.  This provides a very 

valuable technique for investigation of the relative hardnesses of phases within a 

microstructure. 

  

Although the term ‘hardness’ is a comparative consideration of great engineering 

importance, it is not considered to be a fundamental property of matter.  The index of 

hardness is a manifestation of several related properties of the metal, which may well 

include a combined effect of yield point, tensile strength, ductility, work-hardening 

characteristics and resistance to abrasion. 
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11205.02 Basic solidification and casting metallurgy 
 

1205.02.01 Solidification 

 

The dendritic solidification of pure aluminium is described in lecture 1203 which 

deals with phase diagrams.  For convenience, one of the figures is reproduced here as 

Figure 1205.02.01, which shows the cooling curve, with an arrest caused by the 

evolution of latent heat of freezing.  The solid forms by a nucleation and growth 

transformation, with the solid nuclei having a preferred growth directions along 

<100> crystallographic directions of the fcc lattice.  This gives rise to the formation of 

dendrites with primary and secondary arms.  

 

 
 

In the case of aluminium alloys, the formation of dendrites during solidification is 

accompanied with coring due to solute rejection.  This leads to macrosegregation in 

the solidified ingot (see Figure 1205.02.02) 
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The transformation from liquid to solid is accompanied with a reduction in the 

volume.  This has its most dramatic affect on the last liquid to freeze; that is, liquid in 

the interdendritic pools.  This gives rise to inter-dendritic porosity, which is often also 

called shrinkage porosity. 

 

For wrought alloys, the solidified ingot is homogenised in order to even out variations 

in composition (see lecture 1201). The incremental or continuous casting associated 

with the formation of ingots by DC casting means that the incidence of shrinkage 

porosity should be minimal. 

 

The degree to which a cast aluminium component contains shrinkage porosity is 

dependent to a large extent upon the casting practice employed.  

 

1205.02.02 Casting 
 

The technology of castings in dealt with in TALAT Chapter 3201 - Introduction to 

casting technology by J Campbell and R A Harding;  also in more depth in the book 

by J Campbell [1]. 

 

The most common casting alloy is based on the eutectic Al-Si system, 

Figure 1205.02.03.  Compositions are usually close to the eutectic composition of 

12.7 wt% Si. The mechanical properties of cast pure Al-Si eutectic are not particularly 

good, but are appreciably improved by ‘modification’ with sodium in a very small 

amount, 0.005 - 0.015% [2]. Fluidity is high and shrinkage is low, which aid the 

production of sound castings.  The microstructure consists of almost pure, small laths 

of silicon in an aluminium-rich solid solution with a little over 1% silicon.  Sodium 

exerts its effect by refining the microstructure. 
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Unless special precautions are taken to avoid turbulence during the casting operation, 

surface oxide films readily becomes folded and trapped within the solidifying metal, 

see TALAT Chapter 3201 and reference [1]. 

 

1205.02.03 Classification of casting aluminium alloys 
 

The modern classification is shown in Figure 1205.02.04.   

 

 
 

For the 1xx.x class, the second two digits give the purity and the last digit is 0 for a 

casting and 1 for an ingot; thus, 150.0 is a casting with 99.50wt% purity (equivalent to 

the ‘old’ UK system of LM0). 
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For the other classes, the first and second digits have no direct significance other than 

that established by tradition, while the last digit again is 0 for a casting and 1 for an 

ingot. 

 

Thus, the eutectic alloy Al- 12%Si known as LM6 in the UK ‘old system’  is 360.0 in 

the modern system. 

 

At the time of writing, there does not appear to be any moves to adopt a new 

‘European standard’. 

 

 

1205.03 Basic joining and brazing 
 

In spite of a tenacious oxide film, aluminium and its alloys can readily be joined.  

Methods include TIG and MIG and other forms of welding, brazing, mechanical 

methods such as clinching, riveting and bolting, and adhesive bonding. The 

technologies are dealt with in detail in lecture series 4000. 

 

In terms of basic metallurgy, there are a few points that should be stressed. 

(a)  for TIG and MIG welding, inert gas shielding must be sufficient to 

prevent oxidation   

 

(b) for mechanical joining such as lap joints, where sheet metal is bent 

back on itself to grip and join with a second sheet, it is clear that the 

alloy type and its heat treatment must be such that it has adequate 

ductility to withstand the bending operation 

 

(c) the quality of adhesive bonds will be dependent upon the care taken in 

surface preparation prior to application of the adhesive. 

 

Vacuum brazing is a technology development driven by the need to manufacture 

lighter weight automotive radiators and coolers.  To this end, special clad sheet has 

been developed specially for this type of application, Figure 1205.03.01. The base 

aluminium sheet is 3003, an Al-1.5 % Mn alloy where the manganese solution 

hardens and dispersion strengthens the material.  This is clad on one side with a thin 

layer of 0.1%Mg doped Al-11.5%Si alloy.   
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The radiator is fabricated and assembled as a set of ‘loose joints’.  The whole 

assembly - in fact many assemblies in a batch - are placed in a large vacuum furnace, 

which is evacuated to a high vacuum and simultaneously heated to a temperature just 

sufficient to melt the cladding but not melt the base sheet.  Under these conditions of 

vacuum and temperature, the magnesium in the cladding evaporates and, in so doing, 

breaks up the surface oxide film.  This allows the molten cladding to flow, driven by 

capillarity, to form brazed joints everywhere where the sheet materials are in close 

contact, see diagram Figure 1205.03.02.   
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1205.04 Elements of corrosion and corrosion protection 
  

The elements of corrosion and corrosion protection are summarised in 

Figure 1205.04.01. 

 

 
 

As it has been emphasised many times, aluminium is very reactive with oxygen, but it 

is the very presence of the surface oxide film that provides protection for aluminium 

and its alloys in a variety of corrosive media. The self-healing, oxidation response of 

aluminium to accidental abrasion in air adds to its overall resistance to corrosion. 

 

Electrolytic anodising in a dilute solution of sulphuric acid produces a thicker oxide 

film, which may be dyed for aesthetic enhancement.  

 

A more detailed presentation of principles of corrosion and corrosion protection is 

given in TALAT lecture 1252. 
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1252.01  Corrosion of Aluminium 

 

1252.01.01 Introduction 

 

The first point to emphasise is that the resistance of aluminium and aluminium alloys 

to normal, ambient environmental corrosion is excellent. Its natural corrosion 

resistance is one reason why aluminium alloys find such diverse applications, from 

beverage cans, via architectural uses to aircraft construction.  The chief source of the 

protection to corrosion, Figure 1252.01.01, comes from the adherent, self-healing 

oxide film which is always present in an ambient air atmosphere. 
 

 
 

Although aluminium is reactive, the oxide film that forms on it is inert and protects it 

from further oxidation.  The oxide film is about 2.5nm thick on fresh rolled sheet and 

it builds up over several years to some 10-20nm (1nm = 10
-9

 m) in thickness.   

 

It is only when the normal protection afforded by oxide film is defeated, 

Figure 1252.01.02 , that corrosion, in its various forms, will occur. 

 

There are two important points to remember about corrosion: 

 

   1. It can cost money 

   2. Component may no longer be able to perform. 
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Consequently, it is important to understand the circumstances under which corrosion 

may occur and also how such corrosion may be prevented. 

 

 

1252.01.02 Corrosion Types 

 

There are many types of corrosion [1].  Common varieties (Figure 1252.01.03) which 

may be met in an industrial and/or component service situations are:  

 

   (a) General corrosion 

   (b) Crevice corrosion 

   (c) Poultice corrosion 

   (d) Fretting corrosion 

   (e) Stress corrosion 

   (f) Galvanic corrosion 

   (g) Pitting corrosion  

   (h) Intergranular corrosion and exfoliation 
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(a) General corrosion 

 (Figure 1252.01.04) 

 

 
 

The natural oxide film on aluminium dissolves in strong alkaline and certain strong 

acid solutions.  For example, severe attack occurs in concentrated sodium hydroxide 

(caustic soda) solution and in dilute nitric acid - for a comprehensive list, see 

reference [3]. 
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 (b) Crevice corrosion 

 (Figure 1252.01.05) 

 

 
 

This is often known as water staining.  There are two main conditions which will 

induce crevice corrosion: 

 

  firstly, metal sheet and sheet components stacked in packs form the crevices 

 in which corrosion will occur;   

 secondly, the active ingredient of moisture is required, from rain or 

 condensation.  

 

Clearly, rain damage can happen as a result of a number of circumstances- for 

example, in the mill, during transport, during service. 

 

Water staining is superficial corrosion [2] and is rarely harmful to the metal itself. It 

can usually be removed by rubbing with a cloth or, in severe cases, with the aid of 

abrasion. 
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 (c) Poultice corrosion 

 (Figure 1252.01.06) 

 

 
 

This is caused by contact with a wet soggy substance. The substance may have 

chemicals in it which may accelerate the attack.  Usually this is a customer problem 

due to either bad design or maintenance. 

    

(d) Fretting corrosion (also called traffic marking) 

 (Figure 1252.01.07) 

 

 
 

Fretting corrosion manifests itself as black spots on the metal surface underneath 

which can be deep pits.   
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Fretting corrosion is caused by the rubbing together of two aluminium components.  

High spots weld together and are then torn apart.  The aluminium oxide is a fine 

powdered form which appears black. 

 

 

(e) Stress corrosion   

( Figure 1252.01.08 ) 

 

 
 

There are three conditions which are essential to cause stress corrosion cracking: 

  - stress 

  - a susceptible alloy structure 

  - a suitable environment 

 

The absence of any of these will stop stress corrosion cracking. 
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 (f) Galvanic Corrosion  

 (Figure 1252.01.09) 

 
 

If an aluminium alloy is in contact with another metal in the presence of moisture then 

electrolytic corrosion may occur. 

 

For example, aluminium in wet contact with copper leads to rapid corrosion. 

 

Aluminium and its alloys are electronegative to many other engineering metallic 

alloys, as may be seen from the electrode potential series, Figure 1252.01.10 [3-5] -  

see also section 1252.02.01, below. This rates their thermodynamic reactivities 

according to the electrode voltage measured with respect to the 0.1 calomel electrode 

(Hg-HgCl2 , 0.1 M KCl) for a selection of metals and alloys immersed in an aqueous 

solution of 1 M NaCl and 0.1 M H2O2. 
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The difference in electrode potential, although important, is not the only criterion that 

determines the severity of corrosion.  Equally important may be the electrical 

resistance and polarisation of the galvanic circuit ie the type of electrolytic liquid and 

the type of oxide film that is formed.  For example [4], galvanic corrosion between 

aluminium and stainless steel normally gives less corrosion than might be expected 

from the large difference in electrode potential, whereas corrosion between aluminium 

and copper is very severe in spite of the smaller difference in electrode potential.  This 

is because of the tenacious passive film on the stainless steel , which adds 

considerable resistance to the galvanic circuit for the aluminium / stainless steel 

couple.  

 

(g) Pitting Corrosion  

(Figure 1252.01.11) 

 

 

 

Pitting is localised galvanic corrosion and is caused by the occurrence in the base 

alloy of inclusions, or regions of different composition, with an electrochemical 

potential different from that of the matrix.  

 

The pitting current leads to the formation of a semi-permeable hydroxide cap sealing 

the pit, permitting the acidic chloride solution within to concentrate.  The corrosion 

potential is reinforced by oxygen depletion inside the pit and galvanic couples 

between the aluminium anode and inclusions and displaced deposits (eg Cu) which 

act as cathodes.  The surrounding natural oxide film is cathodically protected (alkali 

passivation). 
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 (h) Intergranular corrosion and exfoliation 

 (Figure 1252.01.12 ). 

 

 
 

Normally an aluminium solid solution is reasonably resistant to general corrosion, 

protected as it is by its oxide film. 

 

Heterogeneities in composition often provide the microstructural basis for localised 

corrosion. Large precipitate particles and dispersed impurity particles can give rise to 

pitting corrosion. 

 

If the particles decorate grain boundaries, then localised attack is manifested as 

intergranular corrosion, with penetration by many grain diameters. 

 

With rolled plate. the grains are elongated along the rolling direction.  Severe 

intergranular corrosion can lead to ‘ exfoliation’ of material from the surface of the 

sheet. 

 

 

 

 

 

 

1252.02 Electrochemistry and Aluminium 

 

1252.02.01 Introduction 

 

As it was emphasised above, aluminium has a strong affinity for oxygen. Its oxide has 

a high heat of formation.  As a consequence, it was a late metal to be exploited (see 

TALAT lecture 1201) and it has a strong tendency to react electrochemically.  The 
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common ore, bauxite, is an oxide, Al203, but the compounds of aluminium also 

contain the element in a chemically oxidised state (the Al 
3+

 ion) and are 

correspondingly stable compared with the metal. 

 

The relative tendencies for metals to form their ions, under chemically standard 

conditions, is presented in the Electromotive Series,  see Figure 1252.01.10.  This 

rates their thermodynamic reactivities according to the electrode voltage measured 

with respect to the 0.1 calomel electrode (Hg-HgCl2 , 0.1 M KCl) for a selection of 

metals and alloys immersed in an aqueous solution of 1 M NaCl and 0.1 M H2O2. The 

value for pure aluminium is -0.85, whereas aluminium alloys cover a range from  

~ - 0.69 to ~ -0.99 [3-5]. 

 

 

We note from TALAT lecture 1201 and Figure 1201.02.04 that aluminium atoms 

have three valence electrons; hence,  

 

  Al  →  Al 
3+

  +  3 e
−

 

 where e
−

 represents a negatively charged electron. 

 

The electromotive series may also be viewed as  “standard electrode potentials”, 

given with reference to the reactivity of hydrogen, i.e. 

 

H2  →  2H
+
 + 2 e

−

 

 

Metals which tend to form cations (m
n+

 ) more strongly than does hydrogen 

are called “base”, in contrast with the more stable metals, e.g. gold, copper and silver, 

which are “noble”.  Base metals, including aluminium, tend to displace hydrogen 

from water spontaneously, i.e.  

 

  2Al + 3H20  →  Al203 + 3H2 

 

Aluminium is more base than iron or zinc; it is less base, i.e. more stable, than 

magnesium.  It will be appreciated that when aluminium is alloyed and phases are 

produced with different elemental compositions these may be more or less active than 

pure aluminium; the alloy will then be electrochemically inhomogeneous.  

Furthermore, for different chemical environments, the relative positions of metals in 

the electromotive series may change.  Thus aluminium is more active in strong alkali 

than in acid. 

 

  

1252.02.02 Kinetic Reactivity 

 

In reality the thermodynamic reactivity of a metal is often not manifest.  This is 

either because the reactions in themselves are sluggish or because the consequences of 

reaction impedes its progress.  For aluminium, principal products of reaction are 

insoluble oxide and hydroxide.  These form on the aluminium surface and constitute 

an effective barrier against the continuing consumption of metal.  Such products will 

be stable under predictable chemical and electrochemical conditions. 
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1252.02.03 The Electrochemical Circuit 

 

If the reaction Al  →  Al 
3+

 + 3 e
−

 is allowed to commence, aluminium ions escape 

from the metal, which retains the electrons and so becomes negatively charged.  For  

the reaction to continue this charge must find a “sink” and the Al
3+

 ions also must 

leave the vicinity of the metal.  Because we are dealing with an electrochemical 

process , the aluminium is called an “electrode”; as it is oxidised, this electrode is an 

“anode”, i.e. 

 

  Al  → Al 
3+

 + 3 e
−

               is an “anodic process”. 

  

The sink for the electron charge release is an equivalent electrochemical reduction, or 

“cathodic” electrode process, e.g. 

 

  2H
+
 + 2 e

−

  →  H2 

  

 or   O2 + 2H2O + 4 e
−

  → 4OH 
-
 . 

 

 

In practice much cathodic reaction may become established on parts of a single piece 

of aluminium or alloy which also supports anodic reaction elsewhere.  This is local 

cell action.  Sometimes a base metal like aluminium may be in electrical contact with 

a less base metal, in an electrochemically active liquid environment (“electrolyte”). 

Then the base metal, aluminium, will corrode and the less base metal will support a 

cathodic reaction.  This constitutes a galvanic cell. 

 

The necessary components of a cell are, (1) an anode, (2) a cathode, (3) electrical 

conduction (electronic and ionic). 

 

 

1252.02.04 Aluminium as a Cathode 

 

An important example of aluminium as a cathode is in the electrolytic extraction of 

the metal, Figure 1252.02.01.  Alumina (bauxite) is melted with cryolite (Na3AlF6) to 

form a molten electrolyte.  This is electrolysed with carbon anodes at which oxygen is 

evolved: 

 

In cryolite, the reaction is  

    

    Al2O3  →  2Al 
3+

 + 3O 
2- 

 

The corresponding cathodic process is   

    Al 
3+

 + 3 e
−

  →  Al 

The anodic process is  

    2O 
2-

  →  O2 + 4e
-
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1252.02.05 Aluminium as an Anode 

 

The anodic behaviour of aluminium is dominated by the presence of a solid, oxide 

product on its surface.  This oxide limits the corrosion and often determines its kind. 

 

When a freshly formed aluminium surface is exposed to the atmosphere it is 

immediately covered with a thin film of oxide which reforms when local damage 

occurs.  The initial film is amorphous with a variable degree of hydration.  Repair 

involves local cell action, the oxidised surface supporting cathodic processes whilst at 

the anodic site of damage fresh oxide or hydroxide is produced. 

 

Special treatments to increase the thickness and protective characteristics of the 

surface oxide film may be carried out - see Anodising and Chemical Conversion 

Coatings below. 

  

1252.02.06 Summary of Electrolytic Corrosion 

 

Electrolytic corrosion involves the basic cell requirements: anode, cathode, electronic 

and ionic conduction.  The crucial factor is often the spatial distribution of the 

electrodes.  On metals which are protected by surface films a critical situation is 

possible when small, fixed anodes are driven by large neighbouring cathodes.  Quite 

minor heterogeneities may be sufficient to localise the anodes.  The heterogeneities 

may be due to composition of the metal, local stress (static or cyclic) etc; they may be 

due to variations in the electrolyte (e.g. oxygen concentration) or to localised 

aggressive impurities. 
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1252.03 Corrosion Protection 

 

1252.03.01 Anodising   

(Figure 1252.03.01) 
 

 
 

In a number of electrolytes, e.g. dilute sulphuric, chromic, oxalic and phosphoric 

acids, the reaction products on aluminium anodes are sparingly soluble and strongly 

adherent.  

 

In anodising, the anodic oxide film consists of two layers, 

 

 an inner, dense and thin “barrier”, layer  
and  an outer porous film  often with a cellular structure.   

 

The outer layer is formed by the electrolyte from the inner layer, the dimension of 

which is determined by the applied anodic voltage.  As formed, the outer layer is both 

hydrous and hydroxylated and largely amorphous.  On immersing in boiling deionised 

water for some 30 minutes it crystallises to the stable mineral boehmite, Al2O3.H2O.  

This is termed “sealing”. In practice, various anodising procedures are used to 

produce specific surface properties.  For example, anodising in dilute, cold, acid 

produces hard, durable surfaces.  More concentrated acid gives thicker, more uniform 

films appropriate for dyeing, before sealing. 

 

 

1252.03.02 Chemical Conversion Coatings 

 

Oxidation of the aluminium surface can easily be achieved by the use of chemical 

oxidants without an externally impressed current.  Such processes are, however, 
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electrochemical in nature, involving local cell actions.  They are known as Chemical 

Conversion Coatings, Figure 1252.03.02. With chromic acid, for example: 

 

 Anodic reaction  Al →  Al
3+

 + 3e
−

  →  Al2O3 and AlO.OH 

 

 Cathodic reaction  2CrO4
2-

+10 H
+
 + 6 e

-
 → Cr2O3 + 5 H2O 

 

 
 

In this case fluorides are added to the chromic acid to remove the initial Al2O3 and 

allow the local cell action to proceed.  With phosphoric acid this anodic product is an 

aluminium phosphate. 

 

To a large extent conversion coatings are now competitors of anodising, as they 

provide cost-effective substrates for modern organic finishes. 

 

1252.03.03 Other methods of Protection 

 

Attack by alkalis, even in the form of soap, can be severe.  Inhibitors, such as sodium 

silicate, chromates and dichromates are used [6] as conversion coatings to protect 

aluminium alloys used in the structure of, for example, washing machines. 

 

Sheet products may be clad, for example with pure aluminium, which reduces 

susceptibility to corrosion. 
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1301.01 Introduction   

 
Rolled products, i.e. sheet, plate and foil constitute almost 50 % of all aluminium alloys 
used (see Figure 1301.01.01). In North America the packaging industry consumes the 
majority of the sheet and foil for making beverage cans, foil containers and foil 
wrapping (Figure 1301.01.02). Sheet is also used extensively in building for roofing 
and siding, in transport for airframes, road and rail vehicles, in marine applications, 
including offshore platforms, and superstructures and hulls of boats. Also, while 
relatively little is currently used in the manufacture of high volume production 
automobiles, it is expected that the next decade will see sheet used for both space 
frames and body panels, a  market  that  could  easily  match the 2 million tons now used 
for beverage cans. Plate is used for airframes, military vehicles and bridges, ships 
superstructures, cryogenic and chemical vessels and as tooling plate for the production 
of plastic products. Foil applications outside packaging include electrical equipment, 
insulation for buildings, lithographic plate and foil for heat exchangers (this lecture 
deals only with sheet and plate). 

alu
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This wide range of products demands combinations of properties that span the whole 
range available from the aluminium alloy portfolio (see also TALAT lecture 1501.05), 
i.e. high strength, good corrosion resistance, good formability, good machinability, high 
toughness, good ballistic performance etc. (Figures 1301.01.03 and 1301.01.04) Also 
since in many cases the materials with which the aluminium alloys compete are 
relatively low cost, for example tin-plate, paper, wood, mild steel and plastics, it is 
essential that the cost of the aluminium products are themselves as low as possible, 
consistent with the achievement of the required properties. Since the cost of smelting 
aluminium is unlikely to be further reduced to any degree it is, therefore, essential that 
semi-fabrication costs are kept to a minimum. 
 

alu
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All aluminium alloys can be rolled to sheet but, with a few notable exceptions 
mentioned below, the ones utilised are from the 1000, 3000 and 5000 series which are 
work hardening alloys (Figure 1301.01.05). However, the 2000, 7000 and 8000 heat 
treatable alloys are used for airframes, 2000 and 6000 series for automobiles and the 
6000 series for some pressure vessels and containers. Examples exist for the use of plate 
in all alloys while foil is almost all from the 1000 series. Figure 1301.01.06 shows 
some typical alloys used for specific end-use applications. (As indicated in other 
lectures, while there are some 300 different wrought aluminium alloys, probably 80 % 
of the applications are covered by perhaps 30 alloys). 
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REQUIRED CHARACTERISTIC ALLOYING ELEMENT PRODUCT

LOWER MELTING POINT

INCREASED CONDUCTIVITY

INCREASED ELASTIC MODULUS

DECREASED DENSITY

STRESS CORROSION RESISTANCE

SACRIFICIAL CORROSION

VACUUM BRAZING RESPONSE

RESPONSE TO CHEMICAL or

ELECTROCHEMICAL TREATMENT

Si

B

Li

Li

Cr, Zr, Ag

Zn

Mg

Si, Cu, Cr

BRAZING SHEET, FOIL

CONDUCTOR STRIP

AEROSPACE SHEET

AEROSPACE SHEET

AIRCRAFT SHEET

HEAT EXCHANGERS

CLAD PRODUCTS

HEAT EXCHANGERS

DECORATIVE APPLICATIONS

Some Alloying Elements Employed to Give 
Special Characteristics
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3000

5000

5000

7000

7000

2000

2000

6000

8000

AL-Mn

AL Mg-Mn

AL-Mg

AL-Zn-Mg

Al-Zn-Mg-Cu

AL-Cu

AL-Cu-Mg

AL-Mg-Si-Mn

AL-Li-Cu-Mg

WORK

HARDENING

ALLOYS

PRECIPITATION

HARDENING

ALLOYS

Mn

Mg

Zn

Cu

Si

Li
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Main Alloy Types Available as Sheet and Plate 1301.01.05
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ALLOY APPLICATION

WORK-HARDENING ALLOYS

1060
1100
3003, 3004

5005, 5050
5052, 5657

5085, 5086
5454, 5456
5182, 5356

2219
2014, 2024

6061, 6063
6082, 6351
6009, 6010

7004, 7005
7019, 7039

7075, 7079,
7050, 7010,
7150

CHEMICAL EQUIPMENT, TANKERS.
COOKING UTENSILS, DECORATIVE PANELS.
CHEMICAL EQUIPMENT, STORAGE TANKS, BEVERAGE CAN BODIES.

AUTOMOTIVE TRIM, ARCHITECTURAL APPLICATIONS.

MARINE STRUCTURES, STORAGE TANKS, RAIL CARS.
PRESSURE VESSELS, ARMOUR PLATE.
CYROGENIC TANKS, BEVERAGE CAN ENDS.

HIGH TEMPERATURE (eg high speed aircraft).
AIRFRAMES, AUTOBODY SHEET.

MARINE STRUCTURES, HEAVY ROAD TRANSPORT, RAIL CARS,
AUTOBODY SHEET.

MISSILES, ARMOUR PLATE, MILITARY BRIDGES.

AIRFRAMES, TOOLING PLATE.

HEAT TREATABLE ALLOYS

Typical Applications of some 
Aluminium Sheet & Plate Alloys 

1301.01.06

 
 
 

The starting stock for most rolled products is the DC (Direct Chill semi-continuous cast) 
ingot (see Figure 1301.01.07). The size of the ingot depends on the size of the DC unit 
available, the hot rolling mill capacity, volume required for a particular end use and to 
some extent the alloys being cast. Ingots up to over 20 tons in weight, 500 - 600 mm 
thick, 2000 mm wide and 8000 mm long are produced.  
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LIQUID

METAL

SOLID

INGOT

BOTTOM
BLOCK

WATER
CURTAIN

MOULD

D.C. Casting 1301.01.07
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1301.02 Sheet Products 

 
The DC ingot is usually cooled after casting to room temperature and then re-heated to 
around 500 °C prior to successive passes through a hot rolling mill where it is reduced 
in thickness to about 4 - 6 mm (Figures 1301.02.01 and 1301.02.02). The temperature 
of pre-heat of the ingot and the time held at that temperature is important for some 
alloys since a process of homogenisation takes place which renders the material in the 
best condition for rolling and the achievement of subsequent properties. The strip from 
the hot rolling mill is coiled for transport to the cold mill which might be on the same 
site or elsewhere. Cold mills, in a wide range of types and sizes are available; some are 
single stand, others 3 stand and some 5 stand (Figures 1301.02.03 and 1301.02.04). 
Cold rolling speeds vary but modern mills operate at exit speeds as high as 3000 m per 
minute. A modern complex including melting furnaces, DC casting facilities, pre-heat 
furnaces, hot mill, cold mill and annealing furnaces involves a very large capital 
investment which can only be fully justified on financial grounds if a big market is 
assured. Obviously, if such facilities are not fully utilised the economic viability is 
threatened. As indicated above, however, hot mill coil can be obtained for further 
reduction in cold mills of lower capacity/speed/ complexity.  
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600 mm thickness
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AND

FINISHING

MILL
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COILER

280 - 350  °C

5  - 8 mm thickness

Single Stand Hot Mill 1301.02.01

 
 



TALAT 1301      7

alu

Training in Aluminium Application Technologies

INGOT

500 - 600   C°

600 mm

REVERSING

BREAKDOWN

MILL COILER

250 - 350   C°

2.3 - 5.0 mm

400 - 500   C°

20 - 30 mm

TANDEM MILL

RE-ROLL

COIL

Conventional Breakdown Mill / 
Hot Tandem Mill Operation 1301.02.02
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REVERSING

COLD

MILL

COILER

/ DE-COILER

COILER

/ DE-COILER

1301.02.03Single Stand Reversing Cold Mill

 
 
 
Although most sheet is produced by conventional hot mills, some considerable effort 
has been made by aluminium producers in the United States, Canada and Europe to 
reduce both the capital and production costs by the development of continuous strip 
casting methods (Figure 1301.02.05) whereby hot metal is poured into some form of 
strip caster, thus eliminating the DC casting and hot break-down mills (Figure 

1301.02.06). To date, however, only a limited range of alloy compositions can be 
produced in this way with end uses found mainly in foil and building sheet.  
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REVERSING COLD MILLS
COILER
/ DE-COILER

COILER
/ DE-COILER

1301.02.04Multi Stand Reversing Cold Mill
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420 - 460   C°

20 - 30 mm

TWIN BELT

CASTER

COILER

180 - 250   C°

2 - 3.5 mm

380 - 410   C°

12 - 15 mm

TANDEM MILL

TWO STANDTWO-HIGH

COMPACTION

MILLHOT LIQUID

METAL FEED

1301.02.05Continuous Strip Casting Line

 
 
 
Final sheet properties for the work hardening alloys in the 1000, 3000 and 5000 series 
are achieved either by temper rolling or temper annealing. In the former case the strip is 
reduced by a fixed amount of cold work to achieve the required temper, in the latter it is 
rolled to a hard temper and then back annealed to achieve the required strength. While a 
given set of mechanical properties, eg proof stress, tensile strength and elongation can 
be achieved by both routes, other characteristics, particularly formability, can be 
influenced by the particular production route chosen. When 2000, 6000 and 8000 sheet 
is needed the cold mill strip is sometimes continuously heat treated to achieve optimum 
economics, but the cost of such equipment is high and when relatively small volumes 
are needed the sheet is either heat treated individually or in coils. Continuous heat 
treatment lines include tension levellers which ensure that the distortion created by 
water quenching is removed. For individual sheets stretching is necessary to achieve the 
required flatness. 
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Hazelett Twin Belt Slab Caster 1301.02.06
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ALLOY-

TEMPER

3004 -
H19

5182-
H28

5042-
H19

LONGITUDINAL MECHANICAL
PROPERTIES

UTS
(ksi)

0.2% YS
(ksi)

ELONG.
(%)

43

55

50

41

49

47

2.0

7.0

5.0

COMPOSITION (wt %)

Cu Fe Mg Mn Si

0.25

0.15

0.15

0.70

0.35

0.35

0.8-1.3

4.0-5.0

3.0-4.0

1.0-1.5

0.2-0.5

0.2-0.5

0.30

0.20

0.20

MAXIMUM UNLESS SHOWN AS A RANGE

USE

CAN
BODY

CAN
END

TAB

1301.02.07
Composition and Properties of Aluminium Alloys

used in Can Making
 

 
 
In the past 20 years much effort has been made by the aluminium industry and mill 
producers to ensure that cold rolled products have the specific characteristics required 
for satisfactory end use and that they can compete from a cost point of view with 
competitor materials. Properties such as strength, formability, toughness and corrosion 
resistance are controlled in the main by alloy choice, rolling deformation schedule and 
thermal treatments, before, during and after rolling. Perhaps the best example is the 
development of the alloys used for beer can ends, bodies and tear-off tabs (Figures 

1301.02.07 and 1301.02.08). The match of formability, strength, resistance to scoring, 
tearing ability and not least cost have been achieved by careful control of the parameters 
outlined above. However, other requirements such as surface finish, flatness and gauge 
uniformity have been achieved by careful attention to the mechanics and chemistry of 
the rolling process. The control of surface finish in sheet products is essential, 
particularly in applications where surface defects mar appearance, but also in those 
cases where the surface of the sheet influences subsequent forming operations by 
affecting lubricant retention and pick-up on dies. This has been shown to be very 
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important in the production of beverage cans and will play an increasing role in the 
manufacture of auto-body parts. In hot rolling a knowledge of the influence of the 
starting stock surface condition, surface condition of the rolls and lubrication used has 
been necessary, as have the effect of corresponding parameters in the cold mill with the 
full understanding of the effect of roll coatings, arcs of contact etc achieved by very 
detailed study. 
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RIVET PULL RING

CAN END

1301.02.08
Example of Extensive Forming Required to Produce

Beverage Can Easy-Opening End  
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alu

ROLLING FORCES
OVER-ROLL EDGES

CUT SHEET INTO 

NARROW STRIPS

FIBRE LENGTH = L +    L

FIBRE LENGTH = L

L

1301.02.09One Way in which Rolling Produces Bad Shape Sheet

 
 
 
When sheet is rolled its final flatness depends on a number of characteristics of the 
starting stock and of mill features. If bad shape results during rolling, ie some parts of 
the strip are longer than others, buckling occurs and this, in many cases, can be removed 
by tension levelling whereby the strip is stretched sufficiently so that short parts are 
extended to the point where they have the same length of the long parts and the out of 
shape disappears (Figure 1301.02.09). However, attention to the cross section shape of 
the in-going product, i.e. DC slab or hot mill coil, can greatly improve the final shape. 
Also a most powerful tool is the control of the cold roll contour. This can be achieved 
by bending the rolls by means of jacks so that parts of the roll that want to roll long strip 
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are adjusted and by alteration of the distribution of the rolling lubricant so that hot parts 
of the roll that would roll long are cooled (Figure 1301.02.10) 
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SCREW DOWN

CONTOUR JACK

CONTOUR JACK

PUSH-UP

CONTOURING

4 HIGH
WORK ROLL
BENDING

1301.02.10One Method of Use of Jacks for Roll Bending
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STRIP

T

F

1301.02.11Shape Measurement

 
 
 
Obviously, the mill cannot make these adjustments itself and it is necessary to measure 
the shape of the outgoing strip and then instruct the mill controls. It is impossible to 
judge the shape by slacking off the outgoing tension since this would grossly interfere 
with production schedules and result in considerable scrap. In consequence, methods 
have been devised whereby the actual shape of the outgoing strip, which, because it is 
under tension, can look flat, is assessed by measuring the residual stress in the strip - 
long parts have low stresses. Various methods have been developed (Figure 

1301.02.11). The signal from the shape metre is fed to the mill control jacks and 
lubricant sprays and rapid adjustment achieved (Figure 1301.02.12). In many modern 
installations concerned with the high volume production, for instance in the canning 
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industry, the very stringent flatness requirements are achieved by combinations of mill 
control and by the use of tension levellers. Gauge control is achieved in much the same 
way as flatness, i.e. by continuously measuring outgoing strip thickness and adjusting 
the roll bite accordingly. Without such control it would not be possible to produce easy-
opening can-ends! (Figure 1301.02.13). 
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alu

1. ROLL BENDING JACKS
2. STRESSOMETER MEASURING ROLL
3. SIGNAL TRANSMISSION
4. CONTROL EQUIPMENT
5. DISPLAY UNIT FOR STRIP SHAPE
6. ROLL-COOLANT SWITCHING DEVICE

1301.02.12
Automatic Flatness Control System 
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STRIP TOO THICK STRIP TOO THIN STRIP JUST RIGHT

GAUGE CONTROL ESSENTIAL TO ENSURE CORRECT TEARING

1301.02.13Score Line in Can Ends
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1301.03 Plate 

 
While perhaps 80 % of all sheet used is made from the 3000 and 5000 work hardening 
series alloys, plate, as indicated earlier, is drawn from the whole range with civil aircraft 
and military applications demanding the strong, heat treatable 2000, 7000 and 8000 
series. All plate is produced by the DC casting/hot rolling route and while surface finish 
is important in some cases, the final product is often surface machined. Of great 
importance, however, in addition to strength are properties such as toughness, stress 
corrosion resistance, machinability and fatigue strength. These are achieved by careful 
control of alloying elements and by special thermal treatments. In this latter context it is 
important to note that in all cases, with the exception of the aluminium-zinc-magnesium 
alloys, a rapid quenching rate is needed to produce high mechanical strengths. In sheet 
products quenching usually results in distortion which can be seen and removed. In plate 
the rigidity of the product is sufficient to avoid distortion but very high residual stresses 
can result which, if not removed, can either adversely effect the product performance in 
service or cause distortion when the plate is machined. Control stretching removes this 
residual stress but it involves presses with load capacity of say 5000 tonnes thus adding 
to production costs. 
 
 
 
 

1301.04 Properties of Rolled Products 

 
Typical mechanical, physical, chemical and fabrication properties and characteristics of 
a range of rolled aluminium alloys, tempers and heat treatments are given in the 
following tables extracted from the aluminium databank ALUSELECT (Figures 

1301.04.01 till Figure 1301.04.09). Note that these data are not guaranteed minimum 
properties, but have been harmonized between the various European aluminium 
producers and pertain also to other types of wrought products as indicated. There are in 
addition a great number of specialty sheet and plate alloys which are being produced for 
specific applications, e.g. carbody sheet metal parts. These alloys have characteristics to 
suit special demands such as formability. Full details can be provided by the metal 
producers.  
 
To select the right alloy for a specific application is often a difficult task. Useful hints 
may be obtained from several other lectures within the TALAT series, e.g. Lecture 

1501 and Lecture 1502 as well as from further information and application examples in 
ALUSELECT. For the selection of minimum guaranteed property values of rolled 
products for design and ordering purposes reference is made to the new European 
standards EN 485. 
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alu 1301.04.01
Harmonised Property Data

 for Aluminium 1050

Printed from: ALUSELECT Databank
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alu 1301.04.02
Harmonised Property Data

 for Aluminium Alloy 2024

Printed from: ALUSELECT Databank
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alu 1301.04.03
Harmonised Property Data

 for Aluminium Alloy 3103

Printed from: ALUSELECT Databank
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alu 1301.04.04
Harmonised Property Data

 for Aluminium Alloy 5005

Printed from: ALUSELECT Databank
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alu 1301.04.05
Harmonised Property Data

 for Aluminium Alloy 5251

Printed from: ALUSELECT Databank
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alu 1301.04.06
Harmonised Property Data

 for Aluminium Alloy 5754

Printed from: ALUSELECT Databank
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alu 1301.04.07
Harmonised Property Data

 for Aluminium Alloy 5083

Printed from: ALUSELECT Databank
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alu 1301.04.08
Harmonised Property Data

 for Aluminium Alloy 6082

Printed from: ALUSELECT Databank
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alu 1301.04.09
Harmonised Property Data

 for Aluminium Alloy 7075

Printed from: ALUSELECT Databank
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Basic Level  
 

prepared by Ron Cobden, Alcan, Banbury 

 

 

 

 

 

Objectives: 

− to provide a survey of the aluminium alloys available to the user 
− to describe their various properties 
− to give an insight into the choice of aluminium for a proposed application.  

 
In the context of this lecture not every individual alloy and its properties have been 
treated in detail, but rather divided into alloy types with reference to the most commonly 
used alloys. For further details on alloy properties the reader is referred to available 
databanks like ALUSELECT of the European Aluminium Association (EAA) or to the 
European and national materials standards. 
 
 

Prerequisites: 

- good engineering background in materials, design and manufacturing processes 
  

  

 

 

 

Date of Issue: 1994 

    EAA  -  European Aluminium Association 
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1501.01 History and Present State of Aluminium Production 
 

• The history and production process of aluminium 
• The aluminium industry today 
• Recycled or secondary aluminium 

 

 

The History and Production Process of Aluminium 

 
Rare and expensive a century ago, aluminium has since been identified as the most 
common metal on earth, forming about eight percent of the earth's crust.  It is the third 
most plentiful element known to man. Only oxygen and silicon (sand) exist in greater 
quantities. 
 
It was only in 1808 that Sir Humphrey Davy, the British electrochemist, established the 
existence of aluminium, and it was not until 17 years later that the Danish scientist Oersted 
produced the first tiny pellet of the metal. 
 
The next step in the ″discovery″ of aluminium was the determination of its specific gravity 
by the German scientist Wöhler in 1845. He established one of aluminium's outstanding 
characteristics - lightness.  He also discovered that it was easy to shape, was stable in air, 
and could be melted with a blow torch. 
 
Research into aluminium then shifted to France. Experiments in production techniques 
enabled Henri Saint-Clair Deville to display a solid bar of the metal at the Paris Exhibition 
in 1855.  But it cost him a fortune to produce, making aluminium more precious than gold, 
silver or platinum at that time. Napoleon III became enthusiastic about the possibilities of 
this new material, mainly for military purposes, and subsidised Deville in his efforts to 
find a low-cost method of production so that it could be made and used in large quantities. 
Deville was subsequently able to produce aluminium at a cost of  37 (£25) per kg but that 
was still too high to launch the metal commercially. 
 
Thirty years later improvements in production methods made in association with Hamilton 
Y. Castner, an American chemist, had lowered the price to $18 (£12) per kg.  The metal 
was still potentially plentiful and useful but, even at this substantially reduced price, too 
expensive for general use.  The total annual output at this time was only 15 tonnes. 
 
Then two unknown young scientists - Paul Louis Toussaint Héroult of France and Charles 
Martin Hall of the United States - took over the scientific search for the low-cost 
production of aluminium. They worked separately, each unaware of the other’s activities, 
in their respective countries. In 1886, after heart-breaking failures and little 
encouragement, the two scientists - almost simultaneously - came up with the same new 
process. 
 
The scientists who preceded Héroult and Hall had been concerned entirely with a chemical 
process for producing the metal.  Héroult and Hall introduced a new concept.  They 
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believed that the answer to economic production lay in an electrolytic method.  They had 
the idea that if some substance could be found which would conduct electricity and in 
which aluminium oxide (Al2O3), known as alumina, would dissolve, then an electric 
current passed through the solution could deposit the aluminium as metal. 
 
There are some solutions which will dissolve aluminium, but these are aqueous (water) 
solutions. Unfortunately, water cannot be used because it would break down instead of the 
alumina when an electrical current is passed through it. There followed a long and intense 
search for a non-aqueous solution that would dissolve alumina.  Both Hall and Héroult 
discovered that molten cryolite was the answer. Cryolite is a white translucent, sodium-
aluminium fluoride material component found in its natural state only in Greenland. Most 
of the cryolite used in aluminium production today is synthetically produced. 
 
Held at 1030°C, the molten cryolite dissolves up to 20% of alumina readily. The 
electrolytic cell holding the molten cryolite is a tank lined with carbon which serves as one 
electrode. Large carbon blocks inserted from the top of the bath act as the anode, or other 
electrode, and a heavy electrical current is passed between these two sets of electrodes 
through the solution. This current breaks down the alumina into aluminium and oxygen. 
The molten metallic aluminium collects at the bottom of the cell and is drained off every 
few days as sufficient metal accumulates (see Figure 1501.01.01). The oxygen combines 
with the carbon at the anodes and is given off as carbon dioxide gas. This became the first 
industrially applied method of making the metal aluminium from alumina, and is the one 
still in use today.   
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The immediate effect of the discovery of this process was to send the price of aluminium 
tumbling from $18 to $4.50 per kg, the first step in a downward course which has today 
established the selling price in terms of under two dollars per kg. 
The first aluminium production companies were founded in 1888, two years after the 
electrolytic process was discovered - one each in France, the United States and 
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Switzerland. But the discoveries bringing about low-cost production did not lead directly 
to the widespread use of aluminium.  Manufacturers, schooled in the traditions and skilled 
in the use of metals such as iron, copper and steel, were slow to capitalize on the potential 
benefits of this metal although it was known to be light, strong and highly resistant to 
corrosion. The first plant using the Héroult patent in fact produced aluminium bronze, for 
which there was a market. For many years after it became possible to make aluminium at a 
low price, it remained difficult to sell. 
 
Alumina is produced in a totally separate first stage process from Bauxite ore. This 
(Bayer) chemical process starts by immersing crushed bauxite into a caustic soda solution 
which dissolves the alumina to form sodium aluminate liquor (Figure 1501.01.01). 
 
After filtering, the impurities are left behind as a "red mud" and the liquid is treated to 
precipitate the aluminium content out of the solution which is now in the form of 
aluminium hydroxide. This material is then separated from the liquor and changed to 
alumina, which resembles course granulated sugar, by heating in kilns at 1000°C. 
Approximately 4 kilogrammes of bauxite is required to produce 2 kilogrammes of 
alumina. 
 
Although the process of manufacturing aluminium has changed little since the Héroult- 
Hall discovery the efficiency and environmental aspects have improved over the years. In 
today’s modern plants 12 to 14 kilowatt hours of electricity and 2 kilogrammes of alumina 
would be required to produce 1 kilogramme of metal. A more detailed breakdown of the 
raw materials to produce a tonne of metal is shown in Figure 1501.01.02.  
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The Aluminium Industry Today 

 
The production of primary aluminium is a young industry - just over 100 years old.  But it 
has developed to the point where scores of companies in some 35 countries are smelting 
aluminium and thousands more are manufacturing the many end products to which 
aluminium is so well suited. 
 
For its first half century the aluminium industry pursued the dual role of improving and 
enlarging production processes to reduce the price of the metal and, at the same time, 
proving the worth and feasibility of aluminium in a wide range of markets. Such was the 
dynamic approach of the industry to this problem that the consumption of aluminium 
gained the remarkable record of doubling every ten years. The strong demand for 
aluminium stimulated the rapid expansion of productive capacity to meet it. 
 
The first World War had a dramatic effect on aluminium production and consumption.  In 
the six years between 1914 and 1919 world output soared from 70,800 tonnes to 132,500 
tonnes a year and it is a striking testimony to the adaptability of the metal that after the 
very large expansion occasioned by war the ground was held. Once the changeover to 
civilian production had been carried through the increased capacity was occupied before 
very long in supplying the normal demands of industry. And this happened again, on a 
much larger scale, as a result of the second World War. 
 
World production of primary aluminium increased from 704,000 tonnes in 1939 to a peak 
of 1,950,000 tonnes in 1943, after which it declined considerably. At the end of World 
War II, the western world industry had completed an unprecedented threefold expansion in 
capacity in the space of four to five years. Civilian markets had to be developed for this 
new capacity. The demand for aluminium proved to be elastic and the expanded facilities 
were working at near capacity in a matter of a few years. 
 
Constant research and product development throughout the 1950's, 60's and 70's led to an 
almost endless range of consumer goods incorporating aluminium. Its basic benefits of 
lightness, strength, durability, formability, conductivity and finishability made it a much 
sought after product. 
 
The necessity for the industry itself to pioneer the use of aluminium led to an integrated 
structure in the major companies from the mining of bauxite to, in some cases, the finished 
consumer product. As the total world production soared, countries with raw materials and 
especially those with cheap energy resources, began to enter the market with primary 
metal for others to further the process. Today a significant proportion of metal is marketed 
in this way. 
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Recycled or Secondary Aluminium 

 
Aluminium is relatively unique in being highly economic to recycle.  Metal can be 
reclaimed and refined for further use at an energy cost of only 5 per cent of that required 
to produce the same quantity of aluminium from its ore.  There has been a healthy 
″secondary″ metal industry for many years and as refining techniques improve the use that 
can be made of reclaimed aluminium will increase from its present usage in Europe of 
40% of all metal currently processed. 
 
The most dramatic example of recycled metal is in the United States.  In the USA of the 
one million tonnes of aluminium sheet used annually for beer and beverage cans, over 
50% is supplied from used can scrap.  Europe is now following this example with the 
building of dedicated aluminium can recycling plants. 
 
 

 

 

1501.02 Important Physical Properties 

 
• Atomic structure 
• Crystal structure 
• Density 
• Electrical conductivity and resistivity 
• Non-magnetic property 
• Thermal conductivity 
• Reflectance and emissivity 
• Corrosion resistance 
• Thermal expansion 
• Melting temperature 
• Specific and latent heats 

 

 

Atomic Structure  

 
Aluminium is the third most plentiful element known to man, only oxygen and silicon 
exist in greater quantities. The element aluminium, chemical symbol Al, has the atomic 
number 13. According to present concepts, this means that an aluminium atom is 
composed of 13 electrons, each having a unit negative electrical charge, arranged in three 
orbits around a highly concentrated nucleus having a positive charge of 13. The three 
electrons in the outer orbit give the aluminium atom a valence or chemical combining 
power of +3 (see Figure  1501.02.01).          
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Crystal Structure  

 
When metals change from the molten to the solid state, they assume crystalline structures. 
The atoms arrange themselves in definite ordered symmetrical patterns which 
metallurgists speak of as "lattice" structures. Aluminium, like copper, silver and gold, 
crystallizes with the face-centred-cubic arrangement of atoms, common to most of the 
ductile metals. This means that the atoms form the corners of a cube, with one atom in the 
centre of each face (see Figure 1501.02.01). The length of the sides of the cube for high 
purity aluminium has been determined as 4.049 x 10-8 cm, the shortest distance between 

two atoms in the aluminium structure is 2  divided by 2 x 4.049. The face centred cubic 
structure is one of the arrangements assumed by close packed spheres, in this case with a 
diameter of 4.049 x 10-8 cm, the corners of the cube being at the centre of each sphere. 
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Density  

 
Lightness is the outstanding and best known characteristic of aluminium. The metal has an 
atomic weight of 26.98 and a specific gravity of 2.70, approximately one-third the weight 

of other commonly used metals; with the exception of titanium and magnesium (see 
Figure 1501.02.02). As with most metals the density decreases with increasing 
temperature. The addition of other metals in the amounts commonly used in aluminium 
alloys does not appreciably change the density (plus 3%, minus 2%), (see e.g. also Figure 

1501.03.05), except in the case of Lithium alloys where the density of the alloy is reduced 
by up to 15%. Weight is important for all applications involving motion. Saving weight 
results in more payload or greater economy of operation. Saving weight also saves energy, 
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reduces vibration forces, improves the performance of reciprocating and moving parts, 
reduces tiredness when using manually operated equipment, offers lower shipping, 
handling and erection costs. Low weight combined with the high strength possible with 
special alloys has placed aluminium as the major material for aircraft construction for the 
past sixty years.  
 
Although purchased on a weight basis, metals are generally used on a volume basis, it is 
therefore important to compare the cost of aluminium with other materials on this basis 
(Figure 1501.02.02).                
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Electrical Conductivity and Resistivity  

 
The electrical conductivity of 99.99% pure aluminium at 200C is 63.8% of the 
International Annealed Copper Standard (IACS). Because of its low specific gravity, the 
mass electrical conductivity of pure aluminium is more than twice that of annealed copper 
and greater than that of any other metal (see Figure 1501.02.03).  The resistivity at 
200C is 2.69 microohm cm. The electrical conductivity which is the reciprocal of 
resistivity, is one of the more sensitive properties of aluminium being affected by both, 
changes in composition and thermal treatment. The addition of other metals in aluminium 
alloys lowers the electrical conductivity of the aluminium therefore this must be offset 
against any additional benefits which may be gained, such as an increase in strength. Heat 
treatment also affects the conductivity since elements in solid solution produce greater 
resistance than undissolved constituents. 
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The very good electrical properties of aluminium have made it an obvious choice for 
applications in the electrical industry, particularly in power distribution where it is used 
almost exclusively for overhead transmission lines and busbars. The first major aluminium 
transmission line was completed in 1898 in the USA: a 46-mile, three-phase installation 
for the Standard Electric Company of California, from Blue Lakes to Stockton. Its use 
later became much more general when it was found possible to reinforce the cable (usually 
alloy 1350) with galvanised steel wire which increased the spans without too much sag. 
Although this product is still used, high strength (6061 type) all aluminium multi-strand 
cables are now preferred for some installations because higher line tensions can be 
achieved which can be applied to increase the distance between the pylons or alternatively 
reduce their height.  
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Non-Magnetic Property  

 
Aluminium and its alloys are very slightly paramagnetic, as it has a magnetic permeability 
(m) slightly greater than one. The magnetic susceptibility χ (Chi), degree of 
magnetization/ applied magnetizing force, of 99.99 % purity aluminium is only 0.623 x 
10-6, which for practical purposes is regarded as non magnetic (see Figure 1501.02.04). 
The relationship between m and χ is given by : m = 1 + 4^χ. Chi is influenced by alloying 
as follows: 
 
 Cu decreases χ to 0.550 at 4.5% Cu (annealed)                   
 Cu decreases χ to 0.400 at 4.5% Cu (quenched)                    
 Fe in impurity quantities has no effect                          
 (FeAl3 has the same Chi value as aluminium)                    
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 Mn increases χ to 0.959at 1.38% Mn                               
 Cr increases χ to 0.669 at 0.63% Cr                              
 V  reduces χ to 0.582 at 0.36% V    
 
The magnetic susceptibility is not sensitive to strain hardening, but varies slightly with 
temperature. 
 
The low magnetic characteristic of aluminium is of value in military ship structures where 
it has advantages of lightness and lower cost over other non-magnetic metals. It is also 
used to advantage in electronic equipment for screening where it may also double as heat 
sinks, usually in the form of finned extruded profiles. The requirement for manufacturers 
of electronic equipment to ensure that their products comply with EEC directives on 
Electronic Compatibility, has also led to an increase in the application of vacuum 
deposited aluminium films on to plastic enclosures. Special techniques have been 
developed to deposit thick layers of aluminium without the need for protective lacquering; 
these give very good shielding results and the non-magnetic properties ensure consistent 
operation over the life of the product.    
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Thermal Conductivity  

 
The thermal conductivity, κ, of 99.99% pure aluminium is 244 W/mK for the temperature 
range 0-1000C which is 61.9% of the IACS, and again because of its low specific gravity 
its mass thermal conductivity is twice that of copper (see Figure 1501.02.05). Thermal 
conductivity can be calculated from electrical resistivity measurements using the formula 
κ =5.02λT x 10-9 +0.03, where κ is the thermal conductivity, λ is the electrical 
conductivity and T the absolute temperature in degrees Kelvin; this method is usually used 
to derive the values quoted in reference books. The thermal conductivity is reduced 
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slightly by the addition of alloying elements. Application of the formula has been found to 
be largely independent of composition with the exception of silicon.  The combined 
properties of high thermal conductivity, low weight and good formability make aluminium 
an obvious choice for use in heat exchangers, car radiators and cooking utensils while in 
the cast form it is extensively used for I/C engine cylinder heads.  
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Reflectance and Emissivity   

 
Emissivity, the ease with which a substance radiates its own thermal energy, is closely 
allied to reflectivity; the best reflecting surface being the poorest emitter, and conversely 
the worst reflecting surface being the best emitter. Plain aluminium reflects about 75% of 
the light and 90% of the heat radiation that falls on it. The emissivity of the same piece of 
aluminium is, however, low (< 10% of that of a black body at the same temperature and 
with the same surroundings).  
 
The combined properties of high reflectivity and low emissivity give rise to the use of 
aluminium foil as a reflective insulating medium, either in dead air spaces or as a surface 
laminate combined with other insulating materials where it can also be arranged to provide 
the added benefit of an effective vapour barrier.  
 
The emissivity of the aluminium surface can be raised considerably by anodic treatment 
and is therefore a process that is employed in the construction of heat exchangers. E.g. 
clear anodic coatings raise the emissivity to between 35 and 65%, the phosphoric and 
chromic acid methods being the most effective in this respect. Black anodic coatings have 
an even greater effect and raise it as high as 95%. Figure 1501.02.06 shows the effect of 
various surface finishes on the emissivity of aluminium. 
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Super purity aluminium which has been mechanically polished, chemically brightened by 
the "Brytal" process and anodised > 3 microns (µm) thick will give a total reflectivity 
(brightness) of greater than 84% and a specular reflectivity (sharpness of mirror image) 
greater than 99% (see Figure 1501.02.07).  
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Even higher reflectivity is obtained by vaporizing the high purity aluminium in a vacuum 
and allowing it to re-condense on to glass or plastic surfaces. Aluminium coated mirrors 
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produced by this method are of particular interest to astronomers and in some ways are 
even more suitable than silver because they offer two important advantages. Firstly, an 
astronomical mirror coated with aluminium does not tarnish as quickly as silver and 
secondly, aluminium reflects ultra-violet light better. For these reasons the 60 and 100 
inch mirrors of the Mount Wilson telescopes were "aluminized" as long ago as 1934. 
 
 

Corrosion Resistance  

 
Aluminium has a higher resistance to corrosion than many other metals owing to the 
protection conferred by the thin but tenacious film of oxide. This oxide layer is always 
present on the surface of aluminium in oxygen atmospheres. The graph (see Figure 

1501.02.08) shows the degree of corrosion and its effect on strength in two different 
environments. The famous statue of Eros in London's Piccadilly Circus is an example of 
the corrosion resistance; after an inspection following eighty years of exposure to the 
London atmosphere, the statue showed only surface corrosion.  The formation of the oxide 
is so rapid in the presence of oxygen that special measures have to be taken in thermal 
joining processes to prevent the oxide instantly forming while the process is being carried 
out. 
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Aluminium is, however, a very reactive chemical element and its successful resistance to 
corrosion depends on the completeness with which the protective film of aluminium oxide 
prevents this underlying activity coming into play.  
 
The film of oxide can be enhanced electrolyticly by a process called "anodizing", in 
which the aluminium articles are suspended in a vat similar to that used for electroplating 
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but containing chromic, phosphoric or sulphuric acid solutions (Figure 1501.02.09). The 
anodic film also possesses the property of absorbing dyes thus enabling the metal to be 
tinted with attractive and enduring colours, thereby combining decoration with protection. 
 
Nearly all engineering metals are cathodic to aluminium and its alloys, therefore  
aluminium becomes sacrificial in the presence of an electrolyte. Exceptions to this 
situation are magnesium, cadmium and zinc which are anodic; for this reason cadmium 
and zinc are often used as a protection between aluminium and the other metal.  18/8, 
18/8/2 and 13% Cr Stainless steels, titanium and chrome plate are further exceptions since 
they have a high potential difference to aluminium but form there own protective films 
which considerably reduce bimetallic effects (see Figure 1501.02.10). 
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Thermal Expansion  

 
The coefficient of thermal expansion is non-linear over the range from minus 200 to plus 
6000C but for practical purposes is assumed to be constant between the temperature range 
from 20 to 1000C. The coefficient of thermal expansion of alloys is affected by the nature 
of their constituents: the presence of silicon and copper reduces expansion while 
magnesium increases it. For the common commercially used wrought alloys, the 
coefficient of expansion varies from 23.5 x 10-6 /K for 4.6% Cu aluminium alloy to 24.5 x 
10-6 /K  for 4.5 % Mg aluminium alloy, i.e. twice that of steel.  
 
Some high silicon cast alloys specially developed for the manufacture of internal 
combustion engine pistons and cylinder heads have a coefficient of expansion as low as 16 
x 10-6/K while in some aluminium metal matrix composites the coefficient is reduced to 
12.2 x 10-6/K by the addition of 38% silicon carbide. Metal matrix composites are a 
comparatively recent development, and Figure 1501.02.11 shows how the volume of 
silicon carbide can be changed to tailor the coefficient of expansion to match the common 
engineering metals. 
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The differential coefficient of expansion should be taken into consideration when 
aluminium is used in conjunction with other materials, e.g. large aluminium/steel 
structures. However, the stresses induced are moderated by aluminium's low elastic 
modulus which is one third that of steel.  Only where dimensions are really large, and the 
structural members slender (laterally unstable) does the connection to steel pose a 
differential expansion problem. This would apply with curtain walls for high rise buildings 
and parapets for bridges where long slender aluminium extrusions are set on steel 
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frameworks. In these cases slip joints, plastic caulking and other stress-relieving devices 
are usually needed (see Figure 1501.02.12). In cases where the structure is stiff and 
unlikely to buckle such as an aluminium superstructure on a steel hulled ship all joints are 
now made rigid and the differential expansion is accepted as a compressive or tensile 
stress (Figure 1501.02.12). 
. 
Another form of dimensional change, which does not directly affect the user of aluminium 
but is important in the production of  castings, is the contraction of  the metal on 
solidification; this is dependant upon alloy and is between 1 and 2% (comparative figures 
for iron, steel and brass are 1%, 2%, and 1.5%, respectively). 
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Melting Temperature   

 

The melting point of aluminium is sensitive to purity, e.g. for 99.99% pure aluminium at 
atmospheric pressure it is 6600C but this reduces to 6350C for 99.5% commercial pure 
aluminium. The addition of alloying elements reduces this still further down to 5000C for 
some magnesium alloys under certain conditions. The melting point increases with 
pressure in a straight line relationship to 9800C at 50 kbar.   
 
The difference between the melting points of two alloys of aluminium is used to advantage 
in the manufacture of aluminium heat exchangers, where the fins are made from 
aluminium-manganese (3103) or (3003) alloy clad with 5, 7.5% or 10% silicon alloy. The 
assembled heat exchanger is heated to the temperature which will just melt the cladding 
while allowing the core to remain solid; this causes the molten cladding alloy to flow by 
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capillary action to the joints which become structural on cooling (Figure 1501.02.13). The 
highly controlled heating necessary in this brazing process is done using either a vacuum 
furnace, controlled atmosphere furnace, or flux bath.  
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Specific and Latent Heats   

 
Aluminium has a relatively high specific heat when compared with other metals on a 
weight basis, i.e. 921 J/kg at 1000C which is higher than that of any common metal except 
magnesium (1046); iron and steel are about 500 and copper and brass 377. On a volume 
basis, however, the heat capacity of aluminium is less than any of the heavier metals. 

 

 

1501.03 Aluminium Alloy Availability 

 
• The four digit system for wrought alloy identification 
• Alloy systems 

− Unalloyed aluminium 
− Aluminium-copper alloys 
− Aluminium-manganese alloys 
− Aluminium-silicon alloys 
− Aluminium-magnesium alloys 
− Aluminium-magnesium-silicon alloys 
− Aluminium-zinc-magnesium and aluminium-zinc-magnesium-copper 

alloys 
− Aluminium-plus other elements which do not fall into any of the 
patterns outlined above 

• The five digit system for cast alloy identification 
− Unalloyed aluminium 
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− Aluminium alloys, ingots and casting 
 

Aluminium is the backbone of the aerospace industry, is used to assist with cooking and 
packaging, assist in the manufacture of high grade steel and is the base for a versatile 
paint. Aluminium is a light and attractive metal exhibiting a high degree of corrosion 
resistance in normal corrosive environments. It is also soft, hard, easy to weld, difficult to 
weld, and a host of other seemingly conflicting characteristics. 
 
If this sounds confused, it is. The properties of a particular aluminium product depend on 
the alloy chosen. The term aluminium refers to a family of alloys. Knowledge of these 
alloys is the key to the effective use of aluminium. 
 
Outlined below is the family of aluminium alloys which are readily available 
commercially. 
 

The Four Digit System for Wrought Alloy Identification 

 
As a major step towards alignment of Aluminium and Aluminium Alloy compositions on 
an international basis, most countries have agreed to adopt the 4 digit classification for 
wrought alloy composition designation.  This system is administered by the Aluminium 
Association (AA), Washington USA, who compile the ″Registration record of 
International Alloy Designations and Chemical Composition Limits for Wrought 
Aluminium Alloys″. The European reference for the alloys will be identified with the 
preface EN and AW which indicated European Normative Aluminium Wrought alloys.  In 
all other respects the alloy numbers and composition limits are identical to those registered 
by the Aluminium Association (Figure 1501.03.01). 
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Aluminium Alloy Designation System 

WROUGHT

ALLOYS*)

EN AW-

CASTING

ALLOYS*)

EN AB-

EN AC-

EN AM-

1XXX0

2XXX0

4XXX0

5XXX0

7XXX0

8XXX0

9XXX0

None (min. 99.00% Al)

Cu

Si

Mg

Zn

Sn

Master Alloys

Major alloying

element

Atoms 

in solution

Work

hardening

Precipitation

hardening

Non-heat

treatable

alloys

Heat

treatable

alloys

Aluminium Alloy Designation System (CEN) 

1XXX

3XXX

4XXX

5XXX

2XXX

6XXX

7XXX

8XXX

None (min. 99.00% Al)

Mn

Si

Mg

Cu

Mg + Si

Zn

Other

*) letters preceding the alloy numbers

    have the following meaning

    EN = European Standard

    A  = Aluminium

    B   = Ingot

    C  = Cast Alloy

    M = Master Alloy

    W = Wrought Alloy

Sources: according to EN 573; prEN 1780

 
 

The first of the four digits in the designation indicates the alloy group in terms of the major 
alloying elements, viz, 
 
 1XXX Aluminium of 99,00% minimum purity and higher 
 2XXX Copper 
 3XXX Manganese 
 4XXX Silicone 
 5XXX Magnesium 
 6XXX Magnesium and Silicon 
 7XXX Zinc 
 8XXX Other elements 
 9XXX Unused series 
 
1XXX Group.   In this group for minimum purities of 99,00% and greater, the last 

two of the four digits indicate the minimum  percentage of 
aluminium. For example, 1070 indicates aluminium purity of 
99,70%. 
 

    The second digit indicates modifications in impurity limits or 
alloying elements.  If the second digit is zero it indicates unalloyed 
aluminium having natural impurity limits;  integers 1-9 indicated 
special control of one or more individual impurities or alloying 
elements. For example, 1145 indicates aluminium of 99,45% 
minimum purity with the second digit 1 indicating special control 
of Iron and Silicon. 

 



 

TALAT 1501     22 

2XXX to 
8XXX Groups  In these groups the last two of the four digits have no special 

significance but serve only to identify the different alloys in the 
group. The second digit indicates alloy modifications; if it is zero it 
indicates the original alloy. 

 
   National variations consisting of minor changes in the chemical 

composition of a standard alloy are accepted in the international 
system and are identified by a suffix letter after the numerical 
designation, e.g. 6101A. Experimental alloys are indicated by the 
prefix X, eg. X2030. 

 
 
 

Alloy Systems 

 
Figures 1501.03.02 - 05 inclusive show the relationship between the properties and 
characteristics of the various alloy groupings. For instance, natural, unalloyed aluminium 
possesses an ultimate tensile strength of about 70 Mpa which  compares to 700 MPa and 
above for some of the 7XXX series (Figure 1501.03.02). 
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Wrought aluminium alloys are those in which the cast ingot is mechanically worked by 
processes such as rolling, drawing, extruding or forging,  These alloys fall into several 
groups; each group being distinguished by one main alloying constituent, as outlined in 
further detail below.  All wrought alloys are further divided into two general classes 
namely the "heat-treatable" and "non-heat treatable" alloys. 
 
 

Unalloyed Aluminium 

  
  EN system     EN AW-1xxx e.g. 1200 
 
Commercially pure aluminium (99.0% pure) is soft, ductile and of little structural value, 
but as extracted it normally contains up to 1.5% impurities; mainly iron and silicon. These 
have a marked effect on the properties of the metal, so that, with the further hardness 
acquired during rolling, commercial purity aluminium has a useful degree of strength and 
is widely produced in sheet form. It is very ductile in the annealed condition, has excellent 
corrosion resistance and is ideal for use in the food and chemical industries. It is rolled to 
foil thickness for use in food, confectionery and cigarette packaging and has even been 
used for making shaped panels for vehicles where its high elongation was of prime 
importance for the forming processes involved. 
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Aluminium - Copper Alloys 

 
EN system     EN AW - 2XXX e.g. 2014 
 
With copper as the principle element, these alloys require solution heat treatment to 
achieve optimum mechanical properties, which can exceed that of mild steel. 
 
A typical example here is 2014, a composition of 
 
  Cu  Si  Mn  Mg 
         4,0-4,58        0,6-0,9%         0,4-1,2%         0,5-0,9% 
 
giving typical tensile properties of 460 Mpa. 
 
This group of alloys with additions such as Pb (X2030) or Pb + Bi (2011) give the best 
machinability but there is a trend to avoid these additions because of potential scrap 
contamination.  Typical alloys in this group are 2017, 2024, 2014 X2030 and 2011.  
Generally, these alloys have limited cold formability, except in the annealed condition, and 
less corrosion resistance than other alloys; they are therefore generally anodised for 
protection from aggressive environments.  They are also more difficult to weld. Alloys in 
this family are particularly useful for aircraft and military applications. 
 
 

Aluminium - Manganese Alloys 

 
 EN system     EN AW - 3XXX e.g. 3004 
 
The addition of approximately 1% manganese increases the strength by approximately 10 - 
15% compared with 1200, without any major loss in ductility.  This non-heat treatable 
alloy generally finds a wide application where greater strength than 1200 is required 
without any major loss in corrosion. Major end uses of the common alloys in this range 
include roofing sheet (3105 + 3103) and vehicle panelling (3103). 
 
 

Aluminium - Silicon Alloys 

 
 EN system     EN AW 4XXX eg 4043 
 
Silicon can be added to aluminium alloys in quantities sufficient to cause a substantial 
lowering of the melting point. For this reason this alloy system is used entirely for welding 
wire and brazing filler alloys, where melting points lower than the parent metal are 
required. In themselves these alloys are non-heat-treatable but in general they pick up 
enough of the alloy constituents of the parent metal to respond to a limited degree of heat 
treatment. 
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Aluminium - Magnesium Alloys 

 
 EN system     EN AW 5XXX eg 5056 
 
This series of alloys is non heat-treatable and exhibits the best combination of high 
strength with resistance to corrosion (as indicated by its frequent use in marine/sea water 
applications). This series also exhibits good weldability but when the Mg level exceed 3% 
there is a tendency for stress corrosion resistance to be reduced, dependent on the temper 
used and temperature of operation.  Uses: pressure vessels, bulk road and rail vehicles, 
ships structures, chemical plant. 
 

 

Aluminium - Magnesium - Silicon Alloys 

 
 EN Systems     EN AW - 6XXX eg 6063 
 
This group of heat-treatable alloys uses a combination of magnesium and silicon 
(magnesium Silicide) to render it heat-treatable. These alloys find their greatest strength, 
combined with good corrosion resistance, ease of formability and excellent ability to be 
anodised.  Typical alloys in this group include 6061, 6063 and 6082 used for building 
structure applications, and land and see transport applications. 
 
 

Aluminium-Zinc-Magnesium and Aluminium-Zinc-Magnesium-Copper Alloys 

 
 EN Systems     EN AW - 7XXX eg 7075 
 
This group of alloys exhibits the highest strength as far as aluminium is concerned and in 
many cases they are superior to that of high tensile steels. 
 
It is the combination of zinc and magnesium which makes the 7XXX alloys heat-treatable 
and gives rise to their very high strength.  A typical example here is 7075 with a 
composition of: 
 
  Zn    Mg   Cu 
        5,0-6,0%                 2,0-3,0%            1,0%-2,0% 
giving a typical tensile strength of 580Mpa.  This group of alloys is, however, relatively 
difficult to fabricate and requires a very high degree of technology to produce.  It is mainly 
used in military applications. 
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Aluminium - plus other elements which do not fall into any of the patterns outlined 

above 

 
 EN System     EN AW - 8XXX e.g. 8011, 
 
a totally mixed bag of alloys ranging from 8011 for bottle capping to 8091 for Lithium 
alloy aircraft sheet. 
 
 

The Five Digit System for Cast Alloy Identification 

 
The new European reference for alloys will be identified with the preface EN followed by 
a blank space followed by A which indicates aluminium then B,C, or M which indicate 
respectively ingots for re-melting, casting or master alloys. 
 
The cast alloy numbering system for Europe, Figure 1501.03.01, will use a five figure 
format as follows: 
 
 

Unalloyed Aluminium 

 
The first of the five figures in the designation system is the number 1 (as used in wrought 
aluminium for aluminium for aluminium 99,00% minimum and greater). 
 
The second of the five figures in the designation system is the number 0. 
 
The third and fourth figures indicate the minimum aluminium percentage. They are the 
same as the two figures to the right of the decimal point in the minimum percentage, when 
it is expressed to the nearest 0.01 percent. 
 
                   
Example AB-10       97     0         for Al 99,   97               
 
The fifth figure is 0, 1 or 2 depending on the application being general or specific.  
 

 

Aluminium Alloys, Ingots and Casting 

 
For a given alloy, ingot and casting have the same numerical designation.  The first of the 
five figures in the designations indicates the major alloying element and is the same as that 
used in the wrought aluminium system. 
 
  - Copper    2XXX 
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  - Silicon  4XXX 
 
  - Magnesium 5XXX 
 
  - Zinc  7XXX 
 
The second of the five figures in the designation indicates the alloy group. 
    
  -2   1      XXX :  A1Cu 
    
    
  -4   1      XXX :  A1SiMgTi 
    
    
  -4   2      XXX :  A1Si7Mg 
    
    
  -4   3      XXX :  AlSi10Mg 
    
    
  -4   4     XXX :  A1Si 
    
    
  -4   5     XXX :  AlSiCu 
    
    
  -4   6     XXX :  AlSi9Cu 
    
    
  -4   7     XXX :  AlSi (Cu) 
    
    
  -4   8     XXX :  AlSiCuNiMg 
    
    
  -5   1     XXX :  AlMg 
    
    
  -7   1     XXX :  AlZnMg 
 
 
The third figure is arbitrary. 
The fourth figure is generally 0. 
The fifth figure is always 0 for CEN alloys and never 0 for AECMA alloys. 
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1501.04 Basic Physical Metallurgy 

 
• Work hardening 
• Dispersion hardening 
• Solid solution hardening 
• Precipitation hardening 
• Temper designations non heat-treatable alloys 
• Temper designations heat-treatable alloys 
• Common alloys and applications 

 

 

 

There are four basic ways in which aluminium can be strengthened: work hardening, 
dispersion hardening, solid solution hardening and precipitation hardening. 
 
These hardening processes are effective because they produce conditions that impede the 
movement of dislocations.  Dislocations are faults that enable metal crystals to slip at 
stresses very much below those that would be required to move two perfect crystal planes 
past one another. 
 
 

Work Hardening 

 
Whenever aluminium products are fabricated by rolling, extruding, drawing, bending, etc., 
work is done on the metal.  When work is done below the metal's recrystallisation 
temperature (cold work), it not only forms the metal, but also increases it strength due to 
the fact that dislocations trying to glide on different slip planes interact causing a "traffic 
jam" that prevents them from moving. Fabricating processes carried out above the metal's 
recrystallization temperature (hot work) do not normally increase strength over the 
annealed strength condition. 
 
With non heat-treatable wrought alloys, cold work is the only way of increasing strength.  
With heat treatable alloy, cold work applied after heat treating can increase strength still 
further. Work hardening of non heat treatable aluminium magnesium and pure aluminium 
alloy is shown in Figure 1501.04.01. 
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Dispersion Hardening 

 
Fine particles of an insoluble material are uniformly distributed throughout the cristal 
lattice in such a way as to impede the movement of dislocations (eg 3000 series).  With 
aluminium, dispersion-hardening may be achieved in two ways: 
 
− by the addition of alloying elements that combine chemically with the metal or each 

other to form fine particles that precipitate from the matrix 
 
− by mixing particles of a suitable substance (for example A1203) with powdered 

aluminium and then compacting the mixture into a solid mass. 
 
 

Solid Solution Hardening 

 

Most alloys are solid solutions of one or more metals dissolved in another metal: either the 
alloying of atoms take over the lattice positions of some of the base-metal atoms 
(substitutional solid solutions) or they occupy spaces in the lattice between the base-metal 
(interstitial solid solutions).  In both cases, the base-metal lattice is distorted, retarding the 
movement of dislocations and hence strengthening the metal.  The 5000 series with 
magnesium as the solute is a good example. 
 
Most aluminium alloys reflect some solid solution hardening as a result of one or more 
elements being dissolved in the aluminium base, each element's contribution to the  
strength of the alloy is roughly additive.  Usually these alloys are further strengthened by 
heat treatment or by work hardening. 
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Precipitation Hardening 

 
Precipitation hardening is a two stage heat treatment.  It can be applied only to those 
groups of alloys which are heat treatable (i.e. 2000, 6000 and 7000 wrought series).  
Firstly, a supersaturated condition is produced by solution heat treatment.  Secondly the 
"ageing" process that occurs after quenching may be accelerated by heating the alloy until 
a second and coherent phase is precipitated. This coherent phase strengthens the alloys by 
obstructing the movements of dislocations. 
 
Solution treatment involves heating the alloy to a temperature just below the lowest 
melting point of the alloy system, holding at this temperature until the base metal dissolves 
a significant amount of the alloying elements (Figure 1501.04.02).  The alloy is then 
rapidly cooled to retain as much of the alloying elements in solution as possible and so 
produce a supersaturated solid solution. This supersaturated condition is usually unstable 
and therefore heat-treatable alloys are used in this condition, i.e. T4. 
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After solution heat-treatment most heat-treatable alloys exhibit some age-hardening at 
room temperature.  The rate and extent of natural age-hardening at room temperature 
varies from alloy to alloy.  For example, 2024 reaches a stable condition in four days and 
is therefore widely used in naturally aged tempers.  By contrast, 7075 and most other 
aluminium-zinc-magnesium-copper alloys continue to age-harden indefinitely at room 
temperature and are seldom used in naturally aged temper. 
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Heating above room temperature accelerates the precipitation reaction, in practice, 
therefore, precipitation-hardened alloys are usually ″artificially aged' (precipitation heat 
treated) to develop maximum properties as quickly as possible.  The temperature range 
within which control of the precipitation reactions is feasible is 120-180°C.  The actual 
temperature depends on such variables as the alloy, the properties desired and production 
schedule. 
 
An aluminium alloy that responds to precipitation hardening must contain amounts of 
soluble alloying elements that exceed the solid solubility limit at room temperature. 
Figure 1501.04.02. shows one corner of the phase diagram of such an alloy.  In addition, 
the alloy must be able to dissolve the excess of soluble alloying elements and then to 
precipitate them (or the compounds they form) as distinctive constituents within the crystal 
lattice. The constituents precipitated must have a structure different from the solid 
solution. Careful control of this precipitation reaction is essential, otherwise the hardening 
constituents become too coarse and contribute little to the strengthening.  The effect of 
time and temperature on the precipitation process is shown in Figure 1501.04.03. 
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Temper Designations Non Heat-Treatable Alloys 

 
These are alloys in which the mechanical properties may be enhanced by the amount of 
cold work introduced after the last annealing operation. The properties so obtained will be 
reduced by subsequent heating and cannot be restored except by additional cold work. 
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In the non heat-treatable alloys there are generally six available tempers (Figure 

1501.04.04). It should be remembered, however, that all tempers are not always available 
for all alloys.  The most common tempers range from annealed, designated by  ″0″, to the 
full-hard tempers designated by temper HX8.  The term H8 refers to the maximum amount 
of cold work which is commercially practical for the particular alloy.  An alloy in the HX8 
condition will exhibit a 75% increase in strength over the same alloy in the ″0″ condition.  
Between the annealed and the HX8 state there are generally three intermediate levels of 
hardness referred to as: 
 
   Quarter hard   HX2 
   Half hard   HX4 
   Three quarters hard  HX6 
 
Products are produced in the ″F″ temper, are defined as "as fabricated".  ″F″ represents an 
undefined strength enhancement above the annealed state ″0″. 
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Temper Designations Heat-Treatable Alloys 

 
These are alloys in which the mechanical properties may be changed by heat treatment.  
Heat is used to enhance strength but can also be used to decrease strength through 
annealing to assist with forming;  these alloys can also be re-heat-treated after annealing or 
forming to restore their original properties,  This is a major difference compared with non 
heat-treatable alloys (Figure 1501.04.04). 
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The major tempers in this area are designated and defined according to international 
standards (AA, ISO, CEN):   
   0  Fully annealed 
  T3  Solution heat-treated, cold worked out, naturally aged 
  T4  Solution heat-treated and naturally aged 
  T5  Cooled from an elevated temperature shaping process and 

then artificially aged 
  T6  Solution heat-treated, artificially aged 
  T8  Solution heat-treated, cold worked and artificially aged 
The T4 is produced by "solution heat treatment" which, as mentioned previously, consists 
of heating the alloy to a predetermined temperature just below its melting point, at which 
point some of the alloy constituents dissolve and are then taken into what is referred to as 
"solid solution". To ensure that this situation is maintained the material is quenched 
rapidly. An example of this is 2014 where the temperature is raised to 500°C ± 5% before 
quenching in water. 
 

Common Alloys and Applications 

 

The following list gives a brief survey of commonly used aluminium alloys, their 
characteristics and common uses: 
 
 
 

Alloy 

 
 1050/ 
 1200 
 
 2014A 
 
 
 3103/ 
 3003 
 
 
 5251/ 
 5052 
 
 
*5454 
 
 
 
 *5083/ 
  5182 

Alloy Characteristics 

 
Non heat-treatable. Good 
formability, weldability and 
corrosion resistance 
 
Heat-treatable. High strength. Non- 
weldable. Poor corrosion resistance 
 
Non-treatable.  Medium strength 
work hardening alloy.  Good 
weldability, formability and 
corrosion resistance. 
 
Non-heat-treatable.  Medium 
strength work hardening alloy.  Good 
weldability, formability and 
corrosion resistance. 
 
Non-heat-treatable.  Used at 
temperatures between 650°C and 
200°C.  Good weldability and 

Common Uses 

 
Food and Chemical Industry 
 
 
Airframes 
 
 
Vehicle panelling, structures exposed 
to marine atmospheres, mine cages 
 
 
Vehicle panelling, structures exposed 
to marine atmospheres, mine cages. 
 
 
Pressure vessels, road and rail 
tankers. Transport of Ammonium 
Nitrate, Petroleum tankers, Chemical 
plants. 
 
Pressure vessels and road transport 

 Form   

 
 S.P 
 
 
E.P 
  
 
S.P.E 
 
 
 
S.P 
 
 
 
S.P 
 
 
 
S.P.E 
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 *6063 
 
 
 
 *6061/  
 *6082 
  
*6005
A 
 
 
 
  

7020 

 

 

 

 

7075 

corrosion resistant. 
 
Non-heat-treatable.  Good 
weldability and corrosion resistance.  
Very resistant to sea water, industrial 
atmospheres.  A superior alloy for 
cryogenic use (in annealed condition) 
 
Heat-treatable.  Medium strength 
alloy.  Good weldability and 
corrosion resistance.  Used for 
intricate profiles. 
 
Heat-treatable.  Medium strength.  
Good weldability and corrosion 
resistance. 
 
Heat-treatable.  Properties very 
similar to 6082.  Preferable as air-
quenchable, therefore has less 
distortion problems.  Not notch-
sensitive. 
 
Heat-treatable.  Age-hardens 
naturally, therefore will recover 
properties in heat-affected zone after 
welding.  Susceptible to stress 
corrosion.  Good ballistic deterrent 
properties. 
 

Very high strength. Heat-treatable. 
Non-weldable. Poor corrosion 
resistance. 

applications below 65°C. 
Shipbuilding structures in general. 
 
 
 
Architectural extrusions (internal and 
external) window frames, irrigation 
pipes. 
 
 
Stressed structural members, bridges, 
cranes, roof trusses, beer barrels 
 
Thin wall wide extrusions 
 
 
 
 
Armoured vehicles, military bridges, 
motor cycle and bicycle frames 

 
 
 
 
Airframes 
 

 

 
 
 
 
E 
 
 
 
S.P.E 
 
 
 E 
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*   Most commonly used alloys;      S = Sheet;     P = Plate;     E = Extrusions 
 
Some differences in properties and characteristics for the different alloys and alloy groups 
can also be appreciated from Figures 1501.03.02 till 05. 
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1501.05 Aluminium Alloys ; Mechanical Properties 
 

• Tensile strength 
• Strength/weight ratio 
• Proof stress 
• Elastic properties 
• Elongation 
• Compression 
• Bearing 
• Shear 
• Hardness 
• Ductility 
• Creep 
• Properties at elevated temperatures 
• Properties at low temperatures 
• Impact strength 
• Fracture characteristics 
• Fatigue 

 

Tensile Strength 

 

Behaviour under tension is generally considered the first yardstick of an engineering 
material, and Figure 1501.05.01 shows typical tensile stress/strain curves for four 
different aluminium alloys and compares them with a range of engineering metals. The 
alloys are: 99.5% pure aluminium (1050A) in the fully annealed state, suitable for deep 
pressing; a 4.5% magnesium-aluminium alloy (5083) after strain-hardening, by rolling, 
to the ″half-hard″ temper, used in marine and welded structures; a magnesium-
manganese-silicon alloy 6082 after solution treatment and ageing to the fully heat 
treated ″T6″-condition, used in commercial structures and a zinc-magnesium-copper-
aluminium alloy 7075 in the fully heat treated condition used in aircraft construction. 
 

 

Strength/Weight Ratio  

 

As can be seen from Figure 1501.05.01 the high tensile steels have the highest strengths 
of all the metals. These are followed by Titanium and the aircraft aluminium alloys and 
some way below these the commercial structural alloys 5083-H12 and 6082-T6. If we 
now consider the strength available for a given mass by dividing the tensile strength by 
the density we get quite a different picture (Figure 1501.05.02). We now find the 7075 
at the top with the commercial structural alloys moving to the mid range above the 
common mild steel.  
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Proof Stress 

 

With mild steel there is a clearly defined point on the stress strain curve at which the 
elastic limit is reached; this ″yield point″ is followed by a sharp reduction in the stress 
before the metal exhibits a plastic flow region with stress again increasing with strain 
until the ultimate stress is reached and the stress reduces to the point of failure. 
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In most cases no clearly defined elastic limit or yield point is to be seen on stress/strain 
curves for aluminium alloys, this is apparent by looking at Figure 1501.05.03. For this 
reason the point of departure from the elastic range has to be defined arbitrarily. For 
convenience in routine testing, a point is chosen at which the permanent deformation is 
easily measured: at one time, a permanent set of 0.1% of the original gauge length was 
used. Today, however, 0.2% is the international norm. 
 
The stress at which a 0.2% set is observed is called the ″0.2% proof stress″ and, because 
it reveals the onset of plastic movement, is often of more value to the designer than the 
ultimate stress. Figure 1501.05.03 shows how it is obtained from a stress/strain 
diagram. 
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Some alloys, notably the heavily strain-hardened ones, have a high ratio of proof 
strength to ultimate stress; in 1200 H8 for example the 0.2% proof stress is 140 MPa 
and the ultimate stress 150 MPa.  Generally, the ratio of proof to ultimate varies from 
40% for soft tempers to 95% for the hardest; in the fully heat treated alloys it is about 
85%.  Although a high proof stress is in itself an advantage, a high proof stress/ultimate 
stress ratio implies a low ductility. 
 
Where strain is the criterion for design, it follows that the imposed stress would be one 
third in an aluminium member compared to one in steel. If we compare the curves for a 
similar strength aluminium and steel (shown in Figure 1501.05.03)  and consider a 
0.1% strain by drawing a vertical line at A the stress in the steel is 200 MPa whereas in 
the aluminium is only 66.6 MPa. It can also be seen from the graph that a strain of 0.3% 
(line B) is necessary to induce the same stress in the aluminium member. It is also worth 
noting that the aluminium represented by the curve in Figure 1501.05.03  would still be 
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in the elastic range at 0.38% strain (line C) while the steel subjected to the same rate of 
strain would have entered the plastic range. 
 
The area under the tensile stress-strain curve to the point of failure provides a measure 
of the capacity of a material to absorb energy under simple tensile loading.  
 
 

Elastic Properties 

 
From Figure 1501.05.03  it can be seen that for the initial part of the stress-strain curve 
the strain per unit increase of stress is much higher for aluminium than for steel, 
measurement shows that it is three times higher. The slope of this part of the curve 
determines the Modulus of Elasticity (Young’s Modulus) e.g. stress divided by strain. It 
follows therefore that the Modulus of Elasticity for aluminium is one-third that of steel, 
being between 65500 and 72400 MPa for most aluminium alloys. 
 
From the information already given it is clear that when a steel structural member is 
replaced by one of identical form in an aluminium alloy the weight will be one third but 
the elastic deflection will be about three times as large. From this we can deduce that an 
aluminium member of identical dimension to one in steel will absorb three times as 
much energy, but only up to the point where the stress in the aluminium remains below 
the limit of proportionality.  
 
It is worth noting that stiffness is defined as the product of the Modulus of Elasticity and 
the Moment of Inertia of a section (E x I) and it is this which determines the deflection 
when subjected to a bending load. This allows the application of another attribute of 
aluminium, its ability to be made into a variety of complex structural shapes by 
extrusion. The extrusion process provides the designer with the opportunity to shape the 
metal to achieve maximum efficiency in the design of a section usually by making it 
deeper. However, making a section deeper often sacrifices some of the potential weight 
saving with the result that it only weighs about half  that of the steel member instead of 
a third. 
 

Figure 1501.05.04 shows two different approaches of saving weight when using 
aluminium instead of steel for the main beams of a road trailer. All sections have the 
same bending stiffness, the aluminium 'I' beam has been designed with a maximum 
overall extrusion dimension and minimum extrusion thickness, while the aluminium 
box beam has been designed to the same width as the steel beam but with additional 
special features to improve the build.  The aluminium I beam  exhibits an improved 
section modulus and consequently a lower induced stress in bending in addition to a 
57% weight saving, but because of its slender shape has inherent poor torsional stability. 
The aluminium box beam exhibits an even greater improvement in section modulus 
combined with a considerable improvement in torsional stability but only a 33% weight 
saving. By changing the design any combination of characteristics inside the practical 
manufacturing limits can be obtained.  
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Young#s Modulus can vary by as much as 40% with the addition of up to 15% 
Manganese but for commercial alloys it only varies one or two percent and this variation 
is ignored in standard structural calculations. 
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The Torsional Modulus or Modulus of Rigidity of aluminium e.g. shear stress divided 
by angular strain is again about a third of that for steel being 26000 MPa for aluminium 
compared to 82700 Mpa for steel. The same rules should therefore be applied by the 
designer when looking at aluminium designs in torsion as in bending. 
 
Poisons Ratio e.g. lateral strain divided by longitudinal strain is ν = 0.33. 
 

 

Elongation 

 

The amount of permanent stretch at the instant of breaking is a useful guide to the 
ductility of a metal, and a minimum value is usually demanded by standard 
specifications.  It is not, however, an infallible index of workability and selection of an 
alloy for forming operations should never be made on this basis alone. 
 
″Elongation″ may be found by clamping the pieces of a broken test specimen together 
and measuring between marks applied before starting the test.  It is generally expressed 
as a percentage of the original gauge length of the test specimen. Elongation is not equal 
everywhere in the specimen but is greatest around the fracture; the gauge length chosen 
will therefore greatly influence the value, and is always specified. 
A gauge length of 50 mm is a common standard.  For better comparison of different 
sized specimens, the length may be referred to the original cross-sectional area.  A 
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gauge length of 5.65 √A (A = cross section area, equivalent to 5 diameters for round 
specimens) is used. 
 
Typical elongation values for wrought aluminium alloys at ambient temperature vary 
from 35% (on 50mm) in annealed material to as little as 3% in fully strain-hardened 
metal.  The heat- treated alloys possess elongations ranging from 5% to 20%. Figure 
1501.05.05  shows the typical elongation range of various aluminium alloys at ambient 
temperature.   
 
The elongation of most alloys increases with test temperature and this property has been 
extended by the development of special superplastic alloys with elongations as high as 
1000% when stretched at an elevated temperature (Figure 1501.05.05). Stretching metal 
at elevated temperatures over die forms using pressurised air is termed superplastic 
forming and combines the mechanical integrity of metals with the design freedom to 
produce complicated shapes previously only possible with plastics. In order to make the 
process work the material must exhibit high tensile ductility at low strain rates. 
 
For cast alloys the elongation values can be as low as 2% and are often seen as the 
limiting factor in their application.  
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Compression 

 
The behaviour of aluminium alloys under compressive loading does not receive the 
attention given to tensile properties, perhaps because the strength of structural members 
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is so often limited by buckling, and the actual compressive strength of the metal is not 
approached (Figure 1501.05.06). 

 
For most engineering purposes it is customary to use the same design stress for 
compressive work as for tensile.  In the testing machine, an aluminium alloy will show 
an apparently higher strength in compression than in tension, but this can in part be 
attributed to the changing cross-sectional areas of the specimens, increasing in one case 
and decreasing in the other, while the stress is based on the original area.  Cylindrical 
specimens of the softer aluminium alloys can be compressed to thick discs before 
cracking, and even then may still sustain the load.  The harder alloys show a more 
definite failure point and pronounced cracking. 
 
A proof stress, at which there is a small measurable departure from the elastic range, is 
therefore usually quoted, and will be roughly equal to the corresponding tensile proof 
stress; in cast or forged metal it is usually slightly higher.  Sheet and extruded products, 
however, are often straightened by stretching, an effect of which is to lower the 
compressive proof stress and raise the tensile proof stress by small amounts. 

Bearing 

 

The ultimate bearing or crushing strength of aluminium is as difficult to define, test, or 
relate to tensile properties as it is with other metals.  Bearing must, however, often be a 
criterion in the design of riveted or bolted structures, and a bearing yield stress is widely 
recognized; this is arbitrarily defined as the pressure (per unit effective bearing area) 
exerted by a pin at a round hole that will permanently deform the hole by 2% of its 
original diameter (Figure 1501.05.06).  This stress, for most alloys, approximates in 
value to the ultimate tensile stress.  The ultimate bearing strength of most aluminium 
alloys is about 1.8 times the U.T.S. 
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Shear 

 
In the wrought alloys the ratio of ultimate sheer stress to ultimate tensile stress varies 
with composition and method of fabrication from about 0.5 to 0.75.  When test results 
are not available, a ratio of 0.55 is safe for most purposes (Figure 1501.05.06). 
 
Rivets in low and medium strength alloys, with shear strengths up to 200 MPa can be 
driven cold.  Small rivets in stronger alloys can be driven in the soft state immediately 
following solution treatment and, on natural age-hardening, shear strengths up to 260 
MPa will be developed. 
 
 

Hardness 

 
Resistance to surface indentation is an approximate guide to the condition of an alloy, 
and is used as an inspection measure.  Brinell (steel ball), Vickers (diamond) and Shore 
Scleroscope (diamond Hammer) testing machines are applied to aluminium alloys; 
typical Brinell values range from 20 for annealed commercially pure-metal to 175 for 
the strongest alloy (Figure 1501.05.06).  Hardness readings should never be regarded as 
a quantitative index to tensile strength, as is often done with steels, for in aluminium the 
relation between these two properties is far from constant. The surface hardness of 
aluminium can be increased considerably by the process of hard anodising (500VPN) 
and is therefore often employed to improve the wear resistance of components. 
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Ductility 

 

We have said the elongation of a tensile test piece at fracture is a useful but not a 
conclusive key to the ductility of an alloy. 
 
Simple bend tests are widely used as a further indication of workability.  A strip of 
metal with smooth rounded edges is bent through 90° or 180° by hand or mallet over a 
steel former of prescribed radius.  By using successively tighter formers, a minimum 
bend radius, at which there is no cracking, can be found, and is usually quoted as a 
multiple of sheet thickness ″t″, for example, 1½ t. 
 

To obtain a measure of ductility a sample of sheet that is intended for deep drawing or 
pressing is often subjected to the Erichsen cupping test in which a hemispherical punch 
is forced by a hand-operated screw against one side of the sheet, stretching the metal 
into a dome or cup (Figure 1501.05.07). The depth of penetration at fracture gives an 
indication of the amenability of the metal to deep drawing processes involving 
stretching, though not necessarily to other pressing operations. 
 
Much of the value of this test lies in its ability to show up to two phenomena that will 
prevent successful drawing: a coarse grain structure produces roughness of the cup 
surface and perhaps an early failure through local thinning; and directionality or 
variation of properties in relation to the direction of rolling affects the shape of the 
fracture, which should be circular. 
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Creep 

 

In the preceding discussions of tensile, compressive and shear properties it is implied 
that the stress is increased continuously and that the accompanying strains are 
independent of time under any given stress.  If, however, a stress less than the ultimate 
strength is constantly maintained for a long period of time, the strain increases 
continuously (Figure 1501.05.08).  If the stress is high enough or held long enough, the 
specimen eventually fails in the mode which would have occurred under continuously 
increasing loading.  In this respect, the behaviour of aluminium is like that of other 
metals, and the term used for this form of failure is Creep Rupture. 
 
The creep strength of metals reduces as the operating temperature increases, again 
aluminium's behaviour is the same as other metals. It follows, therefore, that Creep 
strength cannot be expressed by a single number but must be related to operating 
temperatures, time and amount of deformation. Figure 1501.05.08  illustrates these 
relationships for an Al-Cu alloy. 
 
These data are important to the designer of a structure which is subject to stress and 
temperature, such as hot tarmac carrying vehicles (required life 1000's hrs), some forms 
of pressure vessels used in process plant (required life 100,000 hrs). It may also be 
necessary for predicting the life of a structure in hazard situations such as a safety 
critical structure surrounded by a fire (30 mins), or even a very short rupture life as 
maybe required in a rocket shell (2 mins). In all of these cases the time to failure at a 
given stress level and temperature is the design criterion, and the data are usually 
applied with a suitable safety allowance on time. 
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The information available to the designer is generally the result of tests on tensile 
specimens subjected to constant stress at a carefully controlled temperature. By loading 
a number of specimens at different stress levels and constant temperature, or at different 
temperatures and a constant stress, perhaps for some thousands of hours, a family of 
curves can be obtained of the form shown in the graph Figure 1501.05.08.  In each of 
these curves, deformation increases in four stages: first elastically, on loading (O to A 
on the top curve); secondly (A to B), at a decreasing rate; thirdly (B to C), at an almost 
constant rate, which may be negligibly small at low stresses and temperatures; and lastly 
(C to D), at an increasing rate which leads to failure.  In this example, only the top curve 
has entered the final stage. The graph indicates the ways open to the designer to interpret 
the data. One route is to limit the total creep at a given temperature to say 0.1% in 
10,000 hrs resulting in an allowable working stress. Another is to limit the working 
stress to a level at which the final stage of the creep curve will not be entered during the 
intended life of the product, and at which the total deformation at the end of this time 
will be within acceptable limits. Either of these methods can be applied to proposed 
applications.   
 
The time taken to produce creep data can be very protracted and it is usually considered 
impractical to continue creep and creep rupture tests beyond a few thousand hours.  
However, designers of pressure vessels require data that will indicate rupture at 100,000 
hrs and it is therefore necessary to extrapolate the available data. Several methods have 
been devised for making such extrapolations, notably those by Larson and Miller, 
White, Clark and Wilson, Manson and Haferd and Orr, Sherby and Dorn. 
 

 

 

Properties at Elevated Temperatures 

 

The strength of aluminium alloys decreases with the increase in temperature excluding 
the effects of age-hardening within narrow temperature ranges for various holding 
periods.  The time of exposure is important in the case of cold worked or heat-treated 
alloys (Figure 1501.05.09)  but has little or no effect on the properties of annealed 
alloys. The heating time at test temperature is often quoted as 10,000 hrs, but with the 
time-temperature dependence of strength it may be necessary for other exposure times to 
be considered. 
 
Shear, compression, bearing and fatigue strengths vary with temperature in much the 
same way as tensile strength; ratios of these strengths to tensile strength may be taken as 
constant. 
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The reduction in strength caused by exposure to elevated temperatures can only be 
regained by heat treatment or cold work or a combination of these processes which is 
usually impractical in the case of fabricated items. The tensile strength of an 
AlCu4MgSi alloy, tested at room temperature after exposure at elevated temperature, is 
shown in Figure 1501.05.10.  After either short term exposure at high temperature or 
long term exposure at medium temperature the material approaches a super soft 
annealed condition and the lower limit strength becomes constant. 
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The modulus of elasticity of aluminium alloys also decreases as the operating 
temperature increases but unlike strengths which stabilise at a lower annealed value, the 
modulus of elasticity returns to its room temperature value after exposure (Figure 

1501.05.11). 
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Properties at Low Temperatures 

 

Aluminium and its alloys have no ductile to brittle transition at low temperatures, 
indeed, their strengths increase with decreasingtemperature. The strengths of stable 
temper aluminium alloys are not influenced by the time of exposure at low temperatures 
neither are the strengths at room temperature after exposure at low 
temperature.However, freshly solution treated heat treatable alloys can be held in this 
condition for long periods by storing them at a low temperature because of the 
retardation of the ageing process. This is used to good effect when placing aircraft rivets 
of the AlCuMgSi type which may be solution treated prior to use by heating to 4950C 
for a period of time between 5 and 60 minutes, depending upon the size and quantity of 
rivets being processed, after which they are quenched in cold water. The rivets remain 
soft after quenching for up to two hours at ambient, but at minus 50C this is extended to 
forty-five hours and at minus 150C to one hundred and fifty hours. 
 
The increase in strength of aluminium alloys at low temperatures is negligible down to 
minus 500C but begins to increase significantly below minus 1000C (Figure 

1501.05.12). The elongations of most aluminium alloys also increase with the reduction 
in temperature down to minus 196°C whereupon some alloys notably with higher 
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magnesium content (4.5% and above) begin to reduce again but not below the ambient 
figure.  
 
Shear, compression and bearing strengths - all improve at low temperatures,  also the 
moduli of elasticity under tensile, compressive and shear loading are 12% higher at 
minus 1960C than at room temperature. 
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Impact Strength 

 

As already indicated the low elastic modulus of aluminium alloys is an asset when a 
structure is subjected to shock-loading conditions: an aluminium alloy member will 
absorb three times as much energy before permanent damage occurs than a steel 
member of equal moment of inertia and strength. 
 
Energy absorption figures from tests or notched specimens in Izod or Charpy pendulum 
machines are, as with other metals, not directly applicable to design work. Again, the 
results from different alloys of aluminium are so varied and so unrelated to performance 
under structural conditions, that this type of test is little used. 
 

 

Fracture Characteristics 

 

By this we mean a materials tendency to exhibit rapid propagation of a crack without 
appreciable plastic deformation. Information on this form of failure is vital for the 
design of structures working at stress levels and containing high elastic energies where 
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sudden failure would be catastrophic. Elongation and reduction of area from tensile tests 
and the ratio of yield to tensile strength, both give indications of fracture characteristics, 
but for the engineer these indications are seldom sufficient to be used alone as a basis 
for design. 
 
Charpy and Izod notched bar impact tests have been widely employed to determine the 
transition temperatures for ferritic steels, i.e. temperatures at which the alloys begin to 
exhibit brittle fracture characteristics, but these tests are generally unsuitable for 
aluminium and its alloys because the latter do not exhibit a transition temperature. Also 
notched bar impact test values for aluminium alloys are almost constant from ambient 
down to temperatures of minus 2680C; in addition most wrought alloys are so tough the 
test bars do not fracture. Therefore no useful data are obtained.    
 

To overcome this problem an adaption of the Navy tear test, originally developed by 
Noah Kahn to investigate the sudden failures of welded steel ships, is often employed to 
assess a fracture rating factor for aluminium and its alloys. In this test the energies 
required to initiate and propagate a crack in a specially prepared test piece (Figure 

1501.05.13)  are obtained by calculating the appropriate areas under the load extension 
curve. The energy required to propagate a crack in the tear test divided by the net cross 
sectional area of the specimen is referred to as the  "unit propagation energy". It 
provides a measure of tear resistance and, indirectly, a measure of fracture toughness. 
 
The unit propagation energy obtained from the test can be related directly to the strain 
energy release rate for alloys that conform to the fracture mechanics theory, thereby 
providing a realistic measure of the resistance to rapid crack propagation.  
 

Test procedures have also been developed which relate the fracture strength of a 
material to a flaw or crack size or specific design detail, thereby providing a measure of 
"fracture toughness". Fracture toughness can be described as the resistance of a material 
to unstable crack propagation at elastic stresses, or to low ductility fracture of any kind. 
Testing for fracture toughness requires the initiation of a crack of known length in a 
specially prepared test piece either by fatigue loading but usually by cutting a very thin 
slot followed by loading in the same manner as the Navy tear test (Figure 1501.05.13),. 
A relationship between the stress intensity factor K, uniform gross tensile stress σa, and 

the length of the crack 2a is given by K = σa 2πa . The stress intensity factor K (at the 

onset of unstable crack propagation) decreases with the increase in metal thickness and 
approaches a constant minimum value which is identified as KIc the "critical elastic 
stress intensity factor".or the plain strain fracture toughness. KIc is analogous to yield 
stress since it is the minimum stress intensity at which failure can start at a given 
temperature and at full thickness for plain strain conditions.  The fracture toughness 
route is not suitable for highly ductile alloys since they do not exhibit rapid crack 
propagation under elastic conditions. The test is therefore usually confined to the high 
strength heat treatable alloys.  
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The ability to resist the growth of cracks remains high for most aluminium alloys even 
at very low temperatures and in the case of 6061 T6 increases considerably (Figure 

1501.05.14). For most aluminium alloys the ability to deform plastically and resist crack 
growth is so great that unstable crack growth in elastically stressed material (brittle 
fracture) is impossible. 
 
A convenient way to present the toughness of an alloy is by expressing it in terms of 
notch toughness as measured by the notch-yield ratio, which is the notch tensile strength 
divided by the tensile proof strength. The notch toughness of most aluminium alloys 
remains constant even at cryogenic temperatures (Figure 1501.05.15), the exceptions 
being the high strength 7000 series alloys as indicated by 7075 on the graph.  
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Fatigue  

(see also TALAT Lectures 2400) 
 
In common with other metals aluminium will fracture when subjected to variable or 
repeated loads at stress levels considerably lower than it would be the case with static 
loads. This type of failure which consists of the formation of cracks under the action of 
the fluctuating loads is known as fatigue. The fluctuating loads in practice could be 
caused by live loads, vibration or repeated temperature changes. The direction in which 
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the fatigue crack propagates is always perpendicular to the line of action of the stresses 
causing the crack. As the crack progresses the stress on the residual cross section 
increases so that there is a corresponding increase in the rate of crack propagation. 
Ultimately a stage is reached when the remaining area is insufficient to support the 
applied load and final rupture occurs. Fatigue cracks may be very difficult to detect 
since unlike tensile failures there is no visible surface contraction at the point of failure. 
 
When assessing fatigue three basic factors need to be known: 
 
 1. Number of stress cycles. 

 2. A definition of the stress cycle. 

 3. Surface finish or contour shape of the component.  

 
The number of stress cycles is usually known or can be established by the designer for a 
given application. 
 
When defining a stress cycle there are four basic parameters; 
 
 1. The minimum stress  Smin   

  

 2. The maximum stress   Smax  

 

 3. The mean stress   Sm = (Smin + Smax)/2 

                                                                             

 4. The stress range   Sr = Smax - Smin  

 
The stress cycle is fully defined provided that any two of these four quantities are 
known. Figure 1501.05.16 shows these factors relating to typical stress cycle patterns. 
Machines have been developed to apply these various types of loading rapidly and 
easily. A simple and well known example is the Wöhler machine, in which a cylindrical 
specimen is arranged as a beam or a cantilever under a steady load. Rotation of the 
specimen subjects it to sinusoidal alternating loading cycles. The AMSLER test 
machine has been developed to provide high speed tensile and compression loading of 
specimens to a specified wave form. 
 
The effect of the mean stress or superimposed stress on the stress cycle is shown in 
Figure 1501.05.17. As can be seen an imposed tensile stress reduces the number of 
cycles to cause failure while an imposed compressive stress increases the cycles. 
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Unlike creep testing, fatigue testing can be speeded up; the results are not prejudiced 
until frequencies of the order of 500 Hz are approached.  This enables many millions of 
cycles to be applied in a practical time. Loads applied at resonant frequency, 
mechanically or electrically excited can often be used to save power. 
 
The usual procedure in fatigue testing is to test a number of specimens at different stress 
levels. By plotting, in each case, the stress to cause failure, a stress/number (S/N) curve 
is obtained of the type shown in Figure 1501.05.18. It will be seen that the S/N curve 
for steel flattens out eventually, implying that there is a level of stress below which the 
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material will never fail. This stress is its ″fatigue limit″. Most aluminium alloys, like 
other non-ferrous metals do not show this limit, (exceptions are provided by the 
aluminium magnesium 5000 series alloys) so it is necessary to quote the maximum 
stress permissible for a specified life: 50 million cycles is a widely used figure for 
aluminium alloys.  
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The fatigue, proof and tensile strengths of a number of aluminium alloys are shown 
plotted and compared in Figure 1501.05.19. The fatigue strengths were determined 
from rotating-beam tests at five hundred million cycles using polished specimens.  
 

The fatigue resistance will be 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.  These details 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.  
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These last statements are particularly true when considering welded fabrications and 
they hold true both for aluminium and steel. There are three major factors responsible 
for the low fatigue strength of welded joints. 
 

Profile: 
A weld produces a surface discontinuity, which creates stress concentrations. It 
follows therefore that a fillet weld will have a lower fatigue strength than say a flush 
ground butt.  The orientation of the surface discontinuity is also important (as 
illustrated in Figure 1501.05.16). 
 
Defects:  
Welds often contain surface ripples or crack-like discontinuities which act as fatigue 
crack initiators.          
      
Residual stress:  
Welded joints contain high levels of tensile residual stress (Figure 1501.05.20),  
which act like the superimposed stress shown in Figure 1501.05.17. These are 
caused by the thermal shrinkage inherent in the process.   

 
The presence of residual welding stresses and the possibility of stress raisers introduced 
to the parent material during its working life by the accumulation of cuts and scratches, 
has prompted recent actions to rationalize the application of fatigue data in commercial 
structures. This latest thinking is applied to the S/N curves published in The British 

Standard for the structural use of aluminium (BS 8118, Part1:1991). These curves 
assume that a maximum stress of yield tension is always present in the joint. From a 
practical standpoint this therefore assumes that the life of a joint subjected to a stress 
fluctuation between -30 MPa and + 40 MPa is not different from that of the same joint 
subjected to a stress fluctuating between +30 MPa and +100 MPa. The curves only force 
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the designer to assess the stress range and ignore any further influence of mean stress; 
this follows the same format as that used in the UK structural steel bridge design code 
BS5400.  The aluminium values for the S/N curves in BS 8118 are nominally BS5400 
steel divided by 3. Other countries are applying the basic fatigue data in different ways 
in practice, for instance Canada still uses the concept of applied mean stress. Therefore 
the interpretation of theory into practice will continue to be a point of inconsistency for 
the foreseeable future. 
 
The high levels of tensile residual stress at the welds can be reduced by hammer or shot 
peening which has the effect of inducing beneficial compressive stresses and thereby 
improving the fatigue life.  The fatigue life of the weld can also be improved by 
removing weld surface ripples by grinding or water jet erosion. 
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1502.01  Introduction to Material Selection 
 

 ••••  The Need for Material Selection 

 ••••  Intuitive Methods in Material Selection 

 ••••  Basics of Systematic Material Selection  

 ••••  Connection to Design 

 ••••  General Guidelines for Successful Material Selection 

 ••••  Function Specification 

 ••••  Practical Example: Car Body Panels 

 

 

 

The Need for Material Selection 

 
During the last decades many new materials and material types have been developed. At 
present of the order of 100 000 engineering materials exist. In addition many materials 
have successively obtained improved properties. This has been possible due to the 
development of the materials but also due to the appearance of new production methods. 
As a consequence of this rapid development many material types can be used for a given 
component. This also applies to situations where one previously only employed one 
material for example cast iron in cylinder heads where cast aluminium alloys are also 
used now. Another example is body panels in cars where low carbon mild sheet steel is 
still the dominating material but many other materials like high strength sheet steels, 
aluminium alloys, sheet moulding compounds (SMC), thermoplastics, thermoplastic 
elastomers and expanded plastics are used. In fact it is quite a common case that many 
entirely different materials can be used to a given part. As a consequence material 
selection becomes quite a complex task (see Figure 1502.01.01). 
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Materials selection is both critical and complex

Rapid Development in Material Technology

1502.01.01Rapid Development in Material Technology

! Many new materials

! Many new material types

! New manufacturing methods

! Properties of existing materials improved

! Increased use of advanced materials

! Entirely new design configurations feasible

! Increased competition between materials
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Intuitive Methods in Material Selection 

 

One might imagine that the selection of materials in industrial environments is 
performed after detailed analyses and according to systematic procedures. This is 
certainly the case in some situations but other types of procedures are dominating. Some 
of these common methods are listed in Figure 1502.01.02. The simplest way of 
choosing a material is called the first best material. When a new part is to be 
developed the designer more or less consciously considers one material he is familiar to. 
It can be a carbon steel or a bulk plastic depending on which material type he is mostly 
concerned with. When the geometrical modelling of the part is completed it is often 
adapted to the material in question and to adjust the chosen material at a later stage is far 
less powerful than for a direct systematic analysis. 
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1. First best material

2. Same material as for a similar part

3. Problem solving material selection

4. Searching material selection

A property has given rise to problems. A new material 
is chosen in the same group of material with a higher 
value of the property.

The material is selected among the few materials 
the design engineer is familiar with.

The designer takes more or less randomly into 
account one requirement at the time.

Drawbacks with Intuitive Methods: - Important requirements have often given rise to failures 
  in operation.
- First solution at hand is taken which is not very likely 
  to be good solution.
- Unconventional solutions are not considered e.g.  
  advanced materials are not analysed.
- The solution is typically far from the optimum giving 
  the part poor competitiveness.

Intuitive Methods in Material Selection

1502.01.02Intuitive Methods in Material Selection

 
 
A common procedure is to use the same material as for a similar component. This 
approach is based on the assumption that a material which works satisfactorily in one 
application will do in a similar one. Unfortunately, this is not the case in many 
situations. The requirements may be different for example from the environment the 
component is exposed to. Still another procedure is problem solving material 

selection. The previously employed material does not function well and the property 
which has caused the problem is identified. A material in the same group is chosen but 
with a higher value for the critical property. In this way one property is improved 
without other properties are affected too much. In the method searching material 

selection the engineer is aware that he has a problem and that he cannot solve it by 
choosing one of the materials he is familiar to. He considers one requirement at the time 
and tries to find a material that fulfils the requirements. A lot a of time is usually spent 
on the requirement which is assumed to be the most critical one and less attention is 
paid to the other ones. 



TALAT 1502 5  

These non-systematic procedures are referred to as intuitive since they are not based on 
systematic analysis. There are some advantages with these methods. More or less 
automatically conventional and well established materials that are familiar to the 
designer are selected. In this way some unpleasant surprises are avoided. However, the 
drawbacks dominate (see Figure 1502.01.02). It is easy to ignore some essential 
requirement. All requirements may not be fully taken into account frequently giving rise 
to failures in service. Some requirement may also be over emphasised i.e. unnecessarily 
expensive materials are chosen to satisfy it. It is very unlikely that new and modern 
materials are considered. In summary serious mistakes are frequently made when using 
intuitive methods and it is very improbable that the final solution is close to the optimal 
cost effective one. As a consequence the solution will typically have poor 
competitiveness. Part of the reasons for these problems is that the designer is not aware 
of the fact that the material selection has an important influence on the quality and the 
value of the final product and therefore warrants considerable time to be spent on the 
analysis. Sometimes the design engineer does not even realise that he is choosing a 
material. 
 
 

Basics of Systematic Material Selection 

 
To avoid the drawbacks of intuitive approaches systematic methods must be applied. 
Some basic features are summarised in Figure 1502.01.03. The most important motive 
why material selection is performed is to ensure that the component functions well i. e. 
failures do not occur too frequently. Further reasons are to make full use of the materials 
and to obtain cost effective components. In fact minimisation of cost is usually the main 
objective in engineering design at the same time as a number of requirements should be 
satisfied. Due consideration has also to be taken to the value of weight savings in 
transport applications. In special cases other objectives like the maximisation of 
performance may be of importance. This will be further discussed in another lecture. 
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1502.01.03Material Selection Basics

Why - To make full use of the engineereing materials.
- To avoid unnecessarily expensive structures.
- To avoid failures.

When - A new  product is developed.
- A product is modified and redesigned.
- Failures have occured.

Who - Design engineers in collaboration with materials engineers.

How - Specify the requirements for the component.
- Transfer the requirements to materials properties.
- Find the material groups that satisfy the specification.
- Find the individual materials that satisfy the specification.
- identify the "best" materials that satisfy the specification.
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Material selection can in principle be made during any stage of the life cycle of a 
product. However, in practice it is done when the component is first designed or when it 
is redesigned. The reason is simply that the introduction of a new material in general 
requires the modification of the component geometry. If failures of the part take place it 
may be necessary to change the material. Such forced material changes are usually 
costly and should be avoided by proper original design. One common mistake is to 
ignore material selection when a component is redesigned. Many times even small 
geometrical changes make a new material the optimum one. 
 
The design engineer is usually the one who is responsible for a component under 
development. This responsibility includes material selection but it is advisable that 
collaboration takes place with a material specialist. 
  
How the material selection is performed can be summarised in five steps (see Figure 

1502.01.03). These involve the formulation of the function specification of the part, 
transfer of the requirements to material properties, analysis of the consequences with 
respect to material types and individual materials and finally optimising the choice of 
the material and the geometry of the part. The five steps must be performed in the 
correct order. The only step which can be missed out is the third one on the selection of 
material types. The various steps will be discussed in more detail below in lectures 
1502.02 to 1502.04. 
 
 

Connection to Design 

 
There is always a close connection between material selection, the design configuration 
of the part and the manufacturing method. They should be handled together. However, it 
is important to recognise that this connection is primarily at the part level (see Figure 

1502.01.04). A product consists of components which are in turn made out of one or 
more simple parts. A simple part consists of only one material. Material selection is 

performed for simple parts. Attempts to select materials for several parts 
simultaneously have usually failed due to the mathematical complexity of the problem. 
However, if several parts in a component for some reason are to be made out of the 
same material this is handled simply by adding this as a separate requirement. Then 
these parts can be analysed together as a simple part. 
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Material selection is an integral part of the design process

Levels in design structure
- Simple part: Consists of one material.

- Component: Consists of one or more simple parts.

- Product: Consists of one or more components.

Material selection is generally performed only for simple

parts and not at the component or the product level.

Connection to Design

1502.01.04
Connection to Design: Material Selection Integral

Part of the Design Process  
 

General Guidelines for Successful Material Selection 

 
Both simple and more serious errors are frequently made during material selection. A 
few guidelines may be helpful to avoid the more common mistakes (see Figure 

1502.01.05). It is important to act systematically. A typical material selection problem 
involves hundreds of variables and property data points. A non-systematic approach is 
bound to fail. All the requirements for the component in question must be formulated 

in detail. This is necessary to obtain a well defined problem. A common misconception 

in material selection is that component requirements are formulated by someone else. 
Although the customer typically defines some requirements, most have to be identified 
and worked out in the framework of the problem solving. One should proceed stepwise 
(see Figure 1502.01.03) under „How“, and finish one step before the next is entered. 
For example optimisation is not meaningful until all previous steps in material selection 
are completed. Material selection should be considered as an integrated part of both 
the design and the manufacturing processes. As pointed out above the material 
selection is generally performed for simple parts, not at the component or the product 
level. 
 

Act systematically.

Formulate all the requirements on the 
component in question in detail.

Proceed stepwise and finish one step, 
before the next is entered.

A common misconception in material 
selection is that component requirements
are formulated by someone else.

Good knowledge about material property 

data is essential in order to formulate
conditions on the properties.

Formulating conditions for properties, 
for which data are not available, is not

meaningful.

Check the consistency of the problem 
formulation and solution process by
testing materials that are well known to 

work in the given application and those
that can be ruled out.

Material selection should be considered 
as an integrated part of both the design
and the manufacturing process.

Material selection is generally performed 
for simple parts, not at the component

or the product level.

"

"

"

"

"

"

"

"

"
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General Guidelines for 
Succesful Material Selection

1502.01.05General Guidelines for Successful Material Selection
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Good knowledge about material property data is essential in order to formulate 
conditions for the properties. A condition for a technological property like weldability 
depends on the data source. Thus the data source must be identified and the content 
known to the user before conditions are formulated. Formulating conditions for 
properties for which data are not available is not meaningful. These conditions can not 
be taken into account in the selection process anyway. 
 
It is essential to check the consistency of the problem formulation and solution 

process by testing (1) materials that are well known to work in the given application and 
(2) materials that can be ruled out as candidates in the given application. The first set of 
materials should remain when optimisation is entered, the second set should have been 
eliminated during the discriminating stage. 
 

Function Specification 

 

The first step in every material selection task (and any design case) is to specify the 
requirements for the part in terms of geometry, the environment it will be exposed to, as 
well as flows and currents that are transmitted (see Figure 1502.01.06).  
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Specify the following for the part:

Geometrical quantities that are fixed or allowed to vary, respectively

Environment - Service temperature range
- Chemical environment
- External mechanical loading cycle spectrum

Flows and currents

What is to be optimised - Weight, 

- material cost, 

- load, or 

- deformation, etc.

Other restrictions or regulations

#

#

#

#

#

Function Specification

First Step: Specification of Functions 1502.01.06

 
 
This is usually done by setting up a demand profile for the part. A demand profile can be 
considered as a list of the requirements. It has frequently the form of a check list or a 
table which is to be filled in. An example of such a check list is given in Figure 

1502.01.07. 
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Basic functions of part, definitions of need

Risk with under-specification: . . . . . . . . . . .

Design life

Recycling, destruction

Restrictions on size, weight or volume

Service temperature range

Chemical environment

External mechanical loading including load cycle spectrum

Quantity to be produced

Quantity to be optimised

Safety classification
Failure probability
Consequences of failure

Consequences of over-specification:  Competitive situation

Serviceability:  . . . . . . . . . . . . . . . . . . . . . . .Reliability, 
                                                                     maintainability, 
                                                                     availability, 
                                                                     reparability

Flows and currents: . . . . . . . . . . . . . . . . . . .Electric currents 
                                                                     Thermal and other flows

Other constraints or regulations:  . . . . . . . . Maximum costs

1502.01.07

Design 
configuration

Performance 

specifications

Functional Requirements

Check List: Functional Requirements

 
 
 
The performance specifications cover the general requirements for the part such as 
basic functions, definitions of need, consequences of under- and over specification, 
serviceability and considerations on recycling and destruction. In the design 

configuration service conditions are specified, restrictions on geometry, external 
mechanical loading, possible flows and currents, etc. It is important to follow some rules 
when formulating functional requirements (see Figure 1502.01.08). 
 

• The requirements should be formulated in a way which is independent of the 
possible design and material solution(s). The choice of solutions should be a 
consequence of the specification, not a reflection of anticipated solutions. 

 
• The requirements should not be formulated in terms of material properties. 

Thus for example the external loading should be identified and it should be 
specified as forces and momenta but not as stresses. 

 
• All essential requirements must be included. 
 
• The requirements should be formulated in quantitative terms as far as possible. 

A vaguely formulated specification usually results in an undefined problem. It 
should be recalled that incomplete specifications is a common cause of material 
problems. 

 
• Economic requirements are practically always crucial. 
 
• Formulation of the requirements is based on the best information available to 

the design engineer and should not be considered as exact knowledge. The 
details of the requirements take always a somewhat personal form. 
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$ The requirements should be independent of the possible design and material
    solution(s). The choice of solution should be a consequence of the specification,
    not a reflection of anticipated solutions.

$ The requirements should be expressed in a way which does not involve material 
    properties. For example: External loadings are given as forces and momenta but
    not as stresses.

$ All essential requirements should be included.

$ The requirements should be in quantitative terms. 
    A vague specification results in an undefined problem,
    which is a common cause of material problems.

$ Economic requirements are practically always crucial.

Formulating Functional Requirements

1502.01.08Formulating Functional Requirements

 
 
 
 
 
 
 

 
 

1502.02 Pre-Selection of Materials  
 
 ••••  Purpose of Pre-Selection   

 ••••  Intuitive Approach  

 ••••  Systematic Approach 

 ••••  Examples for Pre-Selection 

 ••••  Base Materials for Pre-Selection 

 

 

 

Purpose of Pre-Selection 

 

For many reasons it is not suitable to directly select individual materials. Let us take one 
example. The weldability of carbon steels, stainless steels, aluminium alloys are 
controlled by entirely different mechanisms. This implies that when requirements for 
weldability are formulated one must know which type of material is involved. Hence 
there must be a process where it is decided which groups can be used. This process is 
called pre-selection or sifting of material groups (see Figure 1502.02.01). During 
pre-selection the material types which are possible to apply are identified. At the same 
time design configurations and manufacturing methods are determined. It is the step in 
systematic material selection that follows the formulation of the function specification. 
The purpose is to find suitable materials types at an early stage of the design process. In 
this way a basic understanding for which groups of candidate materials can be 

considered is created and the total effort is limited by eliminating many material types. 
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Definition
During pre-selection the material types which are possible to apply are identified.
At the same time design configurations and manufacturing methods are determined.
It is the step in systematic material selection directly following the formulation of 
the function specification.

Purpose
It is important to find out the material types that are possible to use for a given
component at an early stage of material selection. There are two main reasons 
for this:
- To create a basic understanding for which groups of candidate materials
  can be considered.
- The subsequent steps depend on the material types under consideration.
  Hence, to limit the total effort one should eliminate as many material types
  as possible.

General Principles for 
Pre-Selection of Materials

General Principles for 
Pre-Selection of Materials

1502.02.01

 
 
 

Intuitive Approach 

 
A simple way of determining whether a material type can be used or not is to consider 
its characteristic properties. For aluminium alloys some of these properties are shown in 
Figure 1502.02.02. By comparing these with the part specification a general idea can 
usually be obtained whether aluminium alloys can be used or not. A slightly better way 
is to employ a list of negative conditions like in Figure 1502.02.03 which summarises 
when aluminium alloys should not be used. 
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Characteristic Properties of
Aluminium Alloys  

Characteristic Properties of
Aluminium Alloys  

1502.02.02

Physical

Environmental

Mechanical

Technological

- Low density  ~2700 kg/m³
- High electrical conductivity ( ≤ 60% IACS)
- Thermal conductivity
- Very high electrical conductivity per unit cost
- High reflectivity also in infrared light

- High specific static strength
- High specific dynamic strength
- Brittle failure no problem at lower strength

- Castable to good tolerances
- Can be rolled to thin gauges
- Good cold formability at low strength
- Many alloys have good extrudability
- Easy to surface treat to decorative nuances

- Excellent atmospheric corrosion resistance
- Not toxic
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$ If the service temperature exceeds 200°C or if it exceeds 100°C 
       in combination with significant mechanical loads.

$ If the part is in contact with water or placed underground
       for a longer period of time without protection.

$    In solutions with higher or lower pH, since the
       protective oxide layer is not intact.

$ When thermal or electric insulation is required.

$ When thermal expansion should be kept low.

$ When strength requirements exceed 500MPa.

$ When fatigue limit requirements exceed 230MPa.

$ When low elastic deflections are anticipated.

$ When wear is expected to be critical.

Aluminium Alloys should not be Used

Aluminium Alloys should not be Used, If 1502.02.03

 
 

Systematic Approach 

 
The intuitive approach has obvious short comings since it does not provide a 
quantitative judgement. To avoid those a systematic method should be used. In pre-
selection only a limited number of properties are involved (see Figure 1502.02.04). In 
fact only properties where the values are comparable between many types of material 
can be considered. The electrical conductivity is one such property. Many other 
physical and simple mechanical properties also satisfy this criterion. In addition the 
conditions must be similar for different material groups. For some properties like 
strength and toughness the property requirements are strongly dependent on the 
component geometry. This will be further discussed in section 1502.04. As a 
consequence a precise comparison between material types can not be made when they 
are associated with different design configurations.  
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Properties Involved in Pre-Selection 
of Material Types

Properties Involved in Pre-Selection 
of Material Types

1502.02.04

1. Lowest and highest use temperature

2. Environmental resistance

3. Physical properties

4. Mechanical requirements 
   (order of magn.)

5. Material price

- Spalling, ageing resistance
- Physical and chemical degradation

- Corrosion resistance
- UV-resistance
- Toxicity

- Electrical and thermal conductivity
- Density
- Coefficient of thermal expansion

- Tensile strength
- Elongation
- Toughness
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In the function specification the service temperature interval is given. The highest 
service temperature must not exceed the maximum use temperature of the material. In 
other case ageing and/or some type of break down of the material will take place. For 
aluminium alloys the maximum use temperature is of the order 200 - 250 ºC. In the 
same way the lowest service temperature must not be below the minimum use 

temperature of the material. For most materials the minimum use temperature is 
controlled by the risk for brittle failure. The toughness of aluminium alloys is only 
mildly temperature dependent due to the face centred cubic structure and many alloys 
can be used down to temperatures below -200 ºC. It is convenient to consider both the 
maximum and minimum use temperatures as generalised material properties. 
 
If a material is exposed to a chemical environment it strongly limits the materials that 
can be applied. Similar limitations exist for plastics in UV-radiation and toxicity for 
materials in contact with food. This problem has to be analysed for each chemical. 
Aluminium alloys are usually attacked rapidly in solutions with pH <4 or pH >10. 
 
Mechanical loading is usually treated under the optimising part of material selection. 
For pre-selection only the order of magnitude is of interest. If the elastic modulus 
exceeds 100 GPa polymers or aluminium alloys with few exceptions can not be used. In 
this type of analysis one should consider increasing the section size of the part to reduce 
the requirements on the elastic modulus to allow other materials to be used. Mechanical 
stresses can be handled in the same way. 
 
In most cases the requirements on ductility are material dependent. This applies to 
demands on forming during manufacture which are very different for metals and plastics 
for example. This type of demand can not be considered during pre-selection. If, on the 
other hand, the material is exposed to significant plastic deformation during 
manufacture or use, the materials can be screened with respect to the elongation. The 
only thing one should recall is that materials with low elastic modulus such as bulk 
plastics can take up large pure elastic deflections reducing the requirements on the 
elongation value. 
 
If values for the fracture toughness KIc are available they can be employed for pre-
selection. In this way e. g. brittle ceramic materials can be eliminated. On the other, it is 
not suitable to use impact toughness values since their interpretation varies with the type 
of material. For example impact toughness is of limited practical value for aluminium 
alloys. 
 
The material cost always plays an essential role in material selection and equally in pre-
selection. It is important to screen out for example precious metals like gold and 
platinum which can only be considered in applications where their special properties are 
crucial and someone is prepared to cover the true cost of the material.  
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Examples for Pre-Selection 

 
The principles of pre-selection are illustrated in Figure 1502.02.05 for a casserole. 
Obviously aluminium alloys satisfy the requirements for availability and manufacturing. 
Concerning use properties the corrosion resistance and toxicity limits the application of 
aluminium alloys to those without copper.  
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Example on Pre-Selection: Casserole

Example on Pre-Selection: Casserole 1502.02.05

Usage Requirements
Max. use temperature (>150°C)
Good heat conductivity
Corrosion resistance in household chemicals
Non toxic

Aluminium alloys feasible
Yes
Yes
Yes
for Cu-free alloys

Manufacturing
Conventional methods available Spinning, deep drawing

Availability
Low price
Conventional material

Yes
Yes

Other feasible materials
Pure copper (needs surface treatment), ferritic and austenitic stainless steels, cast irons

 
 
For the ladder in Figure 1502.02.06 in the same way Cu-free alloys can be used. With 
the given specification glass fibre reinforced polyester (GRP) can not be employed 
because of a too low E-modulus. Neither steels nor carbon reinforced epoxy satisfy the 
cost requirement. 
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Example on Pre-Selection: Ladder

Example on Pre-Selection: Ladder 1502.02.06

Usage requirements

Max. use temperature (>50°C)
Yield strength (>100°C)
Elastic modulus (>50 GPa)
Corrosion in atmosphere

Low desnsity

Manufacturing
Conventional methods available

Availability
Low price
Conventional material

Aluminium
alloys

Yes
Yes
Yes
Yes

Yes

Extrusion

Yes
Yes

C-Steel

Yes
Yes
Yes
Must be
painted
Yes

Yes
Yes

GRP

Yes
Yes
No
Yes

Yes

Poltrusion

Yes
Yes

C-fibre
comp.

Yes
Yes
Yes
Yes

Yes

Winding

No
No

No other feasible engineering materials

 
 
In Figure 1502.02.07 a case for a self-supported electric cable is considered. Evidently, 
the conventional cable materials aluminium alloys, carbon steel and pure copper can be 
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employed. It is important to recognise that in this process there is no way of deciding 
which of the material types is the preferable one, nor is it possible to say anything about 
individual alloys. 
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Example on Pre-Selection: Self Support Cable

1502.02.07Example on Pre-Selection: Self Support Cable

Usage requirements

Max. use temperature (>100°C)
Yield strength (>50MPa)
High electrical conductivity (>30% IACS)
Corrosion in atmosphere

Manufacturing
Wire drawing

Availability
Low price
Conventional material
Product form

Aluminium 
alloys

Yes
Yes
Yes
Yes

Yes

Yes
Yes
Wire

C-Steel

Yes
Yes
Yes
Must be
protected

Yes

Yes
Yes
Wire

Pure Cu

Yes
Yes
Yes
Yes

Yes

Yes
Yes
Wire

 
 
 

Base Materials for Pre-Selection 

 
As pointed out above the purpose of pre-selection is to eliminate unsuitable material 
types which do not satisfy requirements on overriding properties. Pre-selection only 
considers groups of materials, never individual materials. In this way one avoids 
analysing materials that never could have been used anyway. It is also a way to prevent 
that important materials are erroneously disregarded in unbiased material selection.  
 
In many applications demands on the properties in Figure 1502.02.04 do not generate 
very severe restriction. If for example carbon steels or bulk plastics can successfully be 
applied then a more expensive material often does not imply any economic benefit. If 
one knows the property which is controlling the dimensions of the component then it is 
possible to indicate the material type that should be tried first (see Figure 1502.02.08). 
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Controlling quantity

Strength
Stiffness
Volume (geometrical condition)
Electrical conductivity
Thermal conductivity

Type of material

Unalloyed steel
Unalloyed steel
Bulk plastics
Al-alloys
Al-alloys

Base Material for Pre-Selection

1502.02.08Base Material of Pre-Selection

 
 
 
 
 
 
 
 

1502.03 Discriminating Materials Selection 

 
 •  Purpose 

 •  Prerequisite 

 ••••  Formulation of Demands 

 ••••  Representation of Property Values 

 ••••  Examples of Discriminating Materials Selection 

  

  
 
 

Purpose 

 
In the function specification a number of requirements on a component is identified. 
They have to be transferred to the material to be used. Not all materials satisfy these 
requirements. It is the purpose of the sorting stage of materials selection to find out 
which materials can be used (Figure 1502.03.01).  
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Purpose            In the function specification a number of requirements on
                          a component is identified. They have to be transferred to
                          the material to be used. Not all materials satisfy these
                          requirements. It is the purpose of the sorting stage of
                          materials selection to find out which materials can be used.

Prerequisite   The pre-selection has been performed and one or more
                          suitable combinations of design configuration,
                          material type and manufacturing method have been
                          identified. If more than one combination is to be analysed
                          the sorting stage has to be repeated for each one.
                          The reason is that the transfer of the function specification
                          to requirements on properties can not otherwise be done
                          in a well defined way.

Discriminating Material Selection (Sorting)

1502.03.01Discriminating Material Selection (Sorting)

 
 

Prerequisite 

 
The pre-selection has been performed and one or more suitable combinations of design 

configuration, material type and manufacturing method have been identified. If 
more than one combination is to be analysed the sorting stage has to be repeated for 
each one. The reason is that the transfer of the function specification to requirements on 
properties can not otherwise be done in a well defined way. 
 

Formulation of Demands 

 
In material selection requirements for many properties are specified as minimum or 
maximum values. Mathematically this can be expressed as (Figure 1502.03.02). 
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Demands on Material Properties

Discriminating Demands:

During sorting the requirements on properties are in general expressed
in the simple form 
                                     Ei ≥  Ei           

                                     Ei ≤  Ei

Ei is the value of the i-th property. Ei and Ei are upper and lower limits
on property i.

If an improvement of the property corresponds to an increase in the value
the demand is usually expressed as a minimum value and vice versa.
Writing the demands in the above form implies that the condition
must be strictly satisfied.
This is referred to as a discriminating requirement since only materials
satisfying the condition can be considered further in the analysis.

_

_

Demands on Material Properties
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E Ei i

≥  
                                 

(1a) 

 

E Ei i≤                                  (1b) 

 

Ei  is the value of the i-th property. Ei and Ei are upper and lower limits of property i. If 

an improvement of the property corresponds to an increase in the value the demand is 
usually expressed as a minimum value (1a) and vice versa (1b). 
 
Writing demands in the form of Eq. (1) implies that the condition must be strictly 

satisfied. This is referred to as a discriminating requirement since only materials 
satisfying the condition can be considered further in the analysis. If it is just desirable 
that the property has a good value this is expressed in other ways. 
 
The weldability must be above a certain lower level in order that one component can be 
joined to another one. The corrosion resistance must have a minimum value to give a 
component a sufficient lifetime in an aggressive environment. A given material can not 
be used independently of how good the other properties are if the corrosion resistance is 
not adequate. In another example the heat flow through the component should not be too 
large, which yields a criterion that the thermal conductivity may not exceed a certain 
value. For a given application of this kind the number of requirements is typically 
between 5 and 20. As a consequence a large amount of data must be available for many 
properties for successful selection (see Figure 1502.03.03). The use of material 
databases is important in this respect. Some important data sources are listed in Figure 

1502.03.03. 
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Data for many materials

Data for many properties

Accurate property data

Traditional sources of continued importance but not adequate for modern demands

Access to materials databanks essential

Examples of Sources of Engineering Data for Aluminium Alloys

Material databases        - Metals datafile (Institute of materials)

                                        - MAT. DB (ASM, Ohio)

                                        - ALUSELECT (European Aluminium Association, Brussels)

                                        - MAterials Technology EDucation System (MATEDS), 

                                          (Skan Aluminium, Oslo)

Handbooks                    - Aluminium Taschenbuch (Aluminium-Verlag, Düsseldorf)

                                        - Metals Handbook (ASM, Ohio)

Requirements for Materials Selection

Sources of Material Specification 1502.03.03
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To find the maximum and minimum requirements Ei and Ei the function specification 

is transferred to property values. Formulating this material specification involves the 
steps  shown in Figure 1502.03.04 

 

Training in Aluminium Application Technologies

alu

1) Identify materials properties of relevance for the
    function specification.

2) Find sources for the corresponding property data.

3) Use 1) and 2) to transfer the function specifications
    to requirements on properties.

Material Specification

Steps in Material Specification 1502.03.04

 
 
 
This process is illustrated in Figure 1502.03.05. For many properties this transfer is 
straight forward. Sometimes it is, however, a fairly complex task but that case will not 
be dealt with here. 
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Type of specification

Environment

Flows and currents

Contact

Manufacturing

Examples of properties involved

Max. and min. usage temperature
Corrosion resistance
E-modulus, Yield strength,
fatigue limit

Electrical conductivity
Thermal conductivity, reflectivity,
transperency

Coefficient of thermal expansion
Wear resistance

Extrudability
Bendability, drawability
Machinability
Weldability
Anodising

Relation between 
Specification and Materials Properties

Relation between 
Specification and Materials Properties

1502.03.05

Processing
Forming
Working
Joining
Surface treatment

Tolerances
 Wear

Electric currents
Thermal and other flows

Service temperature range
Chemical environment
External mechanical loading

 
 
 

Representation of Property  Values 

 
The properties that give rise to requirements in the form of Eqs. (1a) and (1b) are called 
discriminating since they are only of importance for deciding whether a material can be 
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considered or not. The properties are divided into three groups depending on whether 
they are of relevance for the use, manufacturing and availability. Corrosion and wear 
resistance are examples of use properties. Machinability and weldability belong to the 
manufacturing group and the material price describes availability.  
 
Many technological properties can be considered as discriminating. Examples of 
technological properties are given in Figure 1502.03.06. 
 
Values of technological properties are frequently given as index. In the databases 
ALUSELECT and MATEDS the indices are defined as in Figure 1502.03.07. 
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$ Manufacturing properties
 
       (properties of relevance for the manufacturing of materials)

Anodising
Bright
Decorative
Protective
Castability

Formability
Deep drawability
Stretch formability
Machinability
Solderability

Weldability
Electron beam weldability
Shielded arc weldability
Spot weldability

Examples of Technological Properties

Examples of Technological Properties 1502.03.06

$ Use properties
 
       (properties of relevance for the use of materials) 
       Corrosion resistance
       Wear resistance
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Mechanical and
physical properties

Technical properties

Representation of Property Values

Discriminating Property Values for
Technological Properties

1502.03.07

Representation with indices. In ALUSELECT and MATEDS 
the indices takes values from 1 to 7 where 7 is best:
 
7. Exceptionally high value, frequently the result of special 
    development (cf. machinability of free cutting alloys).
6. Excellent value. The material can normally be used
    without problems.
5. Very good value. Normal demand level if the property is 
    of considerable importance.
4. Good value. Normal demand level if the property
    is of some importance.
3. Unsatisfactory value. The use of material with index 3 
    should be avoided unless special precautions are taken.
2. Low value. The use of material with the index 2
    should be avoided.
1. Property is not defined for the material in question.

Numerical values in the conventional way
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Examples of Discriminating Materials Selection 

 
Examples of formulation of property demands are given for a car bumper (see Figure 

1502.03.08) and an electric transmission cable (see Figure 1502.03.09). Both examples 
are much simplified for pedagogical reasons. 
 
 

Training in Aluminium Application Technologies

alu

Specification

Availability:                The alloy must be available in the form of
                                    extruded profile.

Manufacturing:          The cold formability must exceed a minimum value, 
                                    index ≥4 (2-7, 7 best) (or elongation > 5%).
                                    It should be possible to apply protective anodising,
                                    index ≥4 (2-7, 7 best).

Strength:                    Yield strength ≥400 MPa.

Corrosion:                  The corrosion resistance in air must be good,
                                     index ≥5.

1502.03.08

Requirements for Car Bumper in Aluminium

Example: Requirements for Car Bumper
in Aluminium
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Specification

Availability:                  The alloy must be available in the form of wire.

Manufacturing:            The cold formability must exceed a minimum value, 

                                      index ≤4 (2-7, 7 best).

Strength:                      Tensile strength ≥100MPa. 

Corrosion:                   The corrosion resistance in air must be good, index ≥5.

                                     The stress corrosion resistance in air must be good, index ≥5.

Conductivity:              The electric conductivity must exceed a minimum value ≥55% IACS.

1502.03.09
Example: Self-Supported Electric 

Transmission Cable

Self-Supported Electric Transmission Cable
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Factors which prevent the Optimum
Material to be Selected

1502.03.10Limits to Optimum Material Selection

Lack of  Information

Lack of Competence
   

Lack of Time to Test New Materials

Requirements on
   

No Availability

- Service conditions
- Material properties
- Production costs

- Material
- Production resources

- Use of new materials
- Material selection methodology

- Rationalising of materials over several
  products
- Market trends (fashion, appearance)

 
 
There are many reasons why material selection can not be performed with full precision 
(see Figure 1502.03.10). The exact choice of demands depends on the industrial 
situation. In particular the manufacturing properties and availability must be considered 
in this perspective. As a first hand alternative materials in stock at the company are 
used. In addition materials for which a good experience is at hand are chosen. Often 
special requirements appear that give rise to additional demands. The practical way of 
handling lists of demands is to start with the most critical ones in order to reduce the 
total number of materials as rapidly as possible. 
 
 
 
 
 

1502.04 Optimisation in Material Selection 
 
 •  Purpose 

 ••••  Semi-Systematic Methods 

 ••••  Selection of Materials by Minimising the Material Costs 

 ••••  Value of Weight Savings 

 
  
 

Purpose 

 
After the discrimination stage a large number of materials typically remain which satisfy 
all the requirements on discriminating properties. The procedure to find the best one(s) 
of these is referred to as optimisation. A target (objective) function is chosen which is 
minimised or maximised. 
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1502.04.01Maximizing Weighted Property Values

Sums of Weighted Property Values

α
ii

=∑ 1

E
i

Ei

E
i

E
i

≥

≤

Ei Ei

It is convenient to make the following assumption:

For some of the properties there are discriminating demands

and         are upper and lower limits on property i.

Properties for which it is desirable to have good values can be 
included in a weighted sum Wlin.. which should be maximised.

MaxW
lin

i
E

i
R
ii

=∑
α

where    Ei is the value of the property i.
              Ri is the reference value

                αi is the weight factor

 
 

Semi-Systematic Methods 

  
There is a number of procedures that involve weighting of property values to find a 
suitable material. In the methods a mathematical expression in terms of properties is 
used which is maximised. Since a mathematical formula is employed the methods can 
give the impression that a high precision is involved. This is however typically not the 
case. Two methods will be discussed here. It is important to understand the limitations 
of the methods and to know how to reduce these limitations.  
 
According to the procedure linear weighting of property values materials are chosen 
in such a way that the following sum is maximised (Figure 1502.04.01).  
 

Max W
E

R
lin

i i

ii

= ⋅
∑

α
                             (1) 

 where α i

i

∑ =1                                        (2) 

 
α

i
 are weight factors with a sum of the absolute values equal to unity according to 

Eq. (2). The weight factors have no dimension. The weight factor is positive (α
i
 > 0) if it 

is valuable that the property value increases and negative (α
i
 < 0) if it is 

disadvantageous. For a cable there is a benefit with a high electrical conductivity and 
consequently α

i
 > 0. For a thermal isolator there is a disadvantage that the property 

value increases and the corresponding weight factor is negative. R
i
 are reference values 

that have the same dimension and usually the same order of magnitude as the 
corresponding property.  
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There are three types of decisions which must be made in Eq. (1): 
 
•  Properties (terms) to be included in Eq.(1) 
 Only properties for which an increased absolute value represents a genuine benefit 

should be taken into account. This condition is in fact more restrictive than one 
might first imagine. Consider a case where corrosion resistance is of major 
importance. Hence a minimum value should be specified. However, it is not self 
evident that corrosion resistance should be included in Eq.(1). If the corrosion 
protection is fully adequate by just satisfying the minimum value, a raised property 
value would not imply any further technical benefit. If that is the case it would be 
misleading to incorporate corrosion in Eq.(1) since materials with a very high 
corrosion resistance and which are probably also expensive would obtain a major 
premium for which there is no purpose. 

 
•  Choice of reference values Ri (Figure 1502.04.02) 
 For properties with specified requirements it is natural to set the reference values to 

the property criteria values. Thus the reference values are usually chosen in the 
following way 

 
      R Ei i

=     (3a) 

    or 

      R Ei i=     (3b) 
 

depending whether a lower or an upper limit is involved. However, there are 
exceptions. If for example the limits are very low in relation to typical property 
values the corresponding term in Eq.(1) can become too large and the reference 
value has to be increased. When setting Ri for a property i for which no criterion has 
been specified a value typical for the material under consideration should be taken. 
In the literature one sometimes finds that R

i
 =1 is used for all properties. Such an 

assumption practically always leads to meaningless results and should be avoided. 
 
•  Choice of weight factors αι  
 According to Eq. (2) the absolute value of the weight factors must be smaller than 

unity. A property that is more critical to the successful use of the component should 
be given a higher value than a property that is of less significance. 
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alu 1502.04.02Choice of Reference Values

If there is a demand on the property value this limit is usually chosen to be the
reference value

If there is no limit on the choice of Ri is fairly free. It is common to take an average
of Ei for the materials types of interest or simply a typical value of Ei.

Concerning the selection of the weight factors the following principles are followed:

- An important property gets a high absolute value of α i the less important ones
  lower values.

- If an improvement of the property corresponds to an increase in its value the weight
  factor is positive, otherwise negative.

- The sum of the absolute values of α i should be equal to unity.

It is important to recognise that the selection of the weight factors is based on
engineering judgement rather than fundamental principles.

Parameter Values in Weighted Sums

R
i

E
i

=R
i

E
i

= or

 
 
 
An approved version of Eq. (1) is the following equation 
 

    MaxW
E g n

R
i

i i i

i

n

i

i
exp ( )=

−
∑α    (4) 

where  
     g Ei i=      (5a) 

or  

     g Ei i=      (5b) 

 
There is one main difference between Eqs. (1) and (4). As before only materials 
satisfying all the discriminating demands should be analysed with Eq. (4). However, the 
influence of the property value Ei 

on the sum Wexp is non-linear. In general the exponent 
ni is smaller than unity which reduces the effect of large property values in Eq. (1). A 
more gradual increase is obtained for large property values. For ni=1 a linear behaviour 
is obtained in the same way as in Eq. (1).  
 
 

Selection of Materials by Minimising the Materials Cost 

 
Rather than presenting the theory for materials optimisation in detail the general 
principles will be illustrated with the help of an example (example 1). The example 
involves an engineering beam. The beam has a rectangular cross section with triangular 
load distribution with a total load of F = 0.01 MN and it is freely supported (see Figure 

1502.04.03). The width b and length l are 100 and 800 mm. The material cost is 
minimised by selecting a suitable material and at the same time adapting the height h of 
the beam section. The design criteria are that the maximum elastic deflection should not 
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exceed  ∆2  =  20 mm  and that the largest stress is smaller than the  characteristic 
strength σchar of the selected material divided by a safety factor of  fs  = 1.2. The 
characteristic strength σchar divided by the safety factor fs is called the design stress σdes  

 

     
σ σ

des
char

sf
=  

 
For a beam with rectangular section the largest deflection and stress which both appear 
at the middle of the beam are given by 
 

     ∆ ∆= ≤δ Fl

Ebh

3

3 2
12

     (6) 

 

     σ µ σ= ≤6
2

Fl

bh f

char

s

     (7) 

 
The constants δ and µ depend on the load case and how the beam is fixed to the 
supports. With a triangular load distribution for a freely supported beam the constants 
take the values  
      δ = 1/60 
      µ = 1/6 
 
Another condition must be taken into account, namely that the height h can not be 
chosen arbitrarily small because of design or manufacturing restrictions. 
 
      h > h

1
       (8) 

 
 
 
where h1 is assumed to take the value 5 mm. The material cost Lk of the beam is 
 
      L l bh ck tot k= ρ      (9) 

 
where ρ is the density and c

k
 the price per unit weight of the material. To minimise the 

material cost the height h should be chosen as small as possible. According to Eqs. (6) 
and (7) the following restrictions on the height are obtained. 
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1502.04.03
Material Optimisation: Example for a Beam 

Subjected to Bending

Material Optimisation: Example for an Engineering Beam

Design criteria

     Elastic deflection:

     Maximum stress:

     Geometric condition:                 h ≥ hl

Objective function

     Material cost to be minimised:   Lk = ltotbhρck

     Parameters to be varied:           Beam section height h and the material.

Values of the design parameters in the example
          F = 0.01MN; l = 0.1m; b = 0.1m; hl = 0.005m;

          fs = 1.2; ∆2 = 0.02m; δ = 1/60; µ = 1/6 

∆ ∆= ≤δ Fl
Ebh

³12
³ 2

l
b

h

F

Problem Formulation

σ µ σ= ≤6Fl
bh f

char

s²

 
 
 

     h h
Fl

Eb
≥ = ⋅
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2
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     h h
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s

char
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σ µ

σ
6

1 2/

   (11) 

 
 
 
Together with Eq. (8) an expression for the lower limit of h is derived (Figure 

1502.04.04). 
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If this expression is inserted into Eq. (9) the minimum material cost is found for a given 
material. 
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1502.04.04Solution Principle for the Beam Subjected to Bending

1) Derive the expression for the minimum material cost

2) Derive the merit parameters [(inverse) material dependent part of objective function]

    Elastic deflection (E-modulus) controlling

   Maximum stress (characteristic strength) controlling

   Geometry controlling:

3) Find the material with the largest merit parameter for the controlling property.
4) Amongst the materials with the largest merit parameter find the one with the 
    lowest material cost. 

Q
E
cE

k

=
1
3

ρ

Q
c

char

k
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σ
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1
2
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chl
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= 1
ρ
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k tot k
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2

1

12 6
1

3

∆

Solution Principle

 
 
In this example a fully unbiased materials selection will not be performed. Only a set of 
aluminium alloys will be considered (see Figure 1502.04.05). The material price is 
expressed with an index which is unity for the pure aluminium alloy AA1050A. This 
unit is called p

i0
 here.  

 

alu

Training in Aluminium Application Technologies

Material Composition, wt.% Temper Price
index
pio

Density
kg/m³

Young's
modulus
MPa

Yield
strength
MPa

Tensile
strength
MPa

Q
h1

x10-4

QE

x10-2

Qσ

x10-3

AA6061

AA6082

AA7020

AA2014A

AA6005A

AA6063

AA6082

AA6061

AA5083

AA1050A

Al1.0Mg0.6SiCuCr

Al0.9Mg1.0Si0.7Mn

Al4.5Zn1.2MgMNCrZr

Al4.5Cu0.8Mn0.7Si5Mg

Al0.6Mg0.7SiMnCr

Al0.7Mg0.4Si

Al0.9Mg1.0Si0.7Mn

Al1.0Mg0.6SiCuCr

Al4.5Mg0.7MnCr

Al99.5

T6

T6

T5

T6

T5

T6

T4

T4

0

0

1.05

1.06

1.12

1.19

1.05

1.02

1.06

1.05

1.20

1.00

2700

2710

2780

2800

2710

2700

2710

2700

2660

2700

70000

70000

70000

73000

69500

69500

70000

70000

71000

69000

270

310

315

425

240

210

170

140

145

35

310

340

375

485

270

245

260

235

300

80

3.53

3.49

3.22

2.99

3.50

3.64

3.49

3.53

3.14

3.70

1.45

1.44

1.33

1.25

1.44

1.50

1.44

1.45

1.30

1.52

5.79

6.14

5.71

6.17

5.42

5.27

4.55

4.17

3.79

2.19

Used Material Data and Merit Parameters in Example 1

Used Material Data and Merit Parameters for the 
Example (Bending of Beams) 1502.04.05

 
 
The evaluation of the smallest allowable height of the beam h

min
 is tabulated (Figure 

1502.04.06). According to Eq. (12) h
min

 is the largest of the three expressions (10), (11) 
and (8). Since the first two represent the limitation in the elastic deflection and the 
largest stress respectively, they are designated h∆ and hσ. Values of h∆, hσ and h

1
 are 

given in Figure 1502.04.06. With the assumptions made, h
1
 = 5 mm is independent of 

the material. Since the only material parameter, on which h∆ depends, is the E-module, 
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h∆ has about the same value for all aluminium alloys. There are only small differences 
in the E-module between aluminium alloys (E ≅  70 000 MPa). hσ decreases according to 
Eq. (11) with increasing yield strength. Eq. (12) shows that the largest of h∆, hσ and h

1
 

corresponds to lowest allowable height h
min

. This value is underlined in Figure 

1502.04.06. The h parameter which is the largest is called controlling (or sizing) 
parameter.  
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1502.04.06
Optimisation Parameters for the 
Example (Bending of Beams) 

Optimisation Parameters for Example 1

Material Main Composites Temper h∆
mm

hσ
mm

hl

mm
hmin Lkmin

AA6061

AA6082

AA7020

AA2014A

AA6005A

AA6063

AA6082

AA6061

AA5083

AA1050

Al1.0Mg0.6SiCuCr

Al0.9Mg1.0Si0.7Mn

Al4.5Zn1.2MgMnCrZr

Al4.5Cu0.8Mn0.7Si0.5Mg

Al0.6Mg0.7SiMnCr

Al0.7Mg0.4Si

Al0.9Mg1.0Si0.7Mn

AlMg0.6SiCuCr

Al4.5Mg0.7MnCr

Al99.5

T6

T6

T5

T6

T5

T6

T4

T4

0

0

0.0194

0.0194

0.0194

0.0191

0.0195

0.0195

0.0194

0.0194

0.0193

0.0195

0.0189

0.0176

0.0175

0.0150

0.0200

0.0214

0.0238

0.0262

0.0257

0.0524

0.0050

0.0050

0.0050

0.0050

0.0050

0.0050

0.0050

0.0050

0.0050

0.0050

1.94*10-2 mm

1.94*10-2 mm

1.94*10-2 mm

1.91*10-2 mm

2.00*10-2 mm

2.14*10-2 mm

2.38*10-2 mm

2.62*10-2 mm

2.57*10-2 mm

5.24*10-2 mm

4.40

4.45

4.82

5.11

4.57

4.70

5.45

5.94

6.55

11.33

 
 
 
The reason for this nomenclature is that the corresponding design criteria (8), (10) or 
(11) is the most critical one and thus called controlling. The three design criteria are 
often identified by the material property involved. (10) and (11) are referred to as the E-
modulus and the strength criteria, respectively. (8) is called the geometric criterion. For 
lower yield strengths the characteristic strength is controlling whereas the E-module is 
controlling at higher ones (see Figure 1502.04.06). When a certain strength has been 
reached more material can not be saved by increasing the strength further since the 
criterion for the deflection would not be satisfied. The lower limit h

1
 does not affect the 

result since the criteria (10) and (11) are more difficult to satisfy in this case. 
 
When h

min
 is known the material cost L

k min
 can directly be calculated with the aid of 

Eq. (9). The result is given in Figure 1502.04.06. For aluminium alloys the material 
cost only increases marginally with increasing strength. Hence a marked increase in 
yield strength can be obtained for a modest increase in material price. The most 
advantageous material is typically found at the transition from where the characteristic 
strength is controlling to where the elastic modulus is dominating. This is clearly the 
case in Figure 1502.04.06.  
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To convince oneself that the chosen solution is the optimum, one can go through all the 
materials one by one. There are, however, much more efficient methods available using 
merit parameters. The merit parameters are obtained by extracting the material 
dependent part of the minimum material cost in Eq. (13). When h∆ is controlling i.e. 
when the first member of the square bracket is largest, then the material dependent part 
is given by 
 

      Q
E

c
E

k

=
1 3/

ρ
    (14) 

 
The corresponding factors when hσ and h

1
 are controlling are 

 

      Q
c

char

k
σ

σ
ρ

=
1 2/

   (15) 

      Q
c

h
k

1

1=
ρ

    (16) 

 
The inverse of the factors are provided in Eqs. (14) - (16) since these should be 
maximised when the material cost is minimised. Q

E
, Qσ and Q

h1
 are the merit 

parameters of the problem. The values of the merit parameters are shown in Figure 

1502.04.05. Since the material cost is inversely proportional to the controlling merit 
parameter it gives a ranking of the materials. For the first four materials in Figure 

1502.04.06, the E-module is controlling. From Figure 1502.04.05 one finds that the 
first material AA6061 has the highest merit parameter Q

h
 of these four. Consequently 

this material also gives the lowest cost, cf. Figure 1502.04.06.  
 
For the six last materials in Figure 1502.04.06, σ

char
 is controlling and thus the merit 

parameter Qσ should be considered. From Figure 1502.04.05 one finds that AA6005A 
has the largest merit parameter of the six materials and hence also the lowest material 
cost, cf. Figures 1502.04.05 and .06. One can conclude that either AA6061 or 
AA6005A is the optimal material. From Figure 1502.04.05 it is evident that AA6061 
gives the lowest overall cost. Directly from the material parameters it is not possible to 
decide which of these two materials is the optimal one. There are methods for assessing 
that but they will not be discussed in this context.  
 
The main advantage of using merit parameters is that they are independent of the design 
parameters. Hence they are independent of the size of the external load, load 
distribution, type of beam support, beam geometry, etc. If these parameters are changed 
there is no need of recalculating the merit parameters. Thus by just considering the 
values of the merit parameters a ranking of the materials can be obtained. It is for 
example possible to show that if all merit parameters for one material are smaller than 
for another the former material can never be the optimal one. From Figure 1502.04.06 it 
is evident that AA7020-T5, AA2014A-T6, AA6082-T5 and AA5083-O can not give a 
lower material cost than AA6082-T6 since all the three merit parameters are larger for 
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the latter material. In the same way AA6005A-T5 and AA6061-T4 can be disregarded in 
relation to AA6061-T6. If these materials which can never be the optimal ones are 
removed, Figure 1502.04.06 is reduced to Figure 1502.04.07. In fact only four 
materials remain namely AA6061-T6, AA6082-T6, AA6063-T6 and AA1050A-O. Thus 
the size of the computations can significantly be reduced in this way. 
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1502.04.07
Reduced Set of Optimisation Parameters

for the Example

Reduced Table for Optimisation Parameters of Example 1

Material Main composition Temper hE

mm
hσ
mm

hl

mm
hmin Lkmin

AA6061

AA6082

AA6063

AA1050A

Al1.0Mg0.6SiCuCr

Al0.9Mg1.0Si0.7Mn

Al0.7Mg0.4Si

Al99.5

T6

T6

T6

0

0.0194

0.0194

0.0195

0.0195

0.0189

0.0176

0.0214

0.0524

0.0050

0.0050

0.0050

0.0050

1.94*10-2 mm

1.94*10-2 mm

2.14*10-2 mm

5.24*10-2 mm

4.40

4.45

4.70

11.33
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1. Independent of the design parameters such as size of the external load, load distribution,
    type of beam support, beam geometry, etc.
2. If the design parameters are changed there is no need of recalculating the merit
    parameters.
3. A ranking of the materials can be obtained without carrying out the optimisation and 
    computing the material cost.
4. If all the merit parameters for one material are smaller than for another one the former
    material can never be the optimal one.

1. The parameters depend on the shape of the component being analysed but not on

    the dimensions. In the example the shape of the beam section is of importance. If for
    example the shape is changed to solid circular or tubular the merit parameters will be
    modified.
2. The geometric parameter which is adapted to the material has a direct influence on the
    merit parameters. If the width of the beam instead of the height is fitted the exponent in
    the merit parameters takes the value unity. 

Factors Controlling the Form of the Merit Parameters 

Advantage of Using Merit Parameters

Advantage of Using Merit Parameters and
Factors Controlling their Forms 1502.04.08
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Typical Values of Weight Savings

Cars: 0.5-1 £ per kg saved weight.
Trucks: 1-10 £ per kg saved weight.
Air Applications: 100-1000 £ per kg saved weight.

To Take the Value of Weight Savings into Account

Replace the material price by the sum of the value of weight savings cw and 
the material price ck .

                                   ck -> ck +  cw

In the example the merit parameters take the form

Value of Weight Savings 

Using Merit Parameters: Value of Weight Savings 1502.04.09

Q
c
k

cw

ccharσ
σ

σ
=

+





 

Q
c
k

cw
h

 1

1=
+






σ

Q
E

c
k

cw
E

  

 
=

+







α

ρ

 
 
 
The form of the merit parameters depends on the component being analysed. In the 
example the geometry of the beam section and the geometric parameter which is 
adapted to the material have a direct influence on the merit parameters. If the width of 
the beam instead of the height is fitted the merit parameters for the elastic deflection and 
the strength take the following form. 
 

      Q
E

c
E

k

=
ρ

    (17) 

      Q
c

char

k

σ
σ
ρ

=     (18) 

 
In Eqs. (17) and (18) the exponent is changed in comparison to Eqs. (14) and (15). In 
Eqs. (17) and (18) the merit parameters are linear in the E-module and the characteristic 
strength respectively. 
 

Value of Weight Savings 

 
For aluminium alloys the low density plays an important role in many applications. In 
particular for vehicles of all kinds and equipment which is frequently moved it is 
important to save weight. In many cases this can be achieved by using aluminium alloys. 
The value of weight savings varies between different situations. For cars a figure of 0.5-
1 £ per kg save weight is typically quoted. For trucks the corresponding figures covers a 
wider range namely 1-10 £ per kg. In air applications the value of weight savings is 
about two order of magnitude larger, 100-1000 £ per kg. To take the value of weight 



TALAT 1502 33  

savings into account is straightforward. The material price is just replaced by the sum of 
the value of weight savings cw and the material price ck. 
 
     c c ck k w& '      (19) 

 
In the example the merit parameters in section 1502.04.03 are replaced by 
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     Q
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    (22) 

 
For α = 1/3 and β = 1/2 Eqs. (20) and (21) correspond to Eqs. (14) and (15), for α = 1 
and β = 1 to Eqs. (14) and (15). Eq. (22) is the modified form of Eq. (16). The effect of 
cw on the merit parameter for the characteristic strength in Eq. (21) is illustrated in 
Figure 1502.04.11 and 12 for β = 1 and β = 1/2 respectively. Three aluminium alloys 
and three steels are included in the figures. The steels have a yield strength of 220, 380 
and 690 MPa representing a mild, a high strength and an extra high strength steel. The 
merit parameters are given in relation to that of Steel 220. 
 

     Q
c c

Qchar

k w

*

+

*

*

$
(

'( )
/ Steel220

  (23) 

 
This is possible since it is the relative values of the merit parameters that are of 
importance not their absolute values. According to Eq. (23) Qσ is equal to unity for Steel 
220. In Figure 1502.04.11 for β = 1 Steel 380 and Steel 690 have higher merit 
parameters than Steel 220. This difference increases up to a value of weight savings cw 

of 10 £/kg and then stays constant. Below about cw = 1 £/kg the aluminium alloys have 
lower Qσ than the steels, However above cw = 2-5 £/kg they are significantly higher than 
for Steel 220, AA2014 and AA6082 are even above Steel 690. At higher cw the cost 
savings of AA2014 in relation to carbon steel (Steel 220) is more than a factor of five.  
 
In Figure 1502.04.12 for β = 1/2 the differences between steel and aluminium alloys are 
equally pronounced. The transition where aluminium alloys become competitive takes 
place at cw = 2-3 £/kg. Above cw = 10 £/kg the three aluminium alloys give a material 
cost which is two to four times lower than for mild steels. Even in relation to extra high 
strength steels the advantage is quite significant. 
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1502.04.10Relative Merit Parameters: Value of Weight Savings

The merit parameters are often given in relation to another material for example
mild steel (Steel 220).

This is possible since only the relative values of the merit parameters are of
importance.

Aluminium alloys typically become competitive in comparison to carbon steels
above cw = 2-5 £/ kg when strength is the controlling property.

Value of Weight Savings (continued)
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Linear Strength

Material Selection Based on Linear Strength 1502.04.11
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Square Root of Strength

Material Selection Based on Square Root of Strength 1502.04.12
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Whereas the Insured by a proposal and declaration dated as 
stated in the Schedule which shall be the basis of this contract and 
is deemed to be incorporated herein has applied to Bajaj Allianz 
General Insurance Company Limited (hereinafter referred to as 
“Company”) for the Insurance hereinafter contained and has paid  
the premium mentioned in the schedule as consideration for such 
insurance in respect of accidental, loss or damage occurring 
during the Period of Insurance.

NOW THIS POLICY WITNESSETH that subject to the Terms, 
Exceptions, and Conditions contained herein or endorsed or 
expressed hereon.

SECTION I - LOSS OR DAMAGE TO THE VEHICLE INSURED

1. The Company will indemnify the Insured against loss or 
damage to the Motor Car insured hereunder and/or its 
accessories whilst thereon;

 i. by fire explosion self ignition or lightning;

 ii. by burglary housebreaking or theft;

 iii. by Riot and Strike;

 iv. by Earthquake (Fire and Shock Damage);

 v. by Flood Typhoon Hurricane Storm Tempest  
Inundation Cyclone hailstorm  Frost;

 vi. by accidental external means;

 vii. by malicious act;

 viii. by terrorist activity;

 ix. whilst in transit by road rail inland waterway lift 
elevator or air

 x. by landslide/rockslide

Subject to a deduction for depreciation at the rates 
mentioned below in respect of parts replaced :

1. For all rubber, nylon, plastic parts, tyre,  battery 
& air bags      50%

2. For fibre glass components   30 %

3. For all parts made of glass   Nil

4. Rate of depreciation for all other parts including 
wooden parts will be as per the following schedule 

AGE OF VEHICLE                         % OF DEPRECIATION 

Not exceeding  6 months....................................... Nil

Exceeding  6 months but not exceeding 1 year .... 5%

Exceeding  1 year  but  not  exceeding 2 years.... 10%

Exceeding  2 years  but  not  exceeding 3 years... 15%

Issuing office :

Regd. & Head Office : GE Plaza, Airport Road, Yerawada, Pune - 411 006. Tel : (+9120) 66026666. Fax : (+9120) 66026667

Bajaj Allianz General Insurance Company Limited

PRIVATE CAR  PACKAGE  POLICY

Important notice*
1.  In the event of a claim ,please contact our 24*7 helpline for the following help.
 - To get your claim registered in our records and the claim number issued for future reference.
 - To know about the claim process and the necessary requirements for faster settlement of claim. 
 - To know the approved garage where vehicle is to be taken for quality repair, cashless settlement and other value added services
 For assistance to get the claim registered, you may also contact your agent or the dealer through whom you have purchased the policy.
 Improper communication can lead to delay in settlement or repudiation of claim.
2.  You may refer the Bajaj Allianz Preferred Workshops list which is attached in your policy booklet.
3.  If you decide to repair your vehicle in a non-tied up workshop with us. Company cannot assure the services such as cashless settlement facility, quality of job, 

avoid excess or wrong billing by the garage.
4.  To contact our 24*7 helpline please dial toll free number : 1800-209-5858 / 1800-22-5858 / 1800-209-1030 or 020-30305858 or email at : 

customercare@bajajallianz.co.in 
 *conditions apply 



Exceeding  3 years  but  not  exceeding 4 years........ 25%

Exceeding  4 years  but  not  exceeding 5 years..... 35%

Exceeding  5 years  but  not  exceeding 10 ears... 40%

Exceeding 10 years................................................... 50%

5 For policies with Risk inception date of 01st February 
2013 or thereafter.

 Rate of depreciation for Painting: In the case of 
painting, the depreciation rate of 50% shall be applied 
only on the material cost of total painting charges. In 
case of a consolidated bill for painting changes the 
material component shall be considered as 25% of 
total painting charges for the purpose of applying 

2 The Company shall not be liable to make any payment in 
respect of :

 a. consequential loss depreciation wear and tear 
mechanical or electrical breakdown failures or 
breakages

 b. damage to tyres and tubes unless the vehicle is 
damaged at the same time when the liability of the 
Company is limited to 50% of cost of replacement; and

 c. Any accidental loss or damage suffered whilst the 
Insured or any person driving the vehicle with the 
knowledge and consent of the Insured is under the 
influence of intoxicating liquor or drugs.

3 In the event of the vehicle being disabled by reason of 
loss or damage covered under this Policy the company 
will bear the reasonable cost of protection and removal 
to the nearest repairer and redelivery to the Insured 
but not exceeding in all Rs.1500/- in respect of any one 
accident.

 The Insured may authorise the repair of the vehicle 
necessitated by damage for which the Company may 
be liable under this Policy provided that:

 a. the estimated cost of such repair including 
replacements does not exceed Rs.500/

 b. the Company is furnished forthwith a detailed  
estimate of the cost of  repairs  and

 c. the Insured shall give the Company every  assistance 

to see that such repair is necessary and the charges 
are  reasonable.

SUM INSURED  - INSURED’S DECLARED VALUE (IDV)

The insured declared value (IDV) of the vehicle will be 
deemed to be the ‘ SUM INSURED’ for the purpose of this 
policy which is fixed to the commencement of each policy 
period for the insured vehicle.

The IDV of the vehicle ( and accessories if any fitted in the 
vehicle ) is to be fixed on the basis of the manufacturer’s listed 
selling price of the brand and model as the vehicle insured at 
the commencement  of insurance / renewal and adjusted for 
depreciation ( as per schedule below ).

The schedule of age wise depreciation as shown below is 
applicable for the purpose of Total loss / Constructive Total 
Loss (TL / CTL) claims only.

AGE OF VEHICLE  % OF DEPRECIATION FOR FIXING IDV 

Not exceeding  6 months......................................... 5%

Exceeding  6 months but not exceeding 1 year .... 15%

Exceeding  1 year  but  not  exceeding 2 years...... 20%

Exceeding  2 years  but  not  exceeding 3 years..... 30%

Exceeding  3 years  but  not  exceeding 4 years..... 40%

Exceeding  4 years  but  not  exceeding 5 years..... 50%

IDV of vehicles beyond 5 years of age and of obsolete models 
of the vehicles (i.e. Models which the manufacturers have 
discontinued to manufacture) is to be determined on the 
basis  of  understanding between the insurer  and  the 
insured.

IDV shall be treated as the  ‘ Market  Value’ throughout the 
policy period without any further depreciation for the 
purpose of Total Loss (TL) / Constructive Total Loss (CTL) 
claims.

The insured vehicle shall be treated as a CTL if the aggregate 
cost of retrieval and  / or repair of the vehicle, subject to terms  
and conditions of the policy, exceeds 75% of the IDV of the 
vehicle.     

SECTION II  - LIABILITY TO THIRD PARTIES

1. Subject to the Limits of Liability as laid down in the 
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Schedule hereto, the Company, will indemnify the 
Insured in the event of an accident caused by or arising 
out of the vehicle, against all sums which the Insured  
shall become legally liable to pay in respect of :  

 i) death of or bodily injury to any person including 
occupants carried in the vehicle (provided such 
occupants are not carried for hire or reward) but 
except so far as it is necessary to meet the 
requirements of Motor Vehicles Act the Company 
shall not be liable where such death or injury arises 
out of and in the course of the employment of such 
person by the insured.

 ii) damage to property other than property belonging to 
the Insured or held in trust or in the custody or control 
of the Insured.

2. The Company will pay all costs and expenses incurred 
with its written consent.

3. In terms of and subject to the limitations of the indemnity 
granted by this section to the Insured the Company will 
indemnify any driver who is driving the vehicle on the 
insured's order or with insured's permission provided 
that such driver shall as though he were the Insured 
observe fulfil and be subject to the terms exceptions and 
conditions of this Policy in so far as they can apply.

4. In the event of the death of any person entitled to 
indemnity under this Policy the Company will in respect of 
the liability incurred by such person indemnify his/her 
personal representatives in the terms of and subject to 
the limitations of this Policy provided that such personal 
representatives shall as though he/she was the Insured 
observe fulfil and be subject to the terms exceptions and 
conditions of this Policy in so far as they can apply.

5. The Company may at its own option (A) arrange for 
representation at any Inquest or Fatal Inquiry in respect of 
any death which may be the subject of indemnity under 
this policy and (B) undertake the defence of proceedings 
in any Court of Law in respect of any act or alleged offence 
causing or relating to any event which may be the subject 
to the indemnity under this Section.

AVOIDANCE OF CERTAIN TERMS AND RIGHT OF RECOVERY

Nothing in this Policy or any endorsement hereon shall affect 
the right of any person indemnified by this Policy or any other 
person to recover an amount under or by virtue of the 

provision of the Motor Vehicles Act.

But the Insured shall repay to the Company all sums paid by 
the Company, which the Company would not have been 
liable to pay, but for the said provisions.

APPLICATION OF LIMITS OF INDEMNITY

 In the event of any accident involving indemnity to more than 
one  person any limitation by the terms of this policy and/or 
of any Endorsement thereon of the amount of any indemnity 
shall apply to the aggregate amount of indemnity to all 
persons indemnified and such indemnity shall apply in 
priority to the insured.

SECTION III - PERSONAL ACCIDENT COVER 

FOR OWNER -     DRIVER

1 The Company undertakes  to pay compensation as per 
the following scale for bodily injury / death sustained 
by the owner - driver of the vehicle, in direct 
connection with the vehicle  insured or whilst driving 
or mounting into / dismounting from the vehicle 
insured or whilst traveling in it as a co-driver, caused by 
violent accidental external and visible means which 
independent of any other cause shall within six 
calendar months of such injury result in :

 Nature of injury   Scale of compensation

 (I)  Death .................................................... 100%

 (II) Loss of two limbs or sight of two eyes or 

   one limb and sight of one eye......................... 100%

 (III) Loss of one limb or sight of one eye..............  50%

 (IV) Permanent total disablement from  

    injuries other than named  above. ..................  100%

Provided always that

 A)  compensation shall be payable under only one of  
the items(i) to (iv) above in respect of the owner - 
driver arising out of any occurrence  and  the  
total  liability  of the insurer shall not in the 
aggregate exceed  the sum of Rs 2. Lakhs during  
any one  period  of insurance.

 B)  no compensation shall be payable in respect of  
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death or bodily injury directly or indirectly wholly 
or in part arising or resulting from or traceable to 
(1) Intentional self injury suicide or attempted 
suicide physical defect or infirmity or (2) an 
accident happening whilst such person is under 
the influence of intoxicating liquor or drugs.

 C)  Such compensation shall be payable directly to 
the insured or to his/her legal representatives 
whose receipt shall be the full discharge in 
respect of the injury  to the insured.

2)  This cover is subject to

 (a)  the owner-driver is the registered owner of the 
vehicle insured herein;

 (b )  The owner driver is the insured named in this 
policy.

 (c)  the owner-driver holds an effective driving 
license,  in accordance with the provisions of Rule 
3 of the  central Motor Vehicles Rules, 1989, at the 
time of the accident. 

GENERAL EXCEPTIONS

(Applicable to all Sections of the Policy) 

The Company shall not be liable under this Policy in 

respect  of:

1. Any accidental loss damage and/or liability caused 
sustained or incurred outside the Geographical Area.

2. Any claim arising out of any contractual liability.

3. Any accidental loss damage and/or liability caused 
sustained or incurred whilst the vehicle insured herein 
is

 a. being used otherwise than in accordance with the 
limitations as to Use or

 b. being driven by or is for the purpose of being 
driven by him/her in the charge of any person 
other than a driver as stated in the drivers clause.

4. a. Any accidental loss or damage to any property 
whatsoever or any loss or expense whatsoever 
resulting or arising therefrom or any 
consequential loss.

 b. Any liability of whatsoever nature directly or 
indirectly caused by or contributed to by or 
arising from ionising radiations or contamination 
by radioactivity from any nuclear fuel or from any 
nuclear waste from the combustion of nuclear 
fuel.  For the purpose of this exception 
combustion shall include any self-sustaining 
process of nuclear fission.

5. Any accidental loss damage or liability directly or 
indirectly caused by or contributed to by or arising 
from nuclear weapons material.

6. Any accidental loss damage and/or liability directly or 
indirectly or proximately or remotely occasioned by 
contributed to / by or traceable to or arising out of or in 
connection with War, Invasion, the Act of foreign 
enemies, hostilities or Warlike operations (whether 
before or after declaration of war) Civil War, Mutiny 
Rebellion, Military or usurped power or by any direct 
or indirect consequences of any of the said 
occurrences and in the event of any claim hereunder 
the Insured shall prove that the accidental loss damage 
and/or  liability arose independently of and was in no 
way connected with or occasioned by or contributed to 
by or traceable to any of the said occurrences or any 
consequences thereof and in default of such proof the 
Company shall not be liable to make any payment in 
respect of such a claim.

DEDUCTIBLE

The Company shall not be liable for each and every under 
Section -I (loss of damage to vehicle insured) of this policy in 
respect of the deductible stated in the schedule.

CONDITIONS

This policy and the Schedule shall be read together and any 
word or expression to which a specific meaning has been 
attached in any part of this Policy or of the Schedule shall bear 
the same meaning wherever it may appear.

1. Notice shall be given in writing to the Company 
immediately upon the occurrence of any accidental  
loss or damage in the event of any claim and thereafter 
the Insured shall give all such information and 
assistance as the Company shall require.  Every letter 
claim writ summons and/or process or a copy thereof 
shall be forwarded to the Company immediately on 
receipt by the Insured.  Notice shall also be given in 
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writing to the Company immediately the Insured shall 
have knowledge of any impending Prosecution 
Inquest or Fatal Inquiry in respect of any occurrence, 
which may give rise to a claim under this Policy.   In 
case of theft or criminal act which may be the subject 
of a claim under this Policy the Insured shall give 
immediate notice to the Police and co-operate with the 
Company in securing the conviction of the offender.

2. No admission, offer, promise, payment, or indemnity 
shall be made or given by or on behalf of the Insured 
without the written consent of the Company which 
shall be entitled if it so desires to take over and 
conduct in the name of the Insured the defence or 
settlement of any claim or to prosecute in the name of 
the Insured for its own benefit any claim for indemnity 
or otherwise and shall have full discretion in the 
conduct of any proceedings or in the settlement of any 
claim and the Insured shall give all such information 
and assistance as the Company may require.

3. The Company may at its own option repair reinstate or 
replace the vehicle or part thereof and/or its 
accessories or may pay in cash the amount of the loss 
or damage and the liability of the Company shall not 
exceed

 a) For total loss / Constructive total loss of the 
vehicle  the Insured’s  Declared  Value (IDV) of 
the vehicle (including accessories  thereon ) as 
specified in the  schedule less the value of the 
wreck

 b)  For partial losses  i.e. Losses other than total loss 
/ constructive total loss of the vehicle - actual and 
reasonable cost of repair and / or replacement of 
parts  lost or damaged subject to depreciation 
as per limits  specified.    

4. The Insured shall take all reasonable steps to 
safeguard the vehicle from loss or damage and to 
maintain it in efficient condition and the Company 
shall have at all times free and full access to examine 
the vehicle or any part thereof or any driver or 
employee of the Insured. In the event of any accident 
or breakdown the vehicle shall not be left unattended 
without proper precautions being taken to prevent 
further damage or loss and if the vehicle be driven 
before the necessary repairs are effected any 
extension of the damage or any further damage to the 
vehicle shall be entirely at the insured's own risk.

5. The Company may cancel the policy by sending seven 
days notice by recorded delivery to the insured at the 
insured’s last known address and in such event will 
return to the insured the premium paid less the pro rata 
portion thereof for the period the policy has been in 
force or the policy may be cancelled at any time by the 
insured on seven days’ notice by recorded delivery and 
provided no claim has arisen during the currency of the 
policy, the insured shall be entitled to a return of 
premium less premium at the company’s Short Period 
rates for the period the policy has been in force. Return 
of the premium by the company will be subject                 
to retention of the minimum premium of Rs.100/-              
(or Rs. 25/- in respect of vehicles specificially designed / 
modified for use by blind / handicapped/mentally 
challenged persons). Where the ownership of the 
vehicle is transferred, the policy cannot be cancelled 
unless evidence that the vehicle is insured elsewhere is 
produced.

6. If at the time any claim arises under this Policy there is 
any other existing insurance covering the same loss, 
damage or liability, the Company shall not be liable to 
pay or contribute more than its rateable proportion of 
the loss damage compensation cost or expenses.

7. If any dispute or difference shall arise as to the 
quantum to be paid under this policy (liability being 
otherwise admitted) such difference shall  
independently of all other questions be referred to the 
decision of a sole arbitrator to be appointed in writing 
by the parties to the dispute or if they cannot agree 
upon a single arbitrator within 30 days of any party 
invoking arbitration, the same shall be referred to a 
panel of three arbitrators, comprising of two 
arbitrators, one to be appointed by each of the parties 
to the dispute/difference and a third arbitrator to be 
appointed by such two arbitrators who shall act as the 
presiding arbitrator and Arbitration shall be conducted 
under and in accordance with the provisions of the 
Arbitration and Conciliation Act, 1996.

 It is clearly agreed and understood that no difference or 
dispute shall be referable to arbitration as herein 
before provided, if the Company has disputed or not 
accepted liability under or in respect of this policy.  

 It is hereby expressly stipulated and declared that it 
shall be a condition precedent to any right of action or 
suit upon this policy that the award by such 
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arbitrator/arbitrators of the amount of the loss or 
damage shall be first obtained.

 It is also hereby further expressly agreed and declared 
that if the company shall disclaim liability to the 
insured for any claim hereunder,  and such claim shall 
not within 12 calender months from the date of such 
disclaimer have been the subject matter of a suit in a 
court of law then the claims shall for all purpose be 
deemed to have been abandoned and shall not 
thereafter be recoverable hereunder.

8. The due observance and fulfillment of the terms 
conditions and endorsement of this Policy in so far as 
they relate to anything to be done or complied with by 
the Insured and the truth of the statements and 
answers in the said proposal shall be conditions 
precedent to any liability of the Company to make any 
payment under this Policy.

9. In the event of the death of the sole Insured, this policy 
will not immediately lapse but will remain valid for a 
period of three months from the date of the death of 
Insured or until the expiry of this policy (whichever is 
earlier). During the said period legal heirs of the 
Insured to whom the custody and use of the Motor 
Vehicle passes may apply to have this Policy 
transferred to his / her / their names or obtain a new 
insurance policy for the Motor Vehicle.

 Where such legal heirs wish to apply for a transfer of 
this policy or obtain a new policy for the Vehicle such 
heir(s) should make an application to the company 
accordingly within the aforesaid period. All such 
applications should be accompanied by :

 a. Death certificate in relation to the insured

 b. Proof of title to the  Vehicle

 c. Original  Policy

 The Company reserves its rights to abide by any order 
of the court in regard to declaration about the legal heir / 
heiress and ownership of the vehicle and the nominee will 
not have any right to dispute such order of the Court.
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customercare@bajajallianz.co.in

List of Insurance Ombudsmen

CONTACT DETAILS JURISDICTION

AHMEDABAD
ndOffice of the Insurance Ombudsman, 2  floor, Ambica House, Near C.U. Shah 

College, 5, Navyug Colony, Ashram Road, Ahmedabad – 380 014
Tel.:- 079-27546150/139  Fax:- 079-27546142
Email:-bimalokpal.ahmedabad@gbic.co.in

State of Gujarat and Union Territories 
of Dadra & Nagar Haveli and Daman 
and Diu.

BENGALURU
Office of the Insurance Ombudsman, JeevanSoudha Building,PID No.57-27-
N-19, Ground Floor, 19/19, 24th Main Road, JP Nagar, 1st Phase, 
Bengaluru-560 078.
Tel.:- 080-26652048 / 26652049
Email:- bimalokpal.bengaluru@gbic.co.in

Karnataka.

BHOPAL
ndOffice of the Insurance Ombudsman, JanakVihar Complex, 2  Floor, 6, 

Malviya Nagar, Opp.Airtel Office, Near New Market, Bhopal – 462 033.
Tel.:- 0755-2769200/201/202 Fax:- 0755-2769203
Email:- bimalokpalbhopal@gbic.co.in

States of Madhya Pradesh and 
Chattisgarh.

BHUBANESHWAR
Office of the Insurance Ombudsman,
62, Forest park, Bhubneshwar – 751 009.
Tel.:- 0674-2596461 / 2596455 Fax:- 0674-2596429
Email:- bimalokpal.bhubaneswar@gbic.co.in

State of Orissa.
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CONTACT DETAILS JURISDICTION

CHANDIGARH
ndOffice of the Insurance Ombudsman, S.C.O. No. 101,102&103, 2 Floor,Batra 

Building, Sector 17 – D, Chandigarh – 160 017.
Tel.:- 0172-2706196/5861 / 2706468  Fax:- 0172-2708274
Email:- bimalokpal.chandigarh@gbic.co.in

States of Punjab, Haryana, 
Himachal Pradesh, Jammu & 
Kashmir and Union territory of 
Chandigarh.

CHENNAI
thOffice of the Insurance Ombudsman, Fatima Akhtar Court,4  Floor, 453 (old 

312), Anna Salai, Teynampet, CHENNAI – 600 018.
Tel.:- 044-24333668 / 24335284 Fax:- 044-24333664
Email:- bimalokpal.chennai@gbic.co.in

State of Tamil Nadu and Union 
Territories - Pondicherry Town 
and Karaikal (which are part of 
Union Territory of Pondicherry).

DELHI
Office of the Insurance Ombudsman. 2/2 A, Universal Insurance 
Building,Asaf Ali Road, New Delhi – 110 002.
Tel.:- 011-23239611/7539/7532 Fax:- 011-23230858
Email:- bimalokpal.delhi@gbic.co.in

State of Delhi 

ERNAKULAM
ndOffice of the Insurance Ombudsman. 2  floor, Pulinat Building,Opp. Cochin 

Shipyard, M.G. Road, Ernakulum - 682 015.
Tel.:- 0484-2358759/2359338 Fax:- 0484-2359336
Email:- bimalokpal.ernakulum@gbic.co.in

Kerala, Lakshadweep, Mahe-a 
part of Pondicherry

GUWAHATI
thOffice of the Insurance Ombudsman. 'JeevanNivesh’, 5  Floor, Nr. Panbazar 

over bridge, S.S. Road, Guwahati – 781001(ASSAM).
Tel.:- 0361- 2132204 / 2132205 Fax:- 0361-2732937
Email:- bimalokpal.guwahati@gbic.co.in

States of Assam, Meghalaya, 
Manipur, Mizoram, Arunachal 
Pradesh, Nagaland and Tripura.

HYDERABAD
st Office of the Insurance Ombudsman, 6-2-46, 1 floor, "Moin Court"Lane Opp. 

Saleem Function Palace, A. C. Guards, Lakdi-Ka-Pool, Hyderabad - 500 004.
Tel.:- 040-65504123/23312122 Fax:- 040-23376599
Email:- bimalokpal.hyderabad@gbic.co.in

States of Andhra Pradesh, 
Telangana and Union Territory of 
Yanam - a part of the Union 
Territory of Pondicherry

JAIPUR
Office of the Insurance Ombudsman, Jeevan Nidhi-II Bldg., Ground Floor, 
Bhawani Singh Marg,Jaipur - 302005. 
Tel.:- 0141-2740363
Email:- bimalokpal.jaipur@gbic.co.in

State of Rajasthan

KOLKATA
thOffice of the Insurance Ombudsman, Hindustan Building Annexe, 4  floor, 4, 

CR Avenue, Kolkata - 700 072.
Tel.:- 033-22124339 / 22124340 Fax:- 033-22124341
Email:- bimalokpal.kolkata@gbic.co.in

States of West Bengal, Bihar, 
Sikkim and Union Territories of 
Andaman and Nicobar Islands.

LUCKNOW
thOffice of the Insurance Ombudsman, 6  Floor, JeevanBhawan, Phase-II, 
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Historical Development 

 
Aluminium was relatively new when it was first introduced as a structural material. The 
selection of alloys was limited and the fabrication techniques very primitive compared 
with the situation today. Despite these facts, structural aluminium applications were 
successfully introduced into many areas. 
 
In this connection it is most relevant to group the applications into three main fields, and 
to look at a few examples in  

the Marine Industry, 
the Transport Industry, 
the Civil Engineering Industry. 
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Marine Industry 

 
While the first steel ship was built in 1859, and only 11 steel ships were built in 1878, 
aluminium came into use in marine applications interestingly soon after steel. Already 
during the 1890s aluminium components were added to scores of ships and boats. But 
the alloys and the fabricating techniques then available were unsatisfactory and 
aluminium fell into disuse. 
 
 
The 1922 Washington Disarmament Conference, which limited total naval 
displacements, again spurred the thinking of naval architects toward aluminium. New 
aluminium alloys were being developed to meet the strength and corrosion-resisting 
requirements for marine constructions. 
 
In 1928, the light cruiser U.S.S. Houston was built with deckhouses of the then popular 
structural alloy Duralumin. This ushered in a new era of warship construction. By 1940, 
aluminium was used structurally for about 100 U.S. warships. More recently, the U.S.S. 
Dewey, a guided missile destroyer leader with aluminium superstructure, joined the 
fleet. 
 
The earliest applications to merchant ships were achieved in 1934 on three Mystic 
Steamship Company colliers. One of these, a converted freighter, the S.S. Glen White, 
trimmed badly by the bow. The steel bulkhead between nos. 2 and 3 holds was replaced 
by an aluminium alloy 6053 bulkhead which corrected the condition and permitted 
carriage of 65 tons of extra cargo. When inspected 10 years later, there was no 
indication of corrosion or excessive damage from coal handling. The adjacent steel 
bulkhead, however,  suffered from both. 
 
Further development of alloys continued during the 1930s, a period which saw 
aluminium used in additional merchant ship structural installations. 
 
The higher-strength aluminium alloy 6061 containing magnesium and silicon as major 
alloying elements, was under development prior to World War II. In 1944, as a result of 
wartime experience, it replaced alloy 6053 for structural use, and was quickly adopted 
for postwar merchant ships. 
 
Aluminium construction received great impetus with the development of high-speed 
welding techniques and other weldable alloys, particularly the Al-Mg 5000 series. Since 
the early 1950s the majority of naval and merchant ship aluminium structures have been 
welded. 
 
As a consequence a total of more than 1000 merchant ships had been built with 
aluminium superstructures in the beginning of the 1960s. 
 
One of the best known ships with an aluminium superstructure is the S/S United States 
where the utilization of 2000 tons of aluminium resulted in a total weight saving of 8000 
tons for the total vessel. 
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In addition to commercial ships and warships, aluminium is now used for tankers, 
fishing vessels, personnel boats, ferries and hydrofoils (Figure 2201.01.01). 
 

alu

Training in Aluminium Application Technologies

Yangtze River Vessel with Aluminium Superstructure
Built 1948

2201.01.01

 
 

 

Transport Industry 

 
In this context it is especially worth mentioning 
 

the air transport, 
the rail transport, and 
the road transport industries. 

In air transport the development and use of aluminium alloys is directly linked to the 
development of that industry. It is clearly documentable that without the availability of 
aluminium the civil aeroplane industry would still be in its infancy. Although titanium, 
carbon fibre composites and stainless steel were used for military aircraft 70% of the 
airframes of civil aircraft is aluminium alloy. 
 
The use of aluminium in rail transport is another success story. 
 
The railway industry took immediate interest in using aluminium when it became 
available on an industrial scale around the turn of the century. Initially, the interest 
centered on the light weight and corrosion resistant aluminium as a substitute for brass 
fittings and wood or steel panelling in a coach structure, which was characterised by a 
strong, load carrying steel underframe and a largely wooden superstructure. 
 
During the twenties and thirties the design philosophy changed to enhance passenger 
safety and reduce weight. The approach was to consider underframe and superstructure 
as a load bearing entity. Steel panels riveted to a steel framework were used initially 
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followed shortly by aluminium sheet fastened to aluminium extrusions. This "sheet and 
stringer" or "stretched -skin" design still persists to date for modern steel coaches with 
the important difference that welding came in to replace the old-fashioned riveting and 
that higher strength copper-bearing or stainless steels helped to improve the rust-
problem and to reduce weight. 
 
A further recognisable change in the design of aluminium railway cars was dictated by 
economic aspects. The significant increase in labour cost during the seventies spurred 
the use of larger amounts of extruded sections with integrated functions. Together with 
the availability of semi-automatic, multiplehead welding equipment, it became possible 
to fabricate floor, roof and sidewall subassemblies with only a few longitudinal welding 
passes on extruded shapes running the entire length of the car. 
 
By using integrally stiffened extruded side and roof panels the rectification of distorsion 
, which is inherently necessary in the stitch-welded or spot-welded "sheet and stringer" 
design, was largely avoided. At the same time, labour-intensive finishing work and the 
need for filler paste application preparatory to painting was reduced significantly. 
 
In summary, the full application of the aluminium extrusion technology for the vehicle 
body design resulted in cost reductions to such an extent that light-weight aluminium 
coaches were and are being built at equal or lower costs than conventional steel coaches. 
 
The all-extrusion design has consequently been applied in numerous modern railcar 
projects all over the world (Figure 2201.01.02). 
 

alu

Training in Aluminium Application Technologies

All-Extrusion Design of High-Speed Passenger Train
Intercity Express, Germany. Built 1992.

2201.01.02

Source: VAW aluminium AG, Bonn

 
 
Aluminium alloys always have been used for automotive components including engine 
parts, wheels, body panels and the structure frame since the beginning of the century. In 
most cases the technical performance was satisfactory with significant weight savings 
resulting. Often, however, the increased cost was not seen to be justified but this 
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situation is now changing with the demand for reduced fuel consumption and the need 
to add safety and antipollution devices. 
 
In trucks, trailers and tankers aluminium has been used for the past 40 years, the weight 
advantages resulting in payload increase and for fuel savings which are more obvious 
than in the automobile. 
 

Civil Engineering Industry 

 
During the 1930s a gradual introduction of aluminium applications into the civil 
engineering industries took place. Special attention was directed towards various kinds 
of roof structures, building systems, stairs, stairtowers, gangways, masts, silos, cranes, 
pylons, towers, pedestrian bridges etc. (Figure 2201.01.03). 
 
In addition more recently a large number of structural military applications were 
developed, e.g. transportable bridges, gun mountings, tanks etc. 
 
 

alu

Training in Aluminium Application Technologies

Aluminium Transmission Pylon, British Columbia
Built 1952 2201.01.03

 
 
 
During the 1940s aluminium was introduced in road bridges, particularly in the USA. 
Compared with the technology of today oldfashioned alloys and fabrication techniques 
(riveting) were used. By 1963, approx. 20 road bridges had been built in the USA (the 
longest being 100 m), and a total of approx. 40 worldwide. 
 
Costwise these bridges were more expensive than equivalent bridges in steel, but the 
expected lower life-cycle costs were planned to compensate for this difference. However 
because of some deficiencies in design and fabrication this compensation was not 
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always achieved. While the general experience with many showed that they performed 
perfectly over a 30 - 40 year period some corrosion problems occurred as a result of 
incorrect alloy choice and/or wrong fastening methods. 
 
While a great number of aluminium applications were developed and commercially 
introduced during the first 6 - 7 decades of this century, not all of them can be reported 
to have developed into substantial commercial success. 
During the period 1970 - 1990 the following major trends can be identified: 
 

• In the traditional shipping industry a trend back to steel for hulls and 
superstructures has been observed. 

• In some ships aluminium also has had a limited utilization, partly as a 
consequence of the availability of new materials (GRP) and partly as a 
consequence of a turn back to steel. 

 
• In fastgoing personnel boats, however, a very positive development has 

taken place. The transition from 20 knots to over 35 knots speed levels, 
introcuced by the catamaran concept, resulted in a need for all-aluminium 
designs for reasons of fuel economy  (Figure 2201.01.04). 

 
 

alu

Training in Aluminium Application Technologies

All Aluminium Catamaran Passenger Vessel
Built 1991 2201.01.04

 
 
 

• Aluminium is still the preferred material in the civil aeroplane industry, and 
had a very positive development in the rail as well as the road transport 
industries. 
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• In the civil engineering industry, aluminium has problems in maintaining its 
position in many major applications, among those in bridge constructions 
(Figure 2201.01.05). 

 
 

alu

Training in Aluminium Application Technologies

Arvida Aluminium Bridge, Quebec, Canada
Built 1947

2201.01.05

 
 
• The offshore industry is one new application for structural applications: 

Helidecks (Figure 2201.01.06), telescopic bridges (Figure 2201.01.07), 
walling systems (Figure 2201.01.08), gangways (Figure 2201.01.09), stairs, 
stairtowers, floorings, housings (Figure 2201.01.10) etc. were developed 
during the 1980s. 
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alu

Training in Aluminium Application Technologies

2201.01.06
Offshore Aluminium Helimodule (Helideck, Helihangar, 

Stairtowers and Support Structure). Built 1986
 

 
 

alu

Training in Aluminium Application Technologies

Telescopic Aluminium Gangway for Ocean Terminal
Built 1948

2201.01.07

 
 
 

As a consequence relevant technologies and methods for protecting 
aluminium structures against fire had to be developed (Figure 2201.01.11). 
 
Both the methodology as well as classified fire design examples will be 
described later. 
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alu

Training in Aluminium Application Technologies

Offshore Aluminium H 120 Fire Wall
Built 1991 2201.01.08

 
 

alu

Training in Aluminium Application Technologies

Oil Terminal Pipes Access and Support System
Built 1988

2201.01.09
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alu

Training in Aluminium Application Technologies

Aluminium Gas Turbine / Generator Housing
Built 1991

2201.01.10

 
 

alu

Training in Aluminium Application Technologies

Offshore Aluminium H 120 Fire Classified Office Module

Built 1987.
2201.01.11

 

Presence and Perspectives 

 
The present status of aluminium utilization in stressed structures can be summarized as 
follows: 
 

• Despite the existence of good textbooks and codes of practice, the lack of 
teaching material is obvious. As a consequence aluminium does not achieve 
the status of an accepted structural material in engineering education (The 
TALAT material will hopefully help to compensate this situation). 

 
• A lack of sufficient knowledge - often accompanied by prejudices-  leads to 

decisions against the use of aluminium. 
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• Aluminium structures can mainly be found in applications like the rail and 
road transport industries, speed personnel boats and aeroplanes where 
weight saving is at a premium.  

 
• For those applications where traditional building materials like steel and 

concrete are prevailing, aluminium is facing a stiff competition and 
sometimes suffering set-backs.  

 
The lack of formal education, competence and obvious commercial interests are 
probably the major reasons for this situation. 
 
Aluminium has a bright future as a structural material, but only based on following 
prerequisites: 
 

• A comprehensive upgrading of the materials position at the educational 
institutions. 

• The development of detailed cost studies for the respective potential 
applications. 

 
An example is the rapid and comprehensive use of aluminium in structural components 
in the automotive industry. This development takes place as a joint development 
between strongly motivated commercial interests, i.e. of the aluminium and the 
automotive industries (Figure 2201.01.12) and (Figure 2201.01.13). 
 
Provided the required development regarding  education and commerciality takes place, 
aluminium has a great potential for making its way into new industries and applications 
as well as regaining most of the lost positions. 
 
 

alu

Training in Aluminium Application Technologies

Car Body Frame Used for Racing Cars
Built 1990 2201.01.12
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alu

Training in Aluminium Application Technologies

An Aluminium Bodied Landrover Used 
for Off Road Racing 2201.01.13

 
 
 

Criteria for Selecting Aluminium 

 
All structural materials have different properties and technical characteristics, and 
consequently differ in their suitability for a given application. For some obvious cost 
reasons, aluminium will not become an alternative structural material in all cases, even 
though its use would be technically possible. 

In order to evaluate whether aluminium could be the right material in a specific 
application some  decision criteria must be considered: 

• Weight reduction 
• Maintenance aspects 
• Product costs 
• Load criteria 
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Lightweighting 

 
Since, for all structural applications, aluminium will provide substantial weight saving 
compared with traditional structural materials such as steel and concrete, all applications 
where lightweighting has a commercial value are obvious candidates for aluminium 
utilization. 
 
Consequently, in the transport industry where fuel consumption is crucial for the 
economy of a product, aluminium has a very strong position (aeroplanes, boats, 
railways) as well as the greatest development potential (automotive). 
 
A very often overseen effect of the lightweighting aspect is the downsizing effect. This 
can be illustrated by focusing on a cable bridge where a substantial weight saving of the 
bridge deck structure will also result in the possibility of downsizing towers, cables and 
fundaments. A total application economy should therefore be introduced in order to find 
the right solution for any structure. 
 
 

Maintenance Aspects 

 
Most aluminium alloys require low maintenance because of their good corrosion 
resistance. This can be illustrated by Figure 2101.01.14. Therefore, aluminium is an 
excellent candidate for all applications where the benefit of freedom from initial 
protection and maintenance yields a commercial benefit. A general problem in many 
product developments is still the lack of life-cycle cost evaluations. 
 
A tendency to select the cheapest alternative at the initial cost level could very well 
result in higher life-cycle costs compared with other, initially more expensive solutions. 
There is an increasing experience that life-cycle cost decision criteria will lead to 
growing utilization of aluminium. 
 
 

Product Costs 

 
Aluminium is a more expensive material (per kg)  than most alternative structural 
materials. However, due to its low weight (resulting in cheap handling) as well as due to 
modern joining technologies and the possibility of developing functional combinations 
through utilizing especially shaped extrusions, labour costs become relatively low 
compared to cheaper alternative materials. 
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Training in Aluminium Application Technologies

alu General Corrosion Behaviour of Al and Steel - 
a Factor of Maintenance Costs

2201.01.14

General Corrosion Behavior

Rate of corrosion in a marine environment: Steel: vSt = kSt ⋅ t
Aluminium: vAl = kAl ⋅ t1/3

1 2 t (yrs)
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Aluminium
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Steel

Aluminium

After 20 years in sea water: 
Average corrosion rate/year: St52/Al 10-40/1

Or:

Consequence:

Virtually maintenance free construction
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alu 2201.01.15

1.2
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Examples: Sture oil terminal: Pipe supports and access systems

Bridge structure: Connection bridge (105 m long) between 2 platforms

Capital Expenditures for Al-Structures Relative to Steel-

Structures (Effects of Weight an Maintenance are Included)

Capital Expenditures for Al-Structures

 
 
 
In Figure 2101.01.15, an illustration of the consequences of this phenomenon is 
presented. 
 
This diagram (Figure 2101.01.15) is developed based on competitive bidding of 
aluminium applications in competition with equivalent steel alternatives. The diagram 
shows that with a weight saving of 50% compared to steel in conventional outfitting 
structures (stairs, stairtowers etc.), the aluminium alternative yields the same initial costs 
as the steel alternative. If the aluminium product becomes more than 50% lighter, 
aluminium is the cheapest material alternative - the lightweighting and maintenance 
aspects having been considered. 
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For primary structures (bridges, etc), approximately 63% weight saving is required 
before product cost equivalence aluminium/steel is achieved. If such a weight saving is 
not achievable, secondary effects like lightweighting, downsizing and low maintenance 
costs are needed to evaluate whether aluminium is an optimum  material selection or 
not. 
 
 

Load criteria 

 
Theoretical weight savings close to 70% compared with steel and 95% compared with 
concrete are achievable. Consequently, aluminium has the potential of becoming the 
cheaper alternative already on a product cost level. 
 
Whether such weight savings are achievable or not depends on the load criteria. The 
higher the dead load/live load ratio, the higher the weight saving which can be expected 
By the example of  a 105 m long bridge Figure 2101.01.15 illustrates where the dead 
load for the steel alternative represents 80% of the total load. By changing to aluminium 
the dimensioning load was reduced resulting in 65% weight saving and product costs 
10% less than for the steel alternative. Consequently, long span constructions especially 
with high dead load/live load ratio are obvious candidates for aluminium utilizations. 
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2501.01 Introduction to Fire Technology 

 

• General facts about fire 
• Spread of fire 
• Smoke and fire gases 
• Fire resistance tests 
• Tests 

 
 

2501.01.01 General Facts about Fire 

 

Fire is an accident which can cause great damage on structures and injure people. In 
engineering, fire is an accidental load which has to be taken into consideration. It has 
been performed very little research work on the subject aluminium alloy structures and 
fire. But some facts can be stated: 

• aluminium alloy structures are non combustible and will for that reason not 
contribute to the combustion in a fire, 

• aluminium alloys melt at 580 - 660 °C, 

• most aluminium alloys have lost about 50% of its original strength at 180 - 
250 °C, 

• aluminium alloy structures which have requirement to fire resistance, must 
usually be insulated. 

 
In this part of the course we shall learn a little about fire, fire testing, fire protection 
philosophy, aluminium alloys at elevated temperatures, insulation materials and 
techniques, and fire technical design of aluminium alloy structures.   
 
For fire to occur the following prerequisites must be fulfilled in a specific proportion: 

• combustible material 

• oxygen (air) 

• heat 
 
The combustible material can be: 

− solids 
− liquids 
− gases 

 
Gases having critical mixtures can ignite spontaneously when exposed to a heat source. 
Both liquids and solids have to be warmed up to volatilize combustible gases before 
they ignite. It is always a combustible gas which burns after being  produced by heating 
combustible material. 
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Oxygen is needed for combustions of almost every combustible material. The oxygen 
content of the air is usually sufficient. 
 
When combustible material is ignited, the fire will often produce enough heat to keep 
the volatilizing of combustible gases going, otherwise the fire will stop by itself. The 
production of combustible gases from solids is called pyrolysis. Pyrolysis requires a lot 
of energy and the surface temperature of burning solids must be high (more than 400 
°C). 
 
When liquids are burning, it is sufficient that combustible gases evaporate from the 
surface. This will happen at much lower temperatures than for solids. For many liquids  
evaporation takes place already at room temperature. 
 
The flame we see in a fire is the glowing of soot particles. The glowing stops at about 
540 °C and the border of the flame will have this temperature. The flame colour is 
dependent on the temperature distribution in the flame and the fuel. 
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As shown in Figure 2501.01.01 a fire in a room goes through 3 phases [1]: 

   Phase I  :  Growth period 

   Phase II :  Fully developed fire  

   Phase III :  Decay period 
 
During the growth period the fire is localized in the vicinity of its origin, and the 
average temperature of the room is low. 
 
The transition to the fully developed fire is called "flashover" and involves a rapid 
spread from the area of localized burning to all combustible surfaces within the room. 
During the fully developed stage of a fire, the rate of heat released reaches a maximum. 
Flames may emerge from any ventilation opening, spreading fire to the rest of the 
building, either internally or externally. 
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The decay period is identified as the time when the average temperature has fallen to 
80% of its maximum value. In this period most of the combustible material is burnt. 
 
The temperature and the duration (the fire rate) of a fully developed fire are dependent 
on 

− the quantity of combustible material 
− the oxygen supply 
− the thermal properties of the surrounding partitions 

 
An increase in quantity of combustible material will mean an extension of the duration 
of the fire and a slight rise of temperature. 
 
An increase in the oxygen supply will result in a considerably higher temperature in the 
compartment in fire and shorten the duration of the fire (the combustible material burns 
more rapidly). 
 
With sufficient oxygen supply it will be the type and shape of the combustible material 
which will govern the fire rate. 
The heat loss from a compartment in fire will depend on the free openings and the 
thermal properties of the partitions. Very good insulated partitions will conduct only 
small quantities of heat to the unexposed side, and the average temperature of the 
compartment in fire will increase. 
 
 

2501.01.02 Spread of Fire 

 
A fire can spread from its origin compartment to surrounding compartments and 
buildings in three ways: 

− by radiation 
− by conduction 
− by convection 

 
Heat radiation from a source is described by Stefan Boltzmann’s law. 
 
Heat radiation exposure to a building element or a body is dependent on the temperature 
of the heating source, the size of the source and the distance between the source and the 
exposed element or body. 
 
Combustible material exposed to heat radiation can ignite spontaneously. In a fire the 
heat radiation source can be the windows and door openings of the compartment in fire 
(Figure 2501.01.02). 
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Spread of Fire by Radiation

Source: Elkem Rockwool, 1991

(From a Burning Timber House to Another)

 
 
 
The heat conduction through a partition can be so high that the temperature on the 
unexposed side may ignite combustible material laying close to the partition          
(Figure 2501.01.03). 
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Spread of Fire by Heat Conduction

Source: Elkem Rockwool, 1991

(Through a Steel Member Crossing a Brick Wall to Ignite a Timber Column)

 
 
 
In a fire confined to a compartment a lot of combustible gases do not burn because of 
the lack of oxygen. These hot gases will convect to other areas of the building through 
openings, cavities etc. Coming to areas with more oxygen these gases will ignite and 
burn (Figure 2501.01.04). 
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Spread of Fire by Heat Convection
(Through a Cavity)

Source: Elkem Rockwool, 1991

 
 

 

2501.01.03 Smoke and Fire Gases 

Fire produces a lot of smoke and gases. Hot smoke and fire gases are lighter than cold 
air and for this reason will rise. In a compartment fire it will always be a layer of fresh 
air near the floor until the fire is extinguished and the smoke is cold. 

The firegases are more or less toxic. Most fire casualties are caused by toxic gases, and 
particular by carbon monoxide which is the most usual toxic gas in a fire. There are, of 
course, more toxic gases, but they usually exist in a much lower concentration. 

Hot smoke (air) is also dangerous to breath not only because of soot but also because of  
the high temperature. The soot deposits in the respiratory passages and hot air destroys 
the lungs (air temperature above 150 °C). 
 
 

2501.01.04 Fire Resistance Tests 

The authorities impose requirements to the fire resistance of constructions and 
partitions. Fire resistance is defined as: 

• the time in minutes during which a construction element resists a standardized 
thermal load while still retaining the required characteristics. These 
characteristics are the loadbearing capacity and/or a separating function as a 
partition. 
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A standardized thermal load is described in ISO 834 as: 
 
 T - T0  = 345 log (8t + 1) 

where:  
 T =  fire temperature in ° Celsius 
 T0 =  temperature at the start of the fire in ° Celsius 
 t =  time in minutes 

The oil industry in the North Sea defines another standardized thermal load, the so-
called HC-fire (hydrocarbon fire) [14]. This thermal load is defined as (see also 
Figure 2501.01.05): 

 Tt  =  1100 (1-0,325 exp (-0,167t) - 0,204 exp (-1,417t) - 0,471 exp (-15,833 t)) 

where:  
 Tt =  fire temperature in ° Celsius 

 t =  time in minutes 
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To determine the fire resistance of a construction or partition, standardized fire tests can 
be performed. In a fire test the specimens are put on, at or in a furnace which is capable 
of subjecting the test specimens to the standardized thermal load. A test procedure  
(Figure 2501.01.06) is described in ISO 834 [5]. 
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The test specimens shall be heated in the prescribed manner until failure occurs under 
any one of the relevant test requirements: 

load bearing capacity 
insulation 
integrity 

 
− Load Bearing Capacity 

For load bearing structural elements, the test specimen shall not collapse in such a 
way that it no longer performs the load bearing function for which it was constructed. 

 
− Insulation 

For elements of structure such as walls and floors which have a function of 
separating two parts of a building 

• the average temperature of the unexposed face of the specimen shall not increase 
above the initial temperature by more than 140° C. 

• the maximum temperature at any point of this face shall not exceed the initial 
temperature by more than 180° C and shall not exceed 220° C, irrespective of the 
initial temperature. 

 
− Integrity 

Initial integrity failure will be deemed to have occurred e.g. when a cotton pad is 
ignited or when sustained flaming, having a duration of at least 10 s, appears on the 
unexposed face of the test specimen. 

Ultimate integrity failure should be deemed to have occurred when collapse of the 
specimen takes place or at an earlier time on the basis of criteria stipulated before and 
differing from case to case. 
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In the Construction Product Directive submitted by the Commission of the European 
Community, fire resistance is defined as an essential requirement to protect life, health 
and property. 
 
The criteria by which fire resistance is assessed are the following: 

• Load bearing criteria (R) 
• Insulation criterias  (I) 
• Integrity criteria  (E) 
 
As described earlier fire resistance is related to the time in minutes during which a 
construction element resists a standardized thermal load while still retaining the required 
functions R, I, E or combinations of these. 
 
Requirements to fire resistance for different construction elements can be: 

• Load bearing column or beam :  R60 
(60 mins. load bearing capacity) 

• Non structural partitions:  IE60 
 (60 mins. resistance against high surface temperature on the unexposed side and 

tightness for flames, gas and smoke). 
 

 

2501.01.05 Tests  

 

There are a lot  of national and international tests and procedures covering various fire 
resistance characteristics: 

• non combustibility:    ISO 1182 

• limited combustibility:    ISO 1716 

• ignition properties:    ISO 5657 

• heat of combustion:    INSTA 412, ISO 5660 - 1 

• smoke development    INSTA 412, ISO 5660 - 1 

• flame spread     IMO Res. A653 (16) 
 

 Several test procedures and apparatuses exist for the testing of different building 
elements such as cladding, flooring, ceiling, roofing, structure etc. 
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2501.02   Fire Protection Philosophy 

 
• Passive fire protection 
• Active fire protection 

 
 
The philosophy of protecting a structure from collapse during a fire is: 

− to warrant a safe escape for the people inside the structure 

− to safeguard the value of the structure and its contents as much as possible 

− to prevent fire from spreading to surrounding areas and buildings 
 
To achieve these goals the authorities have imposed some requirements. These 
requirements are different in each country, but mainly they deal with: 

• fire escape routes 

• fire alarm systems 

• fire resistance of structures 

• fire walls and/or fire rated partitions 

• the use of combustible materials 

• fire extinguishing systems 

• smoke control systems 

 

The importance of these items is different for a hospital, a hotel, a factory etc. For 
buildings containing people, the emphasis is laid on the security of safe escape, either 
assisted escape or escape by oneself. 

 

For buildings containing few people, but with a valuable content, the emphasis is laid on 
the security of avoiding fire spread and protecting the value. 
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This is illustrated in the following table: 

 

Safe escape Protect value Avoid fire spread  

A C C Fire escape route 

A B C Fire alarm systems 

C B A Fire resistance of structures 

C A A Fire walls/partitions 

B C C Use of combustible materials 

B A A Fire extinguishing 

B A A Smoke control 

A : Stringent demands to 

B : Requirements to 

C : Minor requirements to 

 
 

2501.02.01 Passive Fire Protection 

 
Passive fire protection of a structure means that the structure is insulated in such a way 
that the temperature rises in the structure and/or on the unexposed side of the structure is 
lower than the maximum allowable temperatures. 
 
As insulation materials for passive fire protection of a structure, the following materials 
can be used: 

• Rockwool 

• Ceramic fibre 

• Calcium silicate plates 

• Vermiculite plates 

• Gypsum plates 

• Intumescent materials 

• Spray-on cement based materials 
 
Spray-on cement based materials will destroy aluminium's good ability to corrosion 
resistance and are for that reason not recommended as fire insulation of aluminium alloy 
structures. 
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Intumescent materials have to be specially tested on aluminium structures to check out 
the necessary thickness of the layer. 
 
The advantage of passive fire protection systems is that the system is always intact and 
will act as a protection without any automatic or manual controls, and that it is easy to 
detect if it is destroyed. 
 
Use of intumescent materials may be in the borderland between active and passive 
protection since the material has to swell out before it will act as a protection. 
 
 

2501.02.02 Active Fire Protection 

 
Active fire protection is protection which is to be activated when the fire starts. 
 
Active fire protection can be automatic extinguishing systems, cooling systems, alarm 
systems, shut down systems etc. 
 
The purpose of the active fire protection can be: 
 
− to extinguish the fire   

• sprinkler systems 
• foam systems 
• powder systems 
• halon systems 

 
− to bound the fire    

• smoke evacuation system 
• water curtain 

 
− to cool equipment/structures   

• deluge systems 
• smoke evacuation system 

 
− to alarm people/activate systems 

• detection systems 
 
− to stop the fuel supply   

•  shut down systems 
 
Usually an automatic detection system is used together with one or more of the other 
systems mentioned above. 
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2501.03 Regulations 

 
• Objectives 
• Building regulations 

 
 

2501.03.01 Objectives 

 
The requirements for fire prevention of buildings are stated in national or regional 
building regulations. 
  
The requirements usually depend on: 

• the use of the building 
• the height of the building 
• the area of the building 
• how the building is situated 

 
In a building there are different requirements for: 

• main bearing structures 
• secondary bearing structures 
• floors 
• walls 
• roofs 
• staircase 
• cladding  
• roofing 

 
The requirements for the cladding and roofing usually depend on the inflammability of 
the material. Aluminium cladding and roofing belong to the group of non-combustible 
materials. 
 
For the other building elements there are requirements for fire resistance with respect to 
structural integrity or partitioning functions or both. 
 
Regulations for ships, the offshore oil industry and transportation industry also contain 
sections about requirements for fire resistance and other technical details concerning fire 
prevention. 
 
For marine applications there are several international regulations containing 
requirements for the use of various materials in different kinds of ships and also 
containing specific requirements for fire resistance of bulkheads and decks (SOLAS). 
Moreover, concerning the offshore oil industry e.g.  Norway and Great Britain have their 
own regulations for fire prevention on oil platforms and oil rigs. 
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2501.03.02 Building Regulations 

 
Many nations have their own building laws and regulations. The building regulations for 
some of the nations are listed below: 
 
 Denmark Bygningsreglement 1982 
 
 France  Brochure No. 1477, Tomes 1 à XI, Securité contre l’incendie.  
   Etablissements recevant du public. 
 
 Germany TGL 10685 - Bautechnischer Brandschutz, in addition                     
         regional building regulations. 
 
 Norway  Byggeforskrift 1987 
 
 Spain  Norma basica de la edificación NBE CPI - 82. Condiciones de        
                                    protección contra el fuego de los edificios 
 
 Sweden  Nybygnadsregler, BFS 1988:18, BFS 1990:28 
 
 United Kingdom The building regulations 1985 
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3101  Machinability of Aluminium Alloys 

3101.01 Definition of machinability 
3101.02  Forms of aluminium chips 
3101.03  Surface of machined aluminium alloys 
3101.04 Tool wear while machining aluminium 
3101.05  Cutting force for machining aluminium 
3101.06  Classification of aluminium alloys in groups with similar   
  machinability 

Compared to other construction materials, aluminium is easy to machine. However, 
considering the wide range of alloys available, it is necessary to go into details regarding 
the machining characteristics of aluminium alloys. In this chapter such machinability 
characteristics will be defined. 
 
 

3101.01 Definition of Machinability 

 
The term machinability includes all those properties which are relevant for the 
machining and cutting process: 

• the wear of tools 
• the necessary cutting force 
• the resulting form of the chips 
• the quality of the surface produced (Figure 3101.01.01). 
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Machinability is not a material property which can be defined using a single 
characteristic parameter. It is, in fact, a complex technological term. The machinability 
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depends both on the physical and chemical properties of the aluminium as well on the 
fabrication process used to produce it.  
 
 
The Machining Process 

The kinematical arrangement of tool and workpiece is by far the most decisive criterion 
for the machining process. Strictly speaking, the term machinability should be defined 
separately for each individual machining process (turning, drilling etc.). Because of the 
clearly defined arrangements of tools and workpiece, the term machinability applies 
generally to the turning process. 

The technology used for the machining process itself depends on a number of 
independent parameters (see also Figure 3101.01.02): 

Cutting parameters and tool geometry: Even these parameters exert 
considerable influence. Currently guidelines exist giving the most efficient 
settings of these values for aluminium. 

The machines used: This governing parameter has a special importance as far as 
aluminium is concerned; both the condition of the machine as well as its design 
must fulfil the special conditions required for cutting aluminium. 

Material of the cutting tool: This criterion is very important, especially when 
machining aluminium. 
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3101.02   Forms of Aluminium Chips 

 
The form of the aluminium chips is an important criterion, especially when one bears in 
mind the very large volume of chips created while machining aluminium. The general 
aim is to obtain short cylindrically wound chips, spirally wound chips and spiral chips. 

A large variety of aluminium chip forms exist so that, depending on the aluminium 
alloy, almost all known forms of chips can be produced. Generally the basic guideline 
is: the harder and stronger the aluminium alloy, the shorter the chips. This leads to the 
following general rules: 

• Pure aluminium and soft wrought alloys produce extremely long chips, 
making it essential to introduce special corrective measures (chip breakers 
on the tools). 

• High-strength wrought alloys (e.g. AlMg5, AlMgSi1,0) present no problems 
as far as chip form is concerned. 

• Hypoeutectic casting alloys (G-AlSi8Cu3, G-AlSi10Mg etc.) lead to the 
formation of short coiled and spiral chips which can be removed easily.  

• Eutectic casting alloys (G-AlSi12) tend to produce longer chips. 
• Hypereutectic casting alloys (piston alloys) inevitably lead to the formation 

of short fragmented chips which can in some cases be difficult to remove. 

Machining alloys are a special group of alloys containing low-melting soft metals which 
help in forming the preferred short chips. Machining alloys, especially the leaded variety 
AlCuBiPb, are widely used. 

One of the technological parameters affecting the form of chips is the tool geometry. 
Thus, a reduced rake angle tends to form shorter chips in alloys which would otherwise 
deliver long chips (Figure 3101.02.01). 
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Chip form diagrams can be compiled, thereby making it possible to consider the 
machining criterion „form of chips“ in setting up the cutting routine. These diagrams 
show the regions for best chip forms as a function of the variables cutting speed, feed 
and depth (Figure 3101.02.02).  
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3101.03 Surface of Machined Aluminium Alloys 

 
In general, the quality of the surface produced by machining depends on three 
independent parameters: 
 

• The kinematical roughness: This is the theoretical depth of roughness 
(peak-to-valley height), calculated on the basis of the relative movement of 
tool and workpiece. 

• The machined surface roughness: This reflects the separating behaviour of 
the material, i.e. the typical characteristics of aluminium alloys in regard to 
surface quality.  

• External influences: Such influencing parameters (stability of system, 
condition of cutting edges etc.) become extremely important especially when 
machining aluminium at very high speeds.  

 
In general, the machined surface roughness, i.e. the influence of material on the quality 
of the cut surface, adheres to the same rules that apply to the form of chips. The 
following rule applies for wrought alloys at least: the higher the strength and hardness of 
the wrought alloy to be machined, the smoother is the surface produced.  
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As far as casting alloys are concerned, the micro-structure exerts a certain influence, i.e 
hard particles embedded in a soft matrix can be gouged out, resulting in rougher 
machined surfaces. On the whole, the quality of the surface produced by machining 
casting alloys can also be classified as being good to very good.  
 
The purity of the material used is of paramount importance for special-purpose 
aluminium alloys (e.g. hard disks for storage and drums for copying machines) which 
have to be machined to deliver extremely smooth surfaces (Rt< 0.1 µm). To fulfil these 
conditions, the wrought aluminium materials used must have an extremely uniform 
micro-structure, free from inhomogenities and impurities. 
 
The cutting speed is an important machining parameter which influences the surface 
quality. In general, the roughness is inversely proportional to the cutting speed. At low 
cutting speeds the roughness of the surface produced increases dramatically, due to the 
increased edge build-up. The region of low cutting speeds must, as a rule, be avoided 
when aluminium is to be machined. Edge build-up is a phenomenon which is typical for 
aluminium and is caused by the periodical sticking and removal of aluminium particles 
deposited on the cutting tool (Figure 3101.03.01).  
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The influence of the tool construction on the quality of the surface produced can be 
ascertained from the previously mentioned process: It is important that the chips can 
glide smoothly over the cutting tool surface. This means that a sufficiently large rake 
angle, good lubrication and a smooth cutting tool surface are essential. A clean smooth 
surface cannot be obtained using worn cutting tools. 

Based on the factors which affect the surface quality, the machining operation can be 
divided into four separate regions: 
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Region I: Due to edge build-up, the surface quality is unsatisfactory, the 
cutting action being replaced by tearing. This region must be avoided. 

Region II: Decreasing surface roughness with increasing cutting speed. 
Region III: Increasing influence of interferences, e.g. tool chatter and machine 

vibrations in a region which is otherwise suitable for machining aluminium. 
Thus, to obtain the best results the machines used have to be specially 
designed for aluminium. 

Region IV: Poor surface quality caused by virtual chips. These virtual chips are 
an accumulation of the material being worked and which stick (weld) to the 
surface of the tool, thereby scratching the freshly cut surface. Such build-ups 
are produced during the machining of casting alloys using worn tools and 
high cutting speeds (Figure 3101.03.02). 
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3101.04   Tool Wear while Machining Aluminium 

 
Scouring (as is typical for steel) is practically not observed while machining aluminium. 
The tool wear while machining aluminium occurs due to abrasion of the free surface. 
Consequently, the deciding criterion for measuring tool life objectively is the wear 
width VB. The wear of the free surface depends on the temperature and is caused mainly 
by abrasion. While using carbide-tipped tools one normally assumes an allowable 
maximum value of 0.3 to 0.5 mm for VB (Figure 3101.04.01). 
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As far as wear is concerned, the material of the workpiece and the cutting parameters are 
equally important.  
 
The material of the workpiece has a very important influence. The following model can 
help us understand the basic underlying principles: The process of cutting can be 
considered to be a grinding process in which a grinding disk (= the aluminium material 
to be cut) causes wear of the workpiece (= tool). In fact the aluminium piece to be 
machined consists of an aluminium matrix in which hard particles are embedded. The 
desired abrasion of material during grinding is identical to the undesired free surface 
attrition (wear) of the tool. Based on this model, the most important correlations of the 
wear process can be derived: 

• Wear increases with the number of large hard particles which are embedded in 
the aluminium workpiece. Such particles could be primary precipitations of 
silicon particles in a hypereutectic alloy. This is the reason that aluminium 
castings cause high wear of tools. The wear is extremely high in the case of cast 
hypereutectic piston alloys. On the other hand, wrought alloys with low silicon 
contents cause a minimum of tool wear (Figure 3101.04.02). 

• Wear increases with the strength of the material. Hard particles embedded in a 
soft matrix can be gouged out easily. However, if the matrix material is harder, 
inclusions cannot be removed easily, thus increasing tool wear.  

• Finally, wear depends on the wear resistance of the free surface of the tool.  
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As far as cutting conditions are concerned, cutting speed has the greatest influence on 
tool life. The correlation between cutting speed, v, and tool life, T, is given by Taylor’s 
equation:  v C Tc

k= ⋅ 1/ . This equation, which can be depicted as a straight line in a 

double logarithmic scale T-v, correlates very well with experimental values. Such 
straight life-lines can be derived to show the varying tool wear for different aluminium 
alloys.  
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The diagram shown in Figure 3101.04.03 is an example for gravity die casting alloys. It 
is not possible to plot wrought alloys in this diagram. In the case of wrought alloys, the 
tool life is measured in number of shifts or days rather than in minutes. Because of the 
much greater experimental effort required, T-v curves have not been constructed for 
wrought alloys. 
Since tool wear also depends on other cutting conditions, the life-lines are valid only for 
a definite set of cutting conditions. Further factors which influence tool wear are: 
 

• Cooling lubricants. Efficient cooling can reduce tool wear. 
• Cutting interruptions. These increases tool wear. Pores in the material act as 

interruptions during cutting. 
• Feed and cutting depth. Tool wear tends to increase with increasing chip 

cross-section. 

 
 

3101.05 Cutting Force for Machining Aluminium 

 
The influence of material is reflected in the so-called specific cutting force ks1.1 
introduced in 1957 by O. Kienzle, who used an empirical equation for its calculation. 
Because of its ease of use, this equation has come to be widely accepted. The specific 
cutting force gives the correlation between cutting force, material and chip dimensions. 
The specific cutting forces for the different aluminium alloys can be obtained from 
tables. In general, the following rules apply: 

• Different alloys have varying specific cutting forces, the variations being, 
however, relatively small.  

• In general one can assume that the specific cutting force for aluminium is 
about 30 % that of steel. 

• The specific cutting force can not be derived from either the chemical 
composition or the physical properties. 

• The specific cutting force has to be determined experimentally for each 
individual case. 

 
 
The cutting force required depends not only on the dimensions of the chips but also on 
the cooling lubricants used and the tool construction: 

• A cooling lubricant has opposing influences: The cooling action reduces the 
temperature at the shear zone thus tending to increase the cutting force 
required. At the same time, the lubricating action eases chip motion, thereby 
reducing the cutting force required. 

• As far as the tool geometry is concerned, the cutting force can be influenced 
by the rake angle, γ. A larger rake causes less chip compression resulting in 
a lower cutting force (Figure 3101.05.01). 

• The wear condition of the cutting edge has a relatively large influence. As a 
consequence, the cutting force increases with machining time. 
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3101.06 Classification of Aluminium Alloys in Groups with Similar Machinability 

 
From the influence of the different parameters as mentioned above, it is clear that the 
correlations are much too complex to be of help in planning the machining operation. 
This is especially true for those cases in which the optimum cutting conditions have to 
be chosen from data bases for operating fully automatic cutting machines. 
In order to make it possible to handle the very large palette of available aluminium 
alloys, it is recommended to classify these in groups having similar machining 
characteristics. The following classification is adopted: 
 

Group 1: Wrought aluminium alloys of low strength  

Group 2.1:  Wrought aluminium alloys of high strength 
Group 2.2:  Free-machining alloys 

Group 3.1:  AlSi casting alloys with up to 10 % Si 
Group 3.2:  Eutectic AlSi casting alloys 
Group 3.3:  Hypereutectic AlSi casting alloys 

 
These alloy groups are described in the following table. 
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Classification of Aluminium Alloys Based on Machining Characteristics 
 

Group        Alloy type Alloy example Characteristic machining             

            properties 

Group 1: 
Wrought low 
strength  
Al alloys 

• Non-heat-treatable 
alloys in soft or 
partially hardened 
state 

• Heat-treatable alloys 
in unaged condition 

Pure aluminium, 
AlMn, AlMg1, 
AlMgMn 
 
AlMgSi0,5, 
AlMgSi1 

Soft, ductile, homogeneous, low 
strength, no hard components. Sticking  
during machining 
 
Tendency for edge build-up, no virtual 
chips 

Group 2.1: 
Wrought Al 
alloys of 
higher 
strength 

• Non-heat-treatable 
alloys in strained 
condition 

• Heat-treatable alloys 
in aged and/or strain-
hardened state 

AlMn, AlMg1 to 
AlMg5, AlMgMn, 
AlMg4,5Mn 
AlCuMg1, 
AlZnMg1, 
AlZnMgCu0,5 
AlZnMgCu1,5 

Strength between 300 and 600 N/mm² 

with good elongation values, no hard 
components (low tool wear), 
decreasing tendency for edge build-up 
with increasing strength, no virtual 
chips 

Group 2.2: 
Free- 
machining 
alloys 

• Heat-treatable 
wrought alloys with 
chip - breaking 
components 

AlMgSiPb 
AlCuBiPb, 
AlCuMgPb 

Short chips due to presence of chip 
breakers, strength 280 to 380 N/mm², 
low tendency for edge build-up, no 
virtual chips 

Group 3.1: 
AlSi casting 
alloys with 
up to 10 % Si 

• AlSiCu alloys 
 

 
• AlSiMg alloys 
 

AlSi5Cu1, 
AlSi6Cu4, 
AlSi8Cu3, 
AlSiCu3AlSi5, 
AlSi7Mg, 
AlSi9Mg, 
AlSi10Mg 

 Strength up to 250 N/mm² 
 

 
Strength up to 360 N/mm², increased 
tool wear due to hard alloy 
components and inclusions, good chip 
breaking properties and smooth 
surfaces, tendency for edge build-up 
for more than than approximately 5 % 
silicon. Increasing virtual chips 

Group 3.2: 
AlSi casting 
alloys of 
low  
hardness 

• AlSi alloys with about 
12 % silicon 

AlSi12 Low hardness of matrix material. Hard 
metallic alloying components and 
eventually inclusions, high tendency 
for edge build-up and for virtual chips 
 

Group 3.3:  
AlSi-casting 
alloys of 
high 
hardness 

• AlSi alloys with over 
12 % silicon 

AlSi18CuMgNi,  
AlSi21CuNiMg,  
AlSi25CuMgNi,  
AlSi17Cu4FeMg 

Medium strength, high hardness, very 
low ductility. High wear caused by 
very hard intermetallic constituents 
and primary silicon; high tendency for 
edge build-up and for virtual chips 
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3102 Tools for Machining Aluminium 

 
3102.01 Survey of appropriate cutting materials 
3102.02 Machining aluminium with high-speed steel 
3102.03 Machining aluminium using carbide-tipped tools 
3102.04 Machining aluminium with diamond 
3102.05 General remarks regarding tool design 
3102.06 Milling tools 
3102.07 Drills 
3102.08 Saws 

 
 
Tools suitable for machining aluminium differ from those required for machining steel 
in as far as both the geometry and the cutting tool material are concerned. Aluminium 
cannot be worked with tools which are used for steel. This chapter will specify the 
cutting materials and tool forms most suitable for machining aluminium. 
 
 

3102.01 Survey of Appropriate Cutting Materials 

 
Aluminium is machined using tools made of tool steel, high-speed steel, cemented 
carbides and diamond (Figure 3102.01.01). 
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Ceramic cutting materials are not recommended for machining aluminium since the 
matrix of this material has a chemical affinity for the aluminium thus making it difficult 
to achieve a satisfactory operating life. 

Synthetic cutting materials which can be successfully used for machining steel, are not 
suitable for aluminium. Thus, tools made of cubic crystalline boron nitride (CBN) are 
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very susceptible to free surface wear and scouring. Such tools fail within a short period 
even at medium cutting speeds of lower than 1000 m/min. 

Even tools with coated cutting edges have proved unsatisfactory. Such tools consist of a 
relatively tough substrate coated with a thin film of hard material, thus combining good 
wear properties together with a high toughness. However, since titanium compounds are 
mostly used as coating material, the same phenomenon occurs as in the case of ceramic 
cutting tools; titanium diffuses out of the hard coating so that this soon loses its 
effectiveness. 
 
 

3102.02 Machining Aluminium with High-Speed Steel 

 
High-speed steels offer the following advantages: high toughness, high bending 
strength, ease of working, low price. Toughness is important, especially since the slim 
form of the cutting tool typically used for cutting aluminium has a higher tendency to 
break than tools with a negative geometry (as are typical for cutting steel). The property 
of high-speed steel which makes it comparatively easy to form (compared to other tool 
materials) is especially helpful in designing complicated tool forms (twist drills, form 
and profile cutters). 
For machining aluminium, the following main types of tools are used: 
 

• twist drills S 12-1-1 
• taps S 9-1-2 
• milling cutters S 12-1-2 
• form turning tools S 12-1-4 
• profiling tools S 12-1-2 

 
These are mostly made of steel with 12 % tungsten having a relatively high hardness, 
low bending strength and good temperature stability. 
 
HSS steels have a lower resistance to free surface abrasion (the characteristic wear 
criterion for aluminium) than carbide-tipped  or diamond tools. HSS tools are used 
almost only for wrought aluminium alloys since it is only here that an acceptable tool 
operating life can be attained. Wrought alloys contain only few hard inclusions and thus 
cause little tool wear.  
 
As an added precaution, the cutting parameters chosen should be such that the 
temperature does not rise too high. This can be achieved mainly by choosing limited 
cutting speeds - mainly below 500 m/min (Figure 3102.02.01). 
 
High-speed steel tools can also be used to drill abrasive castings in cases where the 
cutting speed is limited due to process technology reasons Figure 3102.02.02). 
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3102.03 Machining Aluminium Using Carbide-Tipped Tools 

 
The use of carbide tipped tools is gaining in popularity. Casting alloys which have a 
relatively high abrasive action are mostly machined using carbide-tipped tools. High 
cutting speeds which are characteristic for machining aluminium, cannot be used with 
HSS tools.  

For economic reasons, carbide-tipped tools are being increasingly used for machining 
the less abrasive wrought alloys also. The extremely long tool operating life - of one 
week or more - and the high cutting speeds attainable, more than compensate for the 
higher price of carbide-tipped tools. 

The K01 and K10 type of tools with high WC contents have proven to be very 
successful for machining aluminium. The titanium carbide (TiC) types of tools are not 
suitable for machining aluminium since the high affinity of TiC for aluminium causes 
an intolerable diffusion out of the hard surface. The K type tools have a very fine-
grained structure so that it is possible to obtain smooth cut surfaces and edges with low 
roughness. This is indeed one of the top priorities while machining aluminium. 

Because of the above mentioned reasons, coated hard metals are not suitable for 
machining aluminium. 
 
 

3102.04 Machining Aluminium with Diamond 

 
The extremely high hardness of diamond makes it a very suitable material for cutting 
tools. Such tools are used especially for machining hypereutectic AlSi alloys (piston 
alloys) which, due to the coarse silicon inclusions present, are extremely abrasive and 
thus very difficult to machine. Compared to carbide-tipped tools, diamond tools have 
longer operating lives (Figure 3102.04.01), higher precision and better operating 
stability. It is essentially this last property which makes them ideal for use in automatic 
machines which are typical for the automotive industry. 
 
Currently polycrystalline diamond (PCD) tools are widely used since these possess 
much better isotropic mechanical properties than monocrystalline (natural) diamonds. 
PCD tools are less sensitive to impact loading and can be used where interrupted cutting 
actions occur (Figure 3102.04.02).  
 
PCD tools have cutting properties which are much superior to those of carbide-tipped 
tools. Depending on the cutting conditions, PCD tools are about 40 to 100 times more 
efficient than carbide tools. This means that in individual cases the operating life of 
PCD tools can be up to 100 times longer than that of carbide tools thus more than 
compensating for their higher price.  
 
The wear characteristics indicate that Taylor’s rules are valid for diamond tools also. 
Free surface wear without scouring is observed on diamond tools. Close to the end of 
the operating life, a rounding of the otherwise sharp tool cutting edge is observed. 
Intensive cooling of the cutting edge is an effective method of increasing operating life.  
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3102.05 General Remarks Regarding Tool Design 

 
 
Tools have to be designed keeping the processes which occur at the cutting edge in 
mind. These processes depend on the material, i.e. ductility, plasticity and other material 
properties of the aluminium workpiece influence the chip type produced and 
consequently the tool design. 

• A positive cutting angle should be used for tools for machining aluminium. The 
exact values to be used are determined by the tool-workpiece-material 
combination. 

• The cutting edge should be smooth. Tools with polished cutting and free 
surfaces deliver very good results.  

• The tool construction should be such as to allow sufficient stability even at the 
extremely high speeds used nowadays for machining aluminium. This is 
especially important for moving tools.  

These general comments pertain only to the turning process which is characterised by a 
clearly defined arrangement of tool and workpiece. For the other cutting processes, a 
number of other process parameters, which influence the tool design and construction, 
have to be considered. A description of a few such processes follows. 

For turning operations universally adaptable mountings and holders have been 
developed which allow rapid changes. With the help of these it is possible to position 
the tool exactly (precision) and to keep the idle time down to a minimum (economy)  
(Figure 3102.05.01). 
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3102.06   Milling Tools 

 
Characteristic for milling tools is the fact that the chips produced are not removed but 
are instead diverted to closed chip chambers in the tool and are thus transported forcibly 
together with the tool itself. Consequently, this fact has to be considered while designing 
the tool (see Figure 3102.06.01). Since the chip cross section is relatively large, the 
number of cutter inserts used is less than that used for machining steel so that a 
sufficiently large chip room is accounted for. Because of the high cutting speeds used, 
the cutter inserts experience large centrifugal forces and have consequently to be firmly secured. 

Milling tools, at least those having diameters of 100 mm and more, should be statically 
and dynamically balanced.  
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Since the surface quality could be affected by the very high revolving speeds used, the 
milling tools (Figure 3102.06.02) should have a rigid construction and be distributed 
nonuniformly. Due to the nonuniform distribution, the cutters are loaded unevenly, since 
at constant feed rates, the cutting depth changes proportionally to the cutter distance. It 
is important that those cutter inserts which are set to give the precision cut also come 
into action. 
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In some cases, the milling tools are fitted with arrangements for fine adjustments so that 
the individual cutter inserts can be adjusted both radially and axially. Using special 
adjustment equipment, it is possible to adjust the cutters with a precision of up to a few 
µm. For milling machines fitted with PCD tools, this adjustment of the individual 
cutting plates is essential. 

Interchangeable tool holders for aluminium (see schematic diagram Figure 3102.06.03) 
must have the appropriate geometry for aluminium with large rake angle (here 20°) and 
a relatively slim cutting form. 
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3102.07 Drills 

 
During drilling, the chips cannot be transported freely but are instead forced out through 
the relatively narrow flute by frictional forces causing the chips to glide along the inside 
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surface of the hole. When drilling aluminium, the drill used must take the deviation of 
diameter caused by the expansion of the material on one hand, and the differing amounts 
of expansion of tool and workpiece on the other into consideration.  

Twist drills are classified into three groups: N, H and W types (Figure 3102.07.01). 
Each drill type has a different set of point and helix angles. The type W with a point 
angle of 140° and a helix angle between 30° and 40°is suitable for aluminium. 
Standardised drills for aluminium differ from those for steel, the larger helix angle used 
(45°, compared to 25° for steel) being one of the major differences.  

It is generally recommended to use drills having keen cutting edges and polished 
surfaces for aluminium. A high polish in the flutes minimises friction and thus reduces 
material buildup. Since the cutting speeds (ca. 100 m/min) used while drilling are small 
compared to other operations, the danger of material buildup is especially large.  

Aluminium can be drilled using larger feeds than for drilling steel. Consequently, a 
much larger amount of chips has to be transported within the same period of time 
through the flutes. 

Training in Aluminium Application Technologies
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When drilling soft, tough alloys, long coiled chips which can clog the flutes are created. 
Thus it is very important to support the chip transport and removal. This is best achieved 
using drills with as large flute areas as possible and having highly polished flute 
surfaces. Cooling lubricants for the cutting edges also facilitate chip transport.  

In order to improve the efficiency of drilling, numerous types of special drills have been 
developed for different applications. The main types of developments are as follows: 

• HSS drills with special geometric designs. Here special forms of drills have 
been designed to do the individual jobs most efficiently.  

• Hard metal carbide tools are most suitable for drilling aluminium alloys 
having very abrasive properties. The drilling tools are made either 
completely of hard metal or carbide tipped tools are used (Figure 

3102.07.02). 

• Tools tipped with PCD are used for machining piston alloys. 
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3102.08   Saws 

 

Either circular or bandsaws are widely used for cutting aluminium although the latter are 
obviously winning in popularity, especially for sawing compact cross-sections.  

Nowadays, the circular saws used are mostly carbide-tipped (Figure 3102.08.01). Such 
saw blades are made of steel and have individually brazed carbide-tipped teeth of type 
K10. Chip-breaker and finishing teeth are arranged alternatingly on the circumference. 
The chip-breaker teeth are chamfered on both sides. The finishing teeth cut out the 
edges and a certain height difference.  
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The DIN standards 1837 and 1838 classify three types of bandsaws, N, H and W types. 
Type N is preferably used for aluminium. The H type is suitable for sawing very hard 
alloys and the type W for very soft ones. According to DIN 1840, saws with type C teeth 
(bowed teeth with chip-breaking and finishing teeth) and those with type B teeth (bowed 
teeth) are suitable for aluminium.  
Bimetallic bandsaws are used to cut aluminium. The cutting geometry is mostly problem 
oriented, especially since this technology is still in the experimental stages. It is now 
possible to have an acceptable operating life even at very high sawing speeds of up to 
2000 m/min. Bandsaws have economical advantages, since the material cut out with a 
bandsaw is only 10 % as much as that for circular saws. Consequently, valuable metal 
can be saved while cutting compact cross-sections.  
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Guide Values for Milling Wrought Aluminium Alloys 

 
 

Cutting parameter 

 

Tool material**) Low strength     wrought 
alloys  
(e.g. non-heat-treatable in 
unstrained condition or 
heat-treatable in soft 
condition) 

 

High strength 
wrought alloys 
(heat-treated, 
highly strained) 

Rake angle τ in ° HSS 
HM 
Diamond  

15 to 30 
10 to 20 (25) 
2 

15 to 30 
10 to 20 
2 
 

Clearance angle α   
in ° 

HSS 
HM 
Diamond 

9 to 20 
9 to 20 
6 

9 to 20 
9 to 20 
6 
 

Cutting speed 
v in m/min 

HSS 
HM 
Diamond 

up to 1200 
up to 2500  
up to 2500 

up to   800 
up to 2500              
up to 2500 
 

Feed sz*)
 in 

mm/tooth max. 
HSS 
HM 
Diamond 

approx. 0.3    
approx. 0.3 
approx. 0.3 

approx. 0.3    
approx. 0.3 
approx. 0.2 
 

Cutting depth 
a*) 

in mm 
HSS 
 
HM 
 
Diamond 

up to 6 (∇ ) 
up to 0.5 (∇∇ ) 
up to 8 (∇ ) 
up to 0.5 (∇∇ ) 
up to 2.5 (∇ ) 
up 0.5 (∇∇ ) 

up to 6 (∇ ) 
up to 0.5 (∇∇ ) 
up to 8 (∇ ) 
up to 0.5 (∇∇ ) 
up to 2.5 (∇ ) 
up to 0.5 (∇∇ ) 
 

cooling 
lubricant 

HSS 
HM 
Diamond 

(emulsion) 
- 
- 

emulsion 
(emulsion) 
(emulsion)  
 

 *)
 For shank-type milling cutters, the feed is also a function of the milling cutter diameter: 
up to   6 mm milling cutter diameter: 0.1   mm/t (∇∇∇ ∇ ) or 0.08 mm/t (∇∇∇ ∇∇ ∇∇ ∇ ) 
up to 20 mm milling cutter diameter: 0.2   mm/t (∇∇∇ ∇ ) or 0.12 mm/t (∇∇∇ ∇∇ ∇∇ ∇ ) 
up to 50 mm milling cutter diameter: 0.25 mm/t (∇∇∇ ∇ ) or 0.17 mm/t (∇∇∇ ∇∇ ∇∇ ∇ )  

 

**)
 HM = carbide-tipped tools  
 HSS = high-speed tools 
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Guide Values for Milling Aluminium Casting Alloys 

(for silicon-free casting alloys, the corresponding values for wrought alloys are 
approximately valid) 
 

 
Cutting parameter 
 

Tool material**) Casting alloy  
with ≤ 12% Si 

Casting alloy with 
> 12% Si 
 

Rake angle τ in ° HSS 
HM 
Diamond  

12 to 20 
  8 to 20  
2 

- 
8 to 20 
2 
 

Clearance angle  
α   in ° 

HSS 
HM 
Diamond 

10 to 20 
10 to 20 
  6 

- 
10 to 20 
6  
 

Cutting speed 
v in m/min 

HSS 
HM 
Diamond 

up to   600 
up to 1500              
up to 2500 

- 
up to   300                  
up to 1000 
 

Feed sz*) in 
mm/tooth max. 

HSS 
HM 
Diamond 

approx. 0.2    
approx. 0.2 
approx. 0.2 

 
approx. 0.2 
approx. 0.15 
 

Cutting depth 
a*)  in mm 

HSS 
 
HM 
 
Diamond 

up to 6 (∇ ) 
up to 0.8 (∇∇ ) 
up to 8 (∇ ) 
up to 0.8 (∇∇ ) 
up to 2.5 (∇ ) 
up 0.5 (∇∇ ) 

- 
- 
up to 8 (∇ ) 
up to 0.8 (∇∇ ) 
up to 2.5 (∇ ) 
up to 0.5 (∇∇ ) 
 

cooling 
lubricant 

HSS 
HM 
Diamond 

(emulsion) 
(emulsion) 
(emulsion) 

 
emulsion 
emulsion 

 *)
 For shank-type milling cutters, the feed is also a function of the milling cutter diameter: 
up to   6 mm milling cutter diameter: 0.1   mm/t (∇∇∇ ∇ ) or 0.08 mm/t (∇∇∇ ∇∇ ∇∇ ∇ ) 
up to 20 mm milling cutter diameter: 0.2   mm/t (∇∇∇ ∇ ) or 0.12 mm/t (∇∇∇ ∇∇ ∇∇ ∇ ) 
up to 50 mm milling cutter diameter: 0.25 mm/t (∇∇∇ ∇ ) or 0.17 mm/t (∇∇∇ ∇∇ ∇∇ ∇ ) 

 
**) HM = carbide-tipped tools  

  HSS = high-speed tools 
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Guide Values for Sawing Aluminium with Circular Saws 

 
 
 
Cutting 

parameter 

 

Tool 

material**
)
 

Workpiece material group1
) 

       I                      II                     III  

 

 

Remarks 

Clearance 
angle α in ° 

HSS 
HM 

      8 
   9 - 7 

      8 
   9 - 7 

      8 
    9 - 7 
 
 

 

Rake  
angle τ in ° 
 

HSS 
HM2)

 
     25 
     10 

     25 
      8 

     15 
       6 
 
 

 

Cutting 
speed 
v in m/min 

HSS 
 
 
HM 

800 - 2000 
400 -   600 

500 - 1000 
200 -   300 
 
up to 3500 

120 -  200 
  80 -  150 
 
up to 2000 
 
 

medium tooth pitch 
rough  tooth pitch  
 
 

Feed per 
tooth sz*)

  
in mm 

HSS 
 
HM 

up to 0.04 
up to 0.06 

up to 0.04 
up to 0.06 
up to 0.06 

up to 0.04 
up to 0.06 
up to 0.06 
 
 

medium tooth pitch 
rough  tooth pitch 

cooling 
lubricant 

For lower cut lengths and lower cutting speeds: dry 
For longer cut lengths and higher cutting speeds: emulsion, cutting oil or 
synthetic lubricants dissolved in water (spray or mist lubrication) 
 

1)  
Group   I : non-heat-treatable wrought alloys, heat-treatable wrought alloys soft state 
Group  II : aged wrought alloys, casting alloys with low silicon content 
Group III : casting alloys with more than 12 % silicon 

2)  Circular saws for anodised sections often have smaller rake angles  
 
*)  

For shank-type milling cutters, the feed is also a function of the milling cutter diameter: 
up to   6 mm milling cutter diameter: 0.1   mm/t (∇∇∇ ∇ ) or 0.08 mm/t (∇∇∇ ∇∇ ∇∇ ∇ ) 
up to 20 mm milling cutter diameter: 0.2   mm/t (∇∇∇ ∇ ) or 0.12 mm/t (∇∇∇ ∇∇ ∇∇ ∇ ) 
up to 50 mm milling cutter diameter: 0.25 mm/t (∇∇∇ ∇ ) or 0.17 mm/t (∇∇∇ ∇∇ ∇∇ ∇ )  

 
**)

 HM = carbide-tipped tools 
 HSS = high-speed tools 
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3103  Machines for Machining Aluminium 

 
3103.01 Specifications 
3103.02 Drives and rigidity 
3103.03 Spindle construction 
3103.04 Control and regulation 
3103.05 Clamping and gripping tools 
3103.06 Equipment for cooling lubricants and cutting fluids 
3103.07 Chip removal equipment 
3103.08 Aluminium specific machines 

 
 
 

The very good machinability of aluminium and the very effective cutting materials 
available can be used to their full advantage only if machines ideally suited for this 
purpose are available. Conventional equipment is unsuitable, especially since machines 
which are suitable for working aluminium are fundamentally different from those 
necessary for machining steel. This chapter will give a survey of these differences and 
explain the design and construction parameters for machines especially suited for 
aluminium. 
 
 
 
 

3103.01 Specifications 

 
General requirements for tool machines giving optimum performance for machining of 
aluminium and its alloys are described as follows: 

• High cutting speeds. 
 Nowadays, castings can be machined at speeds exceeding 2000 m/min. 

Wrought alloys can be machined at much higher cutting speeds (up to 4000 
m/min). Carbide-tipped tools have acceptable operating lives even at these 
extremely high cutting speeds. 

• High power requirements. 
 The fact that the cutting force required for aluminium is only a third of that 

required for steel, does not in any case mean that the power of a machine 
designed for machining steel is sufficient for machining aluminium also. On 
the contrary, much more power is required to be able to operate the 
machines at the much higher cutting speeds. 

• High dynamic rigidity. 
The effect of centrifugal and unbalanced forces at high rotational speeds 
makes it necessary to increase the dynamic rigidity. 
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• Fixtures and clamps. 
 The low modulus of elasticity of aluminium has to be taken into account 

while clamping the workpiece. Deformations due to the reaction of 
clamping and cutting forces should be avoided. Magnetic fixtures are not to 
be used with aluminium. The surface of aluminium parts is relatively 
sensitive to scratches caused by clamping fixtures. 

• Sufficient chip removal. 
 Due to the high cutting speeds, the volume of chips produced is much higher 

than for steel. The type of chips produced ranges from fragmented to long 
and straight. While removing the chips, care must be taken to see that the 
chips do not come in contact with the freshly machined surface.  

• High feed rates with efficient control. 
 High feed rates are necessary for the high cutting speeds used. This in turn 

means that a precise control is required, for example when radii are being 
turned.  

• Equipment for cooling lubricants. 
 Although it is possible, in some cases, to machine aluminium without 

cooling lubricants, the machines used should be equipped with the necessary 
arrangements. 

 
 
 

3103.02 Drives and Rigidity 

 
The machines used must have as high a dynamical rigidity as possible to accommodate 
the high rotational speeds and the high acceleration and deceleration of the spindle 
drive. This is achieved by the following measures: 
 

• Careful design and construction using appropriate methods (for example, 
finite element calculation) and computers. 

• Highly ribbed construction and heavy construction of the machine 
components. 

• Using reinforced concrete with good damping properties for supports and 
stands. 

• Light construction for moving parts. 
• Broad guiding tracks having a high wear resistance and long life expectancy. 

 
The drive is designed taking the cutting speed and machining rate into consideration 
(Figure 3103.02.01). With increasing speeds, an ever increasing part of the installed 
power is converted into heat which must then be removed using cooling systems. The 
reason is that friction in the precision ball bearings and sleeve bearings increases with 
increasing rotational speeds. The power required increases over-proportionally. 
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alu

Criteria for Designing Drives 3103.02.01

Criteria for Designing Drives

Main cutting force:   Fs    =  a • s • ks

Torque:                    Msp  =  a • s • ks • d 

Cutting power:         Psp   =  a • s • ks • v

Drive power:            PM    =  a • s • ks • v/η

a      Cutting depth

d      Turn diameter

ks     Specific cutting force

s       Feed
v       Cutting speed

η       Efficiency

 
 
 
 

3103.03 Spindle Construction 

 
Most of the parts to be machined have diameters of less than 100 mm. Fast rotating 
spindles are required to be able to machine these parts at cutting speeds up to 2000 
m/min. The same holds true for milling. In order to attain these high cutting speeds, the 
spindles must rotate at speeds of around 20,000 rpm and reach peak speeds of 40,000 
rpm. Besides being able to turn at high speeds, the spindles must be able to transmit this 
power to the workpiece and, as in the case of drilling and thread cutting, be able to 
accommodate large axial forces.  
 
Conventionally constructed spindles cannot fulfil these requirements. For this reason, in 
the last few years, different new types of spindle systems which fulfil the above 
requirements, have been constructed: 
 

• Special spindle types with ball bearings. Speeds of up to 20,000 rpm can be 
reached. 

• Spindle types in sleeve bearings (for example, ceramic bearings, pressure 
reduction through trapped air etc.) up to 40,000 rpm.  

• Spindles with active magnetic bearings for speeds up to 50,000 rpm. In this 
system, a cylindrical rotor floats in an electromagnetic field created by 
electromagnets arranged in symmetrical pairs in a stator  

         (Figure 3103.03.01).  
 



TALAT 3100 31 

Training in Aluminium Application Technologies

alu Schematic Construction of an Active Magnetic

Bearing for a Spindle
3103.03.01

Schematic Construction of an Active Magnetic Bearing for a Spindle

1

23

4

 
 
 
 

3103.04 Control and Regulation 

 
The control of the shaft drive at high cutting speeds and feed rates is problematic. The 
unavoidable switching time-lag causes a difference between planned and actual 
positions, called the lag error. This error results in an inadmissible rounding-off of the 
edges which is proportional to the feed rate (Figure 3103.04.01). A similar error occurs 
during milling operations. Due to the lag error, the programmed radius cannot be 
obtained. The amount by which the radius is shortened depends on the feed rate.  
 

alu
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Edge Rounding During High-Speed Cutting 3103.04.01

1 Programmed Tool Path

2 Actual Tool Path

AB

C

1

2

Edge Rounding During High-Speed Cutting
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A further problem which occurs especially at high feed rates is the processing time of 
the control system. In the free programmed paths, the feed rate depends on the block 
processing time of the control and on the distance of the programmed coordinates. For 
the normal block processing times of 10 ms and programmed distances of 0.5 mm, a 
maximum feed rate of 3,000 mm/min should not be exceeded so that the control system 
can keep in step with the data processing. This would otherwise lead to interruptions in 
the feed, which would make themselves felt during machining as vibrations. 

The problems described above show that standard control systems can have only a 
limited use for controlling machining operations for aluminium efficiently. This has led 
to the development of special control concepts for high speed machines for aluminium. 
Such controls have passed the testing phase and are now available. 
 
 

3103.05 Clamping and Gripping Tools 

 
Torque is transmitted by chucks through friction at the grips. The torque changes 
proportionally to the main cutting force; for aluminium workpieces, it is about 2/3 less 
than that for steel. The frictional force is larger in the case of aluminium than with steel. 
As far as the statics are concerned, it should, therefore, be possible to hold aluminium 
with much lower clamping forces, thereby reducing the possibility of marring the 
sensitive aluminium surface with grip markings.  

When machining aluminium workpieces, which rotate at high speeds, the centrifugal 
force acts against the gripping force and causes it to be reduced (Figure 3103.05.01).  
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alu Reduction of Clamping Force Due to Centrifugal
Forces Acting on Chucks

3103.05.01

Reduction of Clamping Force Due to Centrifugal
Forces Acting on Chucks
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This effect has to be taken into account during clamping and can be counteracted by 
using a number of different measures: 

• Chucks with counterbalances. 
• Controlling the gripping force by regulating the pressure in the operating 

cylinder. 
• Distributing the clamping force over a large number of gripping locations. 

 
Aluminium is nonmagnetic. When it is to be machined on palettes, it is best to be fixed 
using vacuum activated grips. As soon as the palette is introduced into the machine, the 
vacuum is activated, thereby holding the workpiece flat in place.  
 
Special gripping equipment is required for machining large series of parts on automatic 
machines. Such equipment consists basically of gripping equipment which is adapted  
for the specific needs of the work material and allows the shortest time for tool changes. 
Such fixtures are relatively complicated, especially since problematic boundary 
parameters have to be taken into account. Figure 3103.05.02 shows an example of a 
clamping fixture for a petrol pump housing. 
 

alu
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150 kp 450 kp

64 kp

3103.05.02Clamping Fixtures for Petrol Pump Housing

 
 
A major problem that occurs during the cutting operation is the tendency of the material 
to deform elastically under the action of the residual stresses. In the case of aluminium 
with its relatively low modulus of elasticity, such deformations are rather large. Thus, 
during sawing operations for example, the equilibrium of the residual stresses is 
disturbed and the resulting forces set free can cause the saw to jam. To prevent this 
happening, the clamping fixture shown in Figure 3103.05.03 causes the cut gap to 
widen out. 
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3103.05.03

Source: Gustav Wagner

Elastic Widening of Cutting Gap During Sawing
of Aluminium Ingots

 
 
 

3103.06 Equipment for Cooling Lubricants and Cutting Fluids 

 
Cooling lubricants (cutting fluids) play a double role: The lubricating action reduces 
transport friction of the chips and prevents heat generation and wear, whereas the 
cooling action helps to transport the generated heat. The composition and viscosity used 
depends on the cutting conditions. In general one can say that the lubricating action 
should be greater for workpieces which are harder to machine. Aluminium can be 
classified here as being easy to machine so that the emulsions used should have a high 
cooling action. 
 
The supply system used should be able to deliver the fluid effectively up to the cutter. 
Due to the high cutting speeds, special measures are necessary for this purpose. 
Delivering the fluid under high pressure gives good results especially since the fluid jet 
can destroy the vapour film which tends to prevent heat exchange. Mist or spray 
lubrication using exceedingly fine droplets have proven to be very effective. Such spray 
equipment works economically and has a good cooling action due to the relatively large 
contact area (Figure 3103.06.01). 
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alu Influence of Water-Insoluble and Water-Soluble 

Cooling Lubricants on Operational Life 3103.06.01

Cutting speed
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Cutting oil Emulsion

 
 
 

3103.07 Chip Removal Equipment 

 
An automatic removal system is indispensable because of the large volume of chips 
created. An efficient chip removal system must be considered in the design and 
construction of the frame. It is important that the chips are broken and fragmented. An 
aggregate consisting of continuous chips cannot be removed easily.  
 
The actual tasks required can vary depending on the chip types and the local conditions. 
A number of transport and removal systems are available: 

• Slat band chain conveyors are the most widely used types since they have clear 
advantages: They can be used effectively for all types of chips. They do not 
occupy much space and can be adapted flexibly in the machines. The cutting 
fluid sticking on the chips can drop down through the conveyor. The volume of 
chips to be transported can be easily controlled by regulating the conveyor 
speed. 

• Scraper flight conveyors are particularly useful for transporting short chips not 
longer than 5 cm. A big disadvantage is the high wear. On the other hand, 
scraper flight conveyors are cheap and almost as flexible in use as link band 
conveyors. 

• Screw (worm) conveyors are used to transport short and medium length chips 
over short distances. The energy required for transporting is relatively high. 

• Pneumatic transport systems are particularly useful for transporting the very 
light aluminium chips over long distances. Thrust rod conveyors arranged as 
floor-mounted collective conveyors are used for distances of up to 200 m.  
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3103.08 Aluminium Specific Machines 

 
The characteristics described above show that machines which can machine aluminium 
efficiently must meet the very high specific standards required. Such machines are, 
however, only available as special purpose constructions, since the demand for these is 
relatively low. In actual practice one may find machines designed specially for 
machining aluminium mostly there where a sufficiently large machining potential exists: 
wheel fabrication, milling machines for the aerospace industry, ingot milling machines, 
machining castings for the automotive industry. 
 
Special purpose machines designed for aluminium are most consequently used for the 
recently developed high speed machining. High speed milling machines which fulfil all 
the requirements for machining aluminium are available nowadays. Till now, such 
machines are used mainly in the aerospace industry for milling integrated components 
made of high-strength wrought alloys. In such components, about 90 % of the material 
has to be milled to produce a thin-walled stable component.  
 
With these machines it was possible to reduce the machining time by 50 % or more. 
Besides the economical advantages, it was possible to improve the quality of the 
components produced, since both temperature of the components as well as its surface 
roughness at these extremely high cutting speeds could be drastically reduced  
(Figure 3103.08.01).  
 

alu
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3103.08.01Machines for the High-Speed Machining of Aluminium
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Another successful application is the use of circular saws in the fabrication of 
aluminium semifabricates. Efficient sawing equipment is used for cutting rolling and 
extrusion billets. With the large tool diameters, it is possible to attain high cutting 
speeds without any additional measures regarding spindles and controls. Extrusion billet 
saws require a power of about 100 kW, rolling billets about 200 kW. 
 
Sawing equipment used in plants for semifabricates, clearly illustrate the necessity of 
having efficient peripheral equipment to cope with efficiently designed machines for 
machining aluminium. The machines can be used to their full capacity only if a very 
quick transport of the blanks and workpieces is guaranteed. For moving heavy parts (e.g. 
extrusion billets) to and from the machines a much greater effort is required than for the 
sawing itself. The sawing of even large billets having diameters of about 200 mm 
requires only a few seconds. All other handling operations on the workpieces should be 
ideally completed within this time (Figure 3103.08.02). 
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3103.08.02

Source: Gustav Wagner

Integrated Billet Sawing Equipment
in an Aluminium Smelter
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Introduction 

 

This lecture is to set the scene. It plans to answer the questions: what are castings and 
what does the industry look like?  It is worth while spending some time on these initial 
questions. 
 
The first series of figures will give us an overview of the many varieties of castings 
which are produced. 
 
Figure 3201.00.01 may be your image of the casting industry - rough iron castings from 
a foundry under a railway arch. It is true that some of the industry is still like this, as in 
many sections of the engineering profession. However, elsewhere, the industry has 
entered the twentieth century, and is already preparing for the twenty-first! 
 



 

TALAT 3201 3

alu

Training in Aluminium Application Technologies

3201.00.01Image from the "Dark Age" of the Casting Industry 

 
 

Low pressure sand casting method (LPS) 

 
Much modern casting design starts here, on the computer. The series of the following 
figures (Figure 3201.00.02, Figure 3201.00.03, Figure 3201.00.04, Figure 3201.00.05 
and Figure 3201.00.06) shows how the design is built up for an inlet manifold. This 
was for Rover’s highly successful K series engine, based almost entirely on lightweight 
aluminium alloy castings produced on their Low Pressure Sand (LPS) casting method.  
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3201.00.02
Modern Computer Design of Castings: Air Inlet Manifold

(Rover), Low Pressure Sand Casting (1)  
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3201.00.03
Modern Computer Design of Castings: Air Inlet Manifold

(Rover), Low Pressure Sand Castings (2)  
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3201.00.04

Modern Computer Design of Castings: Air Inlet Manifold
(Rover), Low Pressure Sand Casting (1)

Modern Computer Design of Castings: Air Inlet Manifold
(Rover), Low Pressure Sand Casting (3)
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3201.00.05
Modern Computer Design of Castings: Air Inlet Manifold

(Rover), Low Pressure Sand Casting (4)
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3201.00.06
Modern Computer Design of Castings: Air Inlet Manifold

(Rover), Low Pressure Sand Casting (5)  
 
This was the first inlet manifold which they had designed with a wall thickness of 3 
mm. Figure 3201.00.07 shows the solid model generated on the computer. 
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3201.00.07
Air Inlet Manifold (Rover), Solid Model 

Generated by Computer
 

 
The final casting which the designer received three months later is shown in  Figure 

3201.00.08. It can be commented that three months was a good achievement for a 
casting having high technical requirements - the competitors did not succeed even after 
15 months. 
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3201.00.08Final Casting Shipped 3 Months after Receipt of Orders

 

 

Pressure die casting process 

And now for something completely different! Approximately half of all light alloy 
castings are made by the pressure die casting process, in which the liquid metal is 
injected at high speed and high pressure into a metal mould which is usually called the 
die. The principle of the pressure die casting process is shown in Figure 3201.00.09. 
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3201.00.09Principle of the Pressure Die Casting Process

High Pressure Die Casting

 

Figure 3201.00.10 shows a simple gear for an instrument application and is a pressure 
die casting. It is characterised by a good quality surface finish which often means that 
machining is not required. However, we need to take care with pressure die castings 
because, although the product in this case seems to be perfectly well suited to its 
application, the lack of internal unsoundness is a cause for concern in other applications 
where strength and possibly leak tightness are required properties. As we will see in 
later lectures, turbulence and air bubble entrapment often cause an  Aero Chocolate 
structure which has poor metallurgical properties and causes leaks in many castings. 
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3201.00.10Example of High-Pressure Die Casting (Gear)

 
 

Pattern for sand castings 

 
I would now like to return to sand castings which, in contrast to pressure die castings, 
can be made sound and leak tight. The pattern is the starting point for making a mould 
and Figure 3201.00.11 illustrates a simple pattern which will form the lower half of a 
sump casting for a racing engine. 
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3201.00.11Pattern for a Racing Engine Sump (Sand Casting)

 

Figure 3201.00.12 shows the lower half-mould which now also contains a number of 
cores which will form some of the waterways and oil passageways in the sump. It 
should be noticed that one of the cores is painted with a white ceramic wash. This is an 
oil passageway core and the customer was insistent that no grains of sand remain in this 
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interior part of the casting which is difficult to clean. The upper half of the mould can 
also be seen assembled ready to be closed over. Other cylinder heads are discernible in 
the distance. 
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3201.00.12
Half-Mould with Cores (White Core for Oil Passageway);

Upper Half-Mould in Back  
 

Example of cast component  

Figure 3201.00.13 is a view of the finished casting. This was the lower crankcase for 
the Cosworth DFV Formula 1 engine. 
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3201.00.13
Finished Casting (lower Crankcase of the Cosworth DFV

Formula 1 Engine)
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Cores and moulds 

 
You remember that it is necessary to start with a pattern to make a mould and we shall 
see some examples of patterns in the next slides. However, you should also remember 
that the hollow inside part of a casting is formed by a core - this can be remembered by 
analogy with an apple core. Such shapes in sand are formed in a special sort of pattern 
called a core box. We shall see some examples of cores being produced from core boxes 
in this section. As a final note before we start these slides, you should notice in places 
that the distinction between moulds and cores becomes hazy in the core assembly 
process, in which large blocks of sand are formed in boxes, as a core, but are assembled 
together to form a mould. 

The making of sand shapes in hard, chemically-bonded sands is an important area of 
foundry technology. In Figure 3201.00.14 we see here a core-making machine in the 
Caterpillar Foundry in Peoria, Illinois, using the Ashland Isoset process. This allows 
core sand (silica sand mixed with a two-part binder consisting of a phenol formaldehyde 
resin and a reactive isocyanate) to be blown into a core box and then hardened by 
passing an amine catalyst in a carrier gas through it. Thus the core is more-or-less fully 
hardened by the time it is ejected from the box. This provides high productivity and high 
accuracy. 
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3201.00.14
Core-Making Machine Using the Ashland Isoset

Process (Courtesy: Caterpillar Foundry, Preoria, Illinois)
 

 
Figure 3201.00.15 gives another view of large cores being assembled to make a mould. 
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3201.00.15Assembly of Large Cores to Form a Mould

 
 
The production of large mould halves in chemically-bonded self-setting sand at the 
Pryor Foundry, Oklahoma, showing the superb engineering required to turn moulds of 
this size (Figure 3201.00.16). 
 

alu

Training in Aluminium Application Technologies

3201.00.16Machine for Turning Over Large Moulds

 
 

Figure 3201.00.17 shows a process where no binder is used to bond together the sand. 
The mould is sealed on its front face with a thin film of plastic and a vacuum used to 
hold the sand grains in place. The mould has just been stripped off the pattern, which 
can be seen coloured red below. The vacuum moulding process, normally abbreviated to 
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the V-process, is not widely used in Europe, but is popular in Japan where it was 
invented. The high quality and smoothness of the mould face can just be seen in this 
view. 
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3201.00.17Vacuum Moulding Process (Japan)

 

A close-up of the V-process mould is shown in Figure 3201.00.18 which clearly 
demonstrates that sand can be used to make complicated shapes. 
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3201.00.18Sand Mould Made by the V - Process

 
 

Figure 3201.00.19 shows a set of chemically-bonded sand cores ready for assembly to 
make a cylinder head mould for the Rover K series engine. The high quality of the cores 
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is clear and the technique allows the construction of extremely precise moulds. The 
technique is known as the Core Assembly Process. 
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3201.00.19
Set of Chemically Bonded Sand Cores for Cylinder

Head Mould (Rover, Longbridge)
 

Figure 3201.00.20 shows a similar set of cores for the assembly of the cylinder block 
for the K series engine, again in the Rover foundry in Longbridge. 
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3201.00.20Set of Chemically Bonded Sand Cores for Cylinder

Block  (Rover, Longbridge)
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The Cosworht Process 

 

The Cosworth Process is a modern development designed specifically for the high 
volume production of high quality automotive castings. The process illustrates the fact 
that liquid metal need not be poured to make a casting. In this case, it is pumped uphill 
against gravity and this enables control to be maintained over the process of filling the 
mould. The large reservoir of liquid metal in the holding furnace allows time for 
impurities to sink or float, and the electromagnetic pump (which contains no moving 
parts) displaces the best quality metal from the mid-depth of the holding furnace up and 
into the mould, displacing the air ahead of it as it goes (Figure 3201.00.21).  
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Schematic of the Cosworth Process 3201.00.21

Cosworth Process
(Low Pressure Sand Casting)

Melting Furnace

Holding

Furnace

Electro-Magnetic

Pump

Zircon

Sand Mould

 

The process is capable of a great degree of sophistication with the pump being 
programmable to fill each type of casting with an optimum filling program. In the latest 
variant of this process - the Mark II - the metal is introduced through the side wall of the 
mould which is then rolled over and detached from the filling system. This enables the 
throughput of moulds to be increased since it is no longer necessary to wait for the metal 
in one mould to solidify before the next mould is indexed into position at the pouring 
station. 

This process is being adopted by Ford in the USA and Rover have used a similar 
approach in their LPS Process shown earlier. 
 

Figure 3201.00.22 shows the Cosworth Foundry in Worcester, UK, showing the 
lightweight engineering approach to the design of the plant, and is in marked contrast to 
the common image of foundries under the railway arches. 
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3201.00.22
Cosworth Foundry in Worcester, UK, Showing the 

Lightweight Foundry Equipment Design
 

 

Examples of sand cast components 

 

Figure 3201.00.23 is a housing for a rotary engine developed by Norton Engineering for 
motorbikes and has both thick (15 mm) and thin (2 mm outer shroud) sections. This is a 
sand casting, but filled under gravity, showing that simple filling systems can be made 
to work well for many castings and that an uphill filling system is not always necessary 
(even though it would nearly always produce a good casting). 
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3201.00.23Rotary Engine Housing with Thick (15 mm) 

and Thin (2 mm) Sections
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In Figure 3201.00.24 we now have a series of three sand castings used by the aerospace 
industry. This is a lightweight space frame for a pilot’s ejector seat. 
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3201.00.24Aerospace Sand Casting: Pilot̀ s Ejector Seat Frame

 

 

Figure 3201.00.25 shows an air intake for the Rolls Royce Gem engine which powers 
the Lynx helicopter, and Figure 3201.00.26 an even more complex air intake for an 
aerospace engine produced in France. 
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3201.00.25
Aerospace Sand Casting: Air Intake for a 

Turbo-Engine (Rolls Royce)
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3201.00.26
Aerospace Sand Casting: Air Intake for a 

Turbo-Engine (France)
 

 

Squeeze Casting Process 

 

We shall now turn to a completely different kind of casting technology. You will recall 
that we introduced the current topic with a picture of a pressure die casting, but with a 
warning of its probable unsoundness. The Squeeze Casting Process was developed to 
counter unsoundness in die castings and is shown in the next slide (Figure 3201.00.27). 
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3201.00.27
Schematic of the Squeeze Casting Process
(Sometimes Also Called Squeeze Forming)  

Metal is introduced into an open die, just as in a closed die forging process. The dies are 
then closed. During the final stages of closure, the liquid is displaced into the further 
parts of the die. No great fluidity requirements are demanded of the liquid, since the 
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displacements are small. Thus forging alloys, which generally have poor fluidities which 
normally precludes the casting route, can be cast by this process. This is a unique 
advantage enjoyed by Squeeze Casting. For this reason, it is sometimes known as 
Squeeze Forming, to emphasize its similarity to forging processes. The other great 
advantage of Squeeze Casting is of course the potential of the process to produce 
products which are effectively perfectly sound. In practice this is not always so easy, but 
the process has to be recognised as having unique potential in this respect. 

Figure 3201.00.28 shows the massive presses at GKN Sankey, Telford, UK on which 
the Squeeze Casting dies are mounted. This is very much heavy engineering and the 
high costs of the castings produced by this process reflect this. 
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3201.00.28GKN Sankey Squeeze Casting Machine (Telford, UK)

 
 

Typical products produced by Squeeze Casting are necessarily simple, produced if 
possible from simple two-part dies (Figure 3201.00.29). This is the usual geometrical 
limitation of all of the die casting processes. However, although side pulls can be used 
on die casting moulds to produce cored holes, they are especially vulnerable to being 
sheared off in a Squeeze Casting press! 
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3201.00.29Typical Examples of Squeeze Casting Product Forms

 
 

Investment Casting 

 

I would now like to turn to yet another totally different area of foundry technology: 
investment casting. This is of course widely known as lost wax casting, because of the 
use of wax patterns which are coated with a refractory (i.e. the patterns are invested in 
alternate layers of slurry and stucco), with the wax patterns subsequently melted out to 
leave a hollow shell into which the metal is cast.  

The elegant die from Deritend Precision Castings, Droitwich, UK makes impeller 
patterns in wax (Figure 3201.00.30). The centre is made from steel, with bronze being 
used for the sliding inserts. 
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3201.00.30
Investment (Lost Wax) Casting: Die Assembly for 

Production of Wax Patterns (here: Impeller Wheels)
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In Figure 3201.00.31 a series of wax patterns is assembled onto a common running 
system known as a tree and dipped by hand into the ceramic slurry. 
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3201.00.31
A "Tree" of Wax Patterns being Coated with 

Ceramic Slurry  

 
Figure 3201.00.32: the coated pattern is removed, coated in refractory stucco and 
allowed to dry. The dipping process is repeated many times until a shell of sufficient 
thickness is built up, typically a minimum of ~7 mm. Until recently, the size of 
investment castings was limited by the size of shell which could be manhandled. 
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3201.00.32
Dipping Process is Repeated until Sufficient Coating

Thickness is Achieved (~7 mm)
 

 
An overall view of a modern facility for making ceramic shells is shown in Figure 

3201.00.33. A series of slurry tanks and fluidised beds for the stucco are arranged 
around a robot. The increased weight carrying capacity offered by a robot has 
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revolutionised the investment casting industry, since castings can now be made with 
overall dimensions of a metre or more. 
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3201.00.33Overall View of a Modern Ceramic Coating Plant

 

Figure 3201.00.34 shows a steel investment casting being cast. 
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3201.00.34A Steel Investment being Cast

 

 

The shell has to be removed from the casting which is then cut off from its running and 
feeding system (Figure 3201.00.35). 
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3201.00.35Cutting off Runners and Feeders  from the Casting

 

 

In Figure 3201.00.36 lost wax castings have noticeably different forms from other cast 
shapes. Clearly, the process is versatile in the complexity of shapes which can be 
formed. 
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3201.00.36Examples for Lost Wax Castings: Versatility of Form
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Cast Metal Production 

 

I would now like to move on to give you an overview of the light metals casting 
industry.  

The table in Figure 3201.00.37 shows the world-wide annual production of castings, 
from which it can be seen that ferrous castings remain a long way ahead of non-ferrous 
metals. The majority of non-ferrous castings are made in a wide variety of aluminium 
alloys and this is followed in importance by zinc alloys. Only relatively limited tonnages 
of castings are made in magnesium alloys because of their cost. We shall concentrate on 
the aluminium alloys. These are mainly produced using die casting, sand casting and 
investment casting, with smaller tonnages being cast using squeeze casting and the lost 

foam process. We shall look at each of these in turn. 
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3201.00.37

World production of castings 1990

Metal Production
Millions of metric tonnes

World Production of Castings 1990

Total

Cast irons 54.6

Steels 5.0

Copper-base 0.8

Aluminium 3.4

Magnesium 0.3

Zinc 0.4

Other 0.1

64.6

 
 

Die Casting Processes 

 

There are a number of die casting processes, as summarised in Figure 3201.00.38. High 
pressure die casting is the most widely used, representing about 50% of all light alloy 
casting production. Low pressure die casting currently accounts for about 20% of 
production and its use is increasing, mainly because it is being favoured by the Japanese 
car companies that have recently been expanding. Gravity die casting accounts for the 
rest, with the exception of a small but growing contribution from the recently introduced 
squeeze casting process. 
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3201.00.38Die Casting Processes 

~ 50%

High pressure
die casting

~ 20%

Low pressure

die casting

Gravity

die casting

Squeeze

casting

Die casting processes

 

High pressure die casting is carried out using a large, expensive piece of equipment 
shown schematically in Figure 3201.00.39. It consists of two vertical platens on which 
bolsters are located which hold the die halves. One platen is fixed and the other can 
move so that the die can be opened and closed. A measured amount of metal is poured 
into the shot sleeve and then introduced into the mould cavity using a hydraulically-
driven piston. Once the metal has solidified, the die is opened and the casting removed.  
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3201.00.39

Schematic view of high pressure die casting machine

Moving platen

Ejectors

Gate

Fixed platen

Die

Bolster

Casting

Shot sleeve

Piston

Schematic View of High Pressure Die Casting Machine
 

Low pressure die casting differs in two significant ways (Figure 3201.00.40). Firstly, 
the machine is vertically oriented which gives a horizontal die-parting line. The molten 
metal is held in a sealed vessel which is then pressurised by gas (usually air) so that 
metal is displaced ‘’up-hill’’ into the die cavity. In theory, this should be beneficial since 
it should lead to the controlled filling of the mould. However, in practice, there is often 
poor control with the result that metal fills the mould in a turbulent manner. This 
process is mainly used for producing automotive wheels and it is interesting to note that 
every wheel is X-rayed since these are safety-critical parts. 
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3201.00.40

Schematic view of the low pressure die casting process
Moving platen

Dies

Metal fill

Crucible

Fill stalk

Pressurising gas

Schematic View of the Low Pressure
Die Casting Process  

Figure 3201.00.41: Gravity die casting is the simplest die-casting process. It enables 
castings to be produced with only a very modest capital investment, although plenty of 
hard physical work is required! However, it can also be automated with either 
horizontally or vertically-parted dies. Good quality castings can be produced if sufficient 
care is taken to design running and gating systems which minimise surface turbulence in 
the metal as it flows into the die.  
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Schematic view of gravity die casting

3201.00.41

Pouring basin
Feeder Casting

Metal core

Sand core

Gate

Core PrintDie location

Filling

system

Schematic View of Gravity Die Casting

 

The die casting processes are limited by their poor productivity since it is necessary to 
wait for the metal to solidify before the die can be opened. [However, at considerable 
expense, it is sometimes possible to overcome this restriction with gravity die casting by 
mounting a number of dies on a carousel.] During the solidification time, the very 
expensive plant is not being used and hence the capital investment is not being 
recovered. As an example, the cycle time for producing a typical die-cast cylinder head 
is about 5 - 7 minutes, although this can be as long as 15 minutes for larger variants, 
such as a Jaguar cylinder head. Ideally, therefore, die casting should be restricted to thin-
walled components. The other limitations with all forms of die casting are the high cost 
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of the dies themselves and their limited lives as a result of thermal fatigue which causes 
craze-cracking of the working faces. 
 

Sand Casting Processes 

 

In contrast to the long cycle times inherent in die casting,  high  production rates can be 
achieved when casting into sand moulds (Figure 3201.00.42). This shows the family of 
sand-casting processes and in each case, the rate-controlling step is the rate at which the 
moulds can be produced. The technology has developed to the point where some 
automatic greensand moulding machines can produce moulds at the very high rate of 
one every 12 seconds. This process relies on the use of moist clay to bind together the 
sand grains to produce a green (i.e. unfired) mould. 
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3201.00.42

Sand casting processes

Clay-bonded

(greensand)

Chemically-bonded Vacuum

('V'-process)

Heat

cured

Gas-

hardened

Self-

setting

Sand Casting Processes

 

 

Most of the other sand moulding processes employ a chemical resin to bond together the 
sand grains. The resin is subsequently cured by using heat or gas; alternatively a number 
of self-setting resins are available. Although it typically takes 30 - 60 seconds to make a 
mould and to cure it, this is nevertheless faster than most die casting cycles. 
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Investment Casting Processes 

 

The steps in the investment casting process are shown in Figure 3201.00.43. It is an 
extremely slow process and the production rate is governed by the time to make the 
mould. The production of a wax pattern might take only 1 or 2 minutes but most 
ceramic shell moulds require between 7 and 14 coats and take at least 24 hours and 
sometimes as long as several days to complete. However, it is now normal practice to 
make several hundred moulds automatically in one batch and, of course, each mould 
may comprise several dozen or over a hundred small components.  
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3201.00.43

Stages in investment (low wax) casting

!   Make wax pattern in die

!   Assemble patterns onto 'tree'

!   Build up ceramic shell mould

!   Dewax and fire shell

!   Pour metal and allow to solidify

!   Remove shell

!   Separate castings from runner system and fettle

Stages in Investment (Low Wax) Casting
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3201.00.44

Stages in the 'lost foam' process

!   Produce expanded polystyrene pattern

!   Assemble patterns onto runner system

!   Coat with ceramic slurry and dry

!   Embed in sand and vibrate to consolidate

!   Pour metal

!   Remove from sand

!   Clean and fettle castings

Stages in the 'Lost Foam' Process

 

 
The lost foam or expanded polystyrene or evaporative pattern casting process again 
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consists of a number of steps which prevent the achievement of high production rates 
(Figure 3201.00.44):  

Polystyrene beads are firstly injected into a metal die which is then heated with steam to 
expand and fuse the beads. The die is subsequently water-cooled to remove the heat 
before extracting the pattern. The overall cycle takes at least 1 minute. A number of 
patterns are then assembled to form a tree which is then coated in a ceramic slurry. After 
drying, the assembly is embedded in loose sand which is vibrated to consolidate it and 
thereby form a rigid mould. The molten metal is poured onto the polystyrene which is 
vaporised and replaced by the metal. Although considerable effort has been devoted to 
this process over recent years, its adoption has been limited by the difficulties of 
producing defect-free castings and of overcoming dimensional inconsistencies caused 
by the distortion of the fragile patterns. 

The remaining lectures in this course will concentrate on die and sand casting. 

This brief view of some selected casting processes forms our introduction to the course. 
In later lectures we shall see how the metal solidifies to give different metallurgical 
structures and sometimes to cause defects and we shall see how to control both. The 
course will conclude with the engineering problems of how casting manufacture can be 
successfully integrated into an overall manufacturing operation. Thus we shall look into 
the methods of designing patternwork, castings and machining operations so that they 
are compatible, each handing over smoothly to the other in a professionally-run relay 
race. If the baton is dropped, the race is lost whereas, if it is handed on successfully, it is 
possible to win. 

One can guarantee that the race will be exciting! 
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Types of Impurities 

 

Oxide pollution 

 
When molten, and with its surface cleared of oxide, liquid aluminium looks like 
quicksilver. It is with regret, however, that we have to come to terms with the fact that 
the quality of the liquid underlying the silvery surface is likely to be anything but pure or 
clean metal (Figure 3202.00.01). 
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Oxides in Molten Aluminium
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In fact, it is necessary to develop of view of the liquid as a slurry of sundry solid debris 
in suspension. It is only the size and quantity of solid debris which is changed from melt 
to melt and from one melting practice to another. In particular, we will see how the large 
oxide films which may be present from remelted returns can be substantially reduced by 
rotary degassing and filtration. 
 

Hydrogen pollution 

 
Other undesirable impurities may also be present in solution (Figure 3202.00.02). 
Perhaps the most important of these is hydrogen. Hydrogen is especially unwelcome in 
aluminium alloys because it is highly soluble in the liquid, but hardly soluble at all in 
the solid. In fact, as the aluminium solidifies, only one twentieth of the hydrogen is 
retained in solution under equilibrium conditions. The other nineteen twentieths will be 
rejected and will form gas pores, providing nuclei are present. (If nuclei are not present, 
then the gas will be unable to precipitate as porosity in the casting, but will remain as a 
supersaturated solid solution. We shall consider this phenomenon in more detail later in 
this lecture). 
 

Other pollutants 

 
Other impurities may seriously affect certain alloys. For instance, the presence of traces 
of Ca, Sr or P in Al-Si alloys will lead to changes in the modification of the eutectic 
silicon. (This will be discussed in a later lecture). However, in this lecture we shall 
concern ourselves only with the solid materials in suspension and hydrogen in solution 
in the melt. 
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Impurities in Molten Aluminium

3202.00.02Impurities in Molten Aluminium
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Origins of oxide inclusions 

 
The solid materials arrive in the melt right from the start of melting. They arrive as 
oxide skins on the surface of the material to be melted. In the case of ingots (bars cast 
into cast iron pig moulds) the cooling rate of the ingots is rapid, and although carried out 
in air, the oxide skin which develops on the ingot during cooling is not especially thick. 
Thus when remelted in a crucible furnace, or other type of bath of molten metal, the 
oxide floats free and becomes dispersed in the melt.  

In the case of a sand foundry remelting foundry returns, the oxide skin is especially thick 
and can remain intact during remelting and float into the area where metal is being 
ladled or pumped from the furnace. Such films can finish up as complete, massive, film-
like or dross-like inclusions in finished castings. 

This direct recycling of the oxide skins occurs in those situations where the material to 
be remelted is introduced directly into the melting bath. These include common types of 
melting furnace, such as crucible furnaces or reverberatory furnaces. Whatever is added 
to these kinds of furnace is automatically submerged and redistributed in suspension in 
the melt. 

The action of the tower, or vertical shaft, type melting furnaces is quite different   
(Figure 3202.00.03). The material to be melted is loaded into the vertical shaft where it 
is preheated with the flue gases from the melting and holding region of the furnace. The 
shaft is offset from the bath so that unmelted debris does not enter the liquid metal 
directly - metal enters the bath by first melting and then running over a supporting 
platform, and so joining the bulk of the melt. The oxide skins are left behind at the base 
of the shaft, together with other unwanted debris such as iron inserts in scrapped 
castings. The sloping hearth of the furnace can be scraped clean of such accumulations 
from time to time as melting progresses. 
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Having started with a reasonable quality of liquid metal, it is necessary to try to keep it 
in good condition. However, it is again with regret that it has to be reported that most 
aluminium foundries do not achieve this. (It is achieved in casting houses designed for 
the continuous casting of wrought quality aluminium alloy, especially that to be used for 
such discriminating applications as foil or can stock.) 

Various treatments are notorious for the introduction of much additional oxide debris 
into the melt.  
 

Effect of Purge degassing 
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One such treatment is degassing (see Figure 3202.00.04). This is often carried out 
badly, using an open-ended lance to introduce a purge gas into the melt.  
 
The size of bubbles from such a lance and the disturbance of the melt surface ensure 
that: 

1. little gas is purged from the liquid, and  

2. that the melt comes into equilibrium with the surrounding environment because 
the freshly presented surface is ideal for re-introducing fresh hydrogen into the 
melt. In addition, the rolling action of the surface creates extra oxide and may stir 
this into the melt. Furthermore, the impurities in the purge gas will generate 
additional oxide in the liquid. These impurities arise from leaks in the gas line, 
or the out-gassing of the gas line, especially if it contains long lengths of rubber 
or plastic. The extended time for such low efficiency degassing methods means 
that much additional oxide is introduced. 

 
Where degassing with nitrogen is carried out continuously, as in some large holding 
furnaces, and where the alloy contains some Mg (which is most often the case), there is 
an additional danger from the build-up of nitrides in the liquid. This can become so 
prolific that the melt takes on the appearance of a slurry such as porridge or cement. The 
mechanical properties of the resulting castings are lamentably low because of the 
embrittling effect of the large concentration of nitrides. The only way to avoid such 
disasters when attempting to degas continuously is to use a truly inert gas such as argon. 
In addition, of course, the gas lines should be soundly plumbed in metal throughout. 
 

Effect of flux degassing 

 
A treatment which purports to clean the melt and simultaneously degas is flux degassing 
(Figure 3202.00.05). This process blows in a powdered chloride and/or fluoride flux 
into the melt on a carrier gas, usually nitrogen.  
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By this means both the oxide content and gas content of the melt are reduced. However, 
the oxide content and gas content are not, of course, eliminated. A problem arises, 
therefore, that if the oxide content is reduced by perhaps 95 % and the gas content 
reduced by 75 %, then we have the situation where 25 % of the gas now tends to 
precipitate on only 5 % nucleation sites. Thus the porosity in these more widely 
scattered regions is now 5 times worse than before. Whereas in the original material, the 
porosity might have been acceptable in a finely dispersed form (which might actually 
have been invisible on a radiograph), the casting is now rejected for occasional 
concentrated severe pores. 
 

Effect of rotary degassing 

 

An alternative degassing treatment is rotary degassing (Figure 3202.00.06). In this 
treatment a central hollow rotor introduces a purge gas (usually nitrogen) into the centre 
of a melt, where the emerging bubbles are fragmented and dispersed by the rapid 
rotation of the rotor. The large total area of the bubbles and their wide dispersion 
throughout the melt give a rapid degassing action. Whereas the hollow lance might give 
only poor degassing in an hour or so, the rotary technique typically reduces hydrogen to 
very low levels in only 10 minutes. 
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Because rotary degassing is a relatively new technique, little investigative work has been 
carried out on it so far. There seems to be evidence that the system causes large oxide 
films to float out, and maintains them at the surface so that they can be skimmed clear 
after degassing.  

In addition, however, it may be that the system actually introduces a new dispersion of 
fine oxides, possibly by fragmenting the large films which were originally in suspension, 
or possibly by reaction with the oxide or moisture contamination of the purge gas, which 
can arise either from trace impurities in the original gas or impurities introduced from 
sources in the local plumbing. An additional dispersion of nitrides is to be expected if 
nitrogen is used for degassing melts which contain some Mg. 
This fine dispersion of solids may have some benefits to melts intended for the 
production of shaped castings (provided that very high mechanical properties are not 
required). The low hydrogen content, together with the high density of nuclei on which 
the hydrogen can precipitate, will probably ensure that the residual hydrogen porosity, if 
present at all, is extremely fine and well dispersed. Thus the quality of the melt will be 
expected to be quite different from that produced by flux degassing. 

So far the melt has sat in its furnace, but has had to suffer a number of treatments, most 
of which will have increased its oxide content. Measurements of oxide contents of 
liquid aluminium in a major low pressure die casting plant have shown that the quality 
of alloy sitting in the well is good at the beginning of the Monday morning shift. 
However, as the shift progresses, the slopping of the metal up and down the riser tube, 
and the consequent disturbance of the sediment on the furnace bottom, results in a 
considerable increase in oxide level. A further major increase occurs when the furnace is 
topped up. The churning and surging of the melt and the thorough mixing-in of floor 
sediments greatly impair the melt quality further. During the day, the melt continues to 
deteriorate, finally becoming unrecognisably bad by the last shift on a Friday. 
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Low inclusions casting processes 

 

Cosworth Casting Process 

 

Such degrading of melt quality by turbulent transfer operations and by the general 
dipping and slopping which accompanies the casting operation itself is typical of many 
casting operations. This underlines the importance of those processes which are 
designed to handle the melt without unnecessary disturbance, such as the well-
established Cosworth Casting Process (Figure 3202.00.07). In this process, the metal is 
melted and held in a large furnace. The furnace holds enough metal for several hours 
production so that there is some time for oxide films to sink or float. It can be noted that 
there is only a small density difference between molten aluminium and its oxide, and air 
is often entrained in folds of the film. Thus the separation takes place only slowly, and 
may be downwards or upwards. A significant proportion of films have, by chance, 
almost neutral buoyancy and so never sink. It is essential, therefore, to ensure the 
removal of residual films by filtration. 
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An electromagnetic pump is used to remove the molten metal which is taken from mid-
depth in the furnace to minimise the risk of transferring oxides. Furthermore, a filter, 
integral with the base of the pump, is used to trap any oxides. Thereafter, the molten 
metal travels only uphill. The metal is pumped at a controlled rate through vertical gates 
into the casting. This approach ensures that the metal rises through the system in a non-
turbulent manner, thereby minimising the formation of excessive oxide films and their 
incorporation into the casting. 

In its original form, the Cosworth Process had two main disadvantages. Firstly, the 
mould had to remain attached to the pump until the casting had solidified, which 
resulted in a slow production rate. Secondly, this method of mould filling resulted in the 
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coldest metal being at the top of the casting which (as we will see in TALAT Lecture 
3206) is not conducive to producing sound castings (i.e. free from shrinkage). Both of 
these problems can be overcome by the latest variant of the process in which the mould 
is filled from the side and is rolled over after casting. This means that the mould can be 
removed from the filling station (and replaced by an empty mould), increasing the 
production rate from about 1 casting every 4 minutes to better than 1 casting per minute. 
Furthermore, after inverting the mould the hottest metal is at the top of the casting and, 
in effect, the preheated runner bar now acts as the feeder. 
 

Lost Crucible Process 

 
Alcan have recently invented another means of preventing poor transfer of metal, known 
as the Lost Crucible Process (Figure 3202.00.08). In this, a pre-weighed slug of 
material is rapidly melted in an induction furnace. However, instead of the normal 
refractory crucible, a disposable fibre-ceramic crucible is used. Once the charge is 
molten and at the required temperature, the base of the crucible is pushed out by a 
vertically moving piston. As the piston continues to move upwards, the base of the 
crucible acts as a seal and the molten metal is introduced through the bottom of the 
mould at a controlled rate. This new Alcan Lost Crucible Process, if fully developed for 
production in due course, will conserve the quality of the alloy as produced by the 
primary producer. 
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However, for all other processes, where the metal has to be melted in a furnace and then 
transferred for casting, the problem exists of how to test the quality of the metal. 
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Melt quality Assessment 

 

Reduced Pressure Test 

 
One of the simplest and oldest tests is the Straube-Pfeiffer Test, or Reduced Pressure 
Test (Figure 3202.00.09) . This test simply comprises taking a small spoon sample from 
the melt, pouring this carefully into a small stainless steel crucible of the size of an egg-
cup, and placing this under a bell jar from which the air is evacuated by a vacuum pump, 
reducing the air pressure to typically one tenth (or possibly as low as one thirtieth) of 
one atmosphere while the sample solidifies. The observation of the sample during this 
time is important. The emergence of many bubbles indicates the presence of gas. 
Similarly, the final density of the sample may be low (although this is not an 
unambiguous result, since the precipitating gas may have entirely escaped from the free 
surface of the sample; hence the need to observe it during freezing). 
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The reason for carrying out the test under reduced pressure is simply for the convenience 
of the magnification of the volume of gas by a factor of ten (or more if carried out at 
lower pressure; a factor of 30 is rarely exceeded). The pores are much more easily seen 
as they emerge at the surface, and are easily visible when the sample is cut up for 
subsequent examination. 

However, the test is interesting, since if no bubbles are observed one cannot conclude 
that the sample contained no hydrogen in solution. In fact, the hydrogen level may have 
been high, but the sample has retained its gas in supersaturated solution. This is because 
the gas cannot precipitate without the presence of nuclei which are usually non-wetted 
interfaces such as oxides. (It should be noted that TiAl3, TiB2, Al solid, and other 
interfaces on which the solid is thought to nucleate are well-wetted and thus probably 
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good nuclei for solid aluminium, but of no use as nuclei for pores. Nuclei for pores will 
require to be non-wetted, such as oxide films.) 
 
The reduced pressure test is therefore a good test for the combined effects of hydrogen 
and nuclei. As such, it is really a "pore forming potential" test, in other words, a porosity 
test (i.e. it is definitely not a gas test, as is commonly supposed, and unjustly criticised 
when the test fails to agree with other fundamental techniques for the measurement of 
gas content). It is therefore a good test for the practical foundryman since it will reflect 
the likely quality of the castings. 
 

Gas Content Measurement 

 

Other tests for hydrogen content in the melt are based on sampling, and measuring the 
volume of hydrogen gas that emerges under vacuum during the freezing of the sample 
(Figure 3202.00.10). Clearly this test relies on most of the hydrogen escaping, and will 
thus probably give an underestimation of the hydrogen content of the metal where the 
metal is particularly clean. 
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Other tests attempt to assess the gas content in situ in the melt, and have the advantage 
of the possibility of continuous operation. Such devices include the Telegas type 
instruments originally invented by Ransley (Figure 3202.00.11). These devices, now 
much improved by further sophistication from Alcoa and Alcan, repeatedly cycle a 
small amount (about 3 ml) of an inert gas such as argon (or nitrogen) through the melt, 
where it picks up hydrogen. The hydrogen content of the carrier gas gradually increases, 
reaching a condition of equilibration between the hydrogen gas in solution in the melt 
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and the partial pressure of hydrogen gas in the carrier gas. This takes about 5 minutes. 
The hydrogen in the carrier gas is measured by a catherometer, an instrument for 
comparing the temperature of a hot wire in the flowing gas with the temperature of a 
similar hot wire in a stream of pure argon gas. The probe can then be left in place 
indefinitely, continuing to sample on a continuous basis. Modern probes appear to last 
for many hours, if not days, when used continuously or semi-continuously. 
 

Principle of the Telegas Probe

Recirculation

     pump

Hydrogen analyser

3202.00.11

Principle of the telegas probe

alu

Training in Aluminium Application Technologies  
 
A recent variation of the Ransley test is the CHAPEL test (Continuous Hydrogen 
Analysis by Pressure Evaluation in Liquids), see Figure 3202.00.12.  
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In this, a porous graphite probe connected to a pressure transducer is dipped into the 
melt and quickly evacuated. Hydrogen in the melt diffuses into the disc until the 
pressure in the probe and the hydrogen partial pressure in the melt have equalised. 
(About 30 - 60 minutes is required to establish equilibrium but this can be reduced by 
dosing the probe with hydrogen using the valve arrangement shown here.) Since 
hydrogen is the only gas which dissolves in molten aluminium, the total pressure 
measured in the probe is equal to the hydrogen partial pressure. By simultaneously 
measuring the temperature, Sievert’s Law then allows the hydrogen concentration CH to 
be derived from the hydrogen partial pressure pH2,  
 
   log . log /C p A T BH H= ⋅ − +05

2
  

 
where  A and B are Sievert’s constants (dependent on alloy composition) and  
 T is metal temperature (K). 
 
This elegantly direct and simple approach has yet to be developed for regular industrial 
use. 
 
Some attempts have been made to develop hydrogen sensors based on solid electrolyte 
cells immersed in the melt. However, these are at an early stage of development, and 
their lifetime and cost have yet to be established. 
 
Clearly, an independent measurement of hydrogen content, especially if carried out by a 
fundamental technique such as a Telegas type probe or direct reading pressure probe, 
when combined with the results of the Reduced Pressure Test would give an indication 
of both the gas and inclusion contents of the liquid metal.  
 

Inclusion content measurements 

 
Independent measurements of the inclusion contents of melts is rarely carried out 
outside of continuous casting operations. However, this would undoubtedly be of 
considerable advantage to foundries attempting to produce very high quality parts. 
 
A standard technique is the passing of a known volume of melt through a fine filter (see 
Figure 3202.00.13). The inclusions are caught on the filter and are subsequently 
identified and counted on a polished cross section under the optical microscope. This 
sampling method is of course rather laborious, but has been used to calibrate the 
continuous measurement techniques which I will now describe. 
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Two main types of continuous devices are currently used: 

1. An inspection of the melt by ultrasonics. An ultrasonic beam directed into the 
liquid metal, and is reflected from floating particles. The density and intensity of 
reflections is monitored electronically and processed to give information on the 
quality of the melt. 

2. A conductivity probe measures the electrical current flowing through a small 
hole through which a sample of the melt is continuously being passed. As 
inclusions pass through the hole the electrical resistivity of the current path 
changes in proportion to the size of the inclusion. Again, the signals are 
processed electronically to monitor the size and number of inclusions. 

 

Conclusions 

 
In this lecture, I have tried to alert you to the potential problems of melting aluminium 
prior to introducing it into a mould. Melting inevitably leads to the formation of oxides 
and often to the absorption of hydrogen, but the effects of these on castings can be 
minimised by careful handling of the molten metal. The success of the Cosworth 
Process has underlined the improvements that can be achieved when full attention is 
paid to controlling the quality of the molten metal and points the way forwards to future 
foundry techniques. Finally, it can be commented that although this lecture has 
concentrated on aluminium, the general principles are widely applicable to other metals. 
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Introduction 

 

This lecture is concerned with filling the mould cavity with molten metal. Although this 
is one of the most important steps in producing a good quality casting, it is often the one 
which is the least understood and, as a result, it is often overlooked. It is all too common 
to see poor quality running systems in use in foundries, with consequential damaging 
effects on the quality of the castings produced. 
 

Filling system 

 
Figure 3203.00.01 shows a typical aluminium alloy casting - an engine mounting 
bracket. The filling system - which is also known as the running system - can be seen on 
the left-hand side and consists of 

− a small pouring basin 
− a downsprue, which is divided into two smaller branches 
− a sprue base or well 
− horizontal runner bars which lead the molten metal towards the bottom of the 
 casting 
− ingates, which introduce the metal into the mould cavity. 



TALAT 3203 3

 

alu

Training in Aluminium Application Technologies

3203.00.01Engine Mounting Bracket Cast in Aluminium  Alloy

0 10cm

 
 
The feeding system, which is used to compensate for the shrinkage of the casting as it 
solidifies, is in two parts. One feeder can be seen on the top of the casting and another 
on the right hand side. It can be clearly seen that the filling and feeding systems are 
separate, which is appropriate since they perform completely different functions in the 
production of a casting. It should be noted that the filling and feeding systems can 
sometimes be combined (although it is usually much more difficult to design a 
combined system which accomplishes both functions equally well). 
 
The difference between the very different functions of filling and feeding systems is 
emphasised when it is realised that, in the case of a typical casting, it might take 
~ 10 seconds to fill the mould, whereas the feeding system would typically be operating 
for ~10 minutes as the casting solidifies. The present lecture will concentrate on the 

filling of castings, whereas a later one will concentrate on the feeding of castings. 

In this example of an aluminium casting, it should be appreciated that the metal has 
been carefully introduced into the cavity through gates in the bottom of the casting. This 
is in contrast to many iron castings in which the metal is poured directly into the top of 
the casting cavity with very little thought being given to providing a proper filling 
system. In spite of this apparently rather crude approach to the filling of grey iron 
castings, they are nevertheless normally of quite a good quality. It is instructive to 
consider why this might be so. 
 

Oxide Formation 

 

All molten metals oxidise when in contact with the air, but the nature of the oxidation 
products varies considerably. For example, grey irons oxidise to form a liquid silicate 
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skin, whereas aluminium and some other metals form a dry oxide skin. Molten 
aluminium is an extremely efficient 'getter' for oxygen and calculations show that a 

vacuum of less than 10-40 atmospheres would be required to prevent oxide film 
formation. (This is somewhat better than the vacuum found in outer space!!) 
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When a metal is poured rapidly into a mould, it enters in a turbulent manner, and it is 
inevitable that the oxide film folds over itself so that oxide-to-oxide contact occurs (see 
Figure 3203.00.02). Furthermore, as the metal tumbles over and churns about, the oxide 
film is continually being stretched and ruptured and also re-growing. In the case of grey 
cast irons, this is not too serious since the liquid silicate films can meet and fuse 
together, agglomerating to form droplets which generally float out of the molten iron. 
Even if they remain in the iron, they normally have a shape which does not have a 
detrimental effect on properties. 

In contrast, when the solid alumina (Al2O3) films on molten aluminium meet, they do 
not ’knit’ together, but instead form crack-like defects which remain in the casting as it 
solidifies. These introduce a mechanical weakness into the casting which will probably 
result in it being less reliable in service. Such crack-like defects also often result in 
leakage problems in castings which are required to contain a liquid or a gas. 
Unfortunately, aluminium castings have an unenviable reputation for being prone to 
leakage defects as a result of poor filling practice. 
 

Casting Defects 

 
Figure 3203.00.03 shows a considerably larger casting and is in fact a sump for a diesel 
engine. It weighs ~ 6 kg and has an average wall thickness of 6 mm. Although the 
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casting is complete and apparently satisfactory, the trained eye can see from quite a 
distance away that in fact it contains defects. 
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Figure 3203.00.04 is a close-up of the same casting and shows a dull matt area which is 
the oxide film formed as the metal entered the mould. The casting was produced with 
several feeders (to compensate for the solidification shrinkage) and the metal was 
introduced into the mould through one of these. As it was poured into the mould, 
turbulence led to the formation of layers of oxide which got trapped in the metal, 
hanging in place like curtains and creating extensive planes of mechanical weakness. 

In some cases, castings with defects such as these can crack spontaneously at any time 
after solidification. If these cracks are found, the castings would often be dressed to 
remove the cracks and then welded, but the thermal cycle resulting from this can lead to 
further cracks which then have to be removed and weld-repaired. Unfortunately, it is an 
all-too-common foundry experience that cracks can be ’chased round’  a casting! 
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3203.00.04Diesel Engine Sump - Close-Up of Oxide Defects
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The fact that these oxide film defects often cause castings to fail leak tests clearly 
implies that the defects are continuous from one side of the casting to the other. Castings 
are normally tested by pressurising them with air whilst they are submerged under water 
so that the defects are revealed by a stream of bubbles. The operator then attempts to 
seal the porosity by peening over the surface, leaving these tell-tale marks on the casting 
surface (Figure 3203.00.05). 
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The lesson to be learnt from this is that castings in metals such as aluminium should not 
be top-poured. The remainder of this lecture is concerned with how to fill a casting 
without creating this mess of entangled oxide films. 
 

Critical Velocity 

 
We will firstly consider a simplified approach to the formation of surface turbulence in a 
liquid metal. The top half of Figure 3203.00.06 shows a slice through a liquid metal 
which is subjected to some vertically rising disturbance, such that a wave starts to form 
under an inertial pressure having an approximate value of ρ · V2, where ρ  is the molten 
metal density and V is the velocity of the disturbance. The ultimate shape of the 
disturbance would be a droplet of radius r, but its formation is restrained by the surface 
tension T. 
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The limiting condition can be seen to be when the inertial force is balanced by the 
surface tension force, i.e. when 
    

    ρ · V2  =  
2 ⋅ T

r
 

 

so that the critical velocity, Vcrit, can be defined as 
 

           Vcrit = 
2 ⋅

⋅
T

r ρ
           (1) 
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We shall now consider what this means when applied to aluminium.  
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Typical values for liquid aluminium are (see also Figure 3203.00.07) 

   T  =  1 N m-1 

   ρ  =  2500 kg m-3 

              r  =  5 mm  = 0.005 m (assumed radius of aluminium droplet) 

 and so    
          Vcrit  = 0.4 m s-1 
 
Slightly more accurate values for these parameters give a value of Vcrit of about          0.5 
m s-1 for aluminium and it is found that most other liquid metals tend to give similar 
values within a factor of  2. This is because T tends to increase as ρ increases, so 
keeping the ratio T/ρ roughly the same from one metal to another. 
 
The above values of Vcrit therefore provide an indication of the critical velocity of 
molten metal in a mould. Once these values are exceeded, the surface of the metal will 
behave in a turbulent fashion, i.e. there is a real risk that the surface will break up into 
waves and droplets, causing the oxide film defects seen earlier. 
 
It is instructive to obtain a feeling of how readily this critical velocity is reached. It can 
be shown from a simple energy balance (of potential and kinetic energies) that when a 
stream of metal has fallen a height of h, its velocity V has become 
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                                    V = 2 ⋅ ⋅g h            (2) 

where g is the acceleration due to gravity. 
Combination of equations (1) and (2) shows that the critical drop height, hcrit, before the 
critical velocity is reached is given by 
 

hcrit  =  
V

g

crit

2

2 ⋅
=  12.7 mm    

 when Vcrit  ~ 0.5 m sec -1  
     
This shows that once the metal has fallen by only 12.7 mm, it is already at a critical 
velocity, i.e. it has sufficient energy to break its surface in a turbulent manner, and is 
therefore likely to cause defects. This implies that it is never possible to fill a casting 
from the top and therefore the only solution is to fill it from the bottom. 
 

Casting Design Assessment 

 
I would now like to consider the various elements of the running system and will start 
by examining what constitutes a deliberately bad running system (Figure 3203.00.08). 
Unfortunately, it is one that is seen all too often in foundries. 
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This a section through a mould and shows four deliberate mistakes, namely a conical 
pouring bush, a parallel sprue, no choke and no runner bar, so that the metal enters 
directly into the casting. We will now consider the effect of these bad design features. 

As the metal is poured directly from the ladle into the conical pouring bush, it is already 
moving quite quickly as it enters the top of the sprue. Its velocity V1 will be determined 
through the height through which it has fallen. Thus, this basin design is bad because it 
has no decelerating effect on the metal. As the metal runs down the sprue, it accelerates 
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due to gravity and so the stream gets thinner, reaching a velocity V2 at the bottom. Since 
there is no 'choke' at the bottom of the sprue, neither it nor the pouring basin ever fill up 
completely. As a result, there is a Venturi effect with air being sucked into the metal 
stream through both the sand walls of the sprue and the incompletely filled pouring 
basin, thereby creating conditions to form oxides (Figure 3203.00.09) 
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The metal stream then hits the bottom of the sprue. One might intuitively expect that it 
would then form a splash but slow-motion video photography has shown that, contrary 
to expectation, the stream spreads out in a relatively thin film along the horizontal 
surface of the gate with a velocity of V3 which can be significantly greater than V2. It 
therefore enters the casting at speed, hitting the far wall where it rebounds in an 
uncontrolled manner, forming a splash and creating conditions for further oxidation. 
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Figure 3203.00.10 shows another common mistake, in which the metal is introduced 
into the top of the casting cavity, i.e. by top gating. The critical velocity is readily 
exceeded and the resulting turbulence and splashing cause oxidation of the molten 
metal. The preferred technique is to use bottom gating, i.e. to introduce the metal uphill 
into the casting although, as we will see, it is still important to limit the velocity with 
which the metal enters the mould. 

Having considered ways in which a casting should NOT be produced, we will now look 
at the proper way to design a running system, starting from the pouring basin and 
working our way through in order. 
 

Pouring Basin 

 

As we have already seen, it is important to avoid the use of a conical pouring basin since 
this does not decelerate the metal and also acts as a venturi and causes air ingress. 

One improvement would be to use an offset pouring basin which helps to decelerate the 
metal stream before it enters the sprue. However, a jet of metal still travels at high 
velocity across the top of the sprue, hitting the far side, and there is a tendency for the 
metal to flow down only one side of the sprue (Figure 3203.00.11). 
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The best design is to introduce a step into the basin to give an offset stepped basin. The 
step acts to stop the rapid motion of the metal over the top of the sprue and helps to 
ensure that the latter is completely filled. 
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Tapered Sprue 

 
The next point is to ensure that a tapered sprue is used (see Figure 3203.00.12). The 
stream of metal will accelerate from a velocity V1 at the top of the sprue to a velocity V2 

at the base of the sprue and the conservation of matter requires that its cross-sectional 
area will decrease from A1 to A2. It can therefore be seen that the sprue will remain full 
if the following criterion is satisfied: 

    A1 · V1  =  A2 · V2 

 
A tapered sprue can be readily moulded into vertically-parted moulds, but is more 
difficult to produce in horizontally-parted moulds because the sprue pattern has to be 
withdrawn from the top of the mould. (If the sprue pattern is fixed to the pattern plate 
then, of course, the sprue automatically has an incorrect, negative taper, with much 
consequent damage to the liquid metal entering the mould.). 
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Sprue Well 

 
The next stage is to transfer the metal from the sprue into the runner bar via a sprue well 
(also called a sprue base). This has three important functions: 

(i)   it helps to decelerate the metal, 
(ii)  it constrains the first metal as it exits from the sprue and prevents splashing, 
(iii)  it helps to ensure that the runner bar is filled. 
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If there is no well, the falling metal stream hits the bottom surface of the runner bar at a 
velocity V and spreads along the bottom surface of the runner (see Figure 3203.00.13). 
In doing so, it creates a pressure, + p, which is balanced by a negative pressure, - p, on 
the top surface of the runner bar. This tends to draw in air through the permeable sand 
mould, leading to oxidation of the metal. 
 
We shall now consider a hypothetical case of a very deep well designed such that the 
falling metal stream reaches the bottom of one side of the well and then returns up the 
other side without meeting the falling metal. If we assume that there are no energy 
losses due to friction, then as the metal is about to exit from the well into the runner, its 
velocity will again be V, the same as when it entered. This time, however, the metal hits 
the top surface of the runner bar and spreads along it. In doing so, it creates a pressure + 
p on the top surface and a corresponding pressure - p on the bottom surface. It can 
therefore be seen that a very deep well completely reverses the metal distribution and 
pressures that are produced when there is no well. 

This purely hypothetical reasoning (a kind of thought experiment) indicates that some 
intermediate well design will be 'neutral', i.e. metal will tend to fill the cross-section of 
the runner and to create equal pressures on the top and bottom surfaces of the runner 
bar. Rather surprisingly, there has been little detailed research on well design. However, 
recent experiments suggest that the optimum well design has a base with a depth in the 
range D to D/2, where D is the depth of the runner bar. The well should have a width of 
2 a, where a is the diameter of the bottom of the sprue. 
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Runner Bar and Gates 
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The well should be the lowest point of the casting and filling system and the metal 
should always progress uphill thereafter (Figure 3203.00.14). In doing so, it firstly 
passes through the runner bar which distributes it through gates to the lowest point or 
points on the casting. Careful thought has to be given to how the metal will flow 
through the runner and casting, bearing in mind the need to keep the speed low in order 
to avoid surface turbulence. 

In some castings, only one gate will be required. In such cases, the runner bar will be a 
simple parallel sided channel, arranged so that the metal rises uphill from the sprue base, 
through the runner and gate and into the casting. It is good practice to have a runner bar 
extension which can be used to receive the first metal poured into the mould and which 
often contains air bubbles and slag particles. 

In other castings, it may be necessary to use two or more gates, in which case the runner 
bar must be stepped to promote equal flow through both gates. If this is not done, in the 
case of three gates for instance, the furthest gate (gate1) tends to fill first and so 
becomes super-heated, whereas metal tends to flow out of gate 3 and the latter becomes 
cold. Gate 2 takes on a neutral character. Uneven flow leads to an uneven temperature 
distribution and an increased risk of turbulence-induced defects. The runner bar should 
therefore have a gentle tapered step at each gate to promote even metal flow.  

In extreme cases, where there are many gates or a single gate along the length of the 
casting, the runner bar can be tapered along its length. 
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Another important feature is that the gating arrangement must avoid waterfall effects 
(see Figure 3203.00.15). In the first example shown here, metal is introduced into only 
one leg of an inverted 'U' casting. As one leg fills up, the point is reached where the 
metal splashes over the 'weir'. The splashing leads to unwanted oxidation of the metal 
and is of course particularly bad if the fall exceeds the critical height defined earlier 
(12.5 mm in aluminium) since the critical velocity condition will then be reached. At the 
same time, whilst the metal is filling the non-gated leg, the top meniscus is static. As a 
result, its oxide surface layer will be rapidly growing in thickness and will become 
increasingly difficult to move once the waterfall effect has finished. The molten metal 
will then tend to flow over the top of the thick oxide skin, leading to an entrapped defect 
which is known as an oxide lap. 

The solution is to use more than one gate, so that metal rises in both legs at the same 
time. This avoids both the waterfall effect and the development of thick oxide films. For 
castings with multiple isolated low points, a separate ingate is required for each low 
point. 
 

Good Designing Example 

 

Figure 3203.00.16:  Some of these aspects of good design will now be examined in a 
little more detail by reference to the sump casting that we saw at the beginning of the 
lecture. You will recall that this contained extensive oxide defects which led to leakage 
problems. This was originally top poured, i.e. the casting was the other way up to that 
shown here and the metal was poured in through the flanged area. 
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This shows a much better way of making the casting. Firstly, the casting is inverted. The 
metal is poured into an offset stepped pouring basin to reduce the velocity at the top of 
the sprue. The sprue is tapered so that aspiration of air is prevented as the metal 
accelerates and the stream reduces in area. The metal passes through a well which acts 
to control the metal as it enters the horseshoe shaped runner bar. This design is used to 
distribute the metal to both sides of the casting. (If the metal were delivered only to one 
side, then a waterfall effect would occur over the semi-circular cut-outs in the end 
walls.) Gates are taken off the top of the runner and into the bottom edge of the casting, 
thus fulfilling the requirement to fill from the bottom up. Calculation showed that 3 
ingates were required per side to ensure that the critical velocity of 0.5 m s-1 was not 
exceeded through the ingates. It would have been possible to use a stepped runner bar, 
but in this case it was considered simpler to mould a tapered runner bar. 
 

Nomogram for Running System 

 
I would like to finish this lecture by briefly considering how running systems are 
designed by using this sump casting as an example. Their dimensions can be calculated 
from first principles but, in practice, it is easier to use nomograms designed for the 
purpose. 
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3203.00.17Nomogram for the Design of Running Systems

 
 
Figure 3203.00.17 is a nomogram for the design of running systems for aluminium 
castings and will ensure that the maximum ingate velocity does not exceed 250 mm s-1. 
This is half the critical velocity and will therefore provide a certain safety margin. 

We start on the right-hand side of the nomogram and move to the left. The first thing we 
need to calculate is the average filling rate. The weight of the  casting is easy enough - it 
weighs 6 kg. We also need to know the weight of the running system which is of course 
unknown until it has been designed! However, as a first estimate, we can use previous 
experience to guess a weight of 4 kg, therefore giving a total weight of 10 kg. 

We next need to select the time it will take to fill the mould. Again, this is not easy and 
is based on experience and basically a question of trying to imagine how the metal will 
flow through and fill the mould on the foundry floor. In this case, we could imagine that 
it might take 10 seconds for the metal to fill the mould, giving an average filling rate of      
1 kg s-1. 
 

Solidification Time Assessment 

 
Another way of approaching this is to predict the solidification time for the thinnest 
section of the casting, using information such as shown here (Figure 3203.00.18), and 
then to use this as a guide to selecting the filling time. This graph shows that our 6 mm 
thick casting produced in an Al-7Si alloy in a dry sand mould would solidify in about    
50 seconds. Clearly, it is important that the casting is poured in less than that!! A filling 
time of 10 seconds would appear to be appropriate. 
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Gates 

 
Returning to the nomogram, we can now place the average filling time of 1 kg s-1 on the 
right hand axis (point A in Figure 3203.00.19). A horizontal line is then drawn to 
intersect the next two vertical axes. The intersection at point B gives the required gate 
area of 2400 mm2. We then have the freedom to select how we wish to use that available 
gate area - whether we want one gate of 2400 mm2 or whether we want a multiplicity of 
gates having a total area of 2400 mm2. In this case, it is wished to run the metal into 
both sides of the casting and it is felt appropriate to use three gates on each side. We 
therefore now have 6 gates, each having an area of 400 mm2, and again it is our 
responsibility to choose the actual dimensions. To ease cut-off, it might be best to use 
thin gates, so one possible choice would be gates of 4 mm thick x 100 mm long. In 
choosing the gate thickness, consideration must be given to the resulting junction 
between the gate and the casting: this is considered in greater detail in Talat Lecture 

3206. 
 
Also on the same vertical axis, we see that the runner area should be 1200 mm2 (point 
C). Since it is a horseshoe runner, each leg should have an area of 600 mm2 at the start. 
Again, it is the Methods Engineer's responsibility to choose the actual dimensions, one 
choice being an approximately square runner of 24 x 25 mm. This would then be 
tapered down at each ingate, as we have previously seen. 
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Moving to the intersection with the next axis, point D gives the area at the top of the 
sprue as 800 mm2 which could be satisfied by a square sprue of about 28 x 28 mm or a 
round sprue of 32 mm diameter. 
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Nomogram for the Design of Running Systems:

 Exercise
3203.00.19

 
 

Sprue Height 

 
We then need to decide how high the sprue will be. This will be determined by the 
height of the casting, plus any feeders on the casting, and by the minimum sand 
thickness over the top of the casting. In this case, a sprue height of ~500 mm was 
required. This is entered on the nomogram as point E on the left-hand axis. A straight 
line is then drawn between points D and E, to give an intersection at point F on the 
Sprue Exit Area axis. The value can be seen to be 300 mm2, which could be satisfied  
by, for example, a square sprue of 17 x 17 mm or a round sprue of ~19.5 mm diameter. 
This sprue exit area will act as the 'choke', i.e. it will control the flow of metal so that 
the fill time will be 10 seconds, which is the value selected at the start of the calculation. 
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Figure 3203.00.20 shows the calculated dimensions of the runner system. It has been 
assumed that square sections are used for the sprue and runner, although other cross-
sectional shapes could be used, so long as the areas are correct. The remaining important 
feature to be designed is the well base which is based on the optimum dimensions which 
have already been defined in Figure 3203.00.13. 
 
When working out the dimensions of a running system, it is helpful to follow a logical 
sequence of calculations. It is recommended to use a worksheet such as shown here 
(Figure 3203.00.21) which is designed to be used in conjunction with the nomogram. 
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3203.00.21
Runner and Gating

Design Worksheet

Runner and Gating Design Worksheet

Customer   :

Description :

Part No.      :

Motor Co. Inc

Diesel Engine Sump

A12345

Material:

Signature:

Date:      5 June 1993

Calculations   #1             #2                   #3

Description:

Casting Wt (kg):     6

Gating System Wt. (kg):   4

Total Weight (kg):   10

Choose Fill Time (s):   10

Arg. Fill Rate (kg/ s):     1

Gate Area (mm²):       2400

No. of Gates:      6

Gate Size (mm X mm):   4 X 100

Runner Area (mm²):        1200

Number of Runners:    2

Runner Size (mm X mm):  24 X 25

Sprue Top Area (mm²):   800

Sprue Top Dia. (mm):        32 ∅ or  28

Sprue Height (mm):   500

Sprue Exit Area (mm²):   300

Sprue Exit Dia. (mm):       19,5 ∅ or 17

Wall Dia (mm):      40

Wall Depth (mm):     12

Notes:

 
 

Conclusion 

 
In conclusion, this lecture has considered the right and the wrong ways of filling a 
mould cavity with liquid metal. All too often, foundries do not use the correct practice, 
with the result that castings of an inferior quality are produced. This is especially true 
when the molten metal is particularly sensitive to the formation and entrapment of oxide 
films, such as is the case with aluminium. However, methodologies do exist for 
designing filling systems which, if followed carefully, will ensure that high quality 
castings are consistently produced which are suitable for service under the most arduous 
conditions. 
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Introduction 

 

The purpose of this lecture is to introduce the theories of solidification of simple alloys 
under equilibrium and non-equilibrium conditions. These form the scientific foundation 
for all aspects of the production of castings. We shall also consider nucleation and grain 
refinement in casting and the modification of the Al-Si eutectic. 
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Simple Case Analysis 

 
We shall start by considering the movement of a planar solidification front along a bar 
of liquid metal which contains a solute with an initial concentration of CO. This type of 
solidification can be achieved in practice by using a special furnace to impose a steep 
temperature gradient on a crucible holding the metal. 
 
We shall now consider three limiting cases:  
 

a) Equilibrium Solidification 

 
The first of these is equilibrium solidification (Figure 3204.00.01). This assumes that 
total mixing takes place in both the liquid and the solid. This requires complete 
diffusion to take place in the solid, which is usually impossible! However, it does apply 
when solutes have a high diffusion rate, examples being hydrogen or carbon in cast 
irons and steels, or hydrogen in copper. We then allow the liquid metal to start to 
solidify so that, at a particular temperature, a certain volume fraction of solid has 
formed, fS, leaving a certain volume fraction of liquid, fL, where fS + fL = 1. 
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The law of the conservation of mass requires that: 
 

(Solute in solid) + (Solute in liquid) = (total solute) 
 

and so      CSfS          +         CLfL              =        CO             (1) 
 
where  CS and CL are the concentrations of the solute in the solid and liquid respectively. 
 
The above equation can be shown to be merely a re-statement of the lever rule by 
substituting for fL. Equation (1) then becomes: 
 
    CSfS   +   CL (1 - fS )  =  CO  
hence 

     f
C C

C C
S

O L

S L

=
−
−

                              (2) 
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Let    L1 = CL - C0

and   L2 = CL - CS

Therefore

This is the Equilibrium Lever Rule

 
 
Figure 3204.00.02: Reference to this phase diagram shows the cooling of molten Alloy 
A having an initial solute concentration of CO, a liquidus temperature of TL and a solidus 
temperature of TS. At a temperature T where the fraction solid is fS, 

L1  =  CL - CO    and   L2  =  CL - CS 

 

and substitution of these values in equation 2 gives: 

fS = 
L

L

1

2

 

 
which is the equilibrium lever rule. 
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b) Non-equilibrium Analysis 

 
Moving onto the second limiting case, we shall now consider non-equilibrium 
solidification and derive the Scheil equation which is widely used to describe the 
solidification behaviour. The top part of Figure 3204.00.03 again shows the progression 
of solidification with a front between solid and liquid moving from left to right. The 
bottom half shows solute concentration as a function of the fraction solid. 
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The initial uniform solute concentration in the liquid is CO . The first solid to form has a 
composition of k·CO , where k is the partition coefficient and defines how the solute 
partitions between the solid and liquid phases, i.e. k  = CS /CL . High values of k (close 
to 1) indicate that the solute is evenly distributed between liquid and solid (i.e. there is 
little tendency to segregation). As k becomes small (for instance, 0.05 for oxygen in 
iron), so more and more solute is concentrated in the liquid, i.e. segregation increases 
(for instance, by a factor of  20 for oxygen in iron). 
 
When the initial solid is formed, the excess solute is rejected ahead of the advancing 
front. The following assumptions are then made: 
 

1. there is efficient mixing in the liquid so that there is a uniform solute 
distribution, giving a uniform concentration CL; 

2. there is no diffusion of solute in the solid phase, which can arise if the rate of 
cooling is high or if the rate of diffusion is low. This is usually quite a good 
approximation for most substitutional solutes, such as Mn in Fe, or Cu in Al. 
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so

from which it can be shown that

This is the Scheil equation.

It can also be written as

( )C C df dC fL S S L L− ⋅ = ⋅

( )C k C fS S

k= ⋅ − −
0

1
1

C C fL L

k= ⋅ −
0
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Figure 3204.00.04 shows the solute concentrations of CS in the solid and CL in the 
liquid. We then allow the solid-liquid interface to advance by a small amount dfS, with 
the rejected solute increasing the solute concentration in the liquid by dCL. The shaded 
areas can be equated, so that 
 
    ( CL - CS ) dfS  =  dCL . fL          (3) 
 
By definition,  k  =  CS / CL , hence  k  =  dCS / dCL . 
 
Eliminating CL and integrating leads to: 
 
    CS  =  k·CO ( 1 - fS )

k-1           (4) 
 
This is the Scheil equation which is also known as the non-equilibrium lever rule. It can 
also be written in terms of the liquid: 

 
          CL  =  CO · fL

k-1               (4) 

    

or  

   f
C

C

C

C
L

L

O

k
O

L

k

=








 =











− −
1

1

1

1
 

     

It applies with reasonable accuracy to all substitutional solutes, such as Cu, Zn and Mg 
in Al, and Cu, Cr and Mn in Fe. 
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Where higher accuracy is required, there are computational methods which analyse the 
situation where a limited amount of back-diffusion is occurring in the solid. These 
techniques give results which are intermediate between perfect equilibrium and perfect 
non-equilibrium (the Scheil equation). In general, however, the results are closer to the 
Scheil solution. These approaches are outside the scope of these lectures. 
 

c) Solute Rejection Model 

 
So far, it has been assumed that perfect mixing occurs in the liquid. We shall now 
consider the third case: in this, as solute is rejected ahead of the advancing front, it 
diffuses away in the liquid to give a steady-state profile. We again assume that there is 
no diffusion in the solid. Under these conditions, the solute rejected into the liquid 
builds up to a peak concentration of C0/k ahead of the moving front, the effect being like 
that of a snowplough (Figure 3204.00.05). 
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Solid Front Growth 

 
Close to the solid front, where the liquid is stagnant in a thin boundary layer, the 
dispersion of the solute into the liquid is controlled by diffusion, so that the thickness of 
the solute layer, d, can be estimated from the order-of-magnitude relation: 

d ≈  D t⋅  

where D = coefficient of diffusion of the solute in the liquid. 

Since R, the rate of advance of the solidification front, is given by 
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     R  =  
d

t
 

 

it follows that    d  =  
D

R
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Figure 3204.00.06: The rejection of solute into the liquid reduces the liquidus 
temperature close to the interface; the temperature increases towards its equilibrium 
value as the distance from the solidification front increases. 
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It is then necessary to consider the actual temperature gradient, G, applied to the liquid 
(see Figure 3204.00.07). When G is high, the temperature of the liquid ahead of the 
solidification front is always above the melting point. This leads to conditions for stable 
planar growth, i.e. there is no constitutional undercooling. 
 
However, if the temperature gradient is lower, the liquid ahead of the front is effectively 
undercooled below its freezing point (Figure 3204.00.08). This unstable condition leads 
to cellular or even dendritic growth. Thus the condition for stable growth can be 
defined, very approximately, as being when 
 

G ≥  
T T

d

L S−
 

(The rough, order of magnitude approximation can be appreciated from the Figure!) 
 
Substituting for d gives  

G

R
≥  

T T

D

L S−
 

 
This is the condition which roughly defines that there is no constitutional undercooling 
ahead of the interface which therefore remains stable and flat. If the equality is reversed, 
then the liquid ahead of the solidification front is effectively undercooled below its 
freezing point causing the unstable situation which leads to cellular or dendritic growth. 
This instability arises because any slight perturbation of the growing front causes the 
front to move into a region of higher effective undercooling, so growth is accelerated. 
This is of course a run-away situation, leading to the disintegration of the planar front 
into a series of long, finger-like growth forms such as cells or, more extremely, as 
dendrites. 
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Figure 3204.00.09: The condition is often written in a form using the slope of the 
liquidus line, m, where 
 

m =  - ( )
T T

C k C

L S

O O

−
−/

 

 
This gives the familiar relation originally derived by Chalmers in 1953: 
 
   

G

R
≥  

( )− ⋅ −
⋅

m C k

D k

O 1
 

 
The derivation of this equation marked the beginning of a revolution in solidification 
studies, showing how the application of physical principles could quantify 
observations and lead to predictions. 
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Transition in Growth Morphology 

 
Figure 3204.00.10 shows how the growth morphology changes from planar to cellular 
and then to dendritic as the compositionally-induced undercooling increases. Although 
metals can solidify in any of these modes, the most common form in real castings is 
dendritic solidification. A dendrite can be defined as the basic tree-like growth form of 
the solidification front which occurs when instability predicted by the constitutional 
undercooling condition is high. 



TALAT 3204 12

Training in Aluminium Application Technologies

alu

3204.00.10

The Transition in Growth Morphology

The growth morphology
changes from planar 
to cellular, to dendritic as 
the compositionally-induced
undercooling increases
(equivalent to G/R reducing)

Front Side

Solid

Liquid

Temp.

Tmp

T

Temperature
regime

Plane
growth

Dendrite
growth

Cell
growth

Tmp

Tmp

T

The Transition in Growth Morphology

 
 
Dendrites normally grow from a single nucleus which may be only a few µm in 
diameter. The nucleus may be a foreign particle or a fragment of another grain. The 
dendrite grows both forwards and sideways, with the secondary arms generating more 
primaries (see Figure 3204.00.11). Although the arms grow in different physical 
directions, they all have the same crystallographic structure and orientation, i.e. a 
dendrite is a single crystal. 
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Dendrite Arm Spacing (DAS) 

 
A grain may consist of one dendrite or of a 'raft' of thousands of dendrites, but all must 
have the same crystallographic orientation and will have grown from the same 
nucleation site. A grain boundary is formed where rafts of different orientation meet. 
Although grain size is used to characterise the scale of the microstructure of wrought 
alloys, it is often more appropriate to characterise the scale of cast microstructures by 
measuring the secondary dendrite arm spacing, often abbreviated to 'dendrite arm 
spacing', or DAS. This average length is usually measured by carrying out a line count 
along the length of a number of primary dendrite stems which happen to lie near to the 
plane of the section. 
 
During the growth of the dendrite, the average dendrite arm spacing increases with time 
as a result of coarsening, in which the driving force is the reduction in surface energy 
achieved by reducing the surface area (Figure 3204.00.12). Some of the larger arms 
grow at the expense of smaller ones, leading to an increasing DAS as the dendrite gets 
older, and this process is controlled by the rate of diffusion of solute in the liquid. Thus 
the DAS, d, is largely a function of the solidification time, tS, and the relationship is of 
the approximate form: 
 

d  =  k · tS
0.3 

 
The overhead shows a typical set of results for an Al-4.5%Cu alloy in which the 
dendrite arm spacing is plotted as a function of the solidification time (note that a log 
scale has been used). The above relationship can be seen to hold over an impressive 8 
orders of magnitude. 
 
Grain size is usually measured by a linear intercept method in which a fixed distance is 
divided by the number of grains crossed. Grains can be considerably larger than the 
DAS but, of course, the reverse is not possible. This is also illustrated by these results. 
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Figure 3204.00.13: The mechanical properties of most cast alloys depend strongly on 
DAS: the tensile strength, ductility and elongation all increase as DAS decreases. A 
small DAS also reduces the time required for homogenisation heat treatments since the 
diffusion distances are shorter. It is therefore beneficial to reduce the DAS as far as 
possible and since this is almost exclusively a function of the freezing time, any 
technique to reduce this will have a beneficial effect upon the DAS. 

In the case of sand casting, metal chills will help considerably in reducing the DAS. Die 
castings will have a finer DAS, and lower die temperatures will assist even further. 
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Grain Refinement 

 
I would now like to consider grain refinement by reference to the graph 
(Figure 3204.00.14) that we have just seen. Although grain size does tend to reduce 
somewhat as freezing time is decreased, it is not closely controlled by the freezing time. 
This is clearly illustrated by the general scatter in grain sizes above the  d = k · (tS)

0.3 line 
on this graph. Clearly, a number of other factors control the grain size. 
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Figure 3204.00.15: The first of these may be homogeneous nucleation. It can be 
hypothesised that microscopic regions adjacent to the mould wall may be supercooled 
by several hundreds of degrees K and thereby promote homogeneous nucleation. This is 
because an oxide skin is normally against the mould wall and the inside surface of this is 
not an effective nucleus for the initiation of solid. Hence, large amounts of supercooling 
may take place before nucleation occurs. 
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Next, we have heterogeneous nucleation which can be promoted by the introduction of 
effective foreign nuclei. Examples include Zr in some Mg alloys, Ti in Al alloys and 
TiC and TiN in ferritic iron. 
 
Another possibility is to cause grain fragmentation by a variety of means. One technique 
is to use a low pouring temperature so that as dendrites form and are broken up in the 
stream of flowing metal, fragments are swept into the bulk of the casting and if they do 
not re-melt, they can act as efficient nuclei. Alternatively, any mechanical, thermal or 
solutal disturbance during freezing will assist, such as surface shower multiplication, or 
grain refinement by vibration or stirring, such as electromagnetic stirring. Ultrasonic 
vibration is also a well-known method of achieving grain refinement although there are 
a number of explanations of how it works. One of these is that ultrasound generates heat 
and re-melts the roots of the dendrite arms, allowing them to float free. Another is that 
ultrasound shears dendrite arms along a slip plane. A third explanation is that the 
dendrite arms are bent, causing work hardening and subsequent recrystallisation. This 
creates high angle boundaries which can be wetted by the molten alloy which can then 
penetrate along them and cause arms to separate. 
 

Effect of Alloying Elements 

 
Finally, it is possible to restrict grain growth after nucleation. One way of achieving this 
is to use alloying elements with a low distribution coefficient, k, i.e. those solutes which 
segregate strongly ahead of the advancing front and so slow down diffusion and thus the 
rate of arrival of aluminium atoms to grow the primary aluminium dendrites. This is 
probably how B helps to grain refine Al alloys which contain additions of Ti. 
 
In summary, there is widespread confusion between the concept of a grain and the 
concept of a dendrite. It is necessary to be on one's guard against this. 
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We shall now turn to the modification of the aluminium-silicon eutectic (Figure 

3204.00.16). The Al-Si eutectic solidifies with a ragged front, as a dendritic front in 
which the dendrites are composed of the eutectic. This curious behaviour is shown in 
this overhead. 
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Sodium effect 

 
Conversely, when a minute amount of sodium is added to the alloy, the eutectic front 
becomes planar as shown in Figure 3204.00.17. These effects were noted in a 
discerning study by Hunt at Oxford University who found that the length of the dendritic 
solidification front was 17 times greater than that of the planar front. Thus, the 
reasoning goes, since the rate of extraction of heat from the mould is the same in both 
cases, the rate of advance of the dendritic front will only be 1/17th of the rate of the 
planar front. Thus the eutectic spacing will be coarse in the dendritic growth mode, 
whereas it will be fine in the planar mode because it had rapidly solidified. 
 
This explains the action of sodium in refining the spacing of the eutectic silicon. It also 
explains how the action of speeding up solidification and that of sodium are both 
analogous and additive in practice. For instance those castings which solidify rapidly, 
such as die castings (especially pressure die castings) have especially fine eutectic 
spacing, although additions of sodium will act to refine the spacing still further. 
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The refining of the eutectic spacing is generally carried out to enhance the strength and 
ductility of Al-Si alloys, particularly those alloys which contain more than about 50 per 
cent eutectic phase such as Al-7Si-0.4Mg and higher Si alloys such as Al-11Si etc. 
 
In gravity die casting foundries, however, sodium is added by the caster for apparently 
quite different reasons. When, during a production run, the caster notices that an area of 
concentrated shrinkage starts to occur in a hot spot such as a re-entrant corner of the 
casting, he will add sodium to the melt. The effect is like magic. The surface sink 
disappears immediately. 
 
The explanation of this useful effect follows from Hunt's experimental observations. 
Without the sodium the freezing front is ragged and thus weak and vulnerable, because 
of the numerous thinned parts of the solidified skin. It therefore collapses easily under 
the internal effects of shrinkage in the hot spot, and may actually puncture, allowing air 
into the shrinkage cavity which can then grow unhindered. 
 
With the addition of sodium, the freezing front is straightened, and so becomes 
uniformly strong, resisting the collapsing force attempting to suck the material into the 
casting interior. In this situation an internal pore may form, but at least this is not visible 
on the outside of the casting, and is not connected to the surface. The casting is in most 
cases therefore acceptable to the customer and suitable for service. Often, however, an 
internal pore does not form. The solid therefore continues to collapse as before, but the 
strong, uniform skin ensures that the collapse is spread widely, and so effectively 
unnoticeable. (This is an effective way of solid feeding which will be described in the 
lecture on Feeding under the section The Five Feeding Mechanisms.) 
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Problems of Sodium Modification

 
 
Foundries are thinking of moving away from sodium as a modifier for the eutectic 
spacing. There are a number of driving forces for this change (see Figure 3204.00.18). 
 

1. The addition of sodium causes a lot of fume during the period of the addition 
when added as sodium metal. The health and safety legislation make this aspect 
unpopular (although there seems to be little evidence of any hazard). 

 
2. When sodium is added in salt form, then the residual chloride and/or fluoride 

salt has to be disposed of in some safe manner. Because of the danger of the 
pollution of ground water supplies, this procedure is also becoming less widely 
used. 

 
3. The temperature at which liquid aluminium is held is above the boiling point of 

sodium, so that sodium is lost from the melt by evaporation. The rate of loss of 
sodium vapour means that most sodium is lost within 15 or 20 minutes of an 
addition. It is therefore not easy to ensure that the level of sodium in the melt is 
correct at all times. This poor chemical control is the main reason why sodium 
is unpopular for control of eutectic modification. 

 

Strontium Effect 

 
Strontium is now beginning to be used as a substitute for sodium in the modification of 
the Al-Si eutectic (Figure 3204.00.19). Its great advantages are that it is effectively 
permanent  and it is easily and fumelessly added to the melt. It is lost slowly by 
oxidation. However, this is similar to the rate at which other oxidisable elements such as 
Mg are lost, and so can be effectively kept under good control. 
 
Nevertheless, life is never perfect. There are, of course, disadvantages to the use of 
strontium: 
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1. The melt seems sensitised to the pickup of hydrogen gas, so that castings often 

display dispersed gas porosity. When the melt is allowed to remain in contact 
with moisture in the air, the strontium reacts with the water, forming strontium 
oxide on the melt surface and releasing hydrogen gas to go into the melt. This 
seems to happen less in low pressure die casting where holding the melt inside 
an enclosed pressure vessel keeps the it out of contact with air. 

 
2. The action of strontium on straightening the freezing front of the eutectic is not 

quite the same as that of sodium.  
 
Although strontium acts to smooth the front somewhat, it creates a cellular front, a kind 
of compromise between a planar and a dendritic condition. The cellular growth of the 
front sometimes causes a kind of 'orange peel' condition on the surface of poorly fed 
thin-walled castings, as a result of the drainage of residual liquid between the cells, thus 
outlining the cells and giving the appearance of crazy paving. 
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Antimony Effect 

 
Antimony is another permanent alloying addition which has a modest effect on the 
refinement of the Al-Si eutectic. However, its action is different again from that of Na 
and Sr, and far less dramatic. In fact its effect on sand castings is sufficiently 
insignificant that it is usually not used for such applications. It is claimed to be 
reasonably useful for die castings of various sorts, and is used particularly in gravity die 
foundries. In addition to its relatively modest, if not poor, performance, antimony is also 



TALAT 3204 21

somewhat toxic, and thus an addition in the foundry is not recommended. Because of its 
permanence as an alloying addition, it can of course be added to the alloy at the point of 
alloy production. 
 

Al-Si Hypereutectic Solidification 

 

Figure 3204.00.20: In the hypereutectic Al-Si alloys, primary silicon is the first phase to 
separate on solidification. This solidifies as chunky crystals of pure silicon. If there are 
few nuclei on which the silicon can form, then the silicon will form as large separated 
particles which will float out rapidly, segregating to the top of the casting. 
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To avoid this problem, and to obtain a fine and nicely dispersed form of the primary 
silicon, it is necessary to make a prolific addition of suitable nuclei. This is achieved by 
the addition of phosphorus. It is thought that aluminium phosphide, AlP3, is the active 
nucleant. 
 
Care needs to be taken to ensure that sodium or strontium are not present when 
phosphorus is added. These two groups of elements are antagonistic in aluminium alloys 
and effectively neutralise each other. Thus if one is present, the other has to be added in 
sufficient amounts first to react and negate the effect of the first before any beneficial 
action can be gained. 
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Conclusions 

 
In conclusion, this lecture has considered some of the basic scientific aspects of 
solidification and the formation of different cast structures. We have also seen how the 
cast structure of aluminium castings can be altered by the addition of small but judicial 
amounts of certain elements. This provides an essential foundation to future lectures in 
which we will see what steps are necessary to produce a sound casting (TALAT 

Lecture 3206) and the consequences of failing to achieve this (TALAT Lecture 3207). 
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Introduction 

 

Fluidity is, in casting terminology, the distance to which a metal, when cast at a given 
temperature, will flow in a given test mould before it is stopped by solidification. 
Fluidity is therefore a length, usually measured in millimetres or metres. 
 
(It is not to be confused with the physicists' definition as the reciprocal of viscosity.) 
 

Measurements of Fluidity 

 
Traditionally fluidity has been measured in a spiral mould. The rationale behind this is 
clearly the desire to compress the fluidity test into as small a mould as possible, and that 
the flow distance is sensitive to levelling errors, and that these are minimised by the 
spiral path of the liquid (Figure 3205.00.01). 
 



TALAT 3205 3

alu

Training in Aluminium Application Technologies

Measurement of Fluidity

Measurement of Fluidity

0 10050

Scale

7.5

9.1

4.1

(a) Fluidity Spiral

(b) Laboratory Test

Maximum fluidity length

To Vacuum

Spiral section enlarged

3205.00.01

 
 
A large number of variations of the spiral test have been used over the last half century. 
Although widely used, they are also widely criticised for a number of reasons, probably 
the most important of which is that the test bears no clear relation to its application in 
real castings. For instance, if it is found that a particular alloy at a reasonable casting 
temperature gives a spiral fluidity length of 500 mm, how does this relate to a particular 
casting which might be bottom gated and with a wall 350 mm high and 4 mm thick. 
Will the casting fill or not? Will it be prevented from filling by premature freezing? 
These are questions which have not been answered up till now. However, they are 
capable of being answered even from the results of the spiral test as we shall see. 
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However, the questions are probably more easily and directly answered by more recent, 
simpler designs of test which have been developed over recent years at The University 
of Birmingham, UK. Figure 3205.00.02  shows the latest variant in which a series of 
long strips of different thickness is filled simultaneously from a common runner bar. 
One mould provides a plot of fluidity as a function of thickness and several moulds 
poured at different temperatures completely characterises the fluidity of a given 
material. Some results from this will be shown later. 
 

Solidification Rates 
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Figure 3205.00.03: As a necessary piece of background, we need to know that the time t 
for the solidified metal to reach a thickness x in a sand mould, where the rate of loss of 
heat from the casting is controlled by the poor conductivity of the mould, is given by the 
parabolic law of thickening: 
 
    t  =  km x

2          (1a) 
 
In the case of a die, the heat flow away from the casting is fast through the casting and 
die, since both are metals, but is now limited by heat flow across the metal/die interface, 
especially as the air gap opens up as the casting contracts away from the die. The 
equivalent relation in this case is a linear law for the rate of thickening: 
 
    t  =  ki x          (1b) 
where 
− k is a constant,  
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− and the subscript m indicates heat transfer controlled by the mould (i.e. the mould is 
a poor conductor of heat)  

− and the subscript i heat transfer controlled by the metal/mould interface (which is 
generally applied to most types of aluminium alloy die casting operations, including 
gravity, low pressure and high pressure die casting). 

 
Thus the time for complete solidification, ts, of a sand casting of section thickness S        
( = twice the maximum value of x) 

                       ts =  
k Sm ⋅ 2

4
         (2a) 

and an equivalent die casting 

             ts =  
k Si ⋅

2
         (2b) 

 

Short Freezing Range Alloys 

 
We will now consider the fluidity of short freezing range metals and alloys 
(Figure 3205.00.04). This shows the mode of solidification from the outside walls in 
towards the centre as the metal proceeds along the mould. A point to notice is the 
remelting of the part of the frozen solid nearest the source of hot metal. For this reason 
the solidified zone migrates progressively along the mould, trailing behind the liquid tip. 
However, the important point to be noted is that the flow of metal is stopped when the 
two freezing fronts meet (although this point is some distance back from the flow tip). 
This corresponds to 100 % solidification at this point. 
 
We can therefore write down a formula for fluidity in terms of the solidification time tS, 
the velocity of flow V, and the fluidity distance Lf. Assuming that V is approximately 
constant, we have simply 
 

    Lf  =  V · tS            (3) 
 
and hence from equations 2a and 3 we have for sand moulds 
 

    Lf  =  
V k Sm⋅ ⋅ 2

4
         (4a) 

and for dies: 

    Lf  =  
V k Si⋅ ⋅

2
         (4b) 

These formulae overestimate the fluidity length somewhat because V is not completely 
constant; the melt does slow a little as the constriction due to freezing starts to take hold. 
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However, this is a relatively minor effect, and the formula is in fact quite a useful 
approximation. 
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Long Freezing Range Alloys 

 
We will now move onto the fluidity of long freezing range alloys. The solidification of 
such alloys in a rapidly flowing stream is somewhat different (Figure 3205.00.05). 
 
The solidification front is now, of course, no longer planar but dendritic, and because 
freezing is occurring in a moving liquid, the bulk turbulence in the liquid causes 
turbulent eddies to sweep through the dendrites, carrying pockets of hot liquid into these 
cooler regions, and thus remelting dendrite arms and other fragments, to build up a 
slurry of dendrite debris. As heat is lost from the slurry, the slurry thickens, gradually 
becoming so thick that it is too viscous to flow. This occurs at different fractions of 
solid in different alloys, and also seems to be influenced by the metallostatic head 
driving the flow. In general, however, the flow of liquid is arrested when the volume 
fraction of solid is somewhere between 25 and 50 %. 
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If we now rewrite equation 1 allowing for the fact that only 25 to 50 % freezing is 
required to arrest flow, then x = S/4 to S/8, and from equation 1 we obtain therefore   
t = km S

2 / 16  to t = km S
2 / 64, so that 

 

    Lf  =   
V k S

to
V k Sm m⋅ ⋅ ⋅2 2

16 64
                  (5) 

 
By comparison with equation 4a, it is immediately clear that fluidity is expected to fall 
by a factor of 4 to 16 in long freezing range alloys when cast in sand moulds. This is 
often seen in practice. 
 
For dies, a similar approach gives 
 

    Lf  =   
V k S

to
V k Si i⋅ ⋅ ⋅ ⋅

4 8
         (6) 

 
By comparison with equation 4b, this shows that the fluidity falls by a factor of only       
2 to 4 when long freezing range alloys are cast in dies. 

Effect of Impurities 

 
Sometimes, however, the large predicted fall for sand castings is not seen. In practice 
the fall appears to be only perhaps a factor of 2. In such cases it is likely that the so 
called pure metal components of the alloy are in fact not so pure; even slight impurities 
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will greatly reduce the fluidity of pure elements, thus easily accounting for the fact that 
further alloying appears to reduce the fluidity further by only the factor of 2. 
This effect is illustrated by the results (Figure 3205.00.06) which show the effect of 
small concentrations of tin on the fluidity of pure aluminium. 
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Map of Fluidity 

 
We can now create a useful map of the performance of a complete series of binary alloys 
in terms of their ability to flow before being arrested by solidification 
(Figure 3205.00.07). 

The map can be created in stages as follows: firstly the pure metal components and the 
eutectic are skin-freezing materials (all solidifying at a single temperature) and so have 
high fluidities. These three points should lie on a single line, but the extreme sensitivity 
of fluidity to even minor impurities often will seriously affect the height of these cusps. 
Also, of course, the cusps are so high and narrow that it is easily possible in practice to 
miss the peak when attempting to locate it experimentally. 
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The regions in between the three peaks have fluidities which are lower by a factor of      
2 to 16, but more typically by a factor of 2 to 4. This factor can be different at the two 
ends, of course. Furthermore, we may probably assume a method of mixtures type 
argument between these extremes, which gives a straight line connection. The map is 
then complete, as shown here. 
 
Figure 3205.00.08: In practice the Al-Si system turns out to be a surprise when the peak 
in fluidity is not at the equilibrium eutectic around 11% Si, but is nearer 15% Si. This 
corresponds of course to the non-equilibrium eutectic composition. It is expected that 
the presence of Na or Sr as promoters of the eutectic phase, and suppressers of the 
primary Si, might influence the position and height of the fluidity peak somewhat. The 
general increase in fluidity with increasing silicon content in this particular alloy is the 
result of the powerful effect of Si. Its latent heat of solidification is among the highest of 
all natural elements, and is nearly 5 times greater than that of Al. Thus tS is significantly 
increased as Si levels are raised. 
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Figure 3205.00.09 shows results for Al - Zn alloys and again confirms that fluidity is 
highest for pure metals and at the eutectic composition. This is true whether a constant 
pouring temperature (700° C) or constant superheat (liquidus temperature plus 50° C) is 
used. 
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For more complicated systems, the fluidity map becomes even more complicated as seen 
in this three dimensional plot for Al - Si - Cu alloys (Figure 3205.00.10). These 
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experimental data show that the maximum fluidity coincides with the ternary eutectic 
'A'. When designing new foundry alloys it should be mandatory to create such a map. 
The sensitivity or robustness of the fluidity of a new material would then be clear from 
the start, or slight modifications might result in a much improved optimisation of the 
castability of the material without significant loss of other properties. In the past the 
importance of this critical parameter has been sadly overlooked. 
 

alu

Training in Aluminium Application Technologies

3205.00.10

50

40

30

20

10

00
2

4

6
8

12

10

14

20

30

35

40

25

15

C
op

pe
r, 

w
ei
gh

t %

Silicon, weight %

F
lu

id
ity

, m
m

E

A

B

D

C

The liquidus surface of the
Al-Cu-Si system

The Fluidity of Al - Cu - Si Alloys

A

E

B

DC

20 40 500

0

15

10

5

S
ili

co
n
, 
w

e
ig

h
t 
%

Copper, weight %

CuAl2

Si

Al

B

C

D

E

27.5 5.25 524  Ternary eutectic

51 4.5 571  Ternary eutectic

33 - 548  Binary eutectic

51 - 591  CuAl2
- 11.7 577  Binary eutectic

Cu Si T°C
A

The Fluidity of Al-Cu-Si Alloys

10

15

20

25

30

35

40

 
 

Effect of Surface Tension 

 
In addition to the effect of solidification on limiting the distance to which metals will 
flow in moulds and dies, the effect of surface tension becomes important in thin sections 
i.e. less than 5 mm or so (Figure 3205.00.11). 
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The effect of surface tension can be likened to a back pressure, often known as capillary 
repulsion - repulsion since moulds and dies are designed to avoid wetting by the liquid 
metal; if the mould or die was wetted then the effect would be the familiar phenomenon 
of capillary attraction, as water climbing a glass capillary tube. The formula which 
allows the effect to be quantified is 

     ∆ P =  γ 1 1

1 2r r
−









 

where ∆ P is the pressure difference across the curved interface, γ is the surface tension 
of the liquid metal, and r1 and r2 are the two radii at right angles which define the 
curvature of the liquid meniscus. In the filling of a wide plate we may consider that one 
of the radii becomes nearly infinity, so that if the remaining radius is now r, the 
expression reduces to 

     ∆ P = 
γ
r

 

Thus the pressure exerted by the meniscus to prevent a thin section from filling is 
inversely proportional to the section thickness. If we equate this to the pressure available 
due to the metallostatic head ρ g h, where  

ρ is the density of the liquid,  
g the acceleration due to gravity, and  
h the metallostatic head,  

then we can calculate the section thickness d = 2r which just will not fill. This is 

     d = 
2 ⋅
⋅ ⋅

γ
ρ g h

                    (7) 
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Effect of Section Thickness 

 

Figure 3205.00.12 shows the effect of casting a series of strips of different thickness at 
a variety of temperatures. Clearly they all extrapolate backwards to a critical thickness 
0.63 mm which just will not fill (i.e. has zero fluidity distance under all conditions of 
pouring temperature) for this height of mould. For the Zn - 27 % Al alloy we can work 
out from Equation (7) the effective surface tension. When this exercise is carried out for 
most aluminium alloys the result is approximately 1.5 - 2.0 N/m. Since γ for liquid 
aluminium and its alloys is actually nearer 0.9 - 1 N/m, we can conclude that the 
presence of the strong and tenacious aluminium oxide film approximately doubles the 
effect of the natural surface tension of the liquid in preventing the liquid from entering 
narrow sections. 
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The determination of fluidity as a function of thickness of section in this way is a 
valuable method of determining the effective surface tension in filling problems. The 
technique is recommended for more general use. 
 
Figure 3205.00.13 shows more fluidity data for this alloy cast in sand moulds, 
illustrating the considerably greater distance to which the metal will run in the wide 
section of a fluidity spiral, as opposed to the narrow plate-like sections. 
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However, Figure 3205.00.14 shows how all these results become equivalent when 
allowance is made for the effect of surface tension and the effect of the different cooling 
rates due to the difference in geometric modulus; all the results condense together onto a 
single curve when reduced to the effective fluidity in a 2 mm plate section. This result 
emphasises the fact that all the fluidity tests give equivalent information providing 
allowance is made for the effects of the section on cooling rate and the effective loss of 
pressure head due to surface tension. 
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Concept of Continuous Fluidity 

 
I would now like to introduce the concept of continuous fluidity. So far we have 
discussed only the maximum distance that an alloy will run in a mould. In some 
instances it is useful to be able to define the distance to which a metal can flow in a 
channel, in which the metal will continue to run for ever, at least in principle. 

This can happen in short lengths of channel where the channel opens out subsequently 
into a larger section. It occurs because the arrival of new hot metal in the channel 
continuously remelts the originally solidified material, effectively redepositing this 
further down the channel. The effect is seen in Figure 3205.00.15. 
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Continuous Fluidity

Maximum fluidity length Lf

Continuous Fluidity
Length LC

 
 
With the movement of the solidifying plug progressing down the channel, if the channel 
opens out into a larger section before the plug finally closes, then the plug will 
completely remelt, effectively being pushed out of the channel. Thus the subsequent 
flow will be unchecked by solidification - the channel will remain completely open 
while hot metal continues to flow. 
 
This effect is valuable in running systems, where the section thickness is small, but the 
system remains open because of the remelting effect. Interestingly, the continuous 
fluidity concept can allow the casting engineer to predict how small a running system 
section he can use, and what corresponding casting temperature will be required to avoid 
premature freezing in the running system, resulting in a short-run casting. 
 
Figure 3205.00.16 illustrates how continuous fluidity contrasts with normal (i.e. 
maximum) fluidity. Maximum fluidity still exists at zero superheat because there is 
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latent heat in the liquid which will allow the metal to continue to flow for a short time. 
For continuous fluidity, some superheat is always required for the remelting action to 
occur. The various regimes of continuous, partial, and impossible flow to make castings 
are worth remembering. 
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Very little experimental work has been performed on continuous fluidity. More deserves 
to be carried out on this important and useful concept. 
 

Practical Feeding Problems 

 

Figure 3205.00.17: Finally, a significant practical difficulty needs to be emphasised for 
the benefit of the unwary casting technologist. 

It needs to be pointed out that although an alloy may be persuaded to flow a 
considerable distance to fill a mould, this flow distance may greatly exceed the distance 
to which the alloy may be fed. Thus although the mould may have been successfully 
filled, so that the casting may appear to be reassuringly complete when taken out from 
the mould, the casting may be scrap in any case as a result of internal shrinkage 
problems, simply because the metal has been allowed to flow to a greater distance than 
can easily be fed. 

Unfortunately, it is not easy at this time to give any easy guidance on this important 
issue. The reason is that despite a number of attempts to clarify this issue by research on 
the feeding distance of aluminium casting alloys, the results have been unclear. This is 
perhaps not surprising because the physical laws controlling feeding distance are 
complicated (we shall briefly take a look at these in a moment). 
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The imprecise situation for aluminium alloys contrasts with the precise and well known 
condition in simple carbon-manganese steels of section thickness upwards of 15 mm 
cast in green sand moulds. Here the feeding distance is easily demonstrated to be a 
maximum of 2.5 times the section thickness away from the feeder. 

However, as a useful rule of thumb, most common aluminium foundry alloys in a sand 
mould will flow a distance of at least 50 times the section thickness in a complex 
casting, and up to 100 times the section thickness in a simple, nicely gated casting. 
(Beyond this are usually the headaches of regular scrap due to misrun castings. Beware!) 

It is likely therefore that the feeding distance might be considerably exceeded in 
aluminium alloys, and some castings are indeed observed to contain some centre-line 
shrinkage porosity beyond a distance of a few section thicknesses from the feeder. 

 

alu

Training in Aluminium Application Technologies

Filling versus Feeding 3205.00.17

Filling 

    vs. 

        feeding

Beware!! 

Filling distance may exceed 

feeding distance

Pouring basin

Downsprue

Runner

Thin wall

bell-shaped

casting

Feeder

Feeding distance

Shrinkage

'  Thin wall aluminium castings often sound due to:
 (  Surface feeding [liquid drawn from surface]

 (  Solid feeding [solid skin sucked inwards]

 (  Assistance from dispersed hydrogen porosity

 (  Assistance from low melting point eutectic

'  In steels, feeding distance 

      = 2.5 x section thickness.
'  Al alloys: flow distance

      = 50 - 100 x section thickness.
'  Al alloys: feeding distance not

     well established.

 

 

However, this is not always the case. Many thin sections which have been run to the 
maximum fluidity distance are still found to be sound when checked by X-ray 
radiography. This appears to be the result of the beneficial actions of other feeding 
processes such as: 

• surface feeding, in which liquid to feed internal shrinkage is withdrawn from the 
nearby casting surface. (In a thin section casting this feeding mechanism has a 
negligible effect on surface finish), 

or 
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• solid feeding, in which the solid skin of the casting is sucked inwards. Once again, 
this is a negligible effect on casting dimensions when well-dispersed over an 
extensive thin wall. 

 

Other effects which are occasionally present and which have an important  influence on 
whether the casting freezes sound or not are: 

• The occasional presence of some dispersed hydrogen porosity which will reduce the 
feeding difficulties. 

• Some alloys seem to enjoy the additional beneficial effects of minute traces of 
impurities in creating a low melting point eutectic phase which aids feeding. 

For extensive thin-walled aerospace castings the fluidity and the soundness of the 
casting are of paramount importnace. 

 

However, in the manufacture of many thin walled aluminium alloys castings for normal 
large commercial markets, the soundness requirements are in most cases easily met 
because the castings often require no great mechanical properties, but are merely 
required to be leak-tight. No X-ray requirements are therefore imposed, and a certain 
amount of internal porosity (whether shrinkage or gas) as a result of exceeding the 
feeding distance, is of little consequence to the serviceability of the component. 

 

Clearly, the ultimate criterion has to be fitness for purpose at minimum cost. 
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Shrinkage Problems 

 

The primary objective of this lecture is to consider how to produce castings that are free 
from defects caused by shrinkage of the metal. 
 
It is important to appreciate that there are three types of shrinkage. Firstly, any liquid 
metal will contract in volume as it cools from its initial temperature down to its freezing 
point. This contraction is linear with temperature and can be compensated for without 
much difficulty. Secondly, there is always a volume change as the liquid metal 
transforms to a solid due to the change in the arrangement of the atoms from the rather 
open, random close-packed manner in a liquid to a regular close-packed form in a solid. 
Examples of the latter are face-centered cubic (f.c.c.) and body-centered cubic (b.c.c.). 
Finally, there is the contraction of the solid metal as it cools down to room temperature 
(see Figure 3206.00.01). 
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Of these, the transformation from liquid to solid is the most critical. Normally this is a 
contraction i.e. the metal undergoes shrinkage as it solidifies. Typical values of a are 7% 
for aluminium and 3.2% for iron. (However, it should be noted that some metals expand 
on freezing, examples being bismuth and silicon.) 
 
Although 7% shrinkage may not sound very much, it is instructive to consider a simple 
mathematical treatment of the solidification of a sphere. This shows that it creates a void 
in the centre of a sphere having a diameter which is 41% of the original sphere diameter. 
This void must be filled up if the casting is to be sound, but this often causes a real 
problem in practice. This lecture considers how such shrinkage defects are prevented by 
the use of a reservoir of molten metal, normally called a feeder in English, but often 
referred to as a riser in American English. 
 

The Seven Feeding Rules 

 

1) Heat Transfer Requirement 

 
Although much has been written about the feeding of castings, it can be summarised in 
the form of a set of relatively simple rules, which we shall now consider in detail.  
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The first rule (see Figure 3206.00.02) is a heat transfer requirement known as 
Chvorinov's Rule. It can be stated as: 
 

"the freezing time of the feeder must be at least as long as the freezing time of the 

casting". 

 
It can be re-stated in simple terms as: 
 

"the modulus of the feeder must be equal to or greater than the modulus of the 

casting". 

 
More often, it is written as: 
 

"the modulus of the feeder (Mf) equals 1.2 times the modulus of the casting (Mc)". 
The extra 20% given by this expression is a safety factor to allow for errors and 
difficulties in calculating the moduli. 
 
The modulus is, of course, defined as the solidifying volume divided by the surface area 
of the casting which is losing heat. It is important to include only those surfaces which 
lose heat. As the modulus increases, so the solidification time ts increases, and the 
modulus is therefore a useful means of predicting solidification times. 
 
Some modulus calculations for simple shapes are shown here: 

− The modulus of a cube having a side of d is d/6. 

− For a very long cylinder of diameter d and length L, the volume is π⋅d2⋅L/4 and 
the cooling surface area is π⋅d⋅L which gives a modulus of d/4. In this case it 
has been assumed that no heat is lost from the two end surfaces which is a good 
approximation if L is much greater than d. 
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− The volume of a thin plate is d⋅a⋅b and the cooling surface area is 2⋅a⋅b to give a 
modulus of d/2. In this case, it has been assumed that the thickness, d, is much 
smaller than a or b, so that the amount of heat lost through the side faces is 
negligible. When a and b are not negligible, then the heat lost through the side 
faces is easily taken into account. 

 
When working out the modulus of a complex casting, it is normal to consider those 
parts that are in good thermal communication as a whole. Thus an aluminium casting 
can often be treated as a whole because of its high thermal conductivity. Conversely, a 
steel casting is often dealt with as a series of separate primitive shapes. It should be 
noted that the modulus always has the dimensions of length. 

2) Volume Requirement 
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Rule No. 2: Volume Requirement
The feeder must contain sufficient liquid

to satisfy the volume contraction of the casting.

For aluminium, α ∼  7%  and for a sand mould, ε ≈ 14%

Approximately,    2 Vf ≥ Vc + Vf

Vf ≥ Vc

Therefore, yield is only about 50% for aluminium.

For steels, α ∼ 3% and yield rises to ~78%.

Feed metal available                    where ε = feeder efficiency

for sound castings, 

 Volume needed                             where Vc  = volume of casting

                    and     Vf  = volume of feeder

( )= ⋅ +α V Vc f

= ⋅ε V f

( )ε α⋅ ≥ ⋅ +V V Vf c f

( )014 0 07. .⋅ ≥ ⋅ +V V Vf c f

 
 
The second feeding rule is normally known as the Volume Requirement                
(Figure 3206.00.03). It can be stated as: 

"The feeder must contain sufficient liquid to satisfy the volume contraction 

requirements of the casting". 

Even if Rule 1 has been closely followed to give Mf >> Mc, it is still possible that there 
may not be enough liquid metal to feed the casting, with the result that the feeder would 
be emptied and a shrinkage cavity would extend into the casting. An example of when 
this could occur would be a long thin casting. 

The volume required can be calculated from the volumetric contraction, α, and the 
volumes of the casting (Vc) and feeder (Vf), so that 

                      Volume required  = α ( Vc  +  Vf ) 

This has to supplied by the feeder, which only works with a certain efficiency, ε, so that 
sound castings will be produced if: 

ε ⋅ Vf  ≥ α ( Vc  +  Vf ) 
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As an example, α for aluminium is about 7% and ε for a typical feeder moulded in a 
sand mould is 14%. Substituting these values into this expression shows that, as an 
absolute minimum, the volume of the feeder must equal that of the casting. It can 
therefore be seen that aluminium has a very high feed metal requirement since the yield 
(i.e. weight of casting as a proportion of the weight of the casting plus feeder) is only 
50%. For steels with a typical α value of 3%, a feeder of the same efficiency would 
provide a yield of over 78%. 

It should also be pointed out that it is possible to improve the yield by insulating the 
feeder which can increase ε to 50% or higher. 

Before moving onto Rule 3, it can be commented that many text books only consider 
Rules 1 and 2, yet there are additional rules which must be followed if sound castings 
are to be made. 
 

3) Junction Requirement 
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Rule No. 3: The Junction Requirement
The junction between the casting and the feeder must not create a hot-spot.

t<<d t=d/2 t=d t=2d

       A
Cold spot

    B
Neutral

     C
Hot spot

    D
Neutral

d

Feeding a plate casting

1:1 junction creates
hot spot leading to 
under-feeder shrinkage

Overcome by using a 2:1 junction, 
but this creates cut-off problem.

Use of plate extension to move 
junction problem off the casting.

Rule 3.1: Avoid creation of junctions       Rule 3.2: Alternatively, use M M or M Mf c f c= ⋅ = ⋅2 15( . )

 
 
The next rule is known as the Junction Requirement (Figure 3206.00.04). This states 
that the junction between the casting and the feeder must not create a hot spot. 

This shows a series of T-junctions between a plate of thickness d and an adjoining plate 
of varying thickness t. Junction A consists of a thin fin of thickness t << d joined to the 
plate. It does not take too much imagination to see that the fin will act as it would on a 
radiator: it will extract heat rapidly, leading to a change in the thermal profiles and the 
solidification front. In effect, Junction A acts as a cold junction. This effect is 
sometimes exploited when it is necessary to achieve more rapid cooling locally, as an 
alternative to chills placed in the mould. It is especially useful when wishing to provide 
local cooling in aluminium alloys because of their high thermal conductivity. Such 
junctions are much less effective in steel castings. 

If we now jump to junction C where we have two legs of equal thickness (d = t) joined 
together. This creates a hot spot, a fact which is well known to all foundrymen! 
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Solidification proceeds less rapidly at the junction of the T because the sand gets very 
hot in this area. As a result, the fragile solidified skin collapses in this area, leading to a 
'wormhole' into the casting. This type of junction must always be avoided. 
 
Moving to junction B, logic allows us to guess that when one plate of thickness d is 
joined to a plate of half of that thickness, the cold and hot junction effects are balanced 
to give a neutral junction. This means that junction B can be used as an ingate since it 
has no effect on the casting. 
 
Moving to junction D, this can be seen to have a 2:1 ratio and its geometry is therefore 
similar to that of junction B. This means that it is also neutral and this arrangement is 
useful as a feeder. 
 
We shall now emphasise the importance of the Junction Requirement by considering 
how to place a feeder on a plate casting. As we have already seen, Chvorinov's rule 
would suggest that satisfactory feeding should occur if Mc is equal to Mf. However, if we 
place the feeder on the casting as shown here, we will create a hot spot because we have 
overlooked the Junction Requirement. As a result, we will inevitably get shrinkage 
porosity at the base of the feeder, which is also known as under-riser porosity. From the 
previous discussion on junction design we can see that this problem can be overcome by 
enlarging the junction between the plate and the feeder. However, this leads to a large 
feeder which is difficult to cut off the casting. 
 
This difficulty can be overcome by trying to avoid junctions altogether and one way to 
achieve this rather contradictory aim is to extend the casting and to put the feeder on 
that. 
 
Rule 3 can therefore be written in two parts. Rule 3.1 is to avoid the creation of 
junctions, particularly T junctions. However, if there is no alternative to placing a feeder 
directly on a casting, then Rule 3.2 is to ensure that the modulus of the feeder is twice 
that of the casting to prevent a hot spot in the casting. This is a theoretical value and in 
reality it should be possible to reduce this to perhaps Mf  ~ 1.5 Mc (the research to 
provide an exact factor has not yet been carried out), but it is important not to use        
Mf  ~  1.2 Mc, which is too close to Mf  ~ Mc. 
 

4) Feed Path Requirement 

 
Rule number 4 is known as the Feed Path Requirement (Figure 3206.00.05). This states 
that it is necessary to have communication between the feeder and the feature on the 
casting which is being fed. This might appear to be rather obvious and trivial, but it is 
often overlooked and is often difficult to achieve. 
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Rule No. 4: The Feed Path Requirement
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This shows a section through a typical flanged wheel casting and we shall assume that 
the modulus calculations indicate that it should be possible to feed this with a single 
feeder placed on one of the heavy sections (C). It can easily be seen, however, that the 
feed path to the other heavy section (A) will be cut when the thinner section B solidifies. 
One way of overcoming this, which is widely used in  steel foundries, is to use 'padding', 
i.e. to add extra material so that the feed path is kept open. The extra material then has 
to be removed, which adds to the manufacturing cost. One alternative is to use an extra 
feeder, although this is not always feasible and may be difficult to remove. A further 
possibility is to apply a chill or cooling fin to A (not shown on the overhead). A better 
alternative may be to negotiate a change of design with the customer, although again this 
may not always be possible. 
 

5) Pressure Requirement 

 
Rule number 5 (Figure 3206.00.06) is known as the Pressure Requirement but it is not 
so obvious as the others. It should firstly be appreciated that most defects - such as 
porosity or hot tears -are volume defects, that is, they are induced by the volume 
changes which occur as a casting solidifies. It follows that if a pressure is applied to a 
solidifying liquid, it is difficult for the defects to nucleate. Rule 5 is therefore that 
sufficient pressure must be supplied to all parts of the solidifying metal to inhibit the 
nucleation and growth of volume defects. 
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This shows an embryo bubble of radius r having an internal pressure Pi which is trying 
to grow in an environment which imposes an external pressure Pe. In order for the 
bubble to grow, it is necessary for the pressure difference to be greater than the 
restraining force offered by the surface tension, i.e. to satisfy the requirement that: 
 

Pi - Pe ≥ 
2 ⋅ T

r
 

 
where T is the surface tension. 
 
This equation shows that if Pe increases, the nucleation and growth of bubbles is 
suppressed and so bubbles collapse and disappear. 
There are two very practical applications of this result: 
 
• One concerns feeder design. It is often found that these are designed so that their 

height and diameter are approximately equal, whereas it would be better to make 
feeders thinner and taller to increase their H/D ratio to 1.5 or 2. This provides a slight 
pressurisation to the solidifying metal, equal to ρ⋅g⋅H, where ρ is the density, g the 
acceleration due to gravity and H the head of metal. 

• The other is the location of feeders which should always be placed at the highest 
point on the casting if they are to be most effective. 
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Rule No. 6: The Pressure Gradient Requirement
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There must be sufficient pressure differential:

- to cause the feed metal to flow, and

- the flow must be in the correct direction.
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Generated by solidification of liquid metal (PS)

Feeder
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Casting

Mould

Net pressure must be
higher in the feeder than the casting.

 
 

6) Pressure Gradient Requirement 

 
The sixth rule (Figure 3206.00.07) is the Pressure Gradient Requirement and is similar 
to Rule 5. It can be simply stated as: 
 

"There must be sufficient pressure differential to cause the feed metal to flow and 

the flow must be in the correct direction." 

 
The driving force for the flow of the feed metal is the sum of two pressures: 
 

1. A positive pressure - from atmospheric pressure on the metal and the 
hydrostatic head in the feeder; and 

2. A negative pressure - generated within poorly fed regions as the liquid metal 
contracts within a solid shell. 

 
These driving forces are additive: the feed metal flows as a result of being pushed from 
the outside and pulled from the inside. It should be clear that the net pressure must be 
higher in the feeder than in the area of the casting which is being fed. 
 

Valve Cover Example 

 
This rule is best illustrated by giving a practical example (Figure 3206.00.08). This 
concerns a valve cover casting (which is shaped rather like a bell jar), with a heavy 
section at the top, a heavy section flange and a thin wall connecting the two. In other 
words, there are two isolated heavy sections and it is likely that both will need to be fed 
if they are to be produced free from shrinkage porosity. 
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The initial option to be considered would be to place a feeder on the top of the casting. 
Assuming that this is correctly designed, it should be capable of compensating for the 
shrinkage in the heavy section at the top of the casting, so that this area of the casting 
should be quite sound. However, it does not take too much imagination to predict that 
the thin walls will solidify relatively rapidly, cutting off the path between the feeder and 
the bottom flange. The last areas to solidify are shown and it can be clearly seen that 
shrinkage cavities in the bottom flange would be expected. This means that a feeder is 
also required on this flange. 
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Last areas
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One alternative would be to use a 'blind' feeder as shown in Figure 3206.00.09. This is 
called 'blind' because it is not open to the atmosphere. As the metal in the feeder starts to 
solidify, a solid skin is first formed which becomes progressively stronger as the 
temperature falls. As further solid forms, the volumetric contraction results in a 
hydrostatic tensile stress in the remaining liquid, and the internal suction causes the 
whole of the solidifying area to start to collapse inwards. This plastic collapse continues 
for a while, but eventually it is likely that the internal stress will be relieved by either a 
fracture in the skin or nucleation of an internal pore. This may occur in either the casting 
or the feeder, with very different results: 

• If fracture occurs towards the top of the feeder, atmospheric pressure will be able to 
act on the molten metal remaining in the feeder. This creates a pressure differential 
which is in the correct direction to cause molten metal to flow from the feeder to the 
shrinkage area in the casting, thus satisfying Rule Number 6 - The Pressure Gradient 
Requirement. 

• On the other hand, if the casting design is such that there is a hot spot in the vicinity 
of the last area to solidify, the hydrostatic tensile stress in the liquid is likely to cause 
rupture of the casting skin at the hot spot. Hence, atmospheric pressure is now acting 
on the liquid area in the casting, with the result that the pressure gradient is away 
from the casting to the feeder, which will cause the metal will flow from the casting 
into the feeder! In this case, Rule Number 6 is not met. The resulting casting will be 
more porous than if no side feeder had been used at all. 
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P

Rupture of skin in feeder -
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One way to overcome this problem is to ensure that the feeder remains open to the air so 
that atmospheric pressure acts on the feeder (Figure 3206.00.10). This would require 
the feeder to be extended upwards, which is not always easy to do. In addition, it 
reduces the yield. 
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An alternative approach is to use an atmospheric vent which is a sort of porous plug to 
let in air and maintain a positive pressure in the feeder. However, one word of caution: 
in small castings, especially when the metal has low superheat, the porous plug may 
cool the feeder, leading to solidification around the plug, and thus sealing it closed. 
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Yet another solution is to create a hot spot in the feeder by placing a notch on its top 
surface. This serves to delay the formation of a solid skin on the feeder - or if one does 
form, the notch will ensure that it is more readily ruptured. Nevertheless, care is still 
needed since although such solutions generally work well for large feeders, they tend to 
be unreliable in small feeders. 
 

7) The Zeroth Rule 

 

Figure 3206.00.11 summarises the Six Feeding Rules that I have introduced to you so 
far. Hopefully you will now appreciate that there are many pitfalls in setting up a 
feeding system for a casting although, if attention is paid to all of these rules, it is 
normally possible to produce a sound casting. 
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Summary of the 

Seven Feeding Rules

Rule 1: The heat transfer requirement.

Rule 2: The volume requirement.

Rule 3: The junction requirement.

Rule 4: The feed path requirement.

Rule 5: The pressure requirement.

Rule 6: The pressure gradient requirement.

 
 
However, the difficulties inherent in devising a good feeding system lead one to suggest 
that there should be an additional rule - The Zeroth Rule (Figure 3206.00.12) - which 
states that you should not feed a casting unless it is absolutely necessary! 
 
This is perhaps rather surprising but it does overcome the otherwise common problem 
of designing an effective feeding system. Elimination of feeding also brings economic 
benefits, such as an improved yield and reduced fettling since it is no longer necessary 
to cut the feeder off the casting. This rule can often be applied when thin castings are 
concerned and, for example, the sump casting shown here (which you have seen 
previously) was produced without any feeders. 
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Sump casting

ZEROTH RULE: Do not feed, unless absolutely necessary !!

Rule No. 0: Do not feed

-  gives economic benefits

-  applies particularly to thin castings

-  example is a sump casting

 
 

Summary 

 

Figure 3206.00.13 shows the final list of rules, which number 7 in total. It can be 
commented that if the Zeroth Rule is not followed, then it is necessary to adhere to all of 
the rest. 
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Summary of the Seven Feeding Rules

Rule 1: The heat transfer requirement.

Rule 2: The volume requirement.

Rule 3: The junction requirement.

Rule 4: The feed path requirement.

Rule 5: The pressure requirement.

Rule 6: The pressure gradient requirement.

Zeroth Rule:    Do not feed unless absolutely
      necessary!
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The Five Feeding Mechanisms 
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The Five Feeding Mechanisms

1. Liquid feeding         3. Interdendritic feeding

2. Mass feeding 5. Solid feeding
(elastic) (plastic)

4. Burst feeding

(macro) (micro)

 
 
I would now like to turn to the five feeding mechanisms which are listed in            
Figure 3206.00.14 and also shown schematically. As the casting solidifies, the demand 
for feed liquid in the centre of the casting becomes progressively more difficult to meet, 
as tangles of dendrites obstruct the feed channels, or regions of liquid become actually 
cut off from the source of feed metal. 
 
This increasing feeding difficulty causes the pressure in the centre of the casting to fall, 
possibly falling so far as to become negative in some cases, as a hydrostatic tension. The 
generation of large hydrostatic tensions in the interior of casting is undesirable, since it 
constitutes the driving force for the nucleation and growth of pores (either shrinkage or 
gas) and a driving force for the inward collapse of the casting which might be revealed 
as a surface sink. 
 
The action of the various feeding mechanisms is to provide material - which can be 
either liquid or solid - which will flow under the growing pressure gradient, so as to 
compensate for the volume deficit resulting from the transition from liquid to solid. In 
so doing, the pressure gradient is reduced thus reducing the driving force for the creation 
of internal porosity or external sinks. 
 
There are five main mechanisms which can be identified by which feeding can occur. 
These are dealt with here in the order in which they might occur in a real casting, 
although not all need occur in any one casting. The order will be seen to progress from 
'open' systems to 'closed' feeding systems. 
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1) Liquid Feeding 
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Feeding Mechanisms (I): 

Liquid Feeding

Most "open" type of feeding mechanism

Generally occurs first

Normally the only feeding mechanism in skin-freezing alloys

Works well with low pressure gradients

Governed by the Seven Feeding Rules

 
 
The first mechanism is Liquid Feeding (see Figure 3206.00.15). This is the most 'open' 
of the feeding processes, and generally precedes other forms of feeding. It can be noted 
that in skin freezing materials - such as pure metals and eutectics - it is the only type of 
feeding process. Since the liquid metal has such low viscosity (near to that of water) this 
mechanism works effectively at negligibly small pressure gradients. For all practical 
purposes therefore, if liquid feeding can be ensured in a particular casting, then the 
stresses which can occur in the liquid will be maintained at such a low level that no 
practical difficulties will be found. The rules for adequate liquid feeding are the Feeding 
Rules described at the beginning of this lecture. 
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The Effects of Inadequate Liquid Feeding

1. Skin-Freezing Alloys

    - Smooth solidification front

    - Smooth, carrot-shaped pipe

2. Long Freezing-Range Alloys

    - Solidifies as dendrite mesh

    - Residual liquid drains away

      leaving "sponge" porosity
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Where inadequate liquid feeding has been applied, i.e. where the feeder has run dry part 
way through the freezing of the casting, then two types of porosity are found (see also 
Figure 3206.00.16): 
1. Smooth-sided shrinkage pipe:  

skin-freezing alloys will solidify with a smooth solidification front, so that a 
shrinkage cavity will expand, eventually to be constrained by the inward growth of 
the smooth freezing front. Thus the shrinkage pipe will be the classical smooth 
carrot-shaped cavity. 

 
2. Shrinkage pipe in the form of sponge porosity:  

long freezing range alloys will normally freeze as a tangled mass of dendrites, so that 
if the feed liquid is in short supply, then the dendrite mesh can drain of interdendritic 
liquid, with the result that the shrinkage pipe from the feeder forms an extensive 
sponge. The shrinkage pipe still is in the form of a single cavity, but its appearance is 
now complicated by its shape. If a transverse section is made, the porosity appears to 
be a series of hundreds or thousands of separate minute pores, and is thus often 
mistaken for microporosity, when it is in fact a single macropore. This type of 
shrinkage sponge is particularly damaging for castings which are required to be leak-
tight after machining. 

 

2) Mass Feeding 

 
The second feeding mechanism is known as Mass Feeding (Figure 3206.00.17). This is 
the term used to denote the flow of a slurry of liquid plus solid crystals. It can occur up 
to about 68 % solid in some alloys. At that stage of freezing the dendrites start to 
impinge to form a coherent network, as a three dimensional space frame, thus gaining 
rigidity and resistance to further deformation. 
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Feeding Mechanisms (II): 

Mass Feeding

Flow of slurry of solidified metal in residual liquid

Can occur up to ~ 68 % solid

Improves as:  - section size increases

                       - grain size decreases

Can effectively counter the development of layer porosity 

 
 
The action of mass feeding is sensitive to the relative size of the grains and to the 
section thickness of the solidifying casting. For instance mass feeding cannot act in thin 
section castings which have not been grain refined. Mass feeding improves as section 
thickness increases and as grain size becomes smaller. Thus is simply because if the 
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section is narrow and if the grains are large, they impinge on each other and are 
supported on the side walls of the casting, and so are not free to move. Porosity in such 
sections occurs because of the difficulty of flow of the liquid among the dendrite mesh: 
this is typically layer porosity - a kind of shrinkage porosity which grows among the 
fixed network of dendrites (described in more detail in TALAT Lecture 3207). 

As the section size grows and grains become smaller so this constraint disappears, and 
the interior semi-solid slurry is free to flow, thus more easily feeding the more distant 
regions of the casting. Layer porosity effectively disappears in such sections. 

From the point of view of the casting technologist, grain refinement is clearly an 
important way of facilitating this feeding mechanism. 
 

3) Interdendritic Feeding 

 
The third Feeding Mechanism is Interdendritic Feeding (Figure 3206.00.18). As the 
dendrite mesh thickens, the interdendritic channels become progressively narrower, and 
progressively more resistant to the flow of the residual liquid. We can gain a useful 
insight into the mechanism by assuming that the channels can be treated as capillaries.  
Assuming Poisseuille's famous equation for the flow of liquid along a capillary we have: 
 

dP

dx r
=

8
4

η ν
π

 

 
where  dP/dx is the pressure gradient required to cause the flow,  

η is the viscosity,  
ν is the volume flowing per second,  
and r is the radius of the channel. 
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$ Flow of residual liquid through "pasty" zone
$ Treat as flow of liquid along a capillary and use Poisseuille`s e quation
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If now we can assume that the pasty zone can be approximated to a bunch of N 
capillaries of length L, then the pressure differential across the pasty zone required for 
flow through the zone is reduced to: 
 

P1 - P2 =  
8

4

η ν
π

L

r N
 

 
For a particular radius, which corresponds roughly to a given size of final pore, the 
increase of N by grain refinement is seen to be useful in reducing the pressure 
requirement. Thus grain refinement seems useful for the improvement of interdendritic 
feeding also. However, this is a relatively insignificant effect compared to the influence 
of r, which is raised to the fourth power. Clearly, as solidification continues and as the 
mesh is finally closing, r becomes extremely small and so the pressure differential 
required to cause interdendritic flow becomes extremely high: this is when the greatest 
problems of feeding through the interdendritic mesh occur. 
 
The effect of capillary size on the required pressure differential explains the enormous 
effect of a small amount of eutectic liquid (Figure 3206.00.19). 
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Interdendritic Feeding -
 the Effect of the Presence of Eutectic

 
 
Diagram (a) shows schematically that if there is no eutectic present, then the tapering 
interdendritic path (towards the root of the dendrites) increases the difficulty of the final 
stage of interdendritic feeding, where r becomes vanishingly small causing high viscous 
restraint to flow. 
 
Diagram (b) shows that the presence of a per cent or so of eutectic liquid at the roots of 
the dendrites, as a result of interdendritic segregation, effectively truncates the final, 
narrowest parts of the channels by solidifying on a planar front when the eutectic 
isotherm is reached during cooling. The pressure is typically reduced by orders of 
magnitude by the arrival of just one per cent of eutectic liquid and therefore the last 
stages of feeding are much easier. 
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As the percentage of an alloying element increases in a alloy, a stage is reached at which 
the solid solution region is exceeded and eutectic liquid first appears. This point is 
usually markedly below the composition at which eutectic would be predicted from the 
equilibrium diagram, and is, of course, the result of non-equilibrium freezing, with 
solute concentrated into the remaining liquid between the dendrite arms - the 
interdendritic liquid. 
 
Before the eutectic liquid first appears, the long tapering feeding channels cause a 
maximum problem for feeding, and so microporosity is the result in such (non-
equilibrium) long freezing range compositions. When the alloy content has risen to 
allow eutectic liquid to appear, then the porosity disappears, to be replaced initially by a 
maximum in the susceptibility to hot tearing. This rapidly reduces as the alloy content is 
increased, increasing the percentage of eutectic phase. 
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Figure 3206.00.20 shows an example of this effect in the Al-Cu alloy system and 
indicates the separate maxima in the susceptibility of these alloys to the formation of 
porosity and hot tears. It can be seen that as the tendency to porosity decreases at ~ 0.7% 
Cu due to the appearance of non-equilibrium eutectic, so the tendency to hot tearing 
increases, reaching a maximum at ~ 1.4% Cu. 
 
In contrast, the highly castable Al-Si alloys with Si contents in the region of 5 to 10 
weight per cent silicon are well outside of these danger regions (which occur at about 
0.5 to 1 wt. % Si), and explain the generally forgiving characteristics of these alloys 
which permit a tolerable casting quality to be achieved. 

4) Burst Feeding 

 
Our fourth mechanism is Burst Feeding (Figure 3206.00.21). This has been predicted as 
being possible, but very little evidence has been obtained for it to date. This is perhaps 
not surprising, since it will be difficult to observe, and difficult to predict since 
computer models are not yet sufficiently sophisticated. 
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It was proposed to allow for the condition where the build-up of pressure across a 
barrier to feeding causes the barrier to collapse, allowing an in-rush of feed liquid. Such 
barriers are envisaged to be meshes of dendrites, perhaps heaped up as a result of mass 
feeding, especially if this pile-up chokes a narrow feed path into a larger section 
requiring feed metal. 
 

alu

Training in Aluminium Application Technologies

3206.00.21Feeding Mechanisms (IV):  Burst Feeding

Feeding Mechanisms (IV):
Burst Feeding

%    Predicted as being possible, but little evidence to date.

%    Assume sudden yielding of barrier to feed metal

 in-rush of liquid.

% Barrier could be meshes of  dendrites.

 
 
In practice it may be that the collapse of such structures will be more gentle than 
dramatic, as a result of the plasticity of the dendrites at temperatures near their melting 
point. 
 
However, the curved appearance of some types of layer porosity may be the result of 
such deformation of the dendrite mesh prior to, or perhaps during, the ingress of feed 
liquid to underfed regions. 
 
Burst feeding is perhaps something to be kept in mind as a logical possibility rather than 
viewed as a mechanism of great importance, or so it seems at this time. 
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5) Solid Feeding 
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The final mechanism is Solid Feeding (Figure 3206.00.22) . In contrast to burst feeding, 
solid feeding is a mechanism of great importance, and for which there is a great deal of 
evidence. It is essential to understand this mechanism thoroughly to be able to 
understand the feeding of real castings. 
 
This is the most 'closed' type of feeding. It describes the situation where a region of the 
casting has become isolated (or effectively isolated) from the supply of feed liquid. As 
the residual liquid in this region continues to freeze it progressively occupies less space. 
This space has to be accounted for somehow. One option is for it to grow as a shrinkage 
or gas pore, although this requires either a pore to be already in place somehow, or a 
suitable nucleus to be in place to allow a pore to be created. The other option is for the 
solid shell of the casting to collapse inwards under the internal reduced pressure, so 
making up the volume deficit. Solid feeding therefore relieves the hydrostatic tensile 
stress built up in the liquid by the inward flow of the solid. 
 
Figure 3206.00.23: If the yield stress of the solid shell is low, then solid feeding occurs 
so easily that only limited internal tension can build up. This happens in aluminium 
alloys, but less readily in steels and high temperature alloys where the poor thermal 
conductivity of the metal results in a cool and hence strong shell of solidified metal. 
Solid feeding is also enhanced by the use of high mould temperatures as in investment 
casting, where moulds are sometimes preheated to temperatures approaching the 
freezing point of the metal. The solidified shell is especially plastic in such conditions, 
and, automatically it seems, isolated bosses feed themselves! 
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Feeding Mechanisms (V):
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&&&&  Solid Feeding enhanced by:

% Low yield strength at high temperature 

    (e.g. aluminium alloys)

% High mould temperature 

    (e.g. investment castings)

&&&&  Solid Feeding can cause:

% Surface sinks
% Uniform (unnoticeable) contraction

Example

3% solid feeding   = ~1% in 3 perpendicular directions =    0.5 % per surface

For 4 mm thick sections, this is equivalent to 0.5% of a 2 mm dimension, or 10 µm.

This can be compared with the typical surface finish of a casting of 25 µm (Ra value).

 Aluminium ~ 6% total solidification shrinkage = 3% liquid / mass feeding + 3% solid feeding

 
 

Collapse of the solid shell to feed internal shrinkage is often seen as sinks on the surface 
of castings adjacent to a heavy section. However, such undesirable shape deformations 
need not always accompany solid feeding. If the general plasticity of the solid shell can 
be kept reasonably uniform then collapse can be so uniform as to be unnoticed. For 
instance, if we assume that the solidification shrinkage of an aluminium alloy is 6%. 
The first 3% or more is easily provided by liquid and/or mass feeding. The remaining 
3%, if isolated from outside supplies of feed metal, now has to be spread over 3 
perpendicular directions, i.e. 1% in each direction. If this is further spread over opposite 
surfaces, then this is 0.5% per surface. For a 4 mm cast section this is 0.5% of a 2 mm 
dimension, or 0.01 mm, which is effectively unmeasurable on most castings, being 
smaller than the surface roughness of most sand and gravity die castings. 

It is important to note that solid feeding is assisted by atmospheric pressure, but not 
necessarily dependent on it. For instance it can work effectively in vacuum castings. 

Finally, solid feeding will also operate at a late stage of freezing even if the region is not 
entirely isolated from the liquid supply. The gradual build up of hydrostatic tensile stress 
in the residual liquid as interdendritic feeding occurs can rise to such a level that the 
stress becomes limited by the collapse of the surrounding solid. In this case it is clear 
that interdendritic feeding can take place at the same time as solid feeding - both are 
cooperating in an attempt to reduce the internal stress in the poorly-fed region. 

In conclusion, this lecture has examined how the shrinkage inherent in making a casting 
is compensated for by the use of feeding. We have considered both the mechanisms by 
which feeding takes place and the rules that need to be followed if we are to produce 
sound castings. Feeding is not always easy to get right and failure inevitably leads to the 
initiation of shrinkage porosity, which will be covered in more detail in TALAT 

Lecture 3207. 
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3210.01 Introduction 

 
Due to its many economic advantages the continuous casting of aluminium has become 
more and more important during the last 40 years. These processes are mostly used for 
the production of a semifabricated strip, for cold rolling to foilstock building sheet and 
canstock. They are also used to cast endless wire bar stock. 
Continuous casting processes converts molten aluminium alloys directly into an endless 
coiled strip suitable for cold rolling or wire-bars for wire-drawing.  They effectively 
eliminate the operations associated with traditional mould casting (discontinuous 
process) or D.C. casting (a semicontinuous process) and subsequent hot mill 
deformation. Therefore the capital investment and operational costs are significantly 
lower than in a conventional production process. Continuous casting is the preferred 
casting method in many modern plants because it offers higher productivity.  
Continuous casting has been employed with increasing commercial success for 
aluminium as well as other metals. 
 
Among the continuous casting technologies the strip casting processes now account for 
a remarkable share of the worlds output of rolled aluminium semifabricated coilstock 
(approximately 30%). 
While strip casting will be the main topic of this chapter, the technology for the 
production of wire bar will also be described.  Semicontinuous processes (DC casting) 
are discussed in Lecture 1301. 
 

 

3210.02  Strip casting 

 
Continuous strip casting has proved itself for the production of foilstock, of strip for 
painting and – in some cases – of strip for deep drawing processes. The various strip 
casting technologies are suitable for the casting of wrought alloys and allow the 
production of strip from 3 mm to 20 mm thickness and up to 2150 mm width.  
Figure 3210.02.01 illustrates the main feature of all continuous casting processes.  
Molten metal enters the casting mould (in Figure 3210.02.01, the space between two 
rolls), solidifies there and leaves the mould as a continuous strip.   
 
After casting the strip can be directly coiled – or it can be immediately (without down 
cooling) rolled into a coilable gauge. For the mass production of collapsible tubes and 
rigid cans the machines for the blanking of slugs or for extruding can be placed directly 
after the casting machines. In this way a continuous production is achieved. 
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The conventional way of producing rolling slabs is DC (Direct Chill) semi-continuous 
casting although some slabs are produced by pouring molten metal into a permanent 
mould. After DC casting, the rolling slabs are re-heated to about 500°C and hot rolled to 
a coilable thickness between 4 mm and 6 mm.  
The biggest advantage of the continuous technologies is the saving of several production 
steps in the production of strip or foil compared to conventional technologies. 
 
Conventional technology: 

Melting ! DC-casting ! hot rolling ! coiling ! cold rolling (possibly including 
several thermal treatments) ! foil or canstock 
 
Continuous technology: 

Melting ! strip casting  ! coiling ! cold rolling (possibly including several thermal 
treatments) ! foil or canstock 
 
This saving of production stages includes several other advantages: compared with the 
conventional way, processing costs are only a third to a half as high, operating and 
investment costs are only a quarter to a third as high and there are smaller space and 
labour requirements. Less energy is required because it is no longer necessary to preheat 
the ingot before hot rolling. The productivity is 15-20% higher; the material 
consumption is 1.5 - 2% lower. Newer developments, such as those made by Pechiney 
and FATA Hunter, enable very thin strip to be produced (< 3 mm thick). This leads to 
even less rolling stages, e.g. when producing thin foil or beverage canstock. 
 
When continuous casting was first introduced it appeared to have many advantages 
which result to production economies.  However it soon became obvious that the 
technology introduced some features in the finished product that limited its use 
compared with conventionally produced material.  Foilstock however in particular lends 
itself to the continuous strip route.  
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The most serious of these disadvantages is the difficulties that exist in casting alloys 
with high alloy content. Due to the wide freezing range of these alloys there is a danger 
of cracks in the strip. If not all the metal is solidified at the narrowest point of the 
casting machine, liquid or semisolid metal can leave the casting mould. It is possible to 
avoid this with a lower casting rate, but even this solution is limited because, if the 
casting rate is too low, it is possible to have solidification in the direction of the casting 
nozzle.  In consequence, the casting rate of alloys is lower than that of commercially 
pure aluminium. 
Therefore only alloys with a low alloy content can be cast, for example  

" Commercially pure aluminium Al99.2 to Al 99.6 (series 1000);  
" AlMn (max. 2% Mn, Series 3000);  
" AlMg (max. 2 to 3% Mg, exception Alusuisse Caster II with max. 5% 

Mg, Series 5000),  
" AlFe (max. 2% Fe) or  
" AlMnFe (max. 1% Fe, max 1% Mn). 

 
It is important to note that in any comparison of the output rate of different continuous 
casting processes, it is necessary to compare the production of the same alloys. 
 
Usually the various strip casting technologies are divided according to the dimensions 

of the finished product into processes  
" for wide strip casting (width up to 2150 mm),  
" for narrow strip casting (maximum width 800 mm) 
" for strip, that can be coiled immediately after casting (gauge max. 10 

mm),  
" for strip to be hot rolled after leaving the casting machine (gauge between 

20 mm and 40 mm)  
" for thin gauge casting (gauge under 3 mm) 

 
Another distinguishing feature is the type of the caster (see chapter 3). 
 

3210.03 Wire bar casting 

 

The continuous casting of wire bars is also of great economic importance. As is the case 
for strip casting some production steps are saved. For the alloy content the same 
limitations obtain. That is why mainly commercial pure aluminium is cast. Other alloys 
eg AlMn and AlMgSi (Aldrey) are produced.  All these materials are although used in 
electrical engineering. 
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3210.04 Distinguishing features of continuous casting technologies 

 
The continuous casting technologies can be divided by processes into  

• horizontal or  
• vertical casting direction.  

And by mould type  
• fixed or  
• mobile walls.  
 

In the later case the walls are moving with the molten metal, while the walls are 
motionless in the former. Fixed walls are not used for industrial production and are not a 
topic of this lecture.  Today five types of casters for continuous casting of aluminium are 
used.  Most of them produce aluminium alloy slab or strip. The principle of operation is 
as follows:  
 
1. The twin drum caster, which has considerable commercial application, especially 

for the production of foil stock, is shown in Figure 3210.02.01 and 
Figure 3210.04.01. It includes a source of molten metal which feeds into the space 
between a pair of counter-rotating, internally cooled drums (hollow rolls). In a very 
short time after leaving the casting nozzle the molten metal solidifies due to the 
contact with the water-cooled rolls.  An homogeneous distribution of the melt must 
already occur in the casting nozzle. The casting direction can be horizontal or vertical 
(the later type used especially in earlier models). The solidification zone is 10 mm to 
20 mm long and is followed immediately by a zone of hot-rolling in the same gap. 
All such methods are in fact roll casting processes because the strip thickness can be 
reduced of 5% to 20% in-situ by hot rolling. The strip usually has a temperature 
between 400°C and 550°C and can be directly coiled at hot temperature. 

 

 

alu

Training in Aluminium Application Technologies

Twin drum caster with horizontal casting direction 
          (schematically) 3210.04.01

Tundish

Casting

Tip

Cast

Strip



TALAT 3210 7

2. In single drum casters (Figure 3210.04.02), a supply of molten metal is delivered to 
the surface of a rotating drum that is internally water-cooled. The molten metal is 
dragged onto the surface of the drum to form a thin strip of metal, which cools on 
contact with the surface of the drum. 

 

 
3. In twin belt slab casting equipment, two moving thin steel belts are provided which 

create a moving mould for the metal to be cast (Figure 3210.04.03). The belt is 
subjected to extremely high thermal gradients, with molten metal in contact with the 
belt on one side and a water coolant in contact with the belt on the other side. 
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4. The block caster technique is illustrated in Figure 3210.04.04. A number of chilling 
blocks is mounted adjacent to each other on a pair of opposing tracks. Block casters 
require precise dimensional control to prevent flash (transverse metal fins) caused by 
small gaps between the blocks. Such flash can cause sliver defects when the strip is 
hot rolled. 

 

 

5. A combination of a rotating steel belt and a water-cooled casting wheel. Here the 
mould is formed between the belt and a sector on the outside of the casting wheel (see 
Figure 3210.04.05). 
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There follows a description of some of the casters used for commercial production of 
aluminium slab or strip.  
 
 

3210.05 Twin drum casters  

 
Several twin drum casters have been developed which produce coilable gauges (below 
10 mm).  

3210.05.01 Vertical casting direction 

 

a) Vertical downward - Hazelett Sr. (1930 – 1940) 

 
The first patent for strip casting of steel by Bessemer is dated in the year 1848. For 
aluminium the most important technologies for continuous strip casting were developed 
by J. Hunter (Hunter-Douglas, Hunter Engineering), W. Lauener (Alusuisse Casters I 
and II) and W. Hazelett. Hazelett Sr. constructed the first machine for the industrial 
casting of aluminium strip in the late thirties. It was a twin drum caster with vertical 
casting direction (see Figure 3210.05.01). The molten metal was cast from the top into 
the space between two casting rolls. The strip leaves vertically downward between the 
rolls. The machine was used for the casting of narrow strip for the Crown Cork 
Company (USA).  
 

 
 

b) Vertical upward - Hunter Engineering 

 

Since 1948 the Hunter Engineering machine has become more and more important; the 
molten metal is fed vertically too, but with one difference: The metal flow is upward 
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(see Figure 3210.05.02).  The casting nozzle is situated beneath the two rolls. By the 
metallostatic pressure, determined from the level of liquid in the tundish, the molten 
metal flows trough the nozzle and immediately into contact with the rolls. The rolls 
transport the solidified material in such a way, that the material gets a light deformation. 
The strip leaves at the top and it is being coiled.  
The magnesium content is limited to 2.0%. The temperature of the finished strip is 
300°C to 350°C. It is possible to cast strip up to 1700 mm width with 6 mm to 9 mm 
gauge.  
A Russian technology is working with the same casting direction. 
 

 

3210.05.02 Casters with horizontal casting direction 

 
Today casters with horizontal feeding are of great importance for the production of wide 
aluminium strip between 1000 mm and 2000 mm width and a gauge between 6 mm to 
10 mm, in the latest developments even 2 mm to 3 mm (thin roll casters). 
 
 

a) Scal, Alusuisse I, Jumbo 3C 

 
Examples of this construction are the Alusuisse I, and Jumbo 3C (Pechiney, Scal 3C) 
casters.  The casting rate usually depends on the alloy, between 1 (0.8) m/min to 5 
m/min (for example typically 1 m/min at 6 mm gauge  for Alusuisse I). Well over 100 of 
casters with horizontal casting direction are installed worldwide. Figure 3210.05.03 
shows the typical construction. 

alu

Training in Aluminium Application Technologies

Hunter Engineering Caster 3210.05.02

cast slab

rolls

tundish

liquid metal

solidification



TALAT 3210 11

 

 
The cast strip emerges horizontally from the caster and is directly wound into coils 
while hot (Figure 3210.05.04). The coil size is adapted to the following cold rolling 
mill. 
 
These machines are the most suitable for alloys with a short range of solidification, for 
example the 1000, 3000 and 5000 series (with up to 2.5% Mg content). They can be 
used when liquid metal is emerging directly from a smelter or when a good quality of 
scrap is to be recycled.  However, for casting higher alloy contents, the casting rate must 
be significantly reduced, leading to an uneconomic productivity. 
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b) The development of the Jumbo 3C to the Jumbo 3CM thin roll caster 

 
The 3C (standard caster) was developed by Pechiney (France) in 1959 and produced 
1500 mm wide strip in 6 mm gauge in 1959. The liquid metal was solidified between 
the cooled rolls of a 2-HI rolling mill with a roll diameter of 620 mm. 
The next generation of casters, known as Jumbo 3C, is capable for casting 2150 mm 
wide strips. The roll diameter was increased to 960 mm resulting in an increase in 
productivity. 
In both cases these casters show several metallurgical advantages due to the rapid 
solidification – less than 3 seconds for a strip of 10 mm thickness.  
The Pechiney caster has been further developed into a machine that can cast strip in very 
thin gauges with an improved surface quality– the thin roll caster, Jumbo 3CM (1997, 
Figure 3210.05.05). This development had the following background: In the past caster 
manufacturers had developed equipment and processes to reduce the as-cast gauge from 
the 6 - 10 mm range down to 3 - 5 mm. Even so, the desired gauge is typically only 2 
mm or less. With an as-cast strip gauge of 1 mm or less, it would offer the potential for 
even higher productivity and greater cost reductions. 
The new caster features all the state-of-art equipment for roll casting including a new 
mechanical tip positioner and a new roll cooling system. The casting program covers a 
number of alloys, 1000, 3000 and 5000 series, at gauges between 2 and 3 mm.  
An optimum thickness below 3 mm (determined experimentally at around 2 mm) 
permits the following benefits: metallurgical advantages of rapid speed of solidification 
(see section 3210.10), strip geometry compatible with high speed cold rolling 
requirements, reasonably sized caster. To use the full benefit of these advantages the 
shape and size of the nozzle were entirely redesigned to ensure a regular, turbulence-free 
molten metal supply.  
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The new developed Jumbo 3CM casting line features a tilting melting/holding furnace, a 
molten metal feed system including a motorised support table, a tundish and a 
previously set-up nozzle kit and an automatic level control system in the tundish and 
nozzle. For some alloys, the last parameter plays an important role because of its 
influence on the heat exchange between the molten metal and the rolls, which effects on 
the structure of the skin of the product.  
Some other features of the caster are a 2-Hi mill with internally cooled, 1150 mm 
diameter rolls, a purpose-designed roll lubrication system and an edge trimming shear. 
The strip thickness ranges from 1 mm to 10 mm, the width up to 2020 mm. The strip is 
suitable for foil production in thicknesses down to 6.5 µm. Thanks to the very fine grain 
structure due to the rapid solidification, the final foil quality is excellent. 
 
 

c) Casting direction at an angle - The FATA Hunter SpeedCaster 

 
Another and one of the most popular concept, is the Fata-Hunter Caster with its main 
feature of the unique 15° tilt back stand. This allows the molten metal to flow into the 
caster in a smooth and non-turbulent manner (Figure 3210.05.06). The large diameter-
to-width ratio caster rolls maintain very close strip profile tolerances.  
The latest development is the Fata-Hunter SpeedCaster (1997, figures 12b and 13) that 
was developed to meet the demand for lighter gauges and increased productivity. 
The SpeedCaster bases on the twin roll casting process, which was developed by Joseph 
Hunter in the 1950's. The early machines (known as Hunter ”standard” casters) were 
limited in casting width and alloy composition. In the late 1970's Hunter introduced a 
much more robust machine (”SuperCaster”) which offered an increase in productivity 
and was capable of casting a wider range of alloys at sheet widths up to 2.0 m.  
 

 
 
 

alu

Training in Aluminium Application Technologies

Fata-Hunter Caster
 (schematic, Fata-Hunter, Pianezza, Italy)

3210.05.06

cast slab

rolls

tundish

liquid metalsolidification
15 °

spray bars

collapsible

floor plate

tip table

caster housing

load cylinders

overspray 

collection 

system

A B



TALAT 3210 14

The SpeedCaster (Figure 3210.05.07), a 2-Hi Thin-Gauge/High-Speed casting machine 
is 2184 mm wide and can produce a trimmed cast strip width of 2134 mm. The machine 
is rated to run at speeds as high as 38.1 m/min and at gauges as low as 0.635 mm.  
The development of Thin-Gauge/High-Speed casting technology could be utilised to 
produce foil products in a cost-effective manner. It is suited for an aluminium Mini-Mill 
plant. The process is supplying thin-gauge material directly to an intermediate foil mill, 
followed by a finishing foil mill. The cost of the proposed Mini-Mill is significantly 
lower than a SuperCaster based plant because an expensive breakdown cold rolling mill 
is not required. 
 

 

 

3210.06 Single drum casters 

 
Continuous drag casting (Figure 3210.06.01) utilises a single wheel design to make 
aluminium strip. In the past years, this method faced many difficulties and the 
technology has not been openly introduced to industry. However, recent developments 
have made the process more consistent and more suitable as a replacement for other 
processes for certain product lines.  It can be an alternative method for low cost 
production of thin-gauge aluminium strip, but the technology is still in the prototype 
stage.  
A prototype caster, developed by Reynolds Metals (1997), identifies drag casting as a 
high productivity and low capital cost process.  A unique feature of the process is the 
very high cooling rate; it has advantages when the desired range is 2 mm or less.  It can 
indeed produce thickness as low as 1.0 mm thus reducing the number of rolling passes 
to reach final gauge. 
 
The most important part of the melt drag technology is a single casting wheel which is 
composed of an inner core, containing cooling channels, and a grooved exterior shell 
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(Figure 3210.06.01). Molten metal is introduced to the wheel via an open tundish and is 
instantly cooled. As the wheel rotates, solidification continues at the liquid /solid 
interface and typically ends one to two inches outside of the molten pool. Thus, 
solidification is virtually unidirectional. Because the top surface of the sheet is 
unrestricted, uniform cooling must be closely maintained across the wheel to avoid 
gauge variations. The typical rate for melt drag casting is between 50 m/min and 70 
m/min. For the most alloys this speed range results in a gauge range of 1 mm to 1.3 mm. 
 

 

 

3210.07 Block casters 

 
Block casters are shown schematically in Figure 3210.04.04. Two types are in 
operation, which have the same construction principle. Differences are given in the type 
of cooling. Therefore materials with various alloy contents can be cast. The strip usually 
has gauges over 16 mm and must be hot rolled immediately after casting. That’s why 
block casters have at least two hot rolling stands in tandem with the casting machine. 
 

3210.07.01 Hunter-Douglas (Block caster) 

 
In the USA Joe Hunter at first developed the Hunter-Douglas-Process, that worked with 
chains of rigid steel moulds with internal water-cooling. These mould blocks are 
rotating like caterpillar tracks and cooled with water from the inside. This machine is 
limited to casting widths under 610 mm. The gauges are at about 16 mm, the casting 
rate at 2 m/min to 4 m/min. The magnesium content is limited to a maximum of 3.5%. 
For attaining a good surface quality it was very important, to adjust all single rigid 
moulds in an accurate way. But the surface quality was limited due to the high thermal 
stresses in the mould blocks, caused by the unidirectional heat flow. That means that the 
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heat passed directly from the solidifying metal through the steel block into the cooling 
water. The resulting thermal stresses gave rise to fatigue cracking at the surface of the 
mould blocks – thus the surface quality of the strip was limited. In 1970 a new 
construction was developed, in which the steel blocks absorb the heat of solidification. 
In this case the heat is given up to the cooling water only after the blocks have lost 
contact with the solidified strip and during their return to the next contact with the 
molten metal. 
 

3210.07.02 Alusuisse Caster II 

 
This caster (construction W. Lauener) is producing slabs and strips up to 1750 mm 
width with gauges between 10 mm and 40 mm and a casting rate from 0,5 m/min to 10 
m/min. The technology is suited for a wider range of alloys, for example for aluminium 
with up to 5% magnesium. It is used for casting canstock (Al-Mg-alloys) and for 
recycling used beverage cans (UBC). The machine can be used for casting materials that 
are likely to suffer chill cracks in the case of fast cooling. It is possible to cast strip or 
slab. The annual capacity for such casters can reach 100 kt/year with three-shift 
operation. 
The caster has two sets of blocks, which rotate to form a moving mould cavity into 
which the liquid metal is poured. Due to the contact with the chilling blocks the metal 
solidifies. The strip is transported together with these blocks until it is cool enough to 
leave the caster. Than the blocks lift off and return. On their way back the heat absorbed 
by the blocks is removed by external cooling.  
This cooling section with its unique construction is the reason of the ability to produce a 
wider range of alloys. The heat flow in the moulds is reversed. Block temperatures 
between 50°C and 200°C can be used. It is possible to control the casting process on 
several ways: the solidification rate by cooling, the casting rate, the surfaces of the 
moulds and coating of the moulds.  
 
 

3210.08 Belt casting techniques 

 
Another way is to solidify the molten metal between two rotating steel belts. Examples 
for this type of casters are the newer Hazelett caster and the Kaiser caster (see scheme in 

Figure 3210.04.03 and Figure 3210.08.01). 
 

3210.08.01 Hazelett Caster  

 
In the Hazelett Caster (see Figure 1301.02.06) the melt solidifies between two rotating 
thin steel belts (about 1.5 mm thickness) which are cooled during the contact with the 
melt. With this technology slabs are produced from 15 mm to 25 mm thickness and up 
to 2000 mm width. The machines are used for long lengths of plate and strip up to 1750 
mm wide (bus bars, stock for sheet, foil and cans). 
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The process is shown schematically in Figure 3210.04.03. Figure 1301.02.06 shows the 
casting machine. The principle of operation is to pour the molten metal into the space 
between the belts via a casting nozzle, with the same width as the strip to be cast. In this 
space between the belts the metal solidifies and is drawn out of the machine by a pinch 
roll. The casting rate is 5 m/min to 9 m/min. 
After leaving the machine at a temperature of 420°C to 460°C the strip is immediately 
(in line) hot-rolled down to a coilable gauge between 2 mm to 6 mm. Thus this caster 
has – like block casters - at least two hot rolling stands in tandem with the casting 
machine. This strip is coiled with a temperature of about 200°C. 
The alloy range is wider than in the case of twin drum casters with a limit for the 
Magnesium content at 3%. But the best results are obtained with pure aluminium and 
AlMn alloys. The product is not suitable for applications desiring extra high surface 
quality. 
 

3210.08.02 Kaiser Caster 

 
In both cases – block and belt techniques - the surface quality was not sufficient for the 
production of foilstock. That’s why the new Kaiser Caster was developed, which is part 
of the companies Micromill concept. 
This concept is based on a continuous can stock substrate processing line composed of: 
Molten metal holding furnaces, metal degassing and filtration, “Kaiser Caster”, hot 
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rolling stands, annealing and quenching, cold rolling stands and coiling. For example 
the line is capable of producing three beverage can substrate products: body, lid and tab. 
The process offers many advantages over conventional rolling mills, for example major 
reductions in process time and capital requirements - while maintaining high quality 
(see Figure 3210.08.01). Kaiser Aluminium wholly owns the design, but the carriage 
assembly was designed in a joint development between Kaiser and Hazelett Strip 
Casting Corporation in 1997. 
The thickness of the strip to be cast is related to the thickness of the belts, the return 
temperature of the casting belts, and the exit temperature of the strip and belts. In 
addition, the thickness of the strip depends also on the metal being cast. The absence of 
water cooling on the back side of the belt while the belt is in contact with hot metal in 
the moulding zone significantly reduces thermal gradients and eliminates problems of 
film boiling occurring in the casting zone when the critical heat flux is exceeded. This 
design also minimises cold framing, a condition where cold belt sections exist in three 
locations: before metal entry and on each of the two sides of the mould zone of the belt. 
Cold framing can cause severe belt distortion. Another feature is the easy starting: A 
quality product is available within 15 minutes. Other advantages are a product release 
from sticking occurs without problems and a high production rate. The product 
temperature is sufficiently elevated for in-line hot rolling.  
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3210.09 Casters with a combination of a rotating steel belt and a 

water-cooled casting wheel 

 

In this casters the mould is formed between the belt and a groove on the outside of the 
casting wheel (see Figure 3210.09.01). It is possible to cast strip or wire-bar with this 
construction.  
 

3210.09.01 Properzi-Caster  

 

The Properzi-Caster (invented by Ilario Properzi, Italy, 1950, Figure 3210.09.01) has a 
great importance for industrial production of wire bar from aluminium (or copper) for 
electrical engineering. The usual alloys are electrical conductors grades, for example 
commercially pure aluminium 1350, alloys of the 3000 series and 6101(AlMg1SiCu), 
Aldrey (AlMgSi Type). 
The principle of operation is schematised in Figure 3210.09.01. The mould is formed 
between the grooved periphery of the rod casting wheel and the endless steel belt. The 
casting wheel is water-cooled. The molten metal solidifies between the belt and the 
casting wheel, whose diameter can be up to 2600 mm. The cast bar has a triangular or 
trapezoidal cross section (up to 3120 mm²) and a temperature of about 350°C after 
leaving the casting wheel.  It is immediately hot rolled down to coilable wire stock. The 
cast, shaped strands are usually rolled and drawn to wire, and then coiled. 
 

 
 

Properzi rod is usually delivered at 12 mm diameter to be drawn by dry drawing 
machines to a final diameter of 0.3 mm to 4.0 mm depending on the application. 
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3210.09.02 The Rigamonti and the Rotary Caster 

 

The Rigamonti machine (Figure 3210.05.05), which is similar to the Properzi machine, 
uses a wheel and an endless belt to form the mould, into which molten metal is poured. 
It can be used to produce cast strip up to 200 mm wide. The casting speed is 14 m/min 
(e.g. can stock). 
The rotary strip casting (RSC) machine (Figure 3210.09.02) is a further development of 
the original Rigamonti machine. By adding a further guide roll, the cast strip leaves the 
unit in a horizontal direction without any transverse deviation. It is used to produce strip 
up to 500 x 20 mm cross-section. These narrow strip casters are mostly used for the 
production of small discs (“slugs”), used for the impact extrusion to aerosol containers, 
cans and tubes. Other applications are sidings and evaporators for refrigerators. 
 

 

3210.10 Structure and properties of strip castings 

 

Main features of all continuous casting technologies are a high solidification and 
cooling rate, which affect the structure compared to conventional products (DC casting 
followed by hot and cold rolling). In particular, the very much higher solidification rates 
(see Table 1) have an effect, as does the formation of two or more solidification fronts. 
For example the dendrite spacing and cell sizes are decreasing with higher cooling rate 
(see TALAT Lecture 1254). 
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Table 1: Comparison of some casting processes (all values are average values for 
commercially pure aluminium) 
 
Casting process Cooling rate in K/s Dendrite arm 

spacing in µm
Cell size 

in µm 
Comment 

mould casting 0,01 – 0,1 100  Depending on type 
and temperature of 

mould 
DC casting 0,5 - 20 12 - 15 50 - 90  

Properzi 0,5 - 13 8   
Die casting 20 - 80 5   

Strip casting 200 - 700 1 - 2   
- twin drum 

casters 
e.g. 450 K/s for 

Hunter Engineering 
process 

 5 – 25  

- block and belt 
casters 

  40 – 80  

- Continuous 
drag casting 

≈ 6000    

 
 
Continuous cast products show a supersaturation of alloying elements or impurities, that 
can have an effect on subsequent thermal treatments. Other features are a higher density 
of imperfections (especially dislocations, dislocation loops, vacancies and vacancy 
clusters), a fine grain size, surface segregation and a centreline segregation. 
 
Table 1 shows that there are differences in the cooling rate for the special continuous 
caster types. For this reason the products of different casters can have a variety of 
structures and properties. But nevertheless, some main features of all these strip castings 
can be summarised – the grain size and the supersaturation.  
Other differences are created by different holding times at higher temperatures, which 
can lead to a reduction of the supersaturation and to grain coarsening. Therefore not all 
of the aforementioned features are to be found to the same degree in every continuous 
casting.  
 

In consequence, depending on the process, continuous castings show differences in 
structure and properties. Some examples: 
 
• Twin roll casters show several metallurgical advantages due to the rapid 

solidification – for example in Pechiney casters less than 3 seconds for a strip of 10 
mm thickness. A fine cast structure is obtained with fine dendrites and a fine grain 
size. Segregation is lessened. Therefore some alloys could have better properties 
than conventional produced foilstock. After the casting the material has to be cold 
rolled, where a high degree of deformation brings a good quality of the surface. 
Between the rolls strip has a light plastic deformation. 
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• Due to its very high cooling rate, continuous drag casting (single drum caster) 
allows unique alloy modifications that yield improvements in physical properties. 
The solidification is virtually unidirectional; a phenomenon that has both advantages 
and disadvantages. On the positive side, solidification conditions produce a very 
unique microstructure, eliminates alloy segregation, and produces smaller 
intermetallic particles than conventionally processed material. These characteristics 
provide unique opportunities to achieve specific mechanical and physical properties 
through simple alloy modifications. On the other hand, possible irregular 
solidification can lead to unwanted inhomogeneous structure. 

 
• The strip of block and belt casters mostly can not match the quality of conventional 

hot-rolled strip, because its surface is streaky. Compared to twin drum casters the 
strip has a lower supersaturation with the elements manganese, iron and silicon.  

 

3210.11 Behaviour of strip castings in further processing (rolling, 

thermal treatment) 

  

In further processing the special features of the material must be taken into account. Due 
to the fast solidification rate the strip can show a significant supersaturation, that 
influences all processes of rolling and the thermal treatment. 
 

3210.11.01 Cold rolling 

 
Strip casting shows essentially the same behaviour as conventional strip under a cold 
deformation, as shown in Figure 3210.11.01, Figure 3210.11.02 and 

Figure 3210.11.03 (for materials from twin roll casters). With an increasing degree of 
cold work the tensile strength is increasing, while the elongation is decreasing.  
For commercially pure aluminium the values for tensile strength and elongation are 
approximately the same, with a little difference in the values for the elongation under 
20% degree of deformation.  
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In the case of alloys (Figure 3210.11.02 and Figure 3210.11.03) the differences 
between strip cast and conventional strip are more distinct. All values for the tensile 
strength are 20% to 50% higher than in the conventional material. The reason for this 
behaviour is to be seen in the higher supersaturation of the strip cast material due to its 
higher solidification rate. 
 

 
If the alloy content is at about 2% (AlFe2, AlMn1Fe1, see Figure 3210.11.03) the 
ductility can raise with increasing degree of deformation. The reason for this 
phenomenon is to be seen in the primary precipitations, that build a dense net in the as-
cast condition. Above 40% degree of deformation this net is broken and the deformation 
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becomes more homogeneous resulting in an increase in ductility. 
 
If the strip cast is homogenised (an annealing at higher temperatures) before cold rolling 
it shows a similar behaviour like conventional material due to the reduction of the 
segregation. 
 

 
 

3210.11.02 Deep drawing 

 
Compared to conventional material strip cast is sometimes not ideal for deep-drawing or 
other operations requiring extensive forming, for example bending over a small radius. 
The reason for this is to be seen in the relatively slight deformation between the rolls – 
depending on the strip casting process. Also, when the material is cold rolled from 9 
mm to 1 mm the resulting deformation is very lower compared to a conventional 
material after hot and cold rolling. Therefore strip cast can show the “orange peel” effect 
after deep drawing, caused by the cast grains that form a surface texture. 
 

 

3210.11.03 Recrystallization 

 
Figure 3210.11.04 is showing the recyrstallization behaviour of commercially pure 
aluminium Al99,5 (1050A) produced by three routes. All materials show the same type 
of curve including recovery, recrystallization and grain coarsening. The values for the 
as-cast strip are higher than those of the other materials because of the higher 
supersaturation that delays the recrystallization processes. With an annealing at higher 
temperatures (homogenisation) before cold rolling the supersaturation can be reduced. 
Therefore this material shows a curve that is more similar to the conventional material. 
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With increasing alloy content the effect of a delayed recrystallization becomes more and 
more significant. As shown by a comparison between Al99,5 and AlMn1Fe1-strip 
casting material the range of recystallization becomes more flat (Figure 3210.11.05). 
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3401.01 Aluminium Alloys for Forging  

 
• Non-heat-treatable wrought alloys 
• Heat-treatable wrought alloys 

 
 
Due to its good formability and with the use of modern, efficient presses it is possible, 
to produce high-precision parts with excellent surface qualities which conform almost 
completely to end-use requirements with only a minimum of additional finishing still 
needed. 
 
Aluminium alloys are especially suited for forming operations. It is possible to form 
aluminium using much higher degrees of deformation in a single forming step than is 
possible with steel or copper alloys. 
 
With the high-strength aluminium alloys available, it is possible to use aluminium to its 
full advantage for technological applications beyond those in the classically established 
packaging sector. 
 
A large number of aluminium alloys, ranging from pure aluminium up to the high-
strength aluminium alloys, can be forged effectively (Figure 3401.01.01). All alloys 
standardised in the DIN EN 573 Pt.1 - 4  and DIN EN 586 Pt. 1 - 2 may be used. 
Forgings are mainly used for structural engineering parts, so that aluminium forging 
alloys are mostly of the heat-treatable type with medium to high strength. 
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After cooling down from a forging temperature of about 400 °C, the forgings are in a 
soft annealed state. For the non-heat-treatable alloys, this corresponds to the final 
condition required for the application. Heat-treatable alloys, on the other hand, are 
always heat treated, i.e. solution treated, quenched and aged, in order to deliver the most 
suitable service properties.  
 
The strength of pure, unalloyed aluminium Al99,5 is only 65 N/mm² and thus too low 
for many technical applications. For such purposes one uses aluminium alloys based on 
Al99,5 with additions of one or more alloying elements. The so-called high-strength 
aluminium alloys have tensile strengths exceeding 600 N/mm² (Figure 3401.01.02). 
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Aluminium Alloys for Forgings 3401.01.02

Source: Meyer-Nolkemper

Non-heat-treatable wrought alloys
(DIN EN 573 Pt 1 - 4 and DIN EN 586 Pt. 1 - 2)

! AlMg3 is used in shipping and can be anodised for decorative purposes

! AlMg4, 5Mn has a higher strength than AlMg3

Solution hardened alloys are used instead of pure aluminium for application

in which a higher strength is required.

Heat-treatable wrought alloys

! AlZnMgCu1.5 has the best combination of static, dynamic and 

       fracture  properties.

! AlMgSi is used in the automotive and shipbuilding industry and for 

      machines.  Highest strength in the"artificially aged" state.

! AlCuMg2 for high-strength components in automotive and 

      engineering  sectors. High fatigue strength.

! AlCuSiMn has good strength at higher temperatures, but cannot be 

       welded and  has a lower corrosion resistance.

(DIN EN 573 Pt 1 - 4 and DIN EN 586 Pt. 1 - 2)

 
 
 
 

Non-Heat-Treatable Wrought Alloys 

 
The main alloying elements for this group of non-heat-treatable alloys are magnesium 
and manganese added either solely or jointly. With respect to effects on strength the 
most important alloying element is magnesium, which leads to large increases in 
strength and hardness. Manganese also increases the alloy strength, but to a much lower 
extent than equivalent amounts of magnesium additions. 
 
Non-heat-treatable aluminium alloys have a wide range of applications and are used in 
place of pure aluminium in applications which require higher material strengths. Non-
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heat-treatable alloys are used for decorative purposes, e.g. for the building and optical 
sectors, for electro-mechanical components, as well as for components subjected to  
corrosive environments, e.g. in ship-building and chemical industries as well as for 
welded structures.  
 
 

Heat-Treatable Wrought Alloys 

 

Heat-treatable alloys are obtained by adding alloying elements whose solid solubility in 
aluminium increases with rising temperature.  

The heat-treatable aluminium alloys of technical importance each contain one of the 
following metal combinations: -MgSi, -CuMg, -ZnMg and ZnMgCu. 

By the proper choice of amounts and types of alloy additions as well as degree of 
straining and heat treating, it is possible to obtain medium and high-strength materials 
with strength properties superior to those of structural steel. 

Heat-treatable alloys are generally used for applications which require materials of high 
strength. AlMgSi1 is the alloy most widely used for forgings. Characteristic for this 
alloy is the medium strength of 310 N/mm², the good machinability and weldability as 
well as the excellent corrosion properties. Consequently, AlMgSi1 is used very 
frequently for automotive and machine components. In addition, AlMgSi1 is used for 
parts subjected to a corrosive environment (ship-building). 

The remaining alloys AlCuMg, AlCuSiMn and AlZnMgCu are considered as the 
classical forging alloys. They all have high strengths, good machinability and good 
dynamical and fracture properties. Among the aluminium alloys, AlCuSiMn has good 
high-temperature properties but is not weldable and must be protected against corrosion 
when used in aggressive environments. Components made from these materials are used 
for parts with the highest safety ratings in the automotive, machine construction and 
aerospace sectors.  

Due to the specific production process used, all parts made of heat-treatable alloys have 
a certain amount of residual stress. Three-dimensional parts cool at locally different 
rates, which could cause thin-walled parts to warp. The residual stress can be reduced by 
post-stamping, overaging to condition T7 or by increasing the temperature of the 
quenching medium, thereby reducing the cooling rate. At the same time, these methods 
have a negative influence on the strength properties.  

The AlZnMg groups of alloys are an exception, requiring low cooling rates, so that a 
cooling in forced air is generally sufficient. 
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3401.02 Methods of Improving Strength 

 

• Strain hardening 
• Solid solution hardening 
• Particle hardening 

 

 
The final properties of a material do not depend on the chemical composition alone but 
also on the treatment the material is subjected to, so that it is possible to obtain different 
states for materials with the same composition. 

The state of a material is exactly defined and often possess a standardised strength range 
with an associated production process. 
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Improving Strength by Influencing 

Dislocation Movement and Formation 3401.02.01

 
 

 
Compared to other material groups, ductility is the most important property of metallic 
materials. 
 
Metals have a high ductility and can thus be easily formed and are not susceptible to 
brittle failure. This advantage is limited by the fact that when the metal is deformed 
plastically, the ductility decreases. For this reason, the yield strength is the characteristic 
strength value used for dimensioning statically loaded components. The static strength 
can only be increased by increasing the resistance to plastic deformation, i.e. the 
resistance to the movement and creation of dislocations. Consequently, the lattice must 
be filled with obstacles to dislocation movement. Some such methods are listed in  
Figure 3201.02.01: 



TALAT 3401 7 

 
− hindering dislocations (cold forming) = ∆Rd 
− grain and twinning boundaries (grain refinement) = ∆Rgb 
− solute atoms in the lattice (solid solution hardening) = ∆Rss 
− precipitation of second phase particles (precipitation hardening) = ∆Rph 

 
The yield strength Rp of a real material can be calculated as follows: 
 

Rp = Rmin+ ∆Rd + ∆Rgb +  ∆Rss +  ∆Rph 
 
Rmin is the basic strength of the real, plastic but unstrained lattice. 

 

 

Strain Hardening 

 
The increase of strength associated with plastic deformation is based on hardening due 
to dislocations. The hardening effect which increases with increasing dislocation 
density, is a result of the blocking and hindering actions of the dislocation arrangements. 
The dislocation arrangements are created as a result of the different opposing dislocation 
reactions.  
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Source: Altenpohl

Methods of Improving Strength (II)

Increase in strength is proportional to the 
square root of the dislocation density
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The increase in strength of all metals can be calculated quite accurately using the law 
based on the square-root of the dislocation density, ρ. 

Single phase metals can be hardened only by plastic deformation, if one neglects the 
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effect of changing grain size and the composition. 
Figure 3401.02.02 illustrates that hardness, tensile strength and yield strength increase 
with increasing degree of cold deformation. This effect is a result of the dislocation 
multiplication and the following dislocation reactions. 
 
 

Solid Solution Hardening 

 
Attractive and repulsive forces interact between dislocations and the solute atoms in 
solid solution. Thus, foreign atoms that are larger than the matrix atoms are located 
mostly in the tensile-stressed regions of the dislocations, the smaller foreign atom 
mostly in the compressively stressed regions of the dislocations. The dislocations are 
therefore surrounded by "clouds of foreign atoms". A gliding dislocation must drag this 
cloud along with it  or break free from it, the latter requiring high energy.  

The forces interacting between foreign atoms and dislocations depend on the difference 
in size between alloying and matrix atoms as well as the binding energy between them. 

The increase in strength due to solid solution has been found to be proportional to the 
square root of the amount of solute atoms, c dissolved. 

Elements are alloyed to metals mainly to influence such properties as chemical stability, 
hardenability, toughness, weldability or the creation of hard particles. The increase in 
strength due to solid solution action is a secondary welcome effect.  
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alu Improving Material  Strength by
Solid Solution Hardening

3401.02.03

Methods of Improving Strength (III)

Increase in strength is proportional to the square root

 of the concentration of the dissolved atoms

Solid solution hardening                                 hardening by alloying

Correlation of flow stress and concentration of alloying element

Source: Royczyn
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Figure 3401.02.03 illustrates the influence of solute hardening which is due to a 
difference in the atomic radii between solute and matrix (solvent) atoms. Thus 
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magnesium additions (∆r = 1.7 Å) have a greater strengthening effect than additions of 
silicon (∆r = 1.32 Å), copper (∆r = 1.5 Å) and zinc (∆r = 0.5 Å). 
 

Particle Hardening 

 

The most common hardening mechanism is based on the fact that hard particles 
embedded in the matrix offer a resistance to the motion (slip) of dislocations. These 
particles are mainly relatively small amounts (up to about 10 volume %) of 
precipitations of a brittle second phase, b, out of the solid solution and have a coherent, 
partly coherent or incoherent interface with the matrix phase.  

The degree of strengthening resulting from the second-phase dispersion depends not 
only upon the type and amount but to a large extent on the distribution of the particles in 
the matrix. 

Thus, a more uniform distribution of the same amount of particles can cause a large 
increase in strength. 

Microstructures with finely dispersed precipitates can be obtained by aging, tempering 
or dispersion hardening. 

Figure 3401.02.04 illustrates the characteristic mechanical  and  technological values  
for AlMgSi1 (6082)  as a  function  of  ageing  time  and  ageing  temperature after  
solution treatment at 520° C. 
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alu Improving Material Strength by
Precipitation Hardening 

3401.02.04

Methods of Improving Strength (IV)

Precipitation hardening                                 hardening by particles
                                                                      (second-phase precipitation)

Increase in strength

 is proportional to the

 type, amount

and distribution

 of the particles

Strength of AlMgSi1 as a function of aging time

Source: Brenner; Kostron
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Figure 3401.02.04 indicates that the peak strength values are obtained at shorter ageing 
times when higher ageing temperatures are used. Thus, the ageing time decreases with 
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increasing ageing temperature. If ageing is carried out beyond the peak value, the 
strength falls (“overageing“). 

 

Short theory of ageing of aluminium alloys 
Prerequisites: 
The composition of the alloy must be such that at room temperature the α-phase is in 
equilibrium with a second phase (β) (alloy type: see Figure 3401.01.01). 

Solution heat treatment: 
The temperature for solution heat treatment must be below the eutectic temperature in 
order to prevent melting of any eutectic phases which may be present. The coarse ß-
phases go into solution during solution heat treatment. 

Quenching: 
The very rapid cooling from the solution heat treatment temperature down to about 70 
°C prevents diffusion processes so that an supersaturated condition is obtained. 

Ageing: 
Controlled by a time and temperature dependent diffusion process β-rich particles 
precipitate within the supersaturated aluminium matrix. Depending on the ageing 
conditions these precipitates may be either coherent, semi-coherent or incoherent within 
the aluminium lattice with corresponding effects on the properties. 

 
 

3401.03 Microstructure 

 

• Influence of fiber structure 
• Defects due to non-uniform flow 

 

Influence of Fiber Structure (Figure 3401.03.01) 

Characteristic for forgings is that strength values are not isotropic over the bulk of the 
part, being higher in the direction of grain flow (longitudinal) than transverse to it. This 
is analogous to the "press effect" observed in extruded rods. The difference between 
longitudinal and transverse strengths increases with increasing alloying element content 
and increasing strength.  

The reason for this anisotropy is the textured structure and the geometrical location of 
the grain boundaries. Grain boundaries are regions of lower ductility since they are a 
preferred location for coarse precipitated phases. When a force is applied in the 
longitudinal (grain-flow) direction, only a small fraction of grain boundaries are exposed 
to normal stress. Conversely, a force applied transverse to the grain-flow direction 
causes a stress normal to a large fraction of grain boundary area, which can lead to a 
more brittle behaviour.  

Experienced designers and forging experts use this behaviour to full advantage by 
fabricating forgings so that the grain-flow direction corresponds to the direction of 
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maximum stressing. This increases safety or leads to metal saving.  

Forming in a die leads to an elongation of grains in the direction of flow. Grains which 
were originally equiaxed are now elongated to fibres. If, as is the case with extrusions, a 
fibre structure exists already, this is further enhanced.  
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Influence of Fibre Structure (Grain-Flow) 3401.03.01

Influence of Fibre Structure 

The fibre structure is important for
# fatigue strength and
# resistance to stress-corrosion cracking

and is influenced by the deformation process.

A structure in which the fibres (grain-flow) run parallel to the tool direction imparts better

properties than one with fibres perpendicular to it.

Highest effect for the high-strength alloys.

The higher the alloy content, the larger the difference between longitudinal and transverse

values.

For AlMgSi, difference in strength values is approx.:           20 N/mm²

For AlZnMgCu1.5, difference in strength values approx.:   50 N/mm² 

During forging, care must be taken to see that the grain-flow direction

is parallel to the direction of loading

Source: Roczyn

 
 
 

Defects due to Non-Uniform Flow 

 

In order to obtain a uniform, undisturbed fibre structure, the metal must be able to flow 
uniformly during forging. 

Defects can occur if dies with sharp radii or unfavorable die separations (partings) are 
used. When the radius is large enough, the material flows uniformly and continuously 
filling up the die cavity fully from the bottom to the top. If the radius is too small, the 
material curls away from one side of the wall, is reflected and flows back again. In this 
case, the die cavity is filled from top to bottom, causing forging folds (see Figure 
3403.06.03 and Figure 3403.06.05). 
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3401.04 Forging Process Data and Forging Properties 

 

• Characteristic temperatures for certain aluminium forging alloys 
• Characteristic mechanical property values for some forged alloys 
• Forging temperature and die temperature 
• Influence of temperature and forming rate on flow stress 

 

 

Characteristic Temperatures for Certain Aluminium Forging Alloys 

 

Forging temperatures depend on melting temperature ranges of the forging alloys as 
seen in Figure 3401.04.01. 

High strength alloys, i.e. alloys with high solute contents, have an extended melting 
range and, therefore, require lower forging temperatures. 

Strictly speaking, a defined recrystallisation temperature does not exist, since this is  
influenced by the degree of deformation and annealing time. 
 

Relevant Temperatures for Certain Aluminium Forging Materials

Source: Meyer-Nolkemper; *) according to Leiber
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Characteristic Mechanical and Technological Values for Aluminium Alloys

Characteristic Temperatures and Mechanical

Data for Aluminium Alloys 3401.04.01

Source: Leiber; *) Alusingen 
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450-500 *)
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Melting
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610-640

555-650
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Recrystallisation
temperature (°C)

235
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naturally aged

 
 
 

Characteristic Mechanical Property Values for some Forged Alloys 

 
Figure 3401.04.01 shows that the heat-treatable alloys in an aged condition have much 
higher strengths but lower ductilities than non-heat-treatablealloys in the as-forged state.  
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Forging Temperature and Die Temperature 

 
The forming temperature lies between 320 and 480 °C, depending on the alloy, see 
Figure 3401.04.02. As far as temperature is concerned, the forging of aluminium is 
simpler than for most other materials. Dies can be preheated to forging temperature 
without appreciable loss of strength. Heating the die prevents cooling of the forging 
stock. The forging temperature range is, however, very limited. Exceeding the solidus 
temperature leads to irreparable damage caused by melting at the grain boundaries, 
leading to embrittlement of the material. 

Since the real temperature in the forging stock during forming depends on the cooling 
and heating effects caused by the conversion of forming energy to heat, the temperature 
set for the start of forging depends on the logarithm of deformation and the deformation 
speed. Care must be taken that the critical temperature is not exceeded anywhere within 
the forging. Thus, the starting temperatures for hammer forging is lower than for press 
forging.  

Too low temperatures lead to cracks, unfilled die cavities and high stresses. When the 
temperature decreases, the formability decreases and the flow stress increases.  

In some cases a higher forging temperature than depicted in Figure 3401.04.02 is 
chosen, e.g. 500 to 520 °C for forging AlMgSi1, in order to utilise the forming heat for 
heat-treatment. The forging is quenched immediately after the forging process.  
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Advantages over steel:
# Dies can be preheated to deformation temperature
# Cooling of the forging stock prevented during

    deformation

Disadvantages against steel:

Forging temperature has to be controlled precisely since
# too high temperatures can destroy the grain structure,
# too low temperatures lead to cracks and the die cavities

    are not filled out with the metal!

                    exact temperature control required!

Al 99
AlMn

AlMgSi

AlMg3
AlMg4.5Mn

AlCuSiMn
AlCuMg2
AlCuMgNi

AlZnMgCu0.5
AlZnMgCu1.5

1100
3003

6061 6151

4032

5052 5086
5083 5056A

2014
2024
2218
2219
2618

7039
7079
7075 7049

Alloy designation
alpha-numeric   international 320 360 400 440 480°C

Forging temperature

The forging temperatures for the different alloys lie between 320°C and 480°C.

Temperatures (I)

Forging Temperatures for some Aluminium Alloys 3401.04.02

Source: Develay

Source: Meyer-Nolkemper
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Influence of Temperature and Forming Rate on Flow Stress 
 
Small simple forgings made of alloys with high formability are forged using hammer 
and mechanical presses. Large, complicated forgings made of alloys with low 
formability are forged using hydraulic presses.  

Forming speeds should be chosen carefully to avoid local overheating. In other words, 
enough time should be available during forming for the metal temperature to equalise. 
As a result, the ram velocities and deformation rates can vary within a wide range. The 
striking speed of a hammer forge varies from 5 to 6 mm/s. The deformation rates in 
hydraulic forging presses are only a few mm/s, being even lower for so-called creep-
forming which leads to low flow stresses (see Figure 3401.04.03). 
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Cooling through flash increases
# with increasing tp
# with increasing ratio of flash breadth to flash gap thickness.

The forging temperature used is lower at high deformation speeds because
# pressure contact time is lower (less cooling)
# danger of over-heating due to higher deformation energy.

AlMgSi1

AlCuMg2

AlCuSiMn

AlZnMgCu1.5

Hammer

455

430

440

390

Press

470

440

455

400

Material Forging temperature [°C]

Temperatures (II)

Source: Meyer-Nolkemper

Die Temperature for Forging 3401.04.03

Die Temperature

Ideal die temperature is a function of deformation speed. The pressure contact time, tp, is an important
factor specifying the influence of  temperature and deformation speed on friction and flow stress.

Because of its tendency to form warm cracks at low  deformation speeds, the tp used lies
between 50 and 500 ms.

 
 
Temperature and deformation speed have opposing effects on the flow stress. When the 
temperature increases, softening processes dominate, causing the flow stress to fall. At 
high deformation speeds, hardening processes predominate, causing the flow stress to 
increase.  

At high temperatures and finite deformation speeds, two opposing processes are in 
operation. On the one hand, a softening due to recovery and recrystallisation processes 
resulting from the annihilation of dislocations or from the overcoming of dislocation 
barriers due to thermal activation, and on the other hand hardening due to dislocation 
multiplication and dislocation reactions leading to barriers for dislocation motion.  

At a given temperature and deformation speed, the dominating process depends on the 
material and the amount of predeformation already present in the material. This also 
explains the influence of speed on the flow stress at high temperatures.  
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The influence of deformation speed on the flow stress is a consequence of the time and 
temperature dependent recovery and recrystallisation processes. At higher temperatures, 
these are more intensive, so that time and consequently speed have a greater influence 
than at room-temperature. The flow stress increases with increasing deformation speed 
because softening processes are less complete the higher the deformation speed. 

Figure 3401.04.04 illustrates the influence of temperature on the flow stress for 4 non-
heat-treatable alloys. This also clearly indicates the influence of magnesium on flow 
stress.  

The flow stress decreases with increasing temperature. 
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Flow Stress and Temperature 3401.04.04

Temperature (III)

Source: Roczyn

Flow stress as a function of temperature
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Figure 3401.04.05, Figure 3401.04.06 and Figure 3401.04.07  illustrate the flow 
stresses as a function of the degree of deformation (flow curves) and as a function of the 
deformation speed for three heat-treatable alloys: AlMgSi1 (6082), AlCuMg2 (2024) 
and AlZnMgCu1.5 (7075). Alloys AlCuMg2 and AlZnMgCu1,5 have considerably 
higher strengths than AlMgSi1. All alloys, however, behave similarly. 
 
The flow stress increases with increasing deformation speed and decreases with 
increasing temperature. 
 
At constant temperature and constant deformation speed, the flow stress increases with 
increasing degree of deformation (true strain ϕ) up to maximum value. At higher 
temperatures, this maximum shifts to lower flow stresses. 
 
The diagram for flow stress as a function of deformation speed illustrates that at usual 
forming temperatures, a 10-fold increase in the deformation speed changes the flow 
stress, kf , by a factor of 1.25. A lower deformation speed requires less force and 
consequently less deformation energy. Forging at low speeds has a double advantage as 
far as the temperatures in the forging stock are concerned: 
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• the temperature increase during deformation is low and  
• more time is available for temperature equalization. 
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Flow Curves for AlMgSi1 3401.04.05

Deformation strain ϕ

Source: Meyer-Nolkemper
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Flow Curves for AlZnMgCu1,5 3401.04.06
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3401.05 Friction and Lubrication 

 
Since aluminium does not possess a separating oxide layer during forging, the 
coefficient of friction is relatively large. 
 
Depending on the die temperature, one uses a lubricant consisting of mostly graphite in 
oil or in water. For dies are heated to a high temperature, one uses a graphite-oil 
suspension, since the graphite-water suspension does not deliver a uniform lubrication.  
 
Without the use of a lubricant the coefficient of friction, µ, is 0.48 (µ = 0.5 means 
locking friction). A graphite lubricant decreases this µ value to between 0,06 and 0.15, 
which is equal to the coefficient of friction of structural steel forgings using a graphite 
lubricant. These values are only valid as long as the lubricating film exists during 
forming. For longer gliding paths, the coefficient of friction can increase               
(Figure 3401.05.01). 
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Friction and Lubrication

Coefficient of friction without lubricant

µ = 0.48
( µ = 0.5 means locking friction)

Coefficient of friction with graphite as lubricant:

0,06 < µ < 0,15

Since aluminium has no separating oxide layer             high coefficient of friction

Possible lubricants:

1. Graphite in water

    has the disadvantage that at high die temperatures,

    the lubricating layer is no longer uniform

better

2. Graphit in oil

Friction and Lubrication 3401.05.01

 
 
Friction tests have been conducted to test the suitability of different lubricants at forging 
temperatures commonly used for AlMgSi1 and AlZnMgCu1,5 and die temperatures of 
200 to 400 °C. 

Figure 3401.05.02 and Figure 3401.05.03 illustrate the results obtained for both test 
materials. 
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Friction during Hot Forming of AlZnMgCu1.5 3401.05.02

Friction during Hot Forming of AlZnMgCu1.5
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The results show that the graphite-based lubricants Delta 31 and Berulit 992 deliver a 
better friction behaviour than Wolfapress WF 1030 and wax. At lower die temperatures, 
the friction behaviour is just as good as for forging steel. 

The reduction of friction during lubricating with graphite is based on the gliding action 
of individual macroscopic layers of graphite consisting of hexagonal rings of atomic 
carbon. 

Increasing die temperature drastically increases friction which can reach as high as the 
locking friction value. The coefficient of friction for forming AlMgSi1 is clearly higher 
than for AlZnMgCu1,5. One reason could be the relatively lower strength of AlMgSi1. 
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Friction during Hot Forming of
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3401.06 In-Process Heat Treatment 

 
Forgings made from age-hardening alloys are heat treated after forging in order to obtain 
the required strength levels and other mechanical, physical and chemical properties. The 
standard heat treatment procedure for forgings consists of solution treatment, quenching, 
and ageing. 

In the simplified heat-treatment, the material should be formed at solution treatment 
temperatures which are slightly higher than the usual forging temperatures. The forgings 
are quenched from the forging temperature immediately after forming and then aged. 
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For a successful implementation of the simplified heat-treatment process, the 
temperature must be carefully and exactly controlled since the various aluminium alloys 
have relatively small temperature ranges for solution treatment (∆Tsol < 40 °C). The 
upper temperature is limited by the danger that partial melting at grain boundaries, 
thereby causing irreparable damage to the material. At temperatures below the solution 
treatment temperature, the required properties cannot be obtained. 

Figure 3401.06.01 gives a schematic view of the full production sequence for 
aluminium forgings, starting with forging from cast or extruded stock, heat treatment 
and ending with the necessary quality control. Etching in caustic soda is required for 
detection of surface folds. 
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Process Steps in Die Forging

Process Steps in Die Forging

Source: H.G.Roczyn
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3402.01 Principles of the Forging Process 

 
• Fabricating processes of forging 
• Processes for changing cross-sections 
• Processes for changing direction 

• Processes for creating hollow spaces 
• Separating processes 
• Die forging processes 

 
 

Fabricating Processes of Forging 

 

The term forging is used to define a group of processes which are mainly forming 
processes (see Figure 3402.01.01). Additionally included are processes of separating 
(splitting) and joining, if large or complicated workpieces are built up out of individual 
parts. The exact processes of separating and joining are not listed here in detail. 
According to the characteristic differences in free forming (or unrestricted forming) and 
die forming (restricted forming), forging can be divided into open-die forging and die 
forging. 
 
 

alu
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Fabrication Process of Forging

Source: K. Lange

Separating Forming Joining

Tensile forming

Bulge forming

Bulge forming
with mandrel

Free bending

Bend forming

Die bending

Forming by ben-
ding with linear
motion of tool

Shear
forming

Displacing

Offsetting

Bending by
buckling

Open-die forming

Punching

Through punching

Piercing with a 
hollow mandrel

Embossing

Hobbing

Closed-die
forming

Drawing out solid
and hollow bodies

Expanding

Spreading

Upsetting

Heading

Stepping

Radial or rotary
forging

Rolling

Rollforging

Discrolling

Ringrolling

Lateral rolling
of shaped parts

Cross rolling of 
shaped parts

Setting
spiral

twisting

Twisting

Indenting Extruding

Fabrication Process of Forging 3402.01.01

Compressive
forming

Drawing out in a

Radial forging in
a die
Upsetting in a die

Closed die forging
without flash

Impression die

forging with flash

die

Fullering

Solid forward
impact extrusion

Backward cup
impact extrusion

Solid lateral

impact extrusion
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Processes for Changing Cross-Sections 

 

The processes for changing cross-sections build-up the fundamentals of forging, see 
Figure 3402.01.02. According to the law of constant volumes, changes in cross-section 
lead to corresponding changes in length. The cross-section can be changed by material 
displacement and material accumulation, whereby the processes of material 
displacement dominate.  
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Processes for Changing Cross-Sections 3402.01.02

Processes for Changing Cross-Sections

Open-die forming Closed-die Forming Pushing through Rolling

Material
displace-
ment

Material
accumu-
lation

Combined
material
displace-
ment and
accumu-
lation Source: K.Lange

Drawing
out

Drawing out
over a  mandrel

Spreading Radial forging

Draw

Upsetting in 

a die

Radial forging

in a die

Solid forward

impact extrusion

Backward cup

impact extrusion

Solid lateral

impact extrusion

Stretch

rolling

Ring rolling Cross rolling

Upsetting Heading Heading in 

a die

Heading in a

horizontal up-

setting machine

Upset die forging
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Processes for changing direction 

 
These processes include bending processes (free bending, die bending) and shear 
forming processes (Figure 3402.01.03). 
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Processes for Changing Direction 3402.01.03

Processes for Changing Direction

Bending in a die

Displacing Twisting

Forming

Shear

Forming

Punch

(Top die)

Bending die

(Bottom die)

Without elongation

Top die

Bottom die

With elongation

Preformed

workpiece

Top die

Bottom die Displaced

crank stroke pin

Source: K.Lange

 
 

Processes for Creating Hollow spaces 

 
Hollow spaces (cavities) are produced by the methods of indentation forming and 
extrusion forming (Figure 3402.01.04).  
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Processes for Creating Hollow Spaces 3402.01.04

Processes for Creating Hollow Spaces

Punching Through 
Punching

Piercing with a
hollow mandrel

Bulk

holing

Backward cup

impact extrusion

Punch

Punch(rounded, 

not sharp)

Scrap

Hollow 

mandrel

Holing punch

Receiver

Holed plate

Counter punch

Indentation

Forming

Pressing

Through

Source: K.Lange
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Separating Processes 
 
Separating processes used for forging are mostly cutting processes (Figure 3402.01.05). 
Shear cutting processes are used for the loss-free cutting of raw parts with a given cross-
section (extruded sections) and defined lengths or volumes. 
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Shear

cutting

Closed

cutting with

cutting edge

Wedge

cutting

Cutting

Flash removal Holing

Cutting with

chisel
Chopping

Slitting

Punch

Flash

Cutting plate

Holing punch

Holed plate

ChiselChisel Chisel

Anvil Anvil
Anvil

Separating Processes

Separating Processes 3402.01.05

Source: K.Lange

 
 

Die Forging Processes 
 
These are processes which are used to produce a defined workpiece geometry having 
good dimension and volume accuracy. Such processes are: form pressing with flash, 
form pressing without flash and compressing in a die, see Figure 3402.01.06. 
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Die Forging Processes in a Narrow Sense

Die Forging Process 3402.01.06

Upsetting
Closed-die forging

with flash

Closed-die forging

without flash

Clamping

jaws Upsetting

Workpiece

Punch

Workpiece

Container

Stripper

Top die 

Bottom die

Flash

Source: K. Lange
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Open-Die Forging 

 
The chacteristics of open-die forging are listed in Figure 3402.01.07. 
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Characteristics of Open Die Forging

! Mainly medium and high-strength 

Characteristics of Open-Die Forging 3402.01.07

Source: H.G. Roczyn

#    No special tools (costs, fabricating time)
#    Simple forms

#    High machining costs
#    Material not optimally used
#    Grain flow (fibre structure) not optimal

$ For low  production series

$ Test  samples and prototypes

$ Especially large dimensions

$ Shortest delivery times

Merits:

Problems:

Applications:

Alloys:

 
 

 

Die Forging 

 
The characteristics of die forging are listed in Figure 3402.01.08. 
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Characteristics of Die Forging

! Mainly medium to high-strength materials

Characteristics of Die Forging 3402.01.08

Source: H.G. Roczyn

# Optimal microstructure

# Grain flow (fibre structure) made to suit

# Complicated forms

# Low amount of machining

# Efficient use of material

# Tool costs

$ For large production series

$ Highest demands on strength + toughness

$ Safety parts

Merits:

Problems:

Applications:

Alloys:

 



TALAT 3402 8 

3402.02 Special Forging Processes for Aluminium 

 
• List of characteristic features of precision forging 
• List of characteristic features of high precision forging 

• Characteristic features of closed die forging without flash 

• Characteristic features of isothermal forging 
 

 

 

List of the aims of various special die forging processes 
 (Figure 3402.02.01) 
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Special Forging Processes and their Aims

Soerce: K. Lange, H. Meyer-Nolkemper

Special Forging Processes and their Aims 3402.02.01

Process

1. Precision forging

2. High precision forging

3. Closed die forging
    without flash

4. Powder forging
    (mostly combined with 3.)

5. Isothermal forging

6. Superplastic forging
    (mostly combined with 3)

7.Squeeze casting

8. Partial forging

9.Thermomechanical
   working

Characteristics

better forging quality

best forging quality

forging in closed dies

sintered raw parts

tool temperature ~
work temperature

as in 5. ; very low
forming speeds

pressing in pasty state

stepwise fabrication

combined forging and
structure change

Advantages

narrower tolerances, better 
replication of final form

narrower tolerances, better replication
of final form, better surfaces

material savings

material savings, fewer forming  
process steps, narrower tolerances

better replication of final form

material savings, fewer forming process
steps, better replication of final form

fewer forming process steps, better
replication of final form

better replication of final form

better mechanical  properties 
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List of characteristic features of precision forging 

 (Figure 3402.02.02) 
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Characteristics of Precision Forging 3402.02.02

Source: K. Lange, H. Meyer-Nolkemper

Characteristics of Precision Forging

Precision Forging is a die forging process which saves at least 
one finishing or supplementary operation compared to conventional
die forging.

Its merits are: # 0° - 1° side tapers (draft)
# Thinner work-piece sections
# Narrower tolerances
# Smaller radii

$ High quality surface finish
$ Shorter production times for finished product

Problem:             Higher tooling costs

 
 
 

List of characteristic features of high precision forging  

 (Figure3402.02.03) 
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Characteristics of High Precision Forging 3402.02.03

Source: K. Lange, H. Meyer-Nolkemper

Characteristics of High Precision Forging

- Special case of precision forging
- Production of "ready-to-use" parts

# 0° - 1° side tapers
# Thin work-piece regions
# Narrow  tolerances
# Small radii

$ High quality surface finish
$ Shorter production times for finished product
$ Little or no machining required
$ Weight  savings
$ Good reproducibility
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Characteristic features of closed die forging without flash 

 (Figure 3402.02.04) 
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Closed-Die Forging 3402.02.04

Closed Die Forging without Flash

=    Die forms in closed tools from which no material is lost

# Constant volume of hot starting, intermediate and final form
# Exact mass distribution
# Exact positioning
# No flash 

$ Weight savings
$ No flash
$ Shorter production times for finished part

Source: K. Lange, H. Meyer-Nolkemper

Characteristics:

 
 

Characteristic features of isothermal forging 

 (Figure 3402.02.05) 
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Isothermal Forging 3402.02.05

Isothermal Forging

- Form pressing with die temperatures almost equal to 
  the work temperature

# Melted pockets due to local overheating caused by
 too high forming rates
# Low temperature gradient tool / work piece
# No flashed removal

$ High quality parts in almost "ready-to-use" shape
$ Shorter production times for finished part

Source: K. Lange, H. Meyer-Nolkemper
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3402.03 Forging Dies 

 

• Types of forging dies 
• Parting of forging dies 
• Rules for design of partings of forging dies 
• Die inserts 
• Fabricating forging dies 
• Failure and damaging of forging dies 

 
 

Types of Forging Dies 

 
The following types of forging dies are encountered in die forging: Figure 3402.03.01: 

- Single-cavity die 
- Multiple-cavity die: a number of identical cavities in one die 
- Multiple-stage die: more than one forming step for the workpiece in a die 
 

 

Training in Aluminium Application Technologies
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Types of Forging Dies 3402.03.01

Types of Forging Dies

Source: K. Lange

die with flash

simple

full die

simple die

die insert

multiple-cavity die

closed die
die with multiple

 parts

multi-stage die

upsetting punch

punch holder

block inserts

clamping

blocks

insert with a

number of

identical cavities

multi-stage die

holing

punch

 
 
 
The elements of forging dies are shown in Figure 3402.03.02 for a hammer die. 
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Training in Aluminium Application Technologies

alu

The Elements of Forging Dies 3402.03.02

The Elements of Forging Dies

impact area

cavity

reference areas

clamping area

hole for holding pin

support area

H: block height

L: block length

B: block width
Source: K. Lange

h

a1

H

L

B a

a

a

abb

(shown for a hammer die)

h:      cavity depth

b:      cavity width

a, a1: web thicknesses

 
 
While designing forging dies, the following aspects must be taken into consideration: 

• Design to meet the stresses 
Forging dies are mostly subjected to repeated stress.  
The fatigue strength depends on the surface, cracks, residual stress and 
top-layer hardness. 

• Design for dimensions 
Shrinkage of the formed part is taken into account.    
Particular attention must be given to the fact that both die (steel) and 
workpiece (aluminium) have different coefficients of thermal expansion 
and that the die geometry has various sources of errors. 

• Design for machining 
• Machining tolerances are to be considered. 
• Design for optimal material flow 

The tool stress can be reduced by avoiding sharp edges, abrupt transitions, long narrow 
fins (ribs) etc. (see also TALAT Lecture 3403). 
 
 

Parting of Forging Dies 

 
Dividing the cavity between top and bottom die (parting line of a forging) is of 
particular importance. The position of the parting line influences the tolerance of the 
forging and several other properties of the forging as well as die wear (see Figure 

3402.03.03). 
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alu
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Partings of Forging Dies

Partings of Forging Dies 3402.03.03

The parting has an influence on further  values and properties:

                            - fibre structure

                           - strength properties

                           - mass of material

                           - forging process (force required, form filling)

                           - further working

                           - wear of dies

The parting plane of dies determines the proportion of volume 
of the forging in the upper and lower die.

                             - geometry of the forging

Source: H.G. Roczyn

 
 

Rules for design of partings of forging dies 

 
Rules for design of partings of forging dies: 

1. Symmetrical parting:  
The effort for making the tool with a given wall taper is lowest. 

2. Plane parting:  
The die block height is the lowest; the mechanical working is simplified. 

3. Parting for good material flow:  
This makes the material flow easy. 

4. Parting for good machining:  
This makes it easy to machine or to remove flash. 

 
 
Basic rules for the positioning of the parting of forging dies are collected in           
Figure 3402.03.04. 
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Training in Aluminium Application Technologies
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3402.03.04
Design Rules for Partings

of Forging Dies

Basic Rules for Designing Partings
for Forging Dies

1 symmetrical

    parting

    flash not at edge

    of the workpiece

2  plane parting

3  parting for good

    material flow

4  parting for good

    machining

    

right wrong

wrong

preferential,

simple die

fabrication

favourable

unfavourable

"interrupted",
flow optimised

few areas with

side taper

sufficient allow-

ance on

machining areas

favourable,

breaks rule 2

right

wrong

favourable,

breaks rule 2

breaks rule 3

favourable,

breaks rule 2

unfavourable favourable

unfavourable
favourable,

breaks rule

Principle  Example
Construction
aspects

Source: K. Lange

 
 

 
 

Die Inserts 

 
Die inserts are blocks which can accommodate the complete die cavity (see           
Figure 3402.03.05). One can save expensive die steel for the die holder if die inserts are 
used.  
 
Die inserts are made of tempered alloy steel. due to the lowered stress acting on the die 
holders, these can be made of low alloy steel or tempered steel (e.g. steel 1.2713), 
thereby saving costs. The die insert is fastened to the die holder in a force or form 
locked type of joint.  
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Die Inserts 3402.03.05

Die Inserts

Source: Thyssen

Merits of die inserts

% Easy handling due to reduced weight

% Insert can be constructed with high-strength

  materials

% Die holder can be made of unalloyed or low
  alloyed material

% Cost savings with replacements 

Die insert in a die holder

 
 
 

Fabricating Forging Dies 

 

 

electro-
chemical
milling

diffusion
annealing

rolling
forging
milling

stress-
relieving

Fabricating forging dies

Source: K.Lange / H. Meyer-Nolkemper

Fabrication &
finishing block

Heat treating

Forming cavity

Post treatment

Heat treating

Post treatment

Surface treatment

casting

annealing heating tempering

cold 

hobbing

warm

hobbing
machining eroding

smoothing

tempering

pressure jet

lapping

Fabricating Forging Dies 3402.03.06
alu

Training in Aluminium Application Technologies

 
 



TALAT 3402 16 

The steps of fabrication of forging dies are described in Figure 3402.03.06. 
• The die block is produced by casting or rolling/forging and finally 

mechanically working. 
• The cavity is fabricated by machining, cold hobbing, eroding, 

electrochemical milling, etc.. 
• The die inserts (and die holder) are heat-treated to improve strength. 
• After polishing, the cavity has a surface roughness of 3 µm. 

 
Since aluminium has a lower flow stress than steel, the contours of the die cavity are 
reproduced more exactly on aluminium forgings. 
 

Failure and Damaging of Forging Dies 
 
Damages occur on forging dies due to thermal and mechanical fatigue as well as due to 
wear and permanent deformation (see Figure 3402.03.07). 
 
The individual effects occur in combinations of: 
 

1. Warm fatigue cracks can occur due to thermal stresses in the tool. The 
temperature gradients depend on the geometry and forming conditions. 

2. Plastic deformation occurs as a result of local stresses exceeding the yield 
strength, as may be the case in protruding form elements. 

3. Fatigue cracks are initiated due to repeated die stresses occurring over the 
forming operation cycle. Thus, notches and abrupt transitions in the die should 
be avoided as far as possible. 

4. Wear occurs due to small particles which detach from the surface. The degree 
of wear depends on the tribological system between tool and workpiece. 

 

Failure and damaging of forging dies

Damage is a result of :   - the mechanical loading (repeated) due to

                                         forming resistance and geometrical conditions,

                                       - the thermal stressing due to workpiece and

                                         tool temperature as well as pressure contact time,

                                       - the tribological conditions at the contact zone

                                         between workpiece and tool.

Wear (abrasion)

thermal fatigue

mechanical fatigue

permanent deformation

Source: A. Kannappan

Failure and Damaging of Forging Dies 3402.03.07alu

Training in Aluminium Application Technologies

 
 



TALAT 3402 17 

3402.04 Literature: 

 
1. Lange, K.: Benennung und Begriffsbestimmungen im Bereich der Umformtechnik. 

Ind. Anz. 86 (1964) 84-85 
 
2. Lange, K.: Lehrbuch der Umformtechnik, Bd.2: Massivumformung, 2.Aufl. Berlin, 

Heidelberg, New York, Paris, Tokyo: Springer 1988. 
 
3. Roczyn, H.G.: Vortrag Schmieden von Aluminium am IFU Stuttgart WS 92/93. 
 
4. Lange, K.: Meyer-Nolkemper, H.: Gesenkschmieden, 2.Aufl. Berlin, New York: 

Springer 1977.  
 
5. Nussbaum, A.I.: Forging Technology for the Nineties. Light Metal Age, 50 (1992) 

7/8. 
 
6. Thyssen Edelstahlwerke AG, Werkstoffblätter für Warmarbeitsstähle 
 
7. Kannappan: Wear in forging dies. A review of world experience. Metal forming 

36(1969) 335 - 342, Metal forming 37(1970) 6-14 and 21. 
 

3402.05 List of Figures 

 
 
Figure No. Figure Title (Overhead) 

3402.01.01 Fabrication Process of Forging 
3402.01.02 Processes for Changing Cross-Sections 
3402.01.03 Processes for Changing Direction 
3402.01.04 Processes for Creating Hollow Spaces            
3402.01.05 Separating Processes 
3402.01.06 Die Forging Process 
3402.01.07 Characteristics of Open-Die Forging 
3402.01.08 Characteristics of Die Forging 
3402.02.01 Special Forging Processes and Their Aims 
3402.02.02 Characteristics of Precision Forging 
3402.02.03 Characteristics of High Precision Forging 
3402.02.04 Closed Die Forging 
3402.02.05 Isothermal Forging 
3402.03.01 Types of Forging Dies 
3402.03.02 The Elements of Forging Dies 
3402.03.03 Partings of Forging Dies 
3402.03.04 Design Rules for Partings of Forging Dies 
3402.03.05 Die Inserts 
3402.03.06 Fabricating Forging Dies 
3402.03.07 Failure and Damaging of Forging Dies 
 



 
 
 

 
 
 

 

 

TALAT  Lecture 3403 

 

 Designing of Forgings 
 

17 pages, 18 figures 
 

Basic Level 
 

prepared by K. Siegert, D. Ringhand and R. Neher, Institut für Umformtechnik, 

Universität Stuttgart  

 
 
 
 

 
 
 
 

Objectives: 

 
− to gain an understanding of the interaction between part design, tool design and 

forging process parameters in order to achieve optimum quality forged products 
 
 
Prerequisites: 

 
− general understanding of metallurgy and deformation processes 
 

 
 
 
 
 
 
 
 
 

Date of Issue: 1994 
    EAA -  European Aluminium Associat ion 



TALAT 3403  
 

2 

3403 Designing of Forgings 
 
 
 
 
 Table of Contents 
 
 

3403 Designing of Forgings ..................................................................... 2 

3403.01 Examples of Aluminium Forgings ............................................ 3 

3403.02 Classification of Forms for Die Forgings .................................. 4 

3403.03 Tolerances for Aluminium Forgings.......................................... 6 

3403.04  Design Rules ............................................................................. 8 

3403.05 Dimensional Precision of Die Forgings .................................. 10 

3403.06  Designing for Material Flow and Grain Structure ................. 13 

3403.07 Literature.................................................................................. 16 

3403.08 List of Figures.......................................................................... 17 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



TALAT 3403  
 

3 

3403.01 Examples of Aluminium Forgings 
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Examples of Aluminium Forgings 3403.01.01

Source: Aluteam

Aluminium Forgings

 
 
 
Aluminium forgings were first used about 60 years ago for the aerospace industry. Since 
then, there has been a rapid increase of their use in other fields of application. 
Aluminium forgings are used predominantly in the transport industry, where weight 
savings lead to savings in fuel consumption. 
 
Aluminium forgings provide the following advantages: 
 

− high strength and low weight 
− good corrosion resistance (for most aluminium alloys) 
− the fibre (grain) structure can be arranged to correspond to the main loading 

direction leading to high strength and fatigue properties 
 
The diagram illustrates some typical forgings, e.g. 

 
− foot pedal for a helicopter 
− cuppling flange with undercut  
− radial compressor rotor 
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3403.02 Classification of Forms for Die Forgings 

 
 
Form classifications according to Spies (Figure 3403.02.01) 
 

Training in Aluminium Application Technologies
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3403.02.01Form Classification

Parts with round,
square & similar
contours.
Cross parts with
short arms,
compressed 
heads on long 
forms (flange,
valve disk etc.)

Form class 2
disk form

spherical &
cubic parts

Form class 1
compact form

Subgroup

Subgroup

Form group

21
disk form
with one-
sided ex-
tension

22
disk form
with double-
sided exten-
sion element

101
without
extending
elements

102
with
one-sided
extending
elements

103
with circum-
ferential
extending
elements

104
with one-sided
and circum-
ferential exten-
ding elements

without
extension
elements

with hub
with edge
(ring)

with hub
and hole

with edge
and hub

211 212 213 214 215

222 223 224 225

Classification of Forms for Die Forgings

Form class 3
Long form

   l > b ≥ h
Parts with
elongated axis.

Length groups:

1 short part
     l < 3b

2 half-length parts
     l = 3 ... 8b

3 long parts
     l = 8 ... 16b

4 very long parts
     l > 16b

(Digits of long
groups added
as suffix after
slash, e.g. 334/4)

Subgroup

Form group

31
Main form
element
with straight
long axis

32
long axis
of main
form element
curved in
one plane

33
long axis
of main form
elements 
curved in
more than
one plane

311 312 313 314 315

321 322 323 324 325

331 332 333 334 335

without
extension
elements

with exten-
sion elements
symmetrical
to axis of 
main form 
element

with open
or closed
forks

2 or more
different
extension
elements of
similar size

with exten-
sion elements
unsymmetri-
cal to axis of
main form
element

Source: K. Spies

h

l

b

h

l

b

h

l

b

l ≈  b ≈ h

l ≈ b > h

 
 
 
Forgings are classified according to their geometry in different groups. The Spies form 
classification serves as a help for the layout of die forging operations. 
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Starting backwards from the final form required, this form classification can be used to 
ascertain the starting form and the intermediate form. 
 

alu
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3403.02.02

Classifications of Forms for Die Forging

Form class 1 and 2: Forgings with few extension members 
                                 Forged directly from rod sections

Form class 3:           Forging without intermediate forms if the
                                 preformed stock matches the final form. 

Source: K. Spies

Form Classification According to Spies

The number of intermediate forms depends on:

- the formability of the material

- the complexity of the workpiece geometry

- the number of forgings

 
 
Merits of the classification system by Spies: 

− A clearly arranged representation using 3 classes of forms. The sub-groups are 
determined by the number, type and geometry of the secondary form elements 
(see Figure 3403.02.02). 

Shortcomings: 

− All combinations cannot be considered. 
− No difference is made between axially symmetrical and non-symmetrical 

workpieces. 
 
For an alternative classification of forms see Figure 3403.02.03. This modular form 
arrangement according to Schmieder is planned for use in data base systems for 
computer assisted planning of intermediate forms with CAD interface. 
 
The workpiece is described using a 6-figure alpha numerical code. The features of this 
classification are: 

− Classification in 3 independent regions:  
rotation parts, basic form parts, combined parts 

− Form elements are abstracted, i.e. the workpiece is broken down into different 
basic forms. 

− Further characteristics for the classification are the form and direction of the 
main axis of the individual components. 
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Classifications of Forms for Die Forgings (Scheme)

Form Classification according to Schmieder 3403.02.03

yes

no

yes

no

no

yes

company specification

special part? 

rotational

symmetry

dominant

basic form?

company spec.

classification

Modul 1 Modul 2

Basic form parts
Form class:E-F

Modul 3

Combined parts

Form class: K-Z

Classification code
Source: IFU Stuttgart

Geometry of

forging

Rotat. symmetry

Form class: A-D

 

3403.03 Tolerances for Aluminium Forgings 

 

Figure 3403.03.01 shows the tolerance allowances in a forging.  
 

When designing forgings deviations of form have to be allowed for between the as-forged form

and ready-to-use form.These deviations are a result of:

           - fabrication tolerances of the dies

       - wear of the dies

       - variations in operating conditions (e. g. workpiece / die temperature, lubrication)

       - mismatch of the tool

       - machining allowance

alu

Training in Aluminium Application Technologies

Form Tolerances for Aluminium Forgings

Machining tolerances are allowed for

   - fabrication of machine-finished surfaces 

   - compensation of forging imperfections

Form Tolerances for Aluminium Forgings 3403.03.01

Length or width

Source: H. Meyer-Nolkemper

F

G

A

B

C

D

E

G

Machining allowance for die forgings (exaggerated)
A: surface of finished part
B: machining allowance
C: tapers (draft angels)
D: tolerances for length/width
E: mismatch tolerance
F: thickness tolerance
G: flatness tolerance

Tolerances for forgings are specified in relevant European or national standards:
for aluminium forgings, DIN EN 586
for precision forgings, narrower tolerances are valid than specified in DIN EN 586
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The difference between the final form and the forged form is a result of: 

− Fabrication defects of die (die tolerances), 

− wear of die, 

− deviations in the production parameters (temperature), 

− mismatch of upper and lower die and 

− machining allowances. 

After the forming process, the allowances are machined off. Machining may cut into the 
fibre structure. 

Figure 3403.03.02 illustrates the dimensions which determine the geometric tolerances 
for aluminium forgings. The geometric tolerances in aluminium forgings are divided 
into form-dependent and form-independent dimensions (according to DIN 1749, EN 586 
part 3 (draft). 

Form-dependent dimensions depend only on the geometry of the die cavities. These vary 
with the 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.  
 

alu
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Form-dependent and Form-independent Tolerances 3403.03.02

Tolerances for aluminium forgings (DIN 1749)

Source: DIN 1749

Limiting deviations for

form-dependent dimensions
within cavity

Dimensions independent of
forms and across parting line

n

n
n

n
n

n

n

n

t m
a

xt 1t 2

t 3

upper die

lower die

Impact direction Impact direction

 
 

Tolerances for form-independent dimensions are, as a rule, larger than for form-
dependent dimensions. 
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3403.04   Design Rules 

 
Figure 3403.04.01 summarizes design rules for radii in aluminium forgings according 
to DIN 1749 and EN 586 part 3 (draft). 
 
Radii in the die cavities influence: 

− grain flow 
− forging load 
− die wear 
− strength properties offorged part 

 
The size of the radius depends on the form elements, e.g., fins or side walls and on the 
type of forging process. The table shows guide values according to DIN 1749 for 
dimensioning the radii: 

 r2: radius of die cavity edge 
 r3: fillet radius for fins 
 r4: fillet radius for side walls 
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Design Rules - Radii 3403.04.01

Source: DIN 1749/ EN586 (draft)

Roundings:

Fillet and other radii should be designed as large as possible
small radii  increased die wear
   danger of folds
large radii  increased workpiece mass
   favourable for material flow
Choose uniform radii as much as possible
Minimum radius depends on material

Radii at transitions

(fillet radii etc.):

Section C-D

r 2

r 4

Section A-B

h

r3

A B

C

D

r 3 r
3

greater than
40 up to 63

greater than
63 up to 100

greater than
100

greater than
25 up to 40

greater than
10 up to 25

greater than
4 up to 10

-
up to 4

Height h
in mm

6 10 1642.51.61.6r2

16 20 2510642.5r3

25 32 40161064r4

 
 

Figure 3405.04.02 gives recommendations for the bottom thickness of forged 
aluminium parts according to DIN 1749 or EN 586 part 3 (draft). The thickness of the 
bottom influences the forging load. For a low bottom thickness, a number of forming 
steps could, in some cases, be necessary. The thickness of the base depends on the 
projected surface of the workpiece in the pressing direction and the forming properties 
of the material. 
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Design Rules - Bottom Thickness 3403.04.02

s1 in 

mm

Source: DIN 1749/EN 586 (draft)

a): easy to forge materials

b): difficult to forge materials

Pressing (impact) direction

Projected area A

s
1

Area A
in mm²

        a)

        b)

-

up to 2500

2.5

3.5

greater than

2500 up to 5000

3.5

4.5

greater than
5000 up to 10000

4.5

6

greater than
10000 up to 20000

5.5

7

greater than
20000 up to 40000

6.5

8.5

greater than
40000 up to 80000

8

11

Bottom thicknesses:

Bottom thickness depends on the projected area in

the direction of forging (circle or circumscribing rectangle)

small bottom thickness  high forging load

multiple  forming steps

lage bottom thickness  more material required

 
 
Figure 3403.04.03 shows practical recommendations for the bottom thickness of mainly 
large forged parts. The geometry of the forging - long, thin parts or parts with square 
cross-section - also influences the base thickness. The diagram shows recommended 
values for: 

− minimum values (high forging load, low amount of material, in some cases 
no machining required), 

− the most economical design. 
− small bottom thicknesses can be produced by chemical milling. 
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Design Rules for Bottom Thickness of

Aluminium Forgings (Flat Parts) 3403.04.03

Source: Fuchs Metallwerke

Design Rules for Bottom Thickness

Necessary for parts with approximately

square area and surrounded by fins

Thin bottoms obtained by chemical milling

Possible for parts with thin long form

and/ or (relieving) holes in bottom region
1 2

3

Projected area in cm²

B
a
s
e

 t
h

ic
k
n
e

s
s
 i
n

 m
m

Most economical

Design

Minimum value

12.5

10

7.5

5

2.5

0
0 1000 2000 3000

1

3

2
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Figure 3403.04.04 contains design rules with respect to draft angles (tapers) according 
to DIN 1749 or EN 586 part 3 (draft). Draft angles facilitate the removal of forgings 
from the die. A large draft angle (3°) facilitates forming. When designing draft angles, 
the die type - with or without stripper - should be considered. The base is also drafted to 
facilitate the material flow. The tolerances for drafting depend on the dimensions of the 
forging. 
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Design Rules - Draft Angles (Taper) 3403.04.04

Source: DIN 1749/EN 586 (draft)

Die with stripper

Die without stripper

external and internal

taper (draft angle)

1°

3°

bottom taper

(draft angle)

1°

1°

Tapers in a workpiece:

internal taper

external taper

bottom taper

The taper (draft) of a die facilitates removal of forgings

Small taper     large removal forces

Large taper     low forging loads required

      more material required

      large deviation from ready-to-use form

Bottom taper facilitates material flow

 
 
 
 
 
 

3403.05  Dimensional Precision of Die Forgings 

 
 
Figure 3403.05.01 tabulates a comparison of precisions obtained with different 
production processes.  
 
IT 6 and 7 can be obtained by die forging only in exceptional cases. Values normally 
attainable are IT 12 to IT 16.  
 
Under special conditions, even IT 8 can be attained (precision forging). 
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Precision Attainable in Die Forgings 3403.05.01

Precision of forgings

Source: H. Meyer-Nolkemper

Precision available with different forming and machining processes

IT quality
Fabrication process Dimensions

die forging

hot extrusion

cold extrusion

stamping to size

turning

milling

round grinding

diameter

diameter

diameter

thickness

diameter

thickness

diameter

5 6 7 8 9 10 11 12 13 14 15 16

normally attainable attainable through special measures attainable in exceptional cases

 
 

Figure 3403.05.02 lists measures to improve the precision of die forgings. Improving 
the dimensional accuracy leads to precision or high precision forging. For this purpose, 
extra care must be taken during each individual step of the forming process.  
 
The measures used depend on the listed sources of defects and describe the steps 
recommended for the individual influencing parameters. 
 

hydraulic
pressing
for easier
control

(b) temp. stability,
     furnace control,
     constant stroke

Measures to Improve the Precision of Die Forgings 3403.05.02

Source: H. Meyer-Nolkemper

Starting form, 

separating

as in b)

 Heating Tool Machine

as in a)

(e) intermediate
     form
     calibration

1. Dimensional
    deviations
    1.1 form dependent
         dimension (l,b,d)

    1.3 Misalignment

2. Deviations betw.
    raw/finished form

2.1 low base thicknesses
2.2 narrow ribs

2.3 small corner radii
2.4 small taper

3. Surface defects
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    1.2 form indepen-
          dent dimen-
          sions(h)

(a) mass dosage,
     closer tolerances
     for semis, 
     precise vol. 
     cutting

as in (d)
     intermediate 
     flash removal,
     etching & magna-
     flux inspection,
     then reforging in
     the final die cavity

low spring-back

(d) constant end
     temperature,
     constant stroke,
     intermediate

     heating

precision of
fabrication,
low wear,
constant 
temperature
(30 to 40 °C 
below
forming temp.)

low guiding

play

lubrication
low  edge wear
stripper

cleaning die
cavity, low wear
of die cavity

precise assem-
bly, clamping

as in e)

as in e)
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Figure 3403.05.03 illustrates a precision forged part of an aeroplane door in a 
honeycomb construction. In the part forged with a drafting angle of 0°, only holes have 
still to be drilled or cleaned. The front flash, designed to relieve the die, must still be 
removed. 
 
 

Training in Aluminium Application Technologies
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Precision Forging 3403.05.03

Precision and High-Precision Forgings

Example of a precision forging

Source: H. Meyer-Nolkemper

53.3

5
2
.3

25.4
19.3

A-B
C-D

Grat
A

B

C

D

Narrow tolerances apply to precision forgings:

Tapers: 0 - 0.5°

Length and width tolerance: 50 %

Thickness: 60 %

High-precision forgings -

almost "ready-to-use" parts

High-precision forgings are used to

-  increase the accuracy of the structural part

-  increase the fatigue strength

-  reduce the mass of the component

-  reduce the finish-machining required

-  improve the economy

 
 
 
High precision forging is a special case of precision forging. In precision forging, the 
accuracy and surface quality are of such a high quality that at least one operational step 
can be saved. In high precision forging, the ready-to-use components are produced 
with an accuracy which can be attained otherwise only by machining. High precision 
forgings are designed keeping the following aspects in mind: 
 

− Increasing the accuracy of the component 
− Increasing the fatigue strength 
− Reducing the mass of the component 
− Reducing the amount of machining 
− Increasing the economy 
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3403.06  Designing for Material Flow and Grain Structure 

 

Figure 3407.01.01 illustrates an example for the grain (fibre) structure in the 
longitudinal direction for different fabricating processes. During forging, an attempt is 
made to create a fibre structure corresponding to the main loading direction. Castings do 
not exhibit a fibre structure. During fabrication by machining of an extruded semi-
product, for example, individual fibres are cut. This leads to a reduction of the fatigue 
strength. The fibre structure depends to a large extent on the type and form of the 
starting material. Because of the good extrudability of aluminium, it is advisable to use 
extruded sections as pre-fabricates for the forgings. The final part then exhibits a mixed 
fibre structure.  
 

 

Fibre structure obtained by different 

production processes

Die-forged from a rod section -

  fibre structure satisfactory

Die-forged from intermediate form -

     fibre structure satisfactory

 Machined from rod section -

fibre structure unsatisfactory

Source: DIN 1749 / EN 586 (Draft)

Cast - no fibre structure

Material Flow During Different Production Processes 3403.06.01
alu
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Figure 3403.06.02 shows the most important parameters which have an influence on the 
material flow during forging. The type of material flow itself affects a number of 
forming parameters and index values of the workpiece. 
 
The fibre structure affects the statical and dynamical strength properties in particular, as 
well as the stress corrosion properties of certain alloys (AlZnMgCu). 
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forming

 speed

  material

properties

   forming

temperature

  structural

part geometry

material flow /

fibre structure

intermediate /

prefabricated

     form

tribological

  system

   flash

geometry

The material flow has an effect on: 

 - the form filling

 - the forging loads

 - the fibre structure

 - the anisotropy

Parameters Influencing the
Material Flow and Fibre Structure

3403.06.02

Source: IFU Stuttgart

Parameters influencing the material flow and fibre structure

The fibre structure has an effect on:

- the static and dynamic strength properties

- the stress corrosion resistance

 
 
The position of the parting plane of the tool has an influence on the material flow during 
forming (see also Figure 3402.03.04). Figure 3403.06.03 illustrates how the material 
flow and consequently the fibre structure can be improved by shifting the parting plane 
from the middle of the section to the top. The section of the modified die parting shows 
a more uniform fibre structure at the rounding.  
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Effect of Die Parting on the Material Flow 3403.06.03

Effect of Die Parting on the Material Flow

Final Form

Improved fibre 

structure at 

roundings 

Parting line in 

middle of part 

Parting line on

top edge of

workpiece

Source: H.Meyer-Nolkemper

Avoid fibre exit

at high stress

concentrations 

after

machining
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Form Filling of Closed Dies with and without Flash 3403.06.04

Filling of Closed Dies with and without Flash

closed die
without flash

starting form

closed die 
with flash groove

Source: P. Johne

flash grooves

die cavity insert

punch

cavity

upper die

lower die

flash cavity2

1

3

4

 
 

Figure 3403.06.04 illustrates the process of form filling in closed dies with and without 
flash. During forming in dies with flash, the extra material is pressed out of the die 
cavity into the flash or flash cavity. The geometry of the flash gap has a deciding 
influence on the forging load and the form filling of the die cavity. 
 
During forging without flash, the whole material remains in the die filling it out 
completely. Both, forging stock and finished forging, have to have identical masses. The 
material flow is controlled by the geometry of the raw stock, the flow stress and the 
tribological conditions at the contact zone of the die. 
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Effect of Die Radii on Material Flow 3403.06.05

Effect of Die Radii on Material Flow

Upper die

Work piece

Lower die

Small radius

Large radius

Material hugs the curveMaterial lifts off

Material deflected 

downward
Material rises upward

Fold

Forge fold No flaws

Radius too 

small

Radius sufficiently

largeSource: K.Lange
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Figure 3403.06.05 shows the effect of increasing die radii on material flow during die 
filling. Folds can be effectively avoided. 
 
The schematic diagram illustrates, how the material flow is affected by the design of the 
fillet radii (see also Figure 3403.04.01, Design rules - fillets). When the radii are chosen 
properly, the material hugs the radius of the die cavity during forming and then flows up 
along the walls. If the radius is too small, then the material pulls away from the die 
cavity, coming to rest on the opposite wall from where it then rises up. On reaching the 
top of the cavity, the material is redirected downwards and fills out the cavity. 
Consequently, cold shuts form and laps occur where the redirected material glides over 
the material flowing up from the bottom leading to a high loss of strength properties at 
this location. 
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3501.01 General Information on Alloys and Raw Materials 

 
 

Aluminium Alloys for Impact Extrusion 

 
Figure 3501.01.01 lists the different types of aluminium alloys used for impact 
extrusion together with an evaluation considering different aspects. All aluminium 
alloys of the non-heat-treatable and heat-treatable types can be impact extruded, 
especially when in their soft annealed state. (See also DIN 1712, part 3 and DIN 1725, 
part 1). 
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Aluminium Alloys for Impact Extrusion 3501.01.01

Aluminium

Alloys

for Impact

Extrusion

AlMgSi0.5

AlMgSi1

AlZn4.5Mg1

AlCuMg1

AlZnMgCu0.5

AlMn

AlRMg0.5

AlMg1

AlMg3

AlMg2Mn0.3

Al99.5

Al99.7

Al99.8

Al99.9

Designation

according to

DIN 1712, p.3

and

DIN 1725, p.1

Pure and high purity aluminium (DIN 1712, part3)

Non-heat-treatable alloys (DIN 1725, part 1)

Relative merit values1) under various aspects

Impact

extrud-

ability 2)

Decorative

anodising

Joining

process3)

Remarks

S L

1

1

1

1

2

2

1

1

2

2

2

2

1

1

1

1

2

2

2

4

3

-

1

2

2

3

2

2

2

1

1

1

2

2

-

-

Heat-treatable alloys (DIN 1725, part 1)

2

3

3

4

4

1

2

-

-

-

3

3

-

-

-

2

2

2

-

-

Chemical brightening possible

Aluminium alloys

for impact

extrusion
1)Merit values,

  falling from 1 to 4;

  "-" = not suitable
2)Valuation is valid 

  for the original soft

  annealed state
3)S = weldability;

  L = suitability for

  brazing.

  Strength loss due

  to welding and

  soldering must be

  considered! 

Source: Aluminium

-Zentrale e.V.

Main material for impacts

Chemical brightening possible

Used only in artificially aged state

Only for parts with heavy wall thickness
which are used only in an aged state

 
 
In order to obtain high quality impacts, it is important to use materials which exhibit a 
homogeneous fibre structure or a uniform fine-grained structure. A non-homogeneous 
structure affects not only the chemical and physical properties of the impacts but also 
their form. An unsymmetrical grain structure can have a large effect on flow stress 
which in turn might lead to excentricity of the part, warpage or uneven distribution of 
wall thicknesses. 
 

Reference Values for the Strength of Aluminium Alloy Impacts 

 
Figure 3501.01.02 tables reference values for the strength of aluminium alloy impacts. 
The aluminium alloys Al99,9, Al99,8. Al99,7 and Al99,5 are mainly used for 
manufacturing tubes and cans. The alloys AlMgSi0,5 and AlMgSi1 can be considered to 
be standard materials for impact extrusion. Care must be taken during the machining of 
the alloys AlZn4,5Mg1 and AlZnMgCu0,5, since the emulsions used can lead to 
corrosion.  
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6
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4
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4
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4
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4
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4

20
4

20
4
4

10
4

10
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7

Designation State Strength in N/mm² Elongation

Rm (σB) Rp0.2 (σ0.2) A5 (%)

1) By impact extruding

   directly after solution

   treatment and quenching 

   ("freshly quenched" state) 

   and then aging, 90% of 

   the strength of the

   state "artificially

   aged" can be attained.

Source: Aluminium-Zentrale e.V.

Attainable 

mechanical properties,

not minimum values

Reference Values for the Strength of Impacts 3501.01.02

Reference

Values for

the Strength

of Impacts
Al99.5/
Al99
Al99.7/
Al99.8
Al99.9

AlMn

AlRMg0.5

AlMg1

AlMg3

AlMg2Mn0.3

AlMgSi0.5
1)
AlMgSi1
1)
AlZn4.5Mg1
AlCuMg1
AlZnMgCu0.5

annealed
impact extruded
annealed
impact extruded
annealed
impact extruded
annealed
impact extruded
annealed
impact extruded
annealed
impact extruded
annealed
impact extruded
annealed
impact extruded
annealed, imp. extr.
artificially aged
annealed, imp. extr.
artificially aged
artificially aged
naturally aged
artificially aged

70
130
60

120
40

100
90

170
80

140
105
165
190
265

155
230
165
245
190
310
350
400
500

25
110
18

100
15
80
35

145
25

110
35

145
80

215
60

200
145
195
170
260
290
350
450

 
 

Flow Curves and Fow Stresses 

 
Figure 3501.01.03  shows flow curves and flow stresses of some aluminium alloys (at 
left) and the effect of state of heat treatment of AlMgSi1-slugs on the flow behaviour (at 
right). Flow curves are needed for the calculation of forces for the impact extrusion 
process. For further flow curves, refer to the VDI guideline 3500. 
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Raw Materials, Blanks and Slugs 

Figure 3501.01.04 gives information regarding the manufacturing of slugs and blanks, 
their required surface condition and their properties. Cold rolled sheets and rods or tubes 
from which blanks and slugs are obtained by blanking or sawing, respectively, are 
standardised in DIN 1745, part 1 and DIN 59604. Round rods of pure aluminium or 
aluminium alloys are extruded with so-called multiple extrusion dies, i.e. three or four 
die openings are arranged around the centre of the die. In a final step these rods are cold 
drawn to size and final dimensions. Since the material is pressed through the multiple 
die not only from the centre portion of the billet but also from its outer areas, such round 
rods may exhibit different grain sizes in any one cross-section. As a result, impact 
extruded parts can warp in unexpected amounts and wall thicknesses may vary. 
Therefore, care should be exercised, that only single-strand extruded rods are taken as 
base material for slugs and blanks. 

alu
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Raw Materials; Blanks and Slugs

Raw Materials; Blanks and Slugs

3501.01.04

Source: Schlosser; Brix

Manufacturing raw materials

The raw material consists almost exclusively of stamped or sawed blanks

and slugs available from extruders or stockists

Surface condition of raw material

Blank, ground, tumbled, blasted

Requirements of raw material

! The weight of blanks or slugs is allowed to vary only within a narrow
      tolerance range

! Minimum clearance between slugs and die: 0.3 to 0.4mm

! Maximum tolerance for round slugs and blanks is h11 (larger deviations in
     diameter lead to positioning errors)

! A uniform grain size. Varying grain size can lead to variations in dimensions

    

 
 

Lubricants 

 
Figure 3501.01.05 lists the different lubricants used and the methods of applying them. 
Because of environmental considerations, water-soluble lubricants like alkalinen soaps 
and liquid lubricants based on oil are being increasingly used. Zinc stearate and zinc 
behenate have nowadays to compete with  

− Lubrimet GTT (Sapilub Ltd. Co. Wangen, Zurich) based on paraffin without 
chlorinated solvents and heavy metal soaps with optimal solubility in water,  

− Glisapal SM-155 (Nußbaum Co., Matzingen), a water-soluble, solvent-free, 
powdery lubricant based on alkaline soaps, not suitable for anneal degreasing and 
solvent cleaning,  
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− and liquid lubricants based on oil, like Bonderlube VP 4404/5 (Chemetall Co., 
Frankfurt), with sulphur compounds, but free from chloroparaffins and metal 
organic compounds or 

− Multipress 9391 (Zeller and Gmelin Co., Eislingen), a fully synthetic oil.  
 
In individual cases, coating layers serving as carriers for lubricants (aluminium, 
phosphate) are used.  
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Lubricants

Lubricants

3501.01.05

Lubricants used

! Zinc stearate and zinc behenate (insoluble in water)
! Alkaline soaps (water soluble)
! Liquid lubricants based on oil (water soluble)

Methods of applying lubricants

! Spraying
! Coating
! Sprinkling, powdering
! Dipping
! Tumbling

Source: D.Schlosser

 
 

Tool Life as a Function of Amounts of Lubricant 

 

Figure 3501.01.06 illustrates the influence of amount of lubricant used (g/m²) on tool 
life. As can be clearly seen, too little or too much lubrication reduces the tool life. If the 
lubricant used is insufficient, cold welding can occur between tool and work-piece. If 
too much lubricant is used, then the lubricant accumulation leads to defects in contour 
replication and to lubricant indentations in the tool. In these cases, the tool has to be 
cleaned very often. The surface roughness of slugs and  blanks has an effect on the tool 
life. Experiments have shown that smooth slugs reduce the life of tools because the 
smooth slug surface offers hardly any cavities and pits in which the lubricant can be 
anchored.  
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Choices and Criteria for Finishing Impacts 

 
It is possible to produce more complicated impacts by using supplementary process 
steps. Such processes consist normally in cutting, stamping, blocking, coping as well as 
flanging, and crimping at right angles to the pressing direction. Transverse holes, 
threads and undercuttings are mostly machined. It is even possible to produce 
complicated forms by a supplementary forming operation performed after the impact 
extrusion, like for example contracting (necking) for bottlenecks and drawing of rods 
and tubes or even expanding and flaring or tapering. It is also possible to use welding 
and other joining methods to produce fastenings. Friction welding has proved very 
successful for axially symmetrical parts, making it possible to join dissimilar alloys or 
even dissimilar materials with each other, like for example aluminium with steel or 
copper. For economical reasons it is of paramount importance to first consider whether 
the supplementary process steps required after the impact extrusion can be avoided or at 
least reduced to a minimum by a judicious design of the impact extruded parts [1].  
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Finishing and other Supplementary Operations

for Aluminium Parts
3503.01.01

Finishing and other Supplementary Operations

for Aluminium Parts

It is possible to produce more complicated and intricate parts by using finishing

and other supplementary processes:

 ! Cutting  (trimming, piercing);

 ! Forming (contracting, expanding, flaring, flanging, folding,

     collaring, crimping, drawing, thread forming);

 ! Machining (drilling, turning, milling);

 ! Joining  (welding, brazing, soldering)

Source: IFU Stuttgart

 
 

Figure 3503.01.01 and Figure 3503.01.02 describe choices and criteria of 
supplementary working or finishing processes of aluminium impacts.  
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Criteria for Finishing and Supplementary
Working of Aluminium Impacts

- Good machining properties

- Cold formability

- Weldable

- Capable of brazing and soldering

- Complete heat treatment possible

- Anodic coatings (decorative and functional)

- Galvanic coatings

- Organic coatings

- Ceramic and metallic coatings (plasma spray)

Criteria for Finishing and Supplementary Working
of Aluminium Impacts

 
 
 

Examples for Finished Impacts 

 
Figure 3503.01.03 shows examples of aluminium impacts which have been machined 
after the impact extrusion process. 
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Source: Aluminium-Zentrale e.V.
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Machine
Finished
Impacts

 
 

Figure 3503.01.04 illustrates examples of aluminium impacts which have undergone a 
finishing or other supplementary forming operation after the impact extrusion process. 
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Source: Aluminium-Zentrale e.V.

Various Supplementary and Finishing
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Supplementary 
Finishing 
Operations 
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Crimping,

Flanging, 

Blocking or 

Coping and 

Holing or 

Piercing

 
  
The aluminium impacts shown in Figure 3503.01.05 and Figure 3503.01.06 are 
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examples of impacts successfully used in the automotive and electronic industry, 
showing the diversity of parts which can be produced by impact extrusion followed by 
supplementary finishing operations.  
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Cleaning of Aluminium Parts 

 
Although a large number of lubricants in use can be removed using both watery 
solutions or organic solvents, some lubricants can only be cleaned-off using either of 
these alternatives. The latter can be removed either only with the help of watery 
solutions or with another solvent. Both cleaning methods can be used for alkaline soaps 
and oils, while work-pieces lubricated with alkaline soaps can only be cleaned using 
watery solutions. 
 
The solvents most often used are chlorinated hydrocarbons (e.g. PER). The equipment 
used must consist of closed systems which fulfil the legally binding environmental and 
health regulations. The cleaned parts which leave the equipment must be completely 
dry. 
 
For removing metallic soaps with watery solutions, highly alkaline cleaning solutions 
are necessary. Depending on the type, concentration and time of contact of the cleaning 
liquid used, a surface layer of the material is also removed along with the lubricant. The 
cleaning effect can be enhanced by increasing the temperature of the cleaning liquid and 
by using supplementary mechanical methods, like spraying with a defined pressure.  
 
After degreasing, the parts must be neutralised, rinsed several times (partly with 
deionised water) and finally dried. Changes in the bath process can lead to dimensional 
deviations (reacting time, concentration of the washing liquid) or to residues in the part 
(cleaning liquid residues can lead to blistering, which, in some cases may occur only 
after a certain length of time). 
 
Due to the removal of the material surface layer, bright parts become dull and the 
surface roughness increases. But at the same time, scales from the impact extrusion 
process which adhere to the surface and cannot be removed by solvent cleaning, are also 
removed. For lubricants which are soluble in watery solutions, a mildly alkaline 
cleaning liquid, in which the metal attack is reduced by the addition of inhibitors, 
normally suffices. A neutralising step, followed by a series of rinsing steps is essential 
even in this case.  
 
The drying of parts with recesses and indentations which have been cleaned using 
alkaline solutions is very problematic, since the cleaning liquid trapped in these cavities 
should be removed before the drying operation, in order to keep heat energy 
requirements for drying low. Solvent cleaning can be used for all parts. Watery cleaning 
solutions are not suitable for parts with narrow holes and deep, narrow blind holes, since 
too much uncleaned residue can remain here. Normally a particular cleaning method is 
not specified, as long as it can be guaranteed that a certain specified rest residue is not 
exceeded. In cases for which a certain cleaning method is specified as being obligatory 
for a product, this fact must be considered when choosing the appropriate lubricant for 
the impact extrusion process [2]. 
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Figure 3503.01.07 gives a rough survey of the steps involved in the cleaning of 
aluminium parts.  
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Heat-Treatment after Impact Extrusion  

 
When impact extrusions have to be heat-treated (solution treatment, quenching, aging), 
the fresh impact has to be cleaned (cleaning medium: solvent) in order to prevent the 
uncontrolled development of irritating vapours and smell. The annealing residues, on 
the other hand, are no problem, if the raw part is machined all over in a number of 
machining steps. However, a second cleaning operation is required so that the finished 
part can be delivered without any adhering grease or oil [2]. 
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The experimental results shown here are exemplary and qualitative. They are not 
absolutely representative for the given material. The material properties have a range of 
scatter which depends on the supplier and the charge.  
 
The following results shall, on the other hand, clearly define which information 
regarding the materials can be obtained from the individual tests. 
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3701.01  Uniaxial Tensile Tests 

 
 
The uniaxial tensile test is the basis for defining mechanical properties of materials. It is 
standardised in DIN EN 10 002 for specimens with round or rectangular cross sections. 
Figure 3701.01.01 defines the terms of the stress-strain diagram and flow curve 
obtained from the uniaxial tensile test. 
 

Stress-strain diagram Flow curve

Elongation ε = (l-l0)/l0

kf = f(ϕ)

σ

ϕ

Stress σ = F/S0

εelεpl

εtot

Flow stress
kf = F/S ; (kf = σ(ε+1))

Rm

Rp0,2

kf

Ag0,2%

S0
l0l

S

F

F

ε

Deformation strain

ϕ = ln (l/l0) ; (ϕ = ln (ε+1))

σ = f(ε)

Stress-Strain Diagram and Flow Curves 3701.01.01

Source: IfU - Stuttgart
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An evaluation of the results of the test according to DIN EN 10 002 for setting up a flow 
curve is only possible up to the uniform elongation Ag. The big advantage of the tensile 

test is that the strain and the tensile force can be easily and simply converted to a degree 
of deformation and flow stress without using any flow criteria. Besides, this process is 
not affected by any frictional effects. The main disadvantage of the tensile test is that at 
relatively small degrees of deformation, a local necking sets in. For a uniaxial tensile 
stress condition, the maximum degree of deformation which can be attained is given by 
 
   ϕgl = ln(1 + Ag) < 0.3 

 
The tensile test delivers the stress-strain diagram, from which the characteristic values 
are determined and used as a basis for strength calculations. The measured tensile force 
F is based on the original cross-sectional area S0 of the specimen. Since, however, the 

cross-sectional area changes continuously during the test, the true stresses are not 
determined. 
 
  σ  = F/S0 

 

For determining the instantaneous elongation, the change in length dL is referred to the 
original length L0: 
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      dε = dL/L0 

The degree of deformation. i.e. the strain ε can be calculated by integration: 

     ( )ε = = −∫ dL L L L L
L

L

/ /0 1 0 0

0

1

 

In the region of uniform elongation, the flow curve can be calculated quite easily from 
the force-elongation curve (or stress-strain curve). The positive slope of the tensile force 
(stress) curve indicates that in this region the effect of work hardening (strain hardening) 
of the material is more pronounced than the effect of the reduction in area (cross-
section). A uniaxial (one-dimensional) state of stress exists in this region of the curve 
and the stress is distributed uniformly throughout the specimen.  

When the loading of the specimen is increased further, a peak value is attained in the 
force-elongation curve. A further increase in deformation is associated with a negative 
slope of the curve, indicating that the increase of material strength due to work 
hardening is less than the weakening due to the reduction in area of the specimen. This 
means that from the peak value onwards, necking starts to occur in the tensile specimen 
(plastic instability). The evaluation of the tensile test according to DIN EN 10 002 is 
limited to the region of uniform elongation.  

The region extending from the value of maximum force up to rupture of the specimen is 
characterised by a three-dimensional state of stress accompanied by a non-homogeneous 
distribution of stress and deformation (strain) across the specimen cross-section. The 
transverse stresses thus created in the necked zone are the result of deformation restraint 
of the less elongated transitional regions and of non-axial forces resulting from the 
deviation of the force flow lines. Further deformation of the sample is limited to the 
necked region and accompanied by a rapid increase in local deformation rate at that 
region.  

These conditions must be considered and the experimental results correspondingly 
corrected when determining the flow curve which, according to definition, is measured 
for a uniaxial state of stress and for a constant deformation rate.  

The flow stress, kf , depends on material, temperature T, degree of deformation ϕ  and 

deformation rate  !ϕ  . It is defined for a uniaxial state of stress and a deformation which 

is as homogeneous as possible: 

       kf   =  f(ϕ , !ϕ , T, material) 

In order to initiate or to maintain a plastic flow of material, the active stresses actually 
occurring must exceed a certain characteristic value. In order to determine the material 
characteristic values in forming technology, it is therefore usual to refer the force (F) to 
the actual surface area (S).  



TALAT 3701 5 

The stress  kf  = F/S  is referred to as the flow stress in the region of plastic flow. In 

order to illustrate the flow curve, this value is graphically depicted as a function of the 
degree of deformation ϕ.  

The uniaxial tensile test is used as an example to explain the definition of degree of 
deformation. If the change of length, dL is based on the momentary length L, then: 

     dϕ  = dL/L 

The degree of deformation is obtained by integrating this equation over the deformation 
path : 

   ( )ϕ = =∫ dL L L L
L

L

/ ln /
0

1

1 0  

The flow curve can be determined easily from the stress-strain curve, since a correlation 
exists between the stress, σ, and the flow stress, kf , or between the strain ε and the 

degree of deformation ϕ: 

     kf    =  σ (1 + ε /100) 

      ϕ    =   ln (1 + ε /100) 

 

Preparing Tensile Specimens from a Sheet 

Figure 3701.01.02 shows how tensile specimens are made from sheets and the 
specimen geometry used.  
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For conducting tensile tests on sheets, non-proportional flat specimens with heads 
according to DIN EN 10 002 - 20*80 (large ISO flat specimens with a starting length of  
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L0 = 80 mm and a width of  b0 = 20 mm) are prepared from the sheet. Tensile specimens 

are prepared from the sheet metal at 0°, 45° and at 90° to the rolling direction. The tests 
are conducted at room temperature in a tensile testing machine. During the tensile 
testing, the tensile force, the elongation of the specimen and the transverse contraction 
of the specimen are recorded.  

From the stress-strain curves, one can obtain the following characteristic values: 
modulus of elasticity E, either the higher (ReH) and lower (ReL) yield points or the yield 

strength Rp0,2, ultimate tensile strength Rm, uniform elongation Ag, total strain to 

fracture A80mm and information about the normal anisotropy r. 

 

Stress-Strain Curves of Aluminium Sheet Alloys 

Most sheet materials exhibit a pronounced influence of the rolling direction on the 
characteristic property values.  
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The stress-strain curves in Figure 3701.01.03 are shown for the naturally aged alloy 
AlMg0.4Si1.2-T4 tested under 0°, 45° and 90° to the rolling direction. There are marked 
differences regarding both the maximum stress as well as the maximum elongation that 
can be obtained.  

The non-heat-treatable alloy AlMg5Mn-O shows a similar behaviour, see Figure 

3701.01.04. As is characteristic for Magnesium-containing aluminium alloys, yield 
points (upper ReH and lower ReL) and Lüder bands can be discerned up to a strain of 

approximately 2 %. With further stretching of the specimen deviations from the smooth 
stress-strain curve indicate the formation of stretcher lines.  
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Flow Curves of Aluminium Alloys 

The flow curves in Figure 3701.01.05 and Figure 3701.01.06 depicted for the range of 
uniform elongation have been calculated from the stress-strain curves shown in Figure 

3701.01.03 and Figure 3701.01.04 for the alloys AlMg0.4Si1.2-T4 and AlMg5Mn-0, 
respectively.  

Flow curves for unalloyed and low-alloy steels as well as for some non-ferrous metals 
(e.g., aluminium and its alloys) can very often be calculated from the Ludwik-Hollomon 
equation: 

      kf = Cϕn 

where C is a constant and n the strain-hardening exponent. This equation is not valid for 
high-alloy steels and copper, which have a different strain-hardening behaviour.  

Using a calculation based on linear regression of the logarithmic flow curve according 
to Ludwik-Hollomon, 

     ln kf = ln C + n lnϕ 

the values for the strain-hardening exponent n and the constant C can be calculated for 
the tested material in a region of elongation which must inevitably be stated, e.g. ε = 1% 
Ag (uniform strain) (see also Stahl-Eisen-Prüfblatt 1123). 
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Definition of the Strain-Hardening Exponent n 

As shown in Figure 3701.01.07, the flow curve for alloy AlMg0.4Si1.2-T4 is 
approximately a straight line in a double-logarithmic plot for plastic strains greater than 
approximately 3 % (ϕ > 0.02), which then conforms very well with the Ludwik-
Hollomon equation. The strain-hardening exponent n is equal to the slope of the straight 
line. 
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The strain-hardening exponent n can be considered to be a measure of the maximum 
attainable deformation during cold forming.  

Stretch forming: The higher the value of n and, consequently, the higher the uniform 
strain, the lower is the tendency of the material to neck locally. Higher forming forces 
can be applied to the center regions of the sheet, so that forming of these middle regions 
can be increased.  

Deep drawing: During deep drawing, the limiting draw ratio increases slightly with 
increasing n-value, since a combined stretch forming/deep drawing action exists at the 
beginning of the drawing process.  

In order to estimate the strain-hardening behaviour, the strain-hardening coefficient can, 
according to Reihle, be assumed to be equal to the uniform strain 

      n  ≈  ϕgl 

During tensile testing the tensile force F, the elongation l of the specimen and the 
transverse contraction (i.e., the change in the specimen width b) of the specimen are 
measured, see Figure 3701.01.08. From these values and using the law of volume 
constancy, it is possible to calculate the change in the sheet thickness s.  

 

Anisotropy 

Sheets do not have the same properties in all directions. This variation of material 
properties in relation to the rolling direction is called anisotropy. The reasons for this 
behaviour of directional dependency of mechanical properties are: 
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− the anisotropy of crystals (the variation of the properties of the elementary cells with 
direction) 

− the texture (preferred orientation of certain crystallographic planes and directions) 

− the grain anisotropy (preferred orientation of grains and grain boundaries, e.g. 
elongation of grains in the direction of rolling). 

The grain anisotropy is mainly the result of the previous cold working process, e.g. cold 
rolling. The anisotropy plays a very important role during forming processes.  

 

l

b

s

F

F

F ... Tensile force   s ...Specimen thickness

b ... Specimen width   l ... Reference length

Source: IfU -Stuttgart

Schematic Illustration of a Flat Tensile Specimen 3701.01.08

Schematic Illustration of a Flat Tensile Specimen
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Vertical anisotropy:

r = ϕb/ϕs = ln(b/b0) / ln(s/s0)

Average vertical anisotropy:

rm = (r0 + 2r45 + r90) / 4

Plane anisotropy:

∆r = (r0 - 2r45 + r90) / 2

better:

∆r = rmax - rmin
Source: IfU - Stuttgart

Definition of Anisotropy Values 3701.01.09

Definition of Anisotropy Values
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Definition of Anisotropic Values 

A number of characteristic values are used as a measure of anisotropy. For sheet 
forming, the following characteristic values are important (s. Figure 3701.01.09): 

The vertical anisotropy r is the ratio of the logarithmic change in sheet width ϕb (true 

width strain) to the logarithmic change in the sheet thickness ϕs (true thickness strain). 

     r = ϕb/ϕs = ln(b/b0)/ln(s/s0) 

Isotropic materials have a value of r = 1. 

Materials which have a vertical anisotropic value of  r > 1, possess a high resistance to 
plastic flow in the direction of the sheet thickness.  
 

Anisotropy as a Function of Rolling Direction 

The value of the vertical anisotropy r is not constant in a sheet plane, but depends on the 
angle to the rolling direction. 

The vertical anisotropy values r as determined by tensile testing are, depending on the 
material (alloy composition) and the previous treatment, either lowest (e.g., 
AlMg0.4Si1.2-T4) or highest (e.g., AlMg5Mn-O) at 45° to the rolling direction. This 
dependency from the rolling direction can be seen clearly in Figure 3701.01.10 which 
illustrates values for vertical anisotropy for both aluminium alloys at a deformation 
strain of ϕg = 0.11. 
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Source: IfU - Stuttgart

 
 

From the r values determined at a definite angle to the rolling direction, the average 
vertical anisotropy rm can be calculated: 

       rm = (r0 + 2r45 + r90)/4 
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Representation of the Vertical Anisotropy Using Polar Coordinates 

A significant measure for the variance of the vertical anisotropy over the sheet plane is 
the plane anisotropy ∆r. 

    ∆r = (ro - 2r45 + r90)/2 

For some materials, the following equation is valid: 

     r45 ≈ (r0 + r90)/2 

From the above equation one obtains  ∆r ≈ 0, even though the material is strongly 
anisotropic. Consequently, it seems to be logical to define the plane anisotropy as 

    ∆r* = rmax - rmin 

In Figure 3701.01.11 this ∆r* is depicted as the shaded ring area. 

The vertical anisotropy has the following effects during deep drawing: 
− Small values of r result in a small limiting draw ratio ß0max. 

− Large values of r result in a large limiting draw ratio ß0max. 

− The plane anisotropy leads to undesirable earing during the deep drawing of 
axially symmetrical cups, i.e., the cup height is no longer constant. Earing is 
expected in those directions for which the largest r values exist. Earing occurs in 
the 0° and 90° directions for positive ∆r values (∆r > 0). For negative values of  
∆r (∆r < 0), earing occurs at 45° to the rolling direction. 

As a general rule for deep drawing, the lowest r value (rmin) indicates the position in the 
plane of the sheet with the highest probability of necking. rmin is, therefore, preferred to 
be as high as possible. 
 

Material: EN AW - 6016-T4

Source: IfU - Stuttgart
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3701.02  Aluminium Alloys 

 

The occurrence of stretcher strains during deformation depends very much on the type 
of aluminium alloy, see Figure 3701.02.01. Especially the addition of magnesium in 
non-age-hardening aluminium alloys renders these alloys prone to yield point 
phenomena and stretcher strains. 
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Materials with and without Stretcher Strains
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For sheet materials having pronounced yield points, deformation is non-homogeneous at 
small plastic strains, but occcurs in a localised fashion: Lüder bands (stretcher strains 
type A) are observed. These bands are undesirable, especially since they are clearly 
visible in polished and painted surfaces.  

In addition, non-homogeneous plastic flow may be observed at higher degrees of 
deformation in the stress-strain curve (stretcher strains type B). This behaviour is caused 
by discontinuous hardening due to dynamic strain aging (Portevin-le-Chatelier effect) 
and progresses in severity with increasing degree of plastic strain..  

Stretcher strains of type A can be eliminated by a thermo-mechanical treatment (e.g., 
prior deformation by rolling); one then obtains materials that are conditionally stretcher 
strain free (ssf) or show little stretcher strain effects (ffa). 

In contrast, stretcher strains of type B cannot be eliminated. For this reason, AlMgMn 
and AlMg alloys may not be suitable for decorative or visible sheet parts, eg. outer car-
body sheet metal parts.  

AlMgSi and AlCuMg alloys, on the other hand, do not exhibit stretcher strains and are, 
therefore, suitable for parts which must conform to high surface quality standards.  
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Fields of Application of Aluminium Body Sheet Alloys 

Figure 3701.02.02 lists the most important European, American and Japanese body 
sheet alloys.  

The aluminium alloys are divided into a group of heat-treatable alloys (groups 3 - 5) and 
a group of non-heat-treatable alloys (group 2). The table lists the fields of application 
together with a reference to the presence and types of stretcher strains.  
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                    Designation 
DIN

Group 1: aluminium, unalloyed
Al99,5 W7

Group 2: AlMg(Mn,Cr), non-heat-treatable
AlMg2,5 W18
AlMg3    W19
AlMg5Mn W27
AlMg5Mn

Group 3: AlMgSi(Cu,Mn), heat-treatable
----------
----------
AlMg0,4Si1,2
----------

Group 4: AlCuMg(Si), heat-treatable
----------
----------
----------
----------

Group 5: AlMgCu(Zn), heat-treatable (conditionally)
----------
----------

   
International

1050-0

5052-0
5754-0
5182-0
5152-ssf

6009-T4
6010-T4
6016-T4
6111-T4

2002-T4
2008-T4
2036-T4
2038-T4

GZ45/30-30
   KS5030

Stretcher
strains  

none

(A),B
 A , B
 A , B
    B

none
none
none
none

none
none
none
none

  (B)
  (B)

Fold
type

NF

NF
NF
NF
NF

NF
TF
(NF)
TF

TF
TF
TF
---

NF
NF

Field of application
(examples)

heat reflectors

internal body parts
internal body parts
internal body parts
internal/ext.   parts

internal/ext.    parts
external body parts
external body parts
external body parts

external body parts
external body parts
external body parts
external body parts

internal/ext.    parts
internal/ext.    parts

Information in parenthesis ( ) based on assumptions
A, B = Stretcher strain types; ssf = no stretcher strains (type A)
NF = normal fold; TF = double foldSource: F. Ostermann

Fields of Application of Aluminium Body Sheet Alloys 3701.02.02

 

 

Compositions and Properties of Aluminium Car Body Sheet Alloys 

The chemical composition and the mechanical and technological properties of 
aluminium sheet alloys usually used in the automotive industry are tabulated in Figure 

3701.02.03 and Figure 3701.02.04.  

 
 

3701.03 Technological Testing Methods 

 

Whereas the tensile test and the measured tensile properties of sheet metals are 
significant for the characterisation of the material’s quality, there are no simple 
relationships between the tensile properties and the forming behavior in the press. The 
state of stress, the strain path history, the geometrical dimensions and the tribological 
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conditions exert important influences during press forming, which are not duplicated by 
the tension test.  
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3701.02.03

Designation in parenthesis () = not standardised in DIN 1725

Source: F. Ostermann

International

1050

5052
5754
5182

6009
6010
6016
6111

2002
2008
2036
2038

GZ45/30-30

KS5030

Si

-----

-----
-----
-----

0,8
1,0
1,2
0,9

0,6
0,7
-----
0,8

-----

-----

Cu

         Al > 99.5%

-----
-----
-----

0,4
0,4
-----
0,7

2,0
0,9
2,6
1,3

0,4

0,4

Cr

-----

0,2
0,1
-----

-----
-----
-----
-----

-----
-----
-----
-----

-----

-----

Zn

-----
-----
-----

-----
-----
-----
-----

-----
-----
-----
-----

1,5

-----

             Designation                                                 Composition in wt.-%

DIN 1725

Group 1: aluminium, unalloyed
Al99,5

Group 2: AlMg(Mn,Cr), non-heat-treatable
AlMg2,5
AlMg3
AlMg5Mn

Group 3: AlMgSi(Cu,Mn), heat-treatable
----------
----------
(AlMg0,4Si1,2)
----------

Group 4: AlCuMg(Si), heat-treatable
----------
----------
----------
----------

Group 5: AlMgCu(Zn), heat-treatable
----------

----------

Mn

-----
0,2
0,4

0,5
0,5
-----
0,2

-----
-----
0,3
0,3

-----

-----

Mg

2,5
3,0
4,5

0,6
0,8
0,4
0,7

0,8
0,4
0,5
0,7

4,5

4,5

Chemical Compositions of
Aluminium Body Sheet Alloys
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3701.02.04

             Designation                                                            Rm           Rp0,2        A5       Agl    n          r           lE      ß0max

na = naturally aged
IE   = Erichsen dome height for 1 mm sheet thicknessSource: F. Ostermann

Mechanical and Technological Properties of

         Aluminium Body Sheet Alloys

DIN

Group 1: aluminium, unalloyed

Al99,5 W7

Group 2: AlMg(Mn,Cr),non-heat-treatable
AlMg2,5 W18
AlMg3 W19
AlMg5Mn W27
AlMg5Mn

Group 3: AlMgSi(Cu,Mn), heat-treatable
----------
----------
(AlMg0,4Si1,2)
----------

Group 4: AlCuMg(Si), heat-treatable

----------

----------

----------

----------

Group 5: AlMgCu(Zn), heat-treatable (?)

----------
----------

International

1050-0

5052-0
5754-0
5182-0
5182-ssf

6009-T4
6010-T4
6016-T4
6111-T4

2002-T4

2008-T4

2036-T4

2038-T4

GZ45/30-30
KS5030-T4

State

annealed

annealed
annealed
annealed
annealed

na
na
na
na

na

na

na

na

na
na

[N/mm2]

   80

  190
  210
  280
  270

  230
  290
  240
  275

  330

  250

  340

  320

  300
  275

[N/mm2]

   40

   90
  100
  140
  125

  125
  170
  120
  160

  180

  140

  190

  170

  155
  135

[%]

40

28
28
30
24

27
24
28
28

26

28

24

25

30
30

[%]

28

24
19
23
-----

-----
-----
-----
-----

-----

-----

-----

-----

-----
  28

[-]

0,25

0,30
0,30
0,31
0,31

0,23
0,22
0,27
0,26

0,25

0,28

0,23

0,26

0,29
0,30

[-]

0,85

0,68
0,75
0,75
0,67

0,70
0,70
0,65
0,56

0,63

0,58

0,70

0,70

0,68
0,65

[mm]

10,5

-----
 9,4
10,0
-----

-----
-----
10,2
-----

 9,6

-----

-----

-----

 9,8
 9,8

2,1

2,1
2,1
2,1
-----

-----
-----
2,1
-----

-----

-----

-----

-----

-----
2,08
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Technological testing methods are used to duplicate or simulate the behavior of the 
material in simple forming processes. During stretch forming, deformation occurs under 
the action of a biaxial tensile stress, at the cost of sheet thickness. During deep drawing, 
the sheet material flows under a radially acting tensile stress and a tangentially acting 
compressive stress between the drawing die and blank holder over the drawing ring 
radius. Depending on the close relationship of technological test with the actual drawing 
operation, these tests can give useful informations about the forming behaviour of the 
sheet material.  

In most cases however, a sheet metal part is formed under the combined actions of 
stretch forming and deep drawing. For this reason it is difficult to make generally valid 
statements on the applicability of test results obtained from simple, technological testing 
methods. 

 

Hydraulic Bulge Test 

A hydraulic bulge test assembly is shown in Figure 3701.03.01. The hydraulic bulge 
test simulates the stretch forming process. It can also be utilised for the determination of 
flow curves. For this test, a circular sheet blank is firmly clamped along its 
circumference and then subjected to a hydraulic pressure from one side. The sheet 
stretches without any friction under a biaxial state of stress. Since the clamping does not 
allow any in-flow of metal from the flanges, stretching leads to a reduction of the sheet 
thickness.  

123

4 5 6 7
8

3 clamping tool

4 ring piston
Source: IfU - Stuttgart

Hydraulic Bulge Test Assembly 3701.03.01

Hydraulic Bulge Test Assembly

1 hydraulic pipes

2 pressure gauge

5 die holder

6 die

7 sheet blank (starting state)

8 path measuring gauge
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Figure 3701.03.02 summarizes the equations used to evaluate the hydraulic bulge test. 
For constructing the flow curve (according to Panknin), at least three values must be 
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determined at every step: the hydraulic pressure "p", the radius of curvature of the 
spherical calotte "r" and the sheet thickness "s" at the dome. 
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Hydraulic Bulge Test (Formulae)

Hydraulic Bulge Test (Formulae)

kf =     (     + 1 )
p
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r

s

ϕ = ln
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r =     +
t

2

dB
2

8t

3701.03.02

Flow Stress

Logarithmic principal strain
(principal true strain)

Radius of curvature

 
 

Using the equation according to Panknin, it is then possible to calculate the flow stress 
and the deformation strain: 

    kf = p/2 (r/s + 1) 

    ϕ  = ln (s0/s) 

When the ratio of bulge diameter to sheet thickness is large (dB/s0 > 100), a uniform 

radius of curvature is formed. This can be calculated from the bulge diameter dB and the 

bulge depth t as follows: 

    r = t/2 + dB²/8t 

Since the die has a radius of rM, the drawn sheet has another radius of curvature r* than 

that obtained by using a sharp-edged die. The Institute for Forming Technology of the 
University of Stuttgart used the following formula for calculating this radius: 

    r* = t/2 + dB²/8t + (dBrM + rM²)/2t - rM 

The above formula delivers the same results for the radius of curvature that Panknin 
obtains with his formula for the correction of the measured bulge depth and using this 
correction for calculating the actual bulge diameter. 

When the ratio bulge diameter/sheet thickness  (dB/s0 > 100) is large, the transverse 

stress can be neglected. In this case, the flow stress can be calculated using the formula: 

    kf  = pr/2s 

For calculating the radius of bulge curvature r, the die radius rM can be taken into 

account. The corrected radius of curvature r* can then be substituted in the above  
formula for the calculation of the flow stress. 
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Plotted Flow Curves for a Heat-Treatable Aluminium Alloy 

The curves plotted in Figure 3701.03.03 are obtained by evaluating the results of a test 
series. Curves for the hydraulic bulge test (calculated using the corrected radius of 

curvature r*) as well as the flow curves determined using flat tensile specimens (0°, 45° 
and 90° to rolling direction) have been depicted. 
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The flow curve obtained from the hydraulic bulge test lies higher than those for the flat 
tensile specimens. This deviation is due partly to the biaxial state of stress as well as due 
to the anisotropy. The plots show very clearly that much higher deformation strains can 
be obtained using the hydraulic bulge test than with the flat tensile specimen.  

The grain size affects the sheet surface obtained after forming. This effect can be clearly 
seen in forming tests without tool contact (e.g. hydraulic bulge test or Erichsen cupping 
test). The larger the grain size, the rougher is the sheet surface obtained. This is also 
referred to as "orange peeling". 

 

Erichsen Cupping Test  

The Erichsen cupping test is used to assess the stretch formability of sheets. This test 
can be classified as a stretch forming test which simulates plane stress biaxial tensile 
deformation. 

For the Erichsen test a sheet specimen blank is clamped firmly between blankholders 
which prevents the in-flow (feeding) of sheet volume from under the blankholder into 
the deformation zone during the test. The standardised dimensions of the test set-up are 
shown in Figure 3701.03.04. The ball punch is forced onto the sheet specimen till 
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cracks begin to appear in the bulge dome. The distance the punch travels is referred to as 
the Erichsen drawing index IE (index Erichsen) and is a measure for the formability of 
the sheet during stretch forming. 
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alu Principle of the Erichsen Cupping Test 3701.03.04
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Erichsen Cupping Test
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Source: IfU - Stuttgart

 
 
The cupping test according to Erichsen is standardised in DIN 50 101, part 1 and carried 
out using, for example, an Erichsen universal cupping test machine, model 142/20 of the 
Erichsen company. Rectangular sheet specimens are cut out and clamped without any 
lubrication between two ring dies. A ball punch (diameter = 20 mm) is forced into the 
sheet until fracture occurs. The distance the punch moves before cracks begin to appear 
(height of dome) is measured. The test results (average values for 3 tests) are depicted in 
Figure 3701.03.05  for different aluminium alloys and, for purposes of comparison, for 
some steels. 
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Results of the Erichsen Cupping Test
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The stretch formability as measured by the Erichsen test depends on sheet thickness s. 
The formability index increases with increasing sheet thickness. A comparison of 
formability by Erichsen relies therefore on results obtained with the same sheet 
thickness. 

 

Cup Drawing Test according to Swift 

Another method for determining the formability of a sheet is by using the cup deep 
drawing test according to Swift, s. Figure 3701.03.06. This test is conducted using a flat 
punch and simulates pure deep drawing characterized primarily by a plane tension-
compression state of stress under the blank holder. This test is not standardised, 
although the international deep drawing group (IDDRG) has issued a guideline for it.  
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Cup Drawing Test according to Swift
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Source: IfU-Stuttgart

sheet specimen

(blank)
FN  blank holder force

FSt  punch force

d0   punch diameter

s0   sheet thickness

Da   momentary flange outside diameter

D0   starting diameter of blank

rM   drawing ring radius

rSt   punch edge radius

 
 
A series of circular blanks with a gradually increasing diameter D0 is drawn to 

cylindrical cups using a punch with constant diameter d0, till a limiting value is reached, 

just before the first base cracks begin to appear. The maximum blank diameter D0max 

thus determined, is taken as a measure for deep drawability, see Figure 3701.03.07. The 
limiting draw ratio is given by the ratio: 

    ß0max = D0max/d0 

The cup deep drawing test according to Swift can also be utilised to determine the 
earing tendency. The phenomenon of earing is a result of the directionality of the plastic 
properties of the material (anisotropy). The earing tendency Z is measured using drawn 
cups with flat bases. The heights, measured from the cup base to the ear peak and the ear 
valley respectively, are referred to hmax and hmin.  
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Swift Cup Drawing Test
Formulae

Source: IfU - Stuttgart

Limiting draw ratio

β0max = D0max/d0

hmax - hmin

Determining the earing tendency

Z =                          * 100

or  

0.5(hmax + hmin)

Z =
(hmax - hmin)

hmin

*100

 
 
The two formulae shown in Figure 3701.03.07 for the calculation of the earing 
tendency Z give slightly different results. A low value of Z is indicative of a low 
tendency to earing. 
 

Effect of the Blank Diameter to Thickness Ratio on Limiting Draw Ratio 

The results of tests conducted with a non-heat-treatable aluminium alloy  
(EN-AW 5182-0) are shown in Figure 3701.03.08. For this test series, punches with 
different diameters were used. It was found that the limiting draw ratio depends on 
friction (lubrication) of the flange under the blank holder. This influence is larger for 
punches with larger diameters (flange area is larger). Therefore, ßomax is not only a 

function of material but also a function of the lubricant and the sheet surface structure.  
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Drawability of Materials according to Engelhardt 

The deep drawing and rupture test method according to Engelhardt is a combination of 
test methods for formability of sheets and a simplification of the deep drawing cupping 
test. The disadvantage of the deep drawing cupping test is due to the fact that a large 
number of tests are needed to be able to determine the limiting draw ratio with sufficient 
accuracy. In contrast, the testing of sheets according to Engelhardt requires only a single 
specimen.  
 

Deep Drawing Capacity according to Engelhardt

Drawing force

Base tearing force
                        FBR

                        Fzmax

max. drawing force
specimen failure

deep drawing    mechanical

      drawing

Punch distance

moved

(DH clamps tight)
Source: IfU - Stuttgart

T = ( FBR - Fzmax ) / FBR * 100 %

Force-Distance Curve for Determining the Deep Drawing
                Capacity according to Engelhardt

3701.03.09alu
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A flat punch is forced into a blank made of the test material until a drawing force 
maximum Fzmax is exceeded, see Figure 3701.03.09. Then the remaining cup flange  is 

arrested under the blankholder and the punch forced further into the cup till fracture 
occurs in the bottom. The drawing force Fz and Fzmax, respectively, and the bottom 

break force FBR are measured. Now it is possible to determine a characteristic value T, 

which gives the measure of the drawability, i.e., the safety with which a certain cup type 
can be formed without cracks and fracture appearing in the cup base: 

    T = (1 - Fzmax /FBR) * 100  [%] 

Under constant testing conditions, the drawability is also a material characteristic.  

Figure 3701.03.10 shows the results obtained using aluminium sheet specimens made 
of the non-heat-treatable alloy AlMg5Mn-w (EN-AW 5182-0) and the heat-treatable 
alloy AlMg0,4Si1,2 ka (EN-AW 6016-T4). The (Engelhardt) drawability was measured 
using a tool with a punch diameter d0 = 100 mm and  ß0 = 2.0 (D0 = 200 mm). Figure 

3701.03.10 illustrates that the drawing capacity reserve also depends on the frictional 
conditions. Drawing with a lubricant foil gives other (higher) values than obtained with 
mineral oil lubricants. 
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Creating the Forming Limit Diagram (FLD) 

With the help of Forming Limit Diagrams it is possible to determine the limiting 
deformations, e.g. necking and tearing, which eventually lead to failure. This chart 
utilises the line grid deformation analysis to measure the forming properties of sheets. 
The line grid deformation analysis is based on the assumption that sheet materials fail 
due to necking or rupture which is a result only of a plane state of stress being  reflected 
in a local measurable deformation. In order to be able to determine the local deformation 
of the formed sheet, line patterns with defined geometries (e.g. circles, grids) are marked 
on the sheet specimens prior to forming. The subsequent forming process causes the line 
patterns to deform by an amount which depends on the local deformation experienced 
by the sheet part. The distortions in the line patterns are measured and evaluated to 
deliver information about the local deformation in widths. 

The deformation in thickness can be derived using the law of volume constancy and the 
resulting correlation: 

     ϕ1 + ϕ2 + ϕ3 = 0 

A number of methods are available for marking line patterns on sheet specimens, some 
of which are engraving, printing (silk-screen process, offset printing), photochemical or 
electrochemical marking. While choosing the appropriate process, care should be taken 
that the chosen process does not influence the forming, which e.g., would be the case in 
too deeply engraved patterns with accompanying notch effects. The pattern must also be 
able to resist the influences of the forming process, like friction or lubricants. Further, it 
should be possible to apply the marking with as little effort as possible. The 
electrochemical method is very often chosen. In this method, a textile stencil, in which 
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only the circular ring areas allow the etching agent to pass through, is laid out on the 
surface of the sheet, see Figure 3701.03.11. A substance soaked lightly with etching 
agent is then laid on this stencil. Under the pressure of the rolling wheel, the chemicals 
are pressed out through the contours of the stencil and reach the surface of the sheet. As 
a result of the voltage laid across the wheel and the conducting sheet, the etchant is 
activated, etching the circular ring pattern of the stencil on to the sheet surface.  
 

voltage source

electrode wheel

felt layer with electrolyte

stencil

sheet blankSource: IfU - Stuttgart

Principles of the Electrochemical Sheet Marking 3701.03.11

Principles of the Electrochemical Sheet Marking
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Patterns of different geometrical shapes and sizes can thus be etched on the sheet (lines, 
circles, separate or overlapping). 

The distortion of the circles alone does not indicate how much the sheet metal can still 
be deformed before failure through necking or tearing will occur. For this reason, 
laboratory tests are conducted with the same material to obtain Forming Limit 
Diagrams. The results of the deformation analysis on the production part are then 
compared with the FLD. Thus, one obtains an indication about how "far away" the 
material still is from failure, e.g. if the material has almost reached the limits of its 
formability or whether its quality may be "too good" for the real component.  

In order to create a FLD, sheet specimens of different sizes and shapes are used so that it 
is possible to obtain different states of deformation. Thus, one uses circular blanks as 
well as semi-circular blanks with side cuts of different radii, see Figure 3701.03.12. 

A circular grid pattern is marked on the specimen blanks which are subsequently 
clamped firmly in the test rig and drawn with a spherical punch till tearing occurs. After 
removal from the rig the distorted circles of the grid are evaluated.  
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Figure 3701.03.13 depicts the changes in the circular grid dimensions which occur 
under the different stressing conditions used to create the FLD. The left-hand-side of the 
diagram shows distortions which occur when the sheet is subjected to pure drawing (ϕ1 

= -ϕ2) up to the distortions which occur during the hydraulic bulge test (ϕ1 = ϕ2). The 

deformation ϕ1 = -2ϕ2, is valid for the uniaxial tensile test. On the right-hand-side, the 

deformation ϕ2 = 0 results when the transverse contraction is hindered, e.g., bending of 

wide sheets. The condition ϕ2 = 0 is also called plane strain forming. It can be clearly 

seen that, depending on the state of stress, the circles (shown as dotted lines) are 
distorted into different elliptical shapes. The degrees of deformation ϕ1 and ϕ2, can be 

calculated from the starting diameter of the circle d, and the longer (l1) and shorter (l2) 

axes of the ellipse. The valid condition is ϕ1 ≥ ϕ2. The deformation strain ϕ3 (in the 

direction of the sheet thickness) can be calculated from the condition of continuity 
(volume constancy): 

    ϕ3 = - ϕ1 - ϕ2  

The tests described here were conducted with a hemispherical punch having a diameter 
of 100 mm. The sheet specimens had side cuts of different radii and were mechanically 
drawn till tearing occurred. The side cuts (on the specimen sheets) of different depths 
and radii cause strain deformations ϕ1 and ϕ2 of different values on the sheets. A total 

of seven different sheet specimen forms were used. All sheet specimens were 
electrochemically marked with a an Erichsen sheet marking apparatus and a stencil to 
deliver a pattern of circles, each 8 mm in diameter.  
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After drawing, the circles in the immediate vicinity of the tear were measured in the 
direction of maximum elongation and transverse to it. In order to prevent faulty 
interpretations due to tearing and associated dilation of the ellipses, only complete 
ellipses and circles were evaluated. 
 
Figure 3701.03.14 and Figure 3701.03.15 are examples of Forming Limit Diagrams for 
sheet ally EN-AW 6016-T4. They show the FLD for forming limits measured in the 
sheet plane (ϕ1/ϕ2 ) and calculated for the through-thickness plane (ϕ2/ϕ3), 

respectively. The sheet specimen used was covered with a foil and additionally 
lubricated with lubricant oil M100 on the punch side, in order to minimize the influence 
of friction on the results as much as possible. 
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Forming Limit Diagram for Alloy EN-AW 6016-T4
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The charts clearly show the slight differences in the forming limits with respect to the 
rolling direction and transverse direction. 

The diagrams shown are valid for a constant ratio of ϕ1/ϕ2. Deviations from this 

proportional strain path will greatly affect the position of the forming limt curve. This 
fact limits the usefullness of the FLD for determination of forming limits for actual parts 
with complex shapes. The main advantage of the FLD in sheet metal drawing is to point 
the way to solutions in the design of forming tools with respect to achieving optimum 
flow of the sheet metal in the die. 
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3703.01 Definition, Application and Types of Stretch Forming 

Processes 

 
 
Stretch forming is the process of forming sheets and profiles by the combined 
application of tensile and bending forces [1]. In other words, the stretch forming of sheet 
blanks can be defined as the deepening by a fixed punch of an area of a sheet clamped 
rigidly at the edges. The sheet blank can then be formed either between rigid tool parts 
or be pulled between two gripping jaws. The gripping jaws can be either rigid (simple 
stretch forming) or can be moved during the application of the tensile force (tangential 
stretch forming). In general, stretch forming is used to produce basically convex forms 
and parts with large radii of curvature. Examples of such forms are external body parts, 
planking parts for the aerospace industry and parts of train coaches and waggons. Other 
parts which can be produced by this method are relatively steep U-forms, e.g. the 
leading edges of aeroplane wings, with the limitation that the contour is curved in only 
one direction. (Figure 3703.01.01) 
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Stretch Forming

Definition,application and types of stretch forming 3703.01.01

Definition: Stretch forming is the forming of a sheet blank with a rigid
   (one-piece) punch, whereby the blank is rigidly clamped at the
   edges. The blank can be clamped between rigid tools,
   corresponding to the upper and lower drawing frames of the
   conventional tools, or be clamped in gripping jaws.
   
   Source: DIN 8585

Field of application: Mainly for production of relatively flat parts of large
    dimensions as single pieces, prototypes or for small series.

Process  types: -Simple stretch forming
    -Tangential stretch forming
    -Stretch forming according to Cyril-Bath
    -Multi-sided stretch forming

 
 
 

Simple Stretch Forming 

 
For the simple stretch forming process, the sheet sample which has to be formed, is 
clamped between two gripping jaws located on opposite ends, see Figure 3703.01.02. 
The forming tool or block is fixed on to a tool table which can be moved hydraulically 
in a vertical direction. The forces necessary for the forming are transferred through the 
form block to the sheet sample.  



TALAT 3703 4

 

alu

Training in Aluminium Application Technologies

The Simple Stretch Forming Process 3703.01.02

Simple Stretch Forming

Source: Müller-Weingarten Co.

Form block

Gripping jaw

Sheet blank

Tool table

Gripping jaw

 
 
The part to be formed receives its contours during the motion of the forming block, the 
gripping jaws remaining stationary. At the beginning of the stroke, the sheet blank first 
drapes itself around the form block, following its contours. Due to the large area of 
contact between form block and the blank, the frictional forces prevent a deformation of 
the sheet in this region. This is especially true for flat shapes where even a small motion 
of the form block is sufficient to allow a large part of the blank to "hug" the form block.  
 
A further motion of the form block causes the sheet blank to be strained, but mainly in 
the region of the frame. Due to the frictional forces acting between form block and 
blank, the middle regions hardly undergo any deformation, i.e., the maximum possible 
straining capacity of the sheet is not attained. This means that the maximum attainable 
theoretical elongation, calculated on the basis of the length of blank between the 
gripping jaws, cannot be attained, since the middle regions of flat shapes are hardly 
deformed and,therefore, do not contribute much to the total deformation strain. The 
sheet material flows under the tensile stress only out of the sheet thickness, so that the 
surface of the sheet expands [2].  
 
 

Examples for Simple Stretch Forming 

 

Wing parts for the aeroplane industry can be made by simple stretch forming, starting 
from trapezoidal blanks, see e.g. Figure 3703.01.03. Assuming that the maximum 
attainable straining of a sheet under stretch forming is equal to the uniform elongation 
evaluated using the tensile test, one can conclude that only relatively flat and 
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predominantly convex sheet shapes, as shown in the overhead, can be produced. During 
the stretch forming operation, care must be taken to ensure that the blank does not slip 
sideways from the form block [3]. Furthermore, flat sheet forms should have only 
relatively small convex domes, unless one uses a stretch forming press with counter 
pressing arrangements. A disadvantage of stretch forming is that the middle regions of 
the sheet are not sufficiently formed, so that the strain distribution in the sheet cross-
section is not uniform. This leads on the one hand to a springback and consequently a 
loss in dimensional accuracy and on the other hand to insufficient work hardening.  
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Example for  Simple Stretch Forming 3703.01.03
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A variation of the simple stretch forming is the forming of stress segments on the punch 
of a hydraulic drawing press and the assembly of the form block on the press table. This 
variation is, however, only suitable for small sheet shaped parts with small draw depths, 
whereby the above mentioned disadvantages apply here also.  
 

3703.02 Tangential Stretch Forming 

 

Process of Tangential Stretch Forming 

 
In tangential stretch forming, see Figure 3703.02.01, the sheet blank is also gripped 
from two opposite ends. The main difference to the simple stretch forming is that both 
the form block as well as the gripping jaws are movable. Using this process, it is 
possible to subject the blank to a plastic pre-strain prior to the actual forming, so that the 
whole cross-section of the material undergoes a uniform plastic deformation [4]. 
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Another advantage is that the tensile forces applied always act tangentially in the body 
of the blank. 
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Tangential Stretch Forming 3703.02.01

Source: Müller-Weingart Co.
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The process can be divided into two steps: 
 
In the first step, the blank is gripped by two jaws arranged opposite to each other. The 
jaws then move horizontally away from each other and create a uniform plastic strain in 
the whole cross-section of the blank. In the second step, the form giving block is moved 
vertically towards the sheet blank. The gripping jaws tilt and orient themselves in the 
direction of the tensile stressing of the blank, so that the blank, still under the constant 
tensile stress required for the plastic deformation, is draped tangentially over the form 
block.  
 
Due to the prior elongation given to the blank before contact occurs between form block 
and blank, the middle regions of the blank are formed without being influenced by 
friction. Another advantage is that the application of an overlaid tensile stress to the 
work-piece during deformation reduces the residual stress. The reduction of residual 
stress leads to lower springback than in the case of simple stretch forming so that the 
form accuracy is higher and accompanied by a higher blister strength of the sheet part. 
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Equipment for Tangential Stretch Forming 

 
The tangential stretch forming machines, see Figure 3703.02.02, are used to fabricate 
roofing arches for train coaches, door frames and planking for busses, planking parts for 
the aerospace industry and for the outer covering sheets for cars. The largest stretch 
forming machines can accommodate sheet blanks up to 6,100 mm wide and up to 9,300 
mm long. The stroke force of the table piston in these cases reaches up to 10,000 kN. 
Such large presses are mostly used for forming planks for wings and bodies [5]. 
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alu Equipment for Tangential Stretch Forming 3703.02.02

Source: Müller-Weingarten Co.

Equipment for Tangential Stretch Forming

 
 
The modern tangential stretch forming machines have to be able to form complicated 
sheet shapes which have to meet the ever increasing demands on accuracy required for 
the stretch formed sheet shapes, a typical example being parts for aeroplanes and space-
ships which have to be able to fulfil the high aerodynamical requirements. Parts of the 
tanks of the American space-shuttles are formed from an aluminium alloy and have a 
final size of 2,464 mm x 5,182 mm x 12.7 mm. In theses cases it is not possible to apply 
the principle of "trial and error" to produce such parts. The machines used here must be 
equipped with the necessary sensors for measuring force and distances moved, 
regulating and controlling algorithms and a programmable process control [6]. 
 
The stretch forming of sheet metal parts having convex-concave contours is only 
possible with stretch forming machines in which a counter pressure can be applied. 
While a tensile stress is being applied to the sheet metal part with the gripping jaws, the 
counter pressure equipment presses the contours into the sheet metal part. 
 
 



TALAT 3703 8

3703.03 The Cyril-Bath Process 

 

Principles of the Process 

 
Based on the principle of tangential stretch forming, the Cyril-Bath company has 
developed a process which makes it possible to apply tangential stretch forming in a 
mechanical or hydraulic drawing press, see Figure 3703.03.01. The Cyril-Bath process 
is used to fabricate large, relatively plane sheet shapes in small and large series, e.g. car 
bonnets (hoods). 
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The Cyril-Bath Process 3703.03.01

The Cyril-Bath Process

Source: Cyril-Bath Co.
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The process can be classified as a combination of stretch forming and deep drawing 
operations [7]. It was the Cyril-Bath process, also called the stretch-draw process, which 
made it possible to introduce stretch forming for the mass-production of body parts. 
Depending on the body design, about  6 % to 10 % of the parts are made by the Cyril-
Bath process. Using this process, body parts can be produced at a rate of 8 strokes per 
minute. 
 
The system consists of two gripping jaws arranged opposite to each other and which can 
be moved horizontally and vertically. These are mounted between the stands of a simple 
hydraulic press. A form block is mounted on the table of the press between the gripping 
jaws. The counter pressing equipment is mounted on the ramming punch of the press.  
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Operational Steps of the Cyril-Bath Process 

 

The whole process is conducted in five process steps: Figure 3703.03.02 
 

1. The sheet blank is clamped between two gripping jaws located opposite to each 
other. The grips are moved away from each other stressing the blank, without 
touching the form block, to an elongation of e = 2 % up to 4 %. 

 
2. Without reducing this applied stress, the gripping jaws are moved downwards so 

that the blank is wrapped around the form block to produce the convex contour. 
 
3. The ramming punch is now moved downwards to produce the counter pressure 

required for forming the concave contours. In order to prevent tearing in the 
over-stressed regions of the concave contours, the gripping jaws are moved 
horizontally and vertically in well-defined and controlled steps during the 
downward motion of the counter pressing punch. 

 
4. The punch is moved back to its original starting position. 
 
5. The gripping jaws are opened and also moved to their original starting position, 

enabling the shaped part to be removed. 
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Operation Steps of the Cyril-Bath Process

Operation Steps of the Cyril-Bath Process 3703.03.02

1. Clamping and pre-straining the sheet blank

2. Drawing the sheet blank over the form block

3. Application of counter pressure

4. Moving back the counter pressure equipment

5. Opening the gripping jaws and removing the sheet shape

 
 

The main difference between the Cyril-Bath process and stretch forming lies in the third 
process step, in which the gripping jaws are moved in a controlled manner. Due to this 
controlled movement of the gripping jaws, the stress applied to the blank through the 
jaws can be kept constant or even reduced. This allows the sheet material to "flow in", 
so that the additional surface area of the formed part does not solely have to be provided 
by stretching the material volume, i.e. by thinning of the sheet cross section alone. 
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One of the advantages of the Cyril-Bath process is the good forming of the middle 
regions of low-profile sheet metal parts, making it possible to attain a high amount of 
work hardening and consequently a good dent resistance. At the same time, due to the 
forming characteristics in the plastic state, the residual stress is reduced causing a 
smaller springback of the shaped part and making it possible to replicate the required 
form accurately. Furthermore, since an upper and a lower frame are no longer required, 
the cost and assembly time for the equipment are reduced, thereby increasing the 
economy of the process. An economical tool is thus available for producing prototypes 
made of plastic or kirksite (Zamak).  
The Cyril-Bath process is limited by the fact that it is only possible to apply a two-sided 
stressing, so that only sheet shapes which require little deformation transverse to the 
stressing direction can be formed. Thus it is not possible to effectively produce three-
dimensional, doubly curved contours, e.g., closed hollow bodies.  
 
 

3703.04 Multiaxial Stretch Forming 

 
The increasing popularity of the Cyril-Bath process and of the tangential stretch forming 
process stimulated the design of flexible and programmable stretch forming equipment. 
The aim of this development was to use the advantages of both these processes and, at 
the same time, to eliminate the disadvantage of the two-sided stressing by arranging 
gripping jaws all around the form block. In order to achieve these goals, the 
requirements listed in the overhead were set up: Figure 3703.04.01. 
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3703.04.01

1. The gripping jaws should be able to be arranged 

  around the sheet blank in order to increase the

 variety of shape types which can be produced.

2. A segmented gripping system, allowing optimal

 control of material flow and production of shapes

 with unsymmetrical contours, should be used.

3. The system should be able to be enhanced and

 adapted to fabricate convex-concave shaped parts. 

Requirements for a

Flexible Stretch Forming Machine

Requirements for a Flexible Stretch Forming Machine

 
 
A consequence of these requirements is a flexible sheet stressing system consisting of 
individual stressing systems. The individual stressing systems must each be individually 
programmable and be able to be arranged flexibly around the form block.  
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The principle of a flexible stretch forming machine is illustrated in Figure 3703.04.02.  
 

The process steps involved in the forming of shaped sheet parts with a flexible,  
segmented stretch forming machine, are as follows: 
 

1. The sheet blank is fixed to the leading edge of the gripping jaws. The gripping 
segments are then moved towards each other so that the blank can be clamped in 
all four gripping jaws. The gripping segments then move apart, thereby pre-
straining the blank.  

2. The vertical and horizontal movements are coordinated, making it possible to 
trace a curved path with which the blank can be drawn over the form block.  

 
The determination and programming of the path to be traced is decisive for both the 
forming operation as well as for the accuracy with which the contours can be replicated. 
Each stressing segment can thus be programmed to describe its own individual path. 
This can be achieved either by linear movements or by simple curves traced by applying 
small discreet movements directly to the supports.  
 
For form blocks with complicated geometries, the travel paths must be manually pre-
determined using the part drawing as a basis. The fine adjustment is then carried out 
experimentally, using an iterative method.  
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Sheet  blank

Form block

Gripping jaw

Tool base plate

Source: IfU - Stuttgart
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3703.04.02

Principle of a Flexible Stretch Forming System

Principle of a Flexible Stretch Forming System
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The basic module consists of a gripping jaw which can be moved horizontally or 
vertically by means of a hydraulic cylinder. The gripping jaws can move 200 mm 
horizontally and 250 mm vertically. A further hydraulic cylinder activates the toggle-
lever sheet gripping jaws, whereby the gripping width is 250 mm. The total 
constructional height of a module is 1,223 mm with a constructional length of 820 mm. 
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alu Four-sided Stretch Forming
Using a Hemispherical Punch

3703.04.03

Four-sided Stretch Forming
Using a Hemispherical Punch

Source: IFU - Stuttgart

 
 

Figure 3703.04.03 illustrates the arrangement of the segments of a four-sided stretch 
forming machine with a hemispherical punch. Each of the four gripping segments can 
be operated individually, i.e., each grip can be positioned and controlled independently. 
Four such gripping modules were constructed for experimental purposes.  
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3704.01 Definitions and Fundamentals of the Deep Drawing Process 

 
 
 

Definition of Deep Drawing 

 
Deep drawing is one of the most important processes for forming sheets metal parts. It is 
used widely for mass production of hollow shapes in the packing industry, automotive 
industry etc.. According to the definition in DIN 8584, deep drawing is the tensile-
compressive forming of a sheet blank (or, depending on the material, also of foils or 
plates) to a hollow body open on one side or the forming of a pre-drawn hollow shape 
into another with a smaller cross-section without an intentional change in the sheet 
thickness, see Figure 3704.01.01. The process limitations are laid out by the conditions 
required to transmit the force into the forming zone. The drawing force necessary for the 
forming is transmitted from the punch to the work-piece base and from there to the 
forming zone in the flange. The resulting limiting deformation in the force application 
zone has nothing to do with the depletion of the forming capacity of the material in the 
forming zone. The process limits are reached when the largest applied drawing force 
cannot be transmitted to the forming zone in the flange. From this condition, one can 
derive the characteristic behaviour of deep drawing, that a number of forming steps can 
be carried out consecutively without an intermediate annealing step. Subdividing the 
whole process into a number of drawing steps has the advantage that the tensile force 
acting at the force application zone can be reduced. Most special processes which have 
been developed, make use of this fact [1]. 
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Definition of Deep Drawing

Definition: Deep drawing is defined as a tensile-compressive sheet
(DIN 8584)    forming process in which a plane blank is formed into a
   hollow part open on one side or an open hollow part is    
                      formed into another hollow    part with a smaller cross-section.

   "Deep drawing in a single draw" or
   "deep drawing in one step"    is the forming of a
   plane sheet section (blank) into an open    hollow shape.

   "Redrawing", is the forming of an open hollow shape into one
   with a smaller cross-section.

Source: IfU Stuttgart

Definition of Deep Drawing 3704.01.01
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Classification of the Deep Drawing Process 

 

According to DIN 8584 deep drawing processes are classified as outlined in Figure 

3704.01.02 
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alu Classification of the Deep Drawing Process
According to DIN 8584

3704.01.02

Deep Drawing According to DIN 8584

deep drawing with tools

deep drawing with
yielding tool

deep drawing with
a yielding cushion

deep drawing with active medium

deep drawing with active medium
with force transmission action

deep drawing with
a formless solid

material with force
transmission action

deep drawing with
a liquid with a force
transmission action

Deep drawing

 
Based on the type of force application, the deep drawing processes can be divided into 
three methods: 
 
1) deep drawing with tools 
2) deep drawing with an active medium  
3) deep drawing with active energy  
 
Generally, only the first two methods are used, deep drawing with active energy being of 
no practical importance [1].  
 

Deep Drawing with a Blankholder 

 

The general terms and definitions of deep drawing with a blankholder are illustrated in 
Figure 3704.01.03. The deformation in the flange is a result of tangential compressive 
stresses and radial tensile stresses, when the sheet blank with diameter Do is drawn 

through the die to a cup with the punch diameter do. The blankholder force FN prevents 

the formation of folds. The stress due to the blankholder pressure is small compared to 
the radial and tangential stresses.  
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Deep Drawing with Blankholder

Deep Drawing with Blankholder 3704.01.03

Starting diameter of blank  D0

Punch diameter                  d0

Sheet thickness of blank    s0

Punch force                        FSt

Blankholder force               FN

blankholder

drawing punch

drawing ring (die)

flange

body

base

Punch edge radius                rSt

Die diameter                          dm

Die radius                              rm

Drawing gap                          Uz

Momentary flange diameter   Da
Source: IFU Stuttgart
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FSt
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Stress Zones During Deep Drawing

Source: IfU Stuttgart

Stress Zones During Deep Drawing 3704.01.04

Forming zone

Bending zone

Force transmission zone

Force application zone

FN
FSt
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Stress Zones during Deep Drawing 

 

During the drawing process the cup can be divided into four characteristic zones, see 

Figure 3704.01.04, with different state of stress and deformation: 

− The blankholder force FN prevents folds of „type 1“. 

− The forming zone is the sheet material between the flange outer edge (D = f(h)) and 
the outlet of the material to be formed from the drawing ring radius („die shoulder“) 

− The surface area of the drawn part is about the same as that of the starting blank. 
Consequently, the sheet thickness remains almost constant.  

− The base of the drawn part is formed on the same principles that apply to mechanical 
drawing. 

 

Stresses Acting during Deep Drawing 

 
During the deep drawing of cylindrical cups, the parts of the blank under the 
blankholder are subjected to a radial tensile stress and a tangential compressive stress, 
see Figure 3704.01.05. A minimum normal stress must be applied in order to prevent 
buckling of the sheet (folds of „type 1“). This normal stress, however, also affects the 
friction between the blankholder and sheet as well as between sheet and drawing ring. 
Generally, a higher normal stress, i.e., a higher blankholder force, leads to higher 
frictional forces [2]. 
 

σt

σI+dσI

σr
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Stresses Acting in the Forming Zone
During Deep Drawing with Blankholder

Stresses Acting During Deep Drawing 3704.01.05

Source: IfU Stuttgart

D
2

FN

FST

dO

 2

R=
DO

2

X

RO=
DO

2

dx S

dα

σt d
2

α
dα

Kfa

Kfi

0

+ σ

− σ σt

σn

σr

 



TALAT 3704      7

Force-Displacement Curve during Deep Drawing 

 
During the deep drawing process, the drawing force increases from zero up to a 
maximum value and then falls down again to zero, see Figure 3704.01.06. The base is 
first formed in a manner similar to the stretch forming process and then the actual 
drawing process follows.  
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Force-Distance Curve During Deep Drawing

Forming the 

part bottom

Deep drawing process

Source: IfU Stuttgart

Force-Distance Curve During Deep Drawing 3704.01.06

h* hmax

h

Ftot

Ftot max 
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Influence of Blankholder Force on the 
Limiting Draw Ratio

3704.01.07

Source: IfU Stuttgart

Base tearing

Folds

Drawing ratio β0 = D0 / d0

D0

d0FN FN

FN

β0 max

Influence of Blankholder Force FN on

the Limiting Draw Ratio

 
 

Influence of Blankholder Force on the Limiting Draw Ratio 

 
As illustrated in Figure 3704.01.07 the process limits depend on the properties of the 
sheet material, on the lubricant, on the tool geometry and the forming parameters. The 
upper process limit is determined by the formation of tears. The lower limit is 
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determined by the tendency to build folds. These two failure criteria then determine the 
limits of the process. The limiting draw ratio ßomax is a measure of the process limit 

due to tearing. The limiting draw ratio can be increased by minimising the punch force 
and by increasing the tearing factor. Calculations and experiments have shown that 
during deep drawing, the ratio do/so has an influence on the limiting draw ratio. The 

limiting draw ratio decreases with increasing ratio do/so. The higher the coefficient of 

friction under the blankholder, the larger is the decrease of ßomax with an increasing 

do/so ratio [2]. 

 
 

Working Range for Deep Drawing 

 
Figure 3704.01.08 illustrates the limits of the blankholder force for a fuel tank shell; an 
upper limit due to the formation of tears and a lower limit due to the formation of folds 
of „type 1“. The working range for faultless parts lies between these limits. The upper 
limit is also determined by the maximum blankholder force which can be delivered by 
the pressing machine [3]. 
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Use of Nitrogen Pressure Springs for Deep Drawing 

 
In drawing aluminium carbody parts it is important to control the drawing parameters  
carefully over the whole drawing operation. For this purpose the use of nitrogen 
pressure springs in the press is advantageous. Figure 3704.01.09 shows a simply acting 
press for deep drawing. The blankholder force is applied through the action of nitrogen 
springs integrated in the machine. These gas pressure springs have the advantage that 
the applied force is almost constant over the whole spring movement [4]. 
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Use of Nitrogen Pressure Springs for
Deep Drawing in a Single-Action Press

Source: IfU Stuttgart

Pressing ram

Blankholder

Nitrogen spring

Press table

Die

Work-piece

Drawing punch

Compensating tank

 
 

Optimized Design of Deep Drawing Machines for Aluminium  

In forming of steel sheets the useful deformation capacity is extended well beyond the 
uniform elongation into the range of fracture elongation (necking). When forming 
aluminium sheet metal parts deformation should be confined to the region of uniform 
elongation and the region of necking should be avoided. For aluminium alloys it is 
important to work with prototype tools to determine the feasibility of drawing as well as 
the springback effect. In addition, it is helpful to ascertain the tolerances which can be 
attained by altering the tools. Some general recommendations should be remembered 
when designing press tools for the successful drawing of aluminium parts, see Figure 

3704.01.10. Special attention should be given to the subject of lubrication. The 
aluminium industry offers aluminium sheets with a wide range of surface morphologies, 
including sheet surfaces with spark eroded textures (EDT) which allow a good 
distribution of lubricant, thus making it possible to obtain better performances with 
acceptable surfaces for difficult forming operations [Ref. 5 and TALAT Lecture 3702]. 
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Aluminium Optimised Construction of Deep

Drawing Machines
3704.01.10

Aluminium Optimised Construction of Deep

Drawing Machines

! Drawing punch radius used should be twice as large

 as that for steel, if possible

! Choose low drawing depths

! Avoid vertical body walls

! Draw tapers of 30 degrees or more on the long sides

! Relieving cuts lead to tears

! Smaller bending radii should be chosen for bending in a direction 

 perpendicular to the rolling direction

Source: HFF Report no.12, 1993

 
 

 

3704.02 Re-Drawing Processes for Increased Drawing Depths 

 
 

Direct Re-Drawing 

 
To obtain larger drawing ratios direct re-drawing is necessary. The principle scheme is 
shown in Figure 3704.02.01. The trace of stresses in the forming zone is qualitatively 
the same as in the first draw. Contrary to the first draw, however, the conical shape of 
the drawing ring makes it possible to apply a normal force to the sheet even without a 
blankholder. This normal force then presses the work-piece against the drawing ring.  
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Direct Redrawing 3704.02.01

Tool Form for Redrawing
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Source: IfU Stuttgart
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Reverse Re-Drawing 

 
During reverse re-drawing, the first draw is combined with an additional drawing step, 
whereby the reverse re-drawing punch works opposite to the working direction of the 
first draw punch. One has to differentiate between reverse re-drawing without a ring and 
the tool oriented reverse re-drawing (see Figure 3704.02.02). A main advantage of 
reverse re-drawing over conventional direct re-drawing is the reduced amount of 
bending over the die curvature. Normally, both first draw and reverse re-drawing are 
carried out together in one working step. The combination of both draws means that one 
operational step can be eliminated. In the case of a stepped tool one transport stroke is 
also eliminated. For this forming process, however, a larger punch stroke or, depending 
on the tool construction, even a triple acting press may be required.  
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Reverse Redrawing

Punch for first draw = drawing ring for redraw

Drawing ring for

first draw

Blankholder for first draw

Blankholder for reverse redrawing
Punch for reverse redrawing

Source: IfU Stuttgart

 
 
 

3704.03 The Fluid Cell Process 

 
 

General Working Principle 

 
As opposed to the hydromechanical drawing process without a membrane, the fluid cell 
process works with a polyurethane membrane. The rigid drawing die is replaced by a 
"hydraulic cushion" closed on all sides, see Figure 3704.03.01. The top side which 
presses against the forming die, consists of the membrane. During the working stroke of 
the punch the force is transmitted through the active medium onto the membrane and 
finally through the membrane to the blank,  pressing it both against the punch as well as 
against the blankholder. This eliminates the formation of folds of „type 1“ and frictional 
forces can act between punch and the drawing part. Thus frictional forces can be 
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transmitted between punch and workpiece, thereby displacing the normal failure zone 
from the exit of the punch bottom radius further onto the rib of the drawn part, i.e. to a 
location with a higher flow stress. The limiting draw ratio as well as the form and 
dimensional precision which can be obtained depend on the control of pressure in the 
active medium.  
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The Fluid Cell Process

Source: ABB

 
 
 

Schematic View of a Fluid Cell Press 

 
The fluid cell drawing process has been applied especially in the aircraft industry for 
producing components with relatively small drawing depths. Another interesting 
application, in use during the last few years, is the fabrication of prototypes in the 
automobile industry. Figure 3704.03.02 shows a machine with equipment and work-
piece removal station as well as a sectional view illustrating the drawing process. The 
forming movement of the tool of conventional presses is replaced by the supply of 
pressurised oil from an external hydraulic aggregate. Using extremely high forming 
pressures, it is even possible to form materials which are otherwise difficult to form. 
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under pressure

Forming part
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Schematic View Showing the Principle of a 

                    Fluid Cell Press
3704.03.02

Source: ABB

 
 

A Wheel-House Fabricated by the Fluid Cell Process 

 
Figure 3704.03.03 shows the rear wheel-house of a caravan fabricated in a single 
drawing operation with a 1,000 bar forming pressure. It is noteworthy that the forming 
die was a NC-milled aluminium tool. 
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A Wheel-house fabricated by the Fluid Cell Process

Source: ABB
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Hydromechanical Deep Drawing 

 
Another sheet metal drawing process which has particular merits for forming aluminium 
is the hydromechanical deep drawing process. As opposed to conventional deep drawing 
with rigid tools, the work-piece is pressed into a bottom tool filled with liquid, instead 
of a rigid die. The principle is explained in Figure 3704.03.04. 
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Hydromechanical Deep Drawing 3704.03.04

Source: IfU Stuttgart

Hydromechanical Deep Drawing

 
 
With hydromechanical deep drawing it is possible to form flat sheet blanks or preformed 
sheets to hollow bodies of various complex geometries. With this process it is also 
possible to produce shapes with tapered bodies in a single step, which would otherwise 
require several drawing steps in a conventional deep drawing process. Further 
advantages are: better form and dimensional precision, a higher drawing ratio, reduced 
residual stresses and the production of parts with undamaged surfaces.  
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3710.01  Introduction: 2-Piece vs.  3-Piece Food and Beverage Cans 

 
 
Although this case study deals specifically with food and carbonated drink beverage 
cans, the techniques described are equally applicable to other sheet metal components of 
similar proportions. Figure 3710.01.01 shows different methods of making cans. 
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3710.01.01Methods of Making Cans from Sheet

 
 
In 3-piece cans the body is rolled or folded from pre-cut lacquered (and sometimes 
decorated) blanks with the seam-edges left clear. The longitudinal seam is welded, and 
the ends of the cylinder flanged to take a separate base and lid (i.e. 3 pieces). As the 
seam edges have been left clear a lacquer stripe has to be applied over the weld zone to 
complete internal protection and, of course, there is a gap in the external decoration 
adjacent to the seam. 
 
The 3-piece technique is used with steel (tin-plate or TFS-tin free steel) for fruit, 
vegetable and meat cans, and some beer and soft-drink beverage cans although these are 
now being replaced by 2-piece steel cans. A few aluminium 3-piece cans were made 
with an adhesive bonded side seam, and also a welded side seam (a continuous tube 
subsequently cut into individual can lengths) but these techniques were abandoned as 
the 2-piece cans were developed. 
 
Today all aluminium cans are of the 2-piece version with integral wall and base, which 
avoids the necessity for an internal lacquer repair stripe, permits all-round decoration, 
and has an inherent higher integrity than the welded-seam can. The separate lid is 
attached by double-seaming immediately after the can has been filled. 
 
Aluminium cans are produced by two different methods. Food cans, which after filling 
and processing have negligible internal pressure, have base and wall of approximately 
the same thickness. These cans are produced by blanking and drawing from 
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prelacquered (and sometimes predecorated) sheet. The press produces a finished can 
body.  Equipment is relatively simple with a degree of versatility. On the other hand, 
beverage cans have to retain pressurised beers and soft drinks; they have a thick, 
inwardly domed base, but can have very thin walls as adequate rigidity is provided by 
the high pressure within the can. Beverage cans are produced by drawing a cup from 
plain aluminium sheet and thinning, or ironing, the walls to about one third of the base 
thickness. The shell is then chemically cleaned prior to internal lacquering, external 
decorating, and subsequently some mechanical finishing operations such as flanging 
(see later). The tooling demands a high standard of precision and the equipment is 
dedicated to one size of can but this is justified by the market demand for billions of 
aluminium beverage cans annually. 
 
It will be seen that, relative to the 3-piece can, the prime requirement of material for 
both types of 2-piece can is formability which in the case of the food can applies not 
only to the metal but also to the lacquer coatings and to the adhesion of the lacquer to 
the metal. Aluminium is ideally suited to fulfil both formability and lacquer adhesion 
requirements. This applies not only to the can body, but also to the lid. Scored 
aluminium tears more easily than scored steel, so aluminium is the preferred choice for 
easy-open lids for both food and beverage cans. With aggressive products an aluminium 
body combined with an aluminium lid avoids any possible bimetallic effect which 
would accelerate corrosion and cause premature failure of the can. 
 
Furthermore, an all-aluminium can facilitates collection and segregation for recycling. 
Ingot produced from scrap aluminium requires only 5% of the energy required to 
produce primary metal from bauxite, and the quality is such that used cans can be 
recycled to produce new cans or at least new products of similar value. Typically, 
aluminium from used beverage cans is turned into can body stock and is back on the 
supermarket shelves in around 8 weeks. In most countries there is now a financial 
incentive for the consumer to collect and return used aluminium cans before they enter 
the waste stream of  household waste and litter, and so effect a closed loop which is both 
ecologically and economically sound. 
 
Aluminium food cans drawn from prelacquered strip, drawn and wall-ironed beverage 
cans, and easy-open lids, are described in more detail in the following sub-sections. 
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3710.02 Food Cans 

 
• Shallow-drawn cans 
• Deep-drawn cans 
• Food can stock 
• Sheet decoration 
• Food and can handling and processing 

 
 

Shallow-Drawn Cans 

 

The familiar rectangular and oval fish cans, and shallow-drawn round cans for various 
food products (Figure 3710.02.01) are produced in a single draw from prelacquered 
strip or sheet (sometimes predecorated). 
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Source: Alcan Deutschland

Varieties of Aluminium Food Cans 3710.02.01

 
 
The lacquered strip or sheet is lightly lubricated  (e.g. food grade petrolatum 50 mg/m2) 
before feeding into the press where the blank is cut and held between blankholder pads 
to prevent wrinkling as the central punch draws the material over the drawing die radius 
to form the can to the required shape and depth (Figure 3710.02.02). The cup does not 
pass completely through the die but is left with a narrow flange which is trimmed for the 
subsequent seaming of the lid. 
 
The outer area of the blank has to be reduced from the cut circle diameter to the can 
body diameter. The metal thickness changes only slightly so this circumferential 
reduction is accompanied by a radial extension which appears as a longitudinal increase 
towards the top of the can wall - as illustrated by the progression of the equi-spaced 
lines on the blank (see Figure 3710.02.02). Obviously this distortion applies also to the 
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lacquer coating, demanding flexibility and a high integrity bond to the metal surface; it 
also applies to any external printing or decoration which has to be predistorted so that it 
will finish in true proportion on the can wall (Figure 3710.02.03). 
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Drawing Operation 3710.02.02

 
 
The metal thickness can change slightly during drawing but this is influenced by factors 
such as the drawing die radius and blankholder pressure. Usually there is a slight 
thinning of the wall adjacent to the punch nose and slight thickening towards the top of 
the can body. This is negligible with shallow cans but may be significant with deep, 
multi-stage, drawn cans (see later). 
 
The press tool may also incorporate features for trimming the flange, and embossing a 
profile in the base of the can, but sometimes these operations are carried out in a second 
press. 
 
The shallow-draw presses are usually simple single action presses with the blankholder 
load applied via springs or rubber cushions, and run at up to 200 strokes per minute. The 
presses are usually inclined so that the can bodies and trim shreds fall away from the 
tool area, and tumble through a rotary cage to separate the shreds from the cans. Double-
dies or multiple  dies can be used to increase productivity and, if practical, staggered to 
improve metal utilization. 
 
A typical drawing die radius is about seven times the nominal strip thickness. The punch 
nose is usually the same as the drawing die radius but is less critical although it should 
always be highly polished. 
 
The force necessary to draw the blank into a cup must be transmitted from the punch via 
the walls of the drawn shell. Strip lubrication and blankholder pressure are important 
variables.  If the lubrication is too low or the blankholder pressure too high the metal 
will not flow sufficiently freely and the cup wall, unable to transmit such a high load, 
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will fracture around the punch nose. On the other hand, inadequate blankholder pressure 
will allow the blank to wrinkle and the effort required to pull the wrinkles over the die 
radius will be too high for the cup wall to transmit and fracture will again occur. 
Excessive lubrication can build up on the blankholder surfaces to form such a thick film 
that the blank is no longer under precise control and wrinkling will again occur. 
 
Conditions are more critical for containers drawn from thin, strong alloys, and in these 
cases double-action presses with independent control of blankholder pressure are 
sometimes used. 
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3710.02.03Printed Sheet for Can Drawing

 
 
 

Deep-Drawn Cans 

 
Single-drawn cans can be produced with height/diameter ratios of up to 0.7:1 (i.e. a 
drawing reduction of the blank diameter D to the cup diameter d of up to 50%): 

      
D d

D

−
⋅100 [%].    

 
However, such a deep draw may exhibit high earing which in the case of a can drawn 
from pre-decorated strip may give an unacceptable level of local distortion to printed 
characters.  High earing also puts additional local strain on the lacquer coating. In such 
cases, and with cans with height/diameter ratios greater than 0.7:1, the cans are 
produced in two or even three drawing stages. This method of production is called 
Draw-Redraw (DRD) (see Figure 3710.02.04). 
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3710.02.04Draw, Redraw Method of Can Manufacture

 
 
The first operation produces a shallow cup and this effectively locks in the earing 
profile. The second operation redraws  the cup to the finished height. The draw 
reduction 

     
D d

D

−
⋅100  [%] 

 
of the first operation (blank and cup) should be limited to 40% and of the second 
operation (first redraw) to 25%. If appreciably higher reductions are envisaged it is 
preferable to introduce a third operation, i.e. a second redraw, and to redistribute the 
draw reductions accordingly. The second redraw reduction percentage should be slightly 
less than that of the first redraw. 
 
In the case of these taller cans the wall thickens appreciably towards the top of the can.  
For example, with a 1/2 kg food can 73 mm dia x 112 mm tall, 0.21 mm starting 
thickness would increase to around 0.24 mm. This would require a 204 mm diameter 
starting circle. However, it is possible to reduce this wall thickening by ″wall-ironing“ 
using a special profile in the final drawing die and a reduced radial clearance. This can 
either size the wall to the original 0.21 mm or reduce the complete wall to 0.19 mm 
thickness. 
 
The latter would reduce the starting circle diameter to 190 mm, thus giving appreciable 
metal savings (Figure 3710.02.05). This technique has been successful with organosol-
lacquered strip and is now being evaluated with the new generation modified polyester 
coatings. 
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3710.02.05Material Requirement Comparison for Production of 
1/2 kg 73 mm dia x 112 mm High Food Can

 
 
The taller food cans usually have circumferential corrugations roll-formed in the wall to 
resist „panelling“ during processing (see later). 
 
Coil-fed presses are usually sufficiently wide to accommodate multiple tools. These are 
staggered so that the cut blanks are ″nested“ across the strip with no more than 1 mm 
shred between the blanks, thus obtaining maximum metal utilization. In the case of 
sheets, these can be scroll-cut to approach the continuous strip utilization factor (Figure 

3710.02.06). There is also a sheet feeding attachment for a single or double-tool press, 
which will stagger feed a sheet to achieve the ″nesting“ obtained on a multi-tool press. 
 
In the case of rectangular containers, the blank shape has to be developed to 
accommodate the metal requirements for drawing into the corner radii. The blank is 
usually oriented on the strip so that the earing of the metal provides some of the material 
required for the corners. Of course, this demands that earing levels are similar not only 
between batches of coils but also between different suppliers. 
 
Drawn food cans frequently have a stepped flange so that the body of the can is a 
smaller dimension than the score line on the easy-open lid. Consequently, when the lid 
is opened there is no lip to impede the emptying of the contents. This feature is referred 
to as a ″full aperture opening“. In some cases, especially where empty cans have to be 
transported overseas from can maker to filler, the cans have a tapered body (usually 
around 7°) so that the empty cans ″nest“ to give a considerable volumetric saving in 
bulk transport. 
 
In contrast to the beverage can, food cans come in a wide variety of shapes and sizes.  
Some are still referred to by their traditional names such as ¼ dingley and ¼ club for 
rectangular, and Hansa for oval, fish cans, while many round cans are known by their 
overall imperial measurements expressed to the nearest inch and sixteenth fraction, e.g. 
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301 x 307 refers to a round can 3 1/16 inch diameter and 3 7/16 inch tall, measured over a 
seamed can; this is the 1/2 kg food can. 
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3710.02.06Scroll-Cut Sheet to Improve Metal Utilisation

 
 
 

Food Can Stock 

 
A number of different alloys and tempers has been used over the years, but 
rationalisation has concentrated on three of these (Figure 3710.02.07). 
 
Shallow-drawn can bodies are made from a manganese, low magnesium alloy with the 
designation AA 3005 and in the H46 (lacquered, 3/4 hard) temper. 
 
Deeper-drawn can bodies requiring a higher degree of formability than 3005 and lower 
earing, but with similar strength, are made from the medium magnesium (and slightly 
more expensive) alloy AA 5052 in the H44 (lacquered, 1/2 hard) temper. 
 
Lids requiring high formability, such as a deep countersink, or an integral rivet for ring-
pull opening (see later) are also made from 5052 in the 1/2 hard temper, but in the case 
of a simple non easy-open, relatively flat lid, a manganese alloy, AA 3207 in the H48 
(lacquered, full-hard) temper, but with lower formability (and lower price), is used. 
 
Today, can bodies are made from 0.22-0.25 mm thick material. It is possible to draw 
most can bodies from material as thin as 0.15 mm, but these are too light and fragile to 
handle on most can filling and processing lines without extensive modification to the 
lines. In spite of can makers carrying out gauge reduction studies, each can maker is 
supplying several packers, not all of whom are prepared to refine their equipment to 
handle the lighter cans, and the can maker is reluctant to stock two gauges of material 
for the same size of can so they continue with this compromise gauge. 
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Large diameter can lids, i.e. greater than 100 mm, are made from 0.28 mm thick 
material but the usual gauge is 0.25 mm thick. Thinner material would make the 
forming of the opening aperture score line, and the lid seaming operation, more critical. 
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Can Type Alloy Composition % Properties
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Si

0.00

0.06

0.00

0.25

0.00

0.30

Min

Max

Min

Max

Min

Max

Fe

0.00

0.70

0.00

0.40

0.00

0.45

Cu

0.00

0.30

0.00

0.10

0.00

0.10

Mn

1.00

1.50

0.00

0.10

0.40

0.80

Mg

0.20

0.60

2.20

2.80

0.00

0.10

Cr

0.00

0.10

0.15

0.35

0.00

0.05

U.T.S.

190

230

240

280

180

230

MPa
0.2% Proof

170

210

190

240

160

210

MPa
Elong

3

6

1

% min

H46

H44

H48

3710.02.07
Principle Food Can Alloys

(Properties According to Euronorm)
 

 
As mentioned earlier, all food can bodies and lids are drawn from prelacquered or 
decorated material. Decoration is carried out on pre-cut sheets which are supplied 
pretreated for good coating adhesion, and the forming operation is carried out on sheet-
fed presses. Some high-speed presses are coil fed, and here the supplied material is in 
the form of lacquered coil. In this case the can would have a plain lacquered body, with 
the decoration supplied in the form of a printed lid, or in some cases a paper label or 
even a card carton. 
 
Lacquered material is supplied as coils which are pretreated (to optimise lacquer 
adhesion) and lacquered on a continuous coil coating line. Today, to meet increasingly 
stringent environmental requirements, the pretreatment is usually a chrome-free version 
of a chemical conversion process, or an electrolytic process, to modify the natural oxide 
film. The lacquers are selected to give adequate drawability for the envisaged can, and 
adequate chemical resistance for the agressivity of the product. Typical food can 
lacquers are given in Figure 3710.02.08. A laminated plastic film is also under consid-
eration. (Organosol lacquers are now out of fashion because of the chlorine content 
which leads to additional cost for scrubbing exhaust gases when decoating or melting 
scrap to comply with new, stringent regulations). Before the strip leaves the coil coating 
line it is lightly lubricated on both sides to assist the subsequent press forming 
operation; typical is to use food grade petrolatum applied at 50 mg/m2, which is 
compatible with most food products. 
 



TALAT 3710 12 

alu

Training in Aluminium Application Technologies

LACQUER TYPE COLOUR DRY FILM WEIGHT

g/m²

OUTSIDE

INSIDE

Shallow drawn cans

Deep drawn cans

EPOXY AMINE

EPOXY PHENOLIC

MODIFIED POLYESTER

CLEAR, GOLD, or

WHITE AS BASE COAT

FOR PRINTING

GOLD

GOLD or WHITE

2

3 - 4

7 - 10

3710.02.08Typical Food Can Body Lacquers

 
 
Unless a special control is specified, lacquered strip is tested prior to despatch to the 
customer by drawing 1/4 club fish can bodies and processing at 121 °C  for 1 hour in the 
following solutions: 
 
 1 . tap water 
 2. 2% tartaric acid 
 3. 3% acetic acid 
 4. 3% sodium chlorate 
 5. 1% lactic acid + 2% sodium chlorate, 
 
following which the lacquer should show no deterioration in either appearance or 
adhesion. Only the first test (tap water) is applicable to the external lacquer. 
 
The usual mechanical tests are carried out to ensure the material has adequate strength 
and formability to produce the specific design of can. 
 
 

Sheet Decoration 

 
It is not practical to print or decorate coils because of the wide range of designs required 
for food cans, and the relatively small runs per design. Instead, decorating is applied to 
sheets. For these, coils are pretreated (as above) then given a thin coating of 
dioctylsebaccate (DOS) at around 8 mg/m2. The coil is then slit and cut-to-length to the 
precise sheet size and supplied in stacks of around 1000 sheets for coating and 
decorating on the customer's equipment. The DOS film ensures the sheets destack and 
feed smoothly into the first sheet coater and the level of DOS is carefully regulated to 
ensure it is compatible with the subsequent lacquer coatings. 
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Sheet lacquering and decorating involves several passes through roller coaters, 
decorators and stoving ovens. If the decoration can be achieved in 4 colours (on a 
coloured base), a typical schedule would be: 
 

− Coat first side (can inside) and stove 
− Coat second side (decorative base coat) and stove  
− Print 2 colours (2-stand decorator) and stove 
− Print 2 colours (2-stand decorator) and stove 
− Overprint varnish and stove 
− Lightly lubricate with a food-grade wax. 

 
The coated sheets are transported through the stoving ovens standing on edge and 
supported by open wire frames (wickets). Sometimes with large, thin sheets in hard 
temper material, internal stresses can be released during the stoving operation and cause 
the sheet to buckle. This can be avoided by supplying the sheets thermally stabilised. 
After cutting to size, stacks of sheets are placed on flat pallets and loaded with flat 
heavy weights. They are then placed in an oven for 2 hours at a temperature just in 
excess of the sheet stoving temperature (usually 220 °C). Internal stresses are relieved, 
but the sheets are restrained from buckling by the flat weights. DOS is not applied to 
this material as it would be evaporated during the thermal stabilisation process. In such 
cases the customer must ensure that the sheets are never stored more than 4 pallets high 
(excessive pressure can cause destacking difficulties) and that the guide rails on the first 
coater are in good condition and well-polished. 
 
Sheet coater and decorator machines can run up to 100 sheets per minute. 
 
 

Food and Can Handling Processing 

 

The can must be designed to give the anticipated shelf life specified for a particular 
product, ranging from fish-in-oil to quite aggressive packs. lt must also withstand 
mechanical handling on the filling lines, internal pressures during processing, and 
possible careless handling during transport and storage, yet still present an attractive 
package to the customer. 
 
As an example, the 1/2 kg round food can, 73 mm dia x 112 mm high, should withstand 
an axial load of around 200 kg to cover recorded loads of 130 kg from pallets stacked 4-
high, 120 kg shock load when snatched during lifting with a fork truck, and 200 kg 
when rocking whilst cornering during road transport. Of course a lower axial strength 
would be acceptable if the cans could be guaranteed more protection during transport. 
The can should also withstand an external pressure of 1.5 kg/cm2 (21 lb/in2) without 
"panelling" and an internal pressure of 2.7 kg/cm2 (38 lb/in2) without "peaking", during 
processing. 
 
A typical continuous processor transports the filled cans on chains through a vertical 
tower which consists of a central section with steam at 130 °C at a pressure of 1.8 
kg/cm2 (26 lb/in2). The steam chest is hot-water sealed, with the entry leg preheating 
and the exit leg cooling the can (Figure 3710.02.09). 
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3710.02.09Schematic Diagram of Food Can Processor

 
 
The water in the preheat leg is around 90 °C. The contents of the can heat up slowly, 
depending on the product. Liquids or gravy heat up quickly, but chunks of meat take a 
long time. Consequently, with relatively cold products, the contents have not expanded 
to balance the external pressure by the time the can enters the steam chest, and here is 
the greatest risk of "panelling". 
 
The cans are in the central stage (steam chest) for about one hour by which time it is 
calculated that all of the product has reached the sterilizing temperature. Some products 
can expand by as much as 30 cc in a 500 cc can, and pressures of up to 4.2 kg/cm2 (60 
lb/in2)  can be reached inside the can. This pressure is of course counteracted by the 1.8 
kg/cm2 (26 lb/in2) steam chest pressure, but still leaves a residual 2.4 kg /cm2 (34 lb/in2) 
maximum. 
The water in the cooling leg is in the range 65-85 °C. The objective is to cool the can as 
quickly as possible but also to reduce the pressure within the can. This is not so easy 
because due to thermal inertia, the centre of the can with some products is still 
increasing in temperature as the can progresses through the cooling leg. Here is the 
greatest risk of  "peaking". 
 
A deliberate can volume change during processing will reduce the pressure differential 
so that a lower resistance to panelling and peaking can be tolerated. Cans are designed 
with base and lid profiles that can expand during processing but with sufficient 
mechanical strength that they will return to their original profile on cooling. 
 
Many products are "hot-filled" which reduces the risk of panelling in the entry stage and 
also results in a slight vacuum in the cooled can to pull the lid and base flat and give a 
tight pack. 
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Many packers still use batch processing, and here the cans may be loaded in frames 
which mechanically constrain and limit their expansion during processing. 
 
 

 

 

3710.03 Beverage Cans 

 

• Cupper press 
• Bodymaker press 
• Can washing 
• Base coating and printing 
• Internal lacquering 
• Mechanical finishing 
• Beverage can stock 

 
 
Whilst many food cans (particularly fish cans) are required in relatively small quantities 
to meet seasonal supplies or demand, and are produced on simple presses with tools 
changed for the production of different cans, the beer and carbonated soft drink 
beverage can is required in vast quantities mainly in only two sizes, 33 cl (12oz) and 50 
cl so that dedicated high-speed, high-precision lines are justified. In fact, these two sizes 
have the same body diameter (and hence use the same lid) and are merely of different 
lengths. 
 
The success of the aluminium beverage can is attributable to two factors. First, the 
introduction of the aluminium ring - pull easy-open lid around 1964 offering 
convenience, and second the development of recycling facilities making the can 
ecologically attractive. But, in addition, there have been continuing technical 
improvements to maintain the can's quality and cost advantages. 
 
The can has to withstand an internal pressure of 6.7 kg/cm2 (95 lb/in2). It has a relatively 
thick inwardly domed base but a very thin wall as adequate rigidity is provided by the 
high pressure within the can (Figure 3710.03.01). Considerable lightweighting of the 
body has been achieved by attention to detailed design (in particular the base profile) 
and by fine - tuning the alloy metallurgy and process route to achieve maximum strength 
yet retain adequate formability. The lid thickness has also been considerably reduced by 
"necking-in" the top of the can body to accept a smaller diameter (hence stronger) lid. 
The can body is 211 diameter (the traditional imperial measurement of approximately 
211/16 inches over a seamed can). Prior to the introduction of the easy-open feature, lids 
were also 211 diameter. The first easy-open beverage can lids were 209 diameter, these 
were later reduced to 2071/2, and now 206 (23/8 inches) diameter lids are standard.  
Machinery is being developed for 204 lids and even 202 lids are under consideration.  
This has been made possible by the development of both technique and machinery to 
neck in the can body to these smaller diameters. However, the can’s stackable feature 
has to be retained, so a can with a 204 or 202 lid must have a modified base profile (a 
smaller base rim diameter) to stack on the appropriate lid. 
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3710.03.01Typical Beverage Can Body Profile

 
 
The beverage can is produced by drawing and wall-ironing (DWI) plain strip, then 
washing, decorating and lacquering the shell prior to mechanical finishing (necking, 
flanging, etc). All of this is done on a high-speed integrated line. Generous inter-unit 
storage accumulators ensure that minor interruptions (such as clearing a jammed can) do 
not result in a complete line shut-down. The individual machine centres usually run just 
below their maximum so they have the ability to speed up and "catch-up" following any 
temporary stoppage. 
 
Figure 3710.03.01 shows a typical can body. Typically it is produced from 0.30 mm 
thick strip and this dimension is substantially preserved in the can base, which is 
profiled not only to withstand the high internal pressure but also to ensure the base is 
stackable on the appropriate lid. The wall is ironed down to 0.110 mm thickness over 
most of body length but the top of the can is not ironed to the same extent and finishes 
at around 0.16 mm thickness. This facilitates necking, and the thicker flange assists the 
subsequent lid seaming operation. 
 
The body is produced by blanking, drawing, redrawing and wall-ironing (Figure 

3710.03.02). The first operation is blank and cup on a ″cupper″ press, and the second 
operation is redraw to the finished can diameter and wall-iron on a ″bodymaker″. 
Typically the cup is given a 35-40% draw reduction  

     ( )D d

D

−
⋅100 [%] 

and the redraw 25-27%, these reductions balanced to suit both material and equipment 
preferences. 
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3710.03.02
Draw and Wall-Iron Method

of Can Manufacture (33cl Can)
 

 
Specific details vary from company to company but  typical for a 33 cl can would be a 
140 mm diameter circle drawn into a 90 mm diameter cup and redrawn to the 66 mm 
diameter finished can; a 50 cl can would use a 155 mm diameter circle drawn into a  
93 mm diameter cup. 
 
 

Cupper Press 

 
The cupper is a coil-fed multi-die press where circles are cut and drawn into the first-
stage cup. Figure 3710.03.03 shows a 10-out cupper which blanks 10 circles, staggered 
for optimum metal utilisation across the width of the strip. Until recently 12-out cuppers 
were the largest machines, requiring 1478 mm wide strip for a typical 33 cl beverage 
can, and 1550 mm for a 50 cl can, as wider strip was not available.  However, the latest 
aluminium strip rolling mills can supply material up to 2 m wide, and 14-out cuppers are 
now running. 
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It should be pointed out that a reduction in the thickness of the can base (down-gauging) 
requires thinner strip and if the wall thicknesses are to remain the same, then a larger 
starting circle will be required to provide adequate material for the can body.  In turn 
these larger circles will require a wider strip (for the same ″out″ configuration). This 
strip width may be beyond the capacity of that particular cupper press, and the 
restriction to a fewer ″out″ configuration and hence lower productivity, would have to 
be balanced against the economic advantages of the down-gauged can base. 
 
The cupper is fed with coiled strip which is coated with a drawing lubricant as it enters 
the cupper. The as-rolled strip has a slight amount of residual rolling lubricant present 
on the surface, and the cupper lubricant applied on the press has to be compatible with 
this rolling lubricant and achieve, in a very short time, good wetability on the strip. This 
is ensured by applying a thin but uniform film of a typical cupper lubricant to each side 
of the rolled strip at the mill during the final slitting operation so that the customer 
receives pre-lubricated coils, and the lubricant required on the press is less critical. 
 
The blanking and cupping operation is similar to that described previously for shallow 
drawn food cans (Figure  3710.02.02) except that in this case the cup passes through the 
die so there is no flange. Care must be taken to ensure the blankholder does not clip any 
slivers of metal from the rim of the blank as the edge passes through the blankholder 
draw die gap, so a double-action press is used with the blankholder moving independent 
of the punch, applying reduced pressure towards the end of the draw, and with a ″stand-
off″ to maintain a positive gap from the die face so that undue metal thinning is avoided. 
This is particularly important with higher-earing material. 
 
The face of the blankholder is usually grooved, this increases the unit pressure and is 
claimed to reduce the effect of thickening during the draw by localising the blankholder 
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force. In addition, the radial clearance between the punch and the drawing die is usually 
restricted to about 5% above nominal metal thickness, so that the thickening at the top 
of the cup wall which occurs during drawing is lightly ironed or ″sized″. This reduces 
the apparent earing on the cup and facilitates handling, and also presents a more uniform 
cup wall for the subsequent ironing operations. 
 
Drawing reductions of up to 40% are sometimes used in the cupper, this reduces the 
redraw reduction necessary in the bodymaker. However, it is more usual to limit the 
cupper to around 37% reduction to minimise any earing effect and give a relatively level 
top to the cup to facilitate handling. 
 
Modern cuppers run at up to 180 strokes/min thus a 12-out cupper will produce over 
2000 cups per minute. Usually the speed is regulated to suit the demands of the 
bodymakers. Such a cupping press would be integrated through suitable storage 
accumulators with seven bodymakers of which six would be running at any one time 
with the seventh machine down for planned tool change and maintenance. Bodymakers 
run at up to 320 cans/min (the latest machines are rated much higher and it is claimed 
that in the future 500 cans/min will be possible). At present the ″front end″ of the 
beverage can making line can be supplying nearly 2000 cans per minute to the ″back 
end″ finishing section. 
 
 

Bodymaker Press 

 
The bodymakers are long-stroke presses for successively redrawing and 3-stage wall-
ironing the can body, and finally inwardly doming the base before the can is stripped 
from the punch. Figure 3710.03.04 shows the successive stages. As mentioned before, 
the cup is redrawn to the finished can diameter involving a reduction of some 25-27%, 
depending on the size of cup. The wall is then reduced from the nominal starting metal 
thickness (say 0.30 mm) to around 0.110 mm by passing through 3 successive ironing 
rings. These rings are spaced so that the shell is clear of one ring before it enters the 
next. Usually the top of the wall (0.16 mm) is thicker than the mid-wall. The second 
ironing ring should not reduce the wall to less than this thickness. The thickness 
differential is then achieved by reducing the diameter of the punch at the appropriate 
point so that the final ironing ring reduces this part of the wall by a lesser amount 
(Figure 3710.03.04).  The ironing rings can move slightly in their mountings so that 
they effectively self-align with the punch. At the end of the stroke a sub-press inwardly 
domes the base before the can is stripped from the punch. 
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3710.03.04Redrawing & Wall-Ironing Stages in Bodymaker

 
 
While the strip entering the cupper is only lightly coated with a drawing lubricant, the 
die box in the bodymaker is flooded with a dilute version of the same lubricant. Its 
prime function here is as a coolant for the wall-ironing operation. In fact the cup relies 
to a great extent on the residual lubricant from the cupping operation acting also as a 
drawing lubricant for redrawing and wall-ironing in the bodymaker. Inadequate 
lubrication in the cupper may not be evident in the cup production, but may well cause 
problems subsequently in the bodymaker. 
 
The surface of the punch is usually lightly cross-hatched to carry some lubricant. This 
assists the sliding of the can shell over the punch during ironing, and the stripping of the 
shell from the punch at the end of the stroke. 
 
The ironing dies must be maintained to a very high surface finish. Typical is an entry 
(ironing) angle of  8° and a parallel ″land″ of about 1 mm.  It is most important that the 
junction between these two faces is a sharp corner (Figure 3710.03.04). 
 
Following the bodymaker, the shells are trimmed to the precise body length and are 
ready for the finishing operations. 
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Can  Washing 

 
The first finishing operation is a chemical spray degrease and rinse, followed by a 
chrome-free chemical pretreatment, rinse and dry to ensure good adhesion of the 
subsequent internal and external coatings. The cans are conveyed through the washer in 
the inverted position on a broad, open mesh, wire belt. The cans are held on the belt by 
the upper sprays exerting a slightly higher force than the bottom sprays. 
 
 

Base Coating and Printing 

 

The next operation is an external base coat for the subsequent printed decoration.  The 
cans are supported on a mandrel and the coating applied by roller. A clear coating is 
used if the metallic effect of the can is to be preserved in the decoration, otherwise a 
white base coat is used to form a good surface for the printing inks. The cans are then 
dried before being transferred to the printing machine. 
 
The printing machines employ the dry-offset technique and are usually 4colour or 6-
colour versions. Printing plates for the individual colours are fixed to rollers arranged 
around the periphery of a drum carrying a rubber blanket. The printing rollers are 
synchronised to apply the individual colours in register onto the blanket as it travels past 
them, and revolves to the can station to transfer the complete printed design to a can 
body which itself is rotating at synchronous peripheral speed (Figure 3710.03.05).  
Most can printers run at up to 1 200 cans/min (the latest are rated at 1 600 cans/min) and 
there are usually two per line, sometimes producing different designs for separate 
orders.  Most printers can also apply an over-print varnish. 
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As the can exits the printer a coating of lacquer is applied either by roller to the rim of 
the can base or by spray to the complete domed base. The prime function of this coating 
is to improve the mobility of the can on the guide rails through the following forming 
and subsequent filling operations. However, sometimes an overall base protection is 
requested to guard against possible external corrosion under long-term storage 
conditions in a warm, humid atmosphere. This ″secondary corrosion″ is most infrequent 
and is usually initiated by a can being damaged by careless handling during transport, 
and leaking to contaminate most of a pallet with a possibly aggressive product. If 
unprotected other cans may become externally corroded so that they are no longer 
saleable, or, at worst, even perforate and therefore exacerbate the damage. With overall 
base protection this problem does not arise.  
 
As the two printing machines may be producing different decorations, the cans 
subsequently follow separate lanes. 
 

 

Internal Laquering 

 
The cans pass through an oven to dry the external printing and base coating applications, 
and then go to a battery of usually four machines in each lane for spraying with an 
internal lacquer, following which they pass through another oven to cure the internal 
lacquer.  Each spray lacquering machine will run at up to 250 cans per minute although 
faster machines up to 400 cans/min are now available.  The cans are rotated and twin 
spray nozzles enter the can and spray as they are withdrawn. 
 
 

Mechanical Finishing 

 
Up to this stage the can has a parallel, un-flanged body. The next operation is to roll in 
the tapered neck and form the flange (Figure 3710.03.06). Although this can be done in 
a single operation, with the higher reductions now required to reduce the 211 body shell 
to the 206 or even 204 neck, this is usually done in separate operations, such as die pre-
necking followed by spin necking, then flanging. 
 
The next operation is to reform the base profile (Figure 3710.03.06). Usually the 
doming of the base profile at the bodymaker deliberately leaves the flank angles of 
chime and countersink, and the rim radius, slightly generous to ensure good coverage 
during internal lacquering. This base profile is now reformed in a rotary operation to 
give a near vertical countersink flank, and a smaller rim radius, which is a more 
pressure-resistant profile and hence permits the use of a slightly thinner base. 
 
The cans finally go through a light tester which automatically rejects any damaged cans 
(e.g. bent or split flanges), and are then palletised for dispatch to the filling plant. 
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Beverage Can Stock 

 
The alloy used for beverage can bodies is AA 3004 in the H 19 temper. This 
specification is sufficiently wide to permit suppliers to offer, in addition to their 
standard material, versions which have higher formability or higher strength properties 
to suit the specific requirements of their customers and their production equipment 
(Figure 3710.03.07). 
 
Over the past 10 years there has been considerable development of the beverage can, 
aimed at producing a lighter, cheaper can but with the same body strength. This 
"downgauging" has been possible chiefly through re-design of the base profile, and 
necking-in of the flange (to permit the use of a smaller-diameter, hence thinner, lid), but 
it has also entailed fine-tuning of the metallurgy and process route to achieve maximum 
strength yet retain adequate formability. 
 
Whilst formability for drawing beverage can bodies is dependent on the mechanical 
properties of the strip in the as-rolled condition, final can strength is dependent on the 
properties after stoving the lacquered can. A small addition of copper to the alloy 
composition minimises the loss of properties on stoving. 
 
Increase in material strength has been achieved by gradually increasing the magnesium 
content from the nominal 0.9% of 10 years ago, to nominal 1.1% today, and copper 
from nominal 0.06 to 0.15%.  This is probably the limit in this direction as a magnesium 
content of 1.3% and greater gives rise to pick-up on the ironing dies which produces 
unacceptable levels of scoring on the can walls, and usually tear-offs in the bodymaker. 
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In any case, the alloy composition, in conjunction with casting and subsequent thermal 
and mechanical processing conditions has to produce a uniform, random distribution of 
second phase particles of the appropriate size, morphology and physical properties to 
achieve a tool-cleaning action, but not large enough to cause significant weakness where 
they occur in the very thin wall of the can. For this reason, too, grain size must be 
uniform and not exceeding 50 microns. 
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VersionAlloy Composition % (AA Spec.)

AA 3004

Si

0.00

0.30

Min
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Fe

0.00

0.70

Cu

0.00

0.25

Mn

1.00

1.50

Mg

0.80

1.30

Cr

0.00

0.05

U.T.S.

290

330

MPa
0.2%

270

210

MPa

Elong

2

% min

H19

Proof

As Rolled

U.T.S.

270

310

MPa
0.2%

250

290

MPa

Elong

3

% minProof

Properties (Euronorm Spec.)

After simulated
stoving, 200  °C

for 10 min

AA 3104 0.00

0.60

Min

Max

0.00

0.80

0.05

0.25

0.80

1.40

0.80

1.30

0.00

0.05

290

330
270

210
2

H19

270

310
250

290
3

Formability
290 265 3.5

High
275 250 4.5

Strength
320 280 1.5

High
305 265 2.5

AS ABOVE

AS ABOVE

Beverage Can Body Alloy Properties 3710.03.07

 
In addition to magnesium and copper, manganese (up to 1.5%) is the principal alloying 
element for increasing strength.  Careful control of the level of iron, and the iron/silicon 
ratio, assists in reducing the level of earing; it also assists in controlling the grain size, 
which is beneficial to formability. 
 
Sample finished cans are tested to ensure they withstand the 6.7 kg/cm2 (95 lb/in2) 
internal pressure, and an axial load (vertical crush) of 115 kg (250lb). Routine checks 
are also carried out at various stages in production, for example to ensure that the 
printed design is correct to colour specification, and that the internal lacquer is pin-hole 
free and has adequate chemical resistance. 
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3710.04 Easy-Open Lids 

 
• Easy-open can lid stock 
• Lid seaming 

 
 
The trigger to the success of the aluminium beverage can was the introduction around 
1964 of the easy-open lid. This was the result of a technical development of the means 
of attaching a ring-pull tab to the lid by an ″integral rivet″, and of machinery to perform 
this operation at high speed. Though initially applied to the beverage can, the ring-pull 
tab principle was soon applied to food cans to give virtually full-aperture opening and 
more convenience than the key-opening or hand-operated can-opener machines (Figure 

3710.04.01). 
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3710.04.01Variety of Food Can Easy-Open Lids

 
 
Steps in the formation of the integral rivet are shown in Figure 3710.04.02. The first 
stage is to form a bubble. This is usually the most critical operation; if a split rivet 
problem occurs a fault is often already apparent in the bubble. Highly polished tools and 
correct strip lubrication are essential.  The flank of the bubble is thinned (coined) 
slightly to assist local metal distribution.  The bubble is then redrawn to form the button 
(i.e. the rivet). The base of the lid  around the button is thinned (coined) to extend more 
metal into the button. Finally, when the tab has been placed over the button, the riveting 
operation takes place during which the top of the rivet is thinned to extend the metal in 
the finished rivet head. 
 
The score line is in the form of a truncated ″vee″ (Figure 3710.04.02) usually to a depth 
leaving about 0.085 mm residual metal in the vicinity of the rivet, but thickening 
slightly to about 0.110 mm on the opposite side of the lid. This is to satisfy the lid 
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opening criteria of ″pop″ value around 3 kg and ″tear″ value around 7 kg. Obviously 
limits are fixed to ensure that the score-line is not so weak that it fractures prematurely 
e.g. during processing or in-store handling, yet does not require so much force to open 
that the tab or rivet fails. 
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3710.04.02
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A secondary score line is usually formed at the same time as the main score line. This is 
a shallow score located just inside the main score line and is claimed to slow down the 
flow of metal from the main score and prevent score-line fracture during forming. 
 
Today, virtually all beverage cans have an easy-open feature, either the original ring-pull 
tab or the later ″ecology tab″ (a stay-on tab) (Figure 3710.04.03). They are required in 
vast quantities of virtually one size, justifying the investment in high-speed, high-output 
machinery. On the other hand, not all food cans have easy-open lids, but rely on the use 
of a can-opener. Easy-open lids are restricted to those cans where convenience is a 
marketing factor, such as single-portion packs, or delicatessen products where the high 
value of the contents can carry the slightly higher cost of an easy-open lid. Easy-open 
lids for food cans are required in several shapes and sizes (e.g. rectangular fish cans) and 
are required in smaller quantities than beverage can lids, and are produced on less 
sophisticated (cheaper) equipment, but the basic stages are the same. 
 
The usual method is to make easy-open lids in two steps. 
 
1. Blanking and forming the plain lid (the shell press) plus curling the edge and 

applying lining compound; these are termed ″shells″, 
2. Transferring the shells to a multi-tool transfer press (the conversion press) for 

embossing panels, forming the rivet, scoring and finally attaching the ring-pull tab. 
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3710.04.03
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All easy-open can lids are produced from pretreated and lacquered coil. In the case of 
the beverage can lids, wide coils are used on 24-out shell presses, which can run at up to 
300 strokes/min. 
 
The second stage (conversion) press runs at 600 strokes/min, but can have 2, 3 or even 4 
lanes (Figure 3710.04.04). The conversion press is a multi-stage transfer press, usually 
with seven stations although not all may be used. Typical is: 
 

1. Form bubble (first stage rivet) 
2. Form button (second stage rivet) 
3. Form strengthening beads and panels 
4. Form scoreline 
5. Feed and locate tab over button, and rivet 
6. Possible light panelling to remove buckles from centre of lid. 

 
At the same time, the tab is being formed in another multistage transfer press situated 
adjacent to and synchronised with, the conversion press. The tab is formed in successive 
steps (Figure 3710.04.04) but is not detached from the strip which carries it transversely 
into the conversion press and locates the tab precisely over the rivet button. The riveting 
operation detaches the tab from the strip so that the completed lid with tab continues 
through the conversion press whilst the tab strip skeleton is fed across the line of the 
press and coiled for recycling. 
Beverage can lids have to withstand 6.7 kg/cm2 (95lb/in2) internal pressure. As 
mentioned previously, down-gauging has been achieved by necking the can body and 
thereby reducing the diameter of the lid. Further gauge reduction has been achieved by 
drawing the central panel of the lid in two stages. The panel is a reverse redraw and 
when produced on a single tool resulted in stretching (thinning) of the panel wall. By 
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separating the drawing operation into two stages, the panel can be drawn without wall 
thinning, and the countersink can have a steeper (near vertical) flank, giving a stiffer 
profile and permitting the further gauge reduction mentioned. 
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Easy-Open Can Lid Stock 

Beverage can easy-open lids are manufactured from AA 5182 H48 lacquered strip, 0.26 
mm thick for the reformed 206 lid.  Food can easy-open lids are produced from AA 
5052 H44 lacquered strip, usually 0.25 mm thick but sometimes 0.28 mm thick for the 
larger lids.  Tabs for beverage can lids are manufactured from AA 5042 H18 (as rolled) 
strip 0.45 mm thick. Tabs for food can lids are manufactured from the same material but 
in the H48 (lacquered) condition as plain material may discolour during the food can 
steam processing operation (Figure 3710.04.05). 

Internal lacquers for easy-open lids have to possess good formability for the integral 
rivet and good pressure resistance where the score-line is formed, as well as good 
overall adhesion and compatability with the product. Organosol lacquers have 
performed well in the past but, as mentioned previously, organosols are now going out 
of fashion. Non-PVC lacquers (such as epoxy-modified polyesters) are under intense 
development but at present (January 1993) non satisfies all requirements, so 2-coat 
organosol systems at 12-15 g/m2 film weight are still the main coating used for the 
inside of easy-open lids.  The external lacquer is usually a clear epoxy-amine at around 
3-5 g/m2 film weight. 
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Alloy Composition % Properties

FOOD CAN AA 5052

Si

0.00
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Min
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Fe
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Cu
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Mg
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2.80

Cr
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U.T.S.
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280

MPa
0.2% Proof
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MPa
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6
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H44
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0.00

0.20
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0.35
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0.15
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0.00
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330
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320
5

H48

BEVERAGE CAN AA 5182
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0.20
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0.35
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0.15

0.20

0.50
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0.10
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310

350
5
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Min

Max

0.00
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3.00

4.00
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330

380

300

350
3

H18

LIDS

TABS

LIDS

TABS

Easy-Open Lid Alloys

(Properties according to Euronorm) 3710.04.05

 
 

 

Lid Seaming 

 
Both beverage and food can lids are fitted to the can body after filling by a double lock 
seam (Figure 3710.04.06). There are basically two stages. First, the rim of the lid is 
curled under the body flange which is then bent down, and second, the seam is closed 
tight. Today, beverage can filling lines, with integrated lid placement and seaming, run 
at up to 2,600 cans per minute. 
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3710.05   Future Developments 

 
Aluminium food cans are at present used where the customer appreciates the 
convenience of an easy-open container, or where a very long storage life is required 
such as for military or emergency stores. The first factor (convenience) could lead to 
some future growth in the demand for aluminium food cans. However, a third factor, 
recyclability, which has been such a dominant factor in the acceptance of the aluminium 
beverage can, has been virtually unexploited in the case of the food can. Ecological 
pressure (even legislation) could well provide the future motivation for aluminium cans 
replacing steel cans for a wide range of food products. 
 
Concerning the beverage can, this will increase its dominance over the steel competitor 
as other countries develop used can collection schemes and install recycling centres. The 
present beverage can body alloy, AA 3004, has a strength limitation imposed by the 
pick-up on ironing dies if the composition exceeds 1.3% Mg. The development of a 
coating (lacquer or laminate) which could withstand the severe wall-ironing operation 
would enable precoated aluminium of virtually any alloy to be used, as die pick-up 
would no longer be a problem. The use of, say, a high magnesium alloy would lead to 
considerable gauge reduction for the same strength of can, and could offer a cost saving 
which would improve even further aluminium's advantage over other beverage container 
materials. 
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Figure 3801.00.01 gives some examples of superplastically formed aluminium parts of 
the company Superform Metals Ltd., England. The complex components shown are all 
fabricated in a low series production. Examples of superplastically formed parts are side 
panels of aeroplanes, facade elements, heat exchangers, gear boxes, fuel tanks, reflectors 
etc. 
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The superplastically formed reflector shown in Figure 3801.01.01 has very large 
differences in drawing depths, making it difficult to produce the part with conventional 
sheet forming methods. Furthermore, the part has reentrant form segments at the 
circumference and a convex base, which can only be produced with additional sets of 
tooling with standard sheet forming processes. 
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Figure 3801.01.02 shows superplastically formed building facade parts with a design 
which makes it extremely difficult to produce using conventional fabrication methods. 
The part on the left has two tilted surfaces ending in transverse ribs. A complicated 
material flow occurs at the transition zone. The extreme stretch forming process 
occurring here causes problems during cold forming. The high ribs prevent or hinder the 
transverse flow of material, which is further complicated by the sharp radii. 
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Large differences in drawing depth, reentrant corners and slanting body forms lead to 
problems during manufacturing with cold forming methods. The superplastically formed 

tank shown in Figure 3801.01.03 is a good example of very complex sheet shaped 
parts.  
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Definition of Superplastic Forming 

 
The technical definition of superplastic forming as given in Figure 3801.01.04 has been 
obtained from existing literature. It must be noted here that failure occurs due to a break 
up of the grain structure and not due to local necking as observed during tensile testing.  
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Technical Definition of Superplastic Forming

Superplasticity is that property of materials which makes

it possible to obtain extremely large uniform and rupture 

elongations under pure tension loading. 
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Fundamentals of Superplastic Behaviour 

 
Figure 3801.01.05 shows the grain structure of the alloy AA 5083 in its conventional 
form and in the superplastic variation. Superplastic quality requires homogeneity, 
isotropy and extreme fineness of the grain structure, which is not normally achievable in 
standard sheet metal production 
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The metallurgical requirements of materials for superplastic forming are listed in    
Figure 3801.01.06. The material must have a high resistance to grain growth and 
formation of pores. The stability of the grains, i.e. a high resistance to grain growth, is 
an essential material requirement, since the superplastic forming process for aluminium 
alloys is carried out at elevated temperatures and thus constitutes a thermally activated 
process.  
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Metallurgical Requirements of Materials

for Superplastic Forming

• Very fine grains:   2 < d < 10 (20) µm

• High resistance to grain growth

• Strain rate has a very pronounced effect
 on the flow stress kf

• High resistance to formation of pores

Metallurgical Requirements of Materials for 

Superplastic Forming  
The basic process requirements for superplastic forming are summarized in            

Figure 3801.01.07. These requirements indicate the economical problems associated 
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with the superplastic forming process. The extremely low straining rate leads to 
production times extending from about 5 minutes to a few hours.  
 

alu

Training in Aluminium Application Technologies

Process Requirements  for Superplastic Forming 3801.01.07

Process Requirements for

Superplastic Forming

Constant forming temperature TU ≥ 0,5 TS

TU = forming temperature

TS = melting temperature

Low strain rates 10-2 > ϕ > 10-5 1/s•

 
 
Figure 3801.01.08 underlines the advantages and special technological properties of 
superplastic materials. Since the flow stress values are low, small forming forces are 
required which lead to low tool stresses. The potential of large uniform elongation 
properties provides optimum performance under severe stretch forming conditions. 
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       Technological Advantages of 
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Uniform elongation and rupture
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Figure 3801.01.09 describes the general material law for plastic deformation according 
to Ludwik. The Ludwik material law gives the flow stress as a function of the 
logarithmic value of strain (or true strain), the strain hardening exponent, the log. strain 
rate and the rate coefficient. It is worth mentioning the fact that almost no strain 
hardening occurs during warm forming, i.e. the flow stress during superplastic forming 
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is not affected by the degree of plastic strain. The equation is then reduced to 
k Cf

m= ⋅ !ϕ , which is given in Figure 3801.01.10. Here, the importance of the exponent 
m for the superplastic forming behaviour of materials becomes obvious. The flow stress 
depends on the logarithmic strain rate and the strain rate exponent m. If the logarithmic 
strain rate is kept constant for a forming process, then the flow stress required depends 
only on the strain rate exponent m. The following figure depicts the principle of the 
effect on the material flow behaviour. 
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kf  flow stress                                ϕ   logarithmic strain rate

C  material constant                      n  strain hardening coefficient

ϕ  logarithmic strain                      m  rate exponent

•

kf = C ϕn ϕm•
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Kf = C ϕm•

kf  flow stress                                 ϕ    logarithmic strain rate

C  material constant                       m  rate exponent

•

Flow Stress according to Ludwik

Flow Stress according to Ludwik 3801.01.10

 
 

Figure 3801.01.11 shows the momentary state of a tensile specimen under constant 
strain rate. When the local necking starts, different rate conditions become valid. In the 
necked region 2, the instantaneous local logarithmic strain rate is larger than in the 
region 1 without necking. Since the logarithmic strain rate is the differential of the 
logarithmic strain with respect to time, the strain in region 2 is greater than in region 1. 
The flow stress kf, as explained in Figure 3801.01.10, depends on the logarithmic strain 
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rate. In the case of superplastic forming, this leads to an increase of flow stress in the 
necked region. The material flow is, therefore, displaced to the regions outside the 
necked region. This strain-rate-hardening effect in the necked region balances the 
necking tendency.  
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ϕ2 =
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dt

•

dϕ2 > dϕ1,   ϕ2 > ϕ1

kf = c ϕm
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••

 
 
Besides the logarithmic strain rate !ϕ  the strain rate exponent  m is the second value 

which governs the flow stress in the Ludwik equation. The strain rate exponent depends 
on various factors listed in Figure 3801.01.12. Each alloy has its own characteristic m-
value behaviour. Other factors which play an important role are the average grain size, 
the forming temperature and the logarithmic strain. 
 
A number of methods are available for measuring the rate exponent m. In principle, 
however, all these methods are based on the tensile test. Figure 3801.01.13 
schematically indicates the influence of a sudden increase in drawing rate on the 
measured drawing force. A specimen is elongated with a drawing rate of v1 till a certain 
maximum stress is obtained, after which stationary flow begins. Once a defined 
specimen elongation is reached, the drawing rate is suddenly increased (or decreased) to 
the value v2. The change ratio v1/v2 lies between 2 to 2,5. Due to the increase in straining 
rate, a different drawing force level is attained. The points A and B are locations with 
similar elongations of logarithmic strains, so that these can be related to each other. It is 
obvious, that the influence of the logarithmic strain is only of minor importance. In this 
manner, a measuring point  m = f(ϕ) can be determined for each tensile test. The force 
FA is determined by extrapolating the load diagram for the rate v1. According to 
Backofen, the rate exponent m can be calculated using the equation  
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Methods of Determining the Strain Rate Exponent m 

 
Further calculating methods for determining m have been developed in order to 
overcome the inaccuracy of the extrapolation method according to Backofen (see   
Figure 3801.01.13). The calculating points for the m values used in the various 
calculation methods are defined in the detailed force-time diagram, see Figure 
3801.01.14, for sudden changes in the logarithmic strain rate from v1 to v2 or  v2  to v1.  
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According to MORRISON

According to HEDWORTH and STOWELL

According to CUTLER

m =                                     or            m =
ln ( kfA / kfC )

ln ( ϕA / ϕC  )
• •

ln ( kfC´ / kfA )

ln ( ϕC´ / ϕA  )• •

m =                                        or            m =
ln ( FD´ / FE´ )

ln ( v2 / v1 )

ln ( FE / FD )

ln ( v2 / v1 )

 m = 

ln ( kfA / kfD )

ln ( ϕ2 / ϕ1  )
••

 
 

Based on Figure 3801.01.14, the equations for the individual calculation methods are 
shown in Figure 3801.01.15. According to Morrison, the m value is calculated as the 



TALAT 3801 11 

quotient of the logarithmic ratios of the flow stresses at the points A and C and the local 
logarithmic strain rates. According to Hedworth and Stowell, m can be calculated from 
the logarithmic ratios of the force values determined at the points D and E and their 
drawing rates. It is assumed here that the specimen cross-section immediately before 
and after the sudden strain rate jump is the same. According to Cutler, the m value is 
calculated from the logarithmic ratio of the flow stresses at the points A and D and the 
average strain rate before and after the rate jump.  
 

 

Factors Influencing the Strain Rate Exponent m 

 
The m value is shown qualitatively as a function of the logarithmic strain rate !ϕ in 

Figure 3801.01.16. The parameters are the forming temperature and the average grain 
size. Reducing grain size and increasing forming temperatures give more favourable m 
values.  
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Figure 3801.01.17 shows the rate of cross-sectional area change dA/dt as a function of 
the cross-sectional area A for the m values of 1, 0.75, 0.5 and 0.25. For m = 1 
(Newtonian flow), dA/dt is independent of A. Thus, an uncontrolled necking in the 
specimen cross-section does not occur even at high elongations and small specimen 
cross-sectional areas. The notch sensitivity of the specimen increases with decreasing m  
values. The effect of m on the flow resistance decreases, the logarithmic strain is locally 
concentrated and necking starts.  
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Figure 3801.01.18 clearly depicts the correlations between the m value, logarithmic 
strain rate and rupture elongation. The logarithmic strain rate has a very strong effect on 
flow stress in zone II. Both elongation at rupture and the m value also have their maxima 
in this zone. The zone I is rate insensitive, so that m and the attainable rupture 
elongation have their minimum values here. Similar conditions exist in zone III, i.e. low 
gradient of the flow stress curve with increasing strain rate. The m value also decreases 
in this zone. In summary, superplastic forming behaviour does only occur in the region 
of the rate zone II.  
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Figure 3801.01.19 lists the m values obtained from literature for different forming 
temperature ranges. It is to be noted here, that the flow stress is almost independent of 
the strain rate at room temperature and increases with increasing temperature. The 
maximum values for m are obtained in the temperature range for superplastic forming.  
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3803.01 Superplastic Fabrication Methods 

 
Figure 3803.01.01 defines in general terms the application of superplastic forming of 
sheets metals. 
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Superplastic Forming of Sheets 3803.01.01

 
 
In principle, superplastic forming of metals can be subdivided into bulk metal and sheet 
metal forming, see Figure 3803.02.02. Hot die forging, precision forging and isothermal 
forging are examples for bulk superplastic forming. Bulk forming, however, shall not be 
treated in this lecture. 
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Processes for superplastic forming of sheet metals are subdivided further into three main 
pneumatic forming processes: die forming, patrizen forming and membrane forming, 
see Figure 3803.01.03. The economy of female die forming and male die forming can 
be increased by using a number of tool inserts assembled in one tool so as to produce a 
number of parts simultaneously. 
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Fields of application for the different manufacturing processes are shown in Figure 
3803.01.04. Superplastic forming can best be applied for producing medium series of 
parts and for complicated shaped components. The field of application of superplastic 
forming is limited by conventional process technologies. Small series of complicated 
parts generally have to be produced as single-parts. Classical sheet forming technologies 
are suitable for parts which are not so complicated. The relatively expensive pressure 
die casting is most suitable for producing large series of complicated parts.  
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3803.02 Female Die Superplastic Forming 

 
 
Female die forming utilises a concave form, see Figure 3803.02.01. During the whole 
forming process, the flange of the sheet blank is clamped tight between the top and 
lower pressure chambers. A flow-in of the material into the tool interior is thus not 
possible. The forming zone, therefore, consists of the blank membrane area within the 
tool. The pressure difference applied in the first phase, causes free forming (pneumatic 
sinking) of the blank membrane in the direction of the lower pressure. In the second 
phase, the gradually increasing doming leads to contact between tool and blank. The gas 
membrane then divides into sub membranes, leading to varying flow rate conditions and 
consequently to non-homogeneous material flow. Furthermore, the locally varying 
frictional conditions result in an unfavourable wall thickness distribution.  
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Figure 3803.02.02 illustrates the forming steps during female die forming, described in 
Figure 3803.02.01, using a photographic technique. The first phase of undisturbed free 
forming can be seen clearly. In the second phase, two sub membranes exist.  
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3803.02.02

Source: Photographic Art, R. Häselich
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Figure 3803.02.07 shows a tool insert for a Landrover front part. The complicated 
internal design with very narrow webs is clearly visible. The use of die inserts reduces 
the cost significantly. 
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Figure 3803.02.04 shows a complete equipment for female die forming. One sees a 
rather  simple machine construction which is, however, equipped with a complicated 
control and regulation system for gas and heat flow. 
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Equipment for Female Die Forming

Source: Superform Metal Ltd.

 
 

The rear wheel housing of an ASTON MARTIN LAGONDA is a typical component 
produced with female die forming, see Figure 3803.02.05 
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3803.03 Superplastic Forming with Male Dies 

 
 

The male forming process works with a convex form, see Figure 3803.03.01. During 
the whole forming process, the flange of the sheet blank is clamped tight between the 
top and lower pressure chambers. A flow-in of the material into the tool interior is thus 
not possible. The forming zone, therefore, consists of the blank membrane area within 
the tool. The pressure difference applied in the first phase, causes free forming 
(pneumatic sinking) of the blank membrane in the direction of the lower pressure. In the 
second phase, when the doming is large enough, the punch with the positive form is 
moved in and the material pressed on to the form by changing the pressure direction. 
Frictional contact and local thinning of the membrane occurs much later than in female 
die forming. As a result, the wall thickness distribution is more favourable than in 
female die forming. 
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Figure 3803.02.11 shows the complete equipment used for superplastic male die 
forming: preheating furnace, machine and regulation and control systems for gas and 
heat flow. 
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Equipment for Superplastic Male Die Forming

Source: Superform Metal Ltd.

 
 
Figure 3803.03.03 shows an opened malew die forming machine where the material 
flanges are visible. The punch is at the top-end of the stroke. 
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Machine for Male Die Forming

Source: Superform Metal Ltd.

Machine  for Male Die Forming

 
 

Figure 3803.03.04 shows the tool for male die forming. One can clearly see the crimped 
seam, running around the periphery, used to seal the gas pressure cavities as well as the 
connections for heating the tool. The punch has moved to  the top-end of the stroke. 
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Figure 3803.03.05 illustrates the different stages in the manufacturing of a component 
using the male die forming process. The three intermediate stages of the left show the 
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initial phase of free forming. The last three stages show the steps of forming after 
pressure reversal.  
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Stages in the Manufacturing of a Component
Using the Male Die Forming Process

Source: Superform Metals Ltd.

 
  
 
Figure 3803.03.06 shows a tool set, consisting of a punch, punch holder plate and blank 
holder, for male die forming of an external rear view mirror housing for a car together 
with an untrimmed and a trimmed component.  
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Figure 3803.03.07 shows a head rest for a pilot seat. The characteristically high form of 
the part makes it most suitable for male die forming. A sectional view is shown on the 
left. A good wall thickness distribution exists above the trimming line. 
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3803.04 Criteria for the Choice between Male Die and Female Die 

Forming 

 

Figure 3803.04.01 shows the criteria required in principle for choosing the male die 
forming process. The male die forming process allows an accurate replication of the 
interior contours. Due to local differences in material flow, the external contour do not 
exactly conform to the required geometry. Since the male die forming process exploits 
the material volume better than die forming, it is possible to work with thinner starting 
sheets in the former case. Secondary form elements protruding out of the basic form in 
the blowing direction have a positive effect on the male die forming. The maximum 
ratio for the surface increase is 0.6. 
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Principle criteria for choosing the female die forming process are discussed in Figure 

3803.04.02. The maximum ratio for the surface increase is 0.4. 
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Figure 3803.04.03 compares the component requirements, blank dimensions, 
geometrical and dimensional requirements, economy and the controlling parameters as a 
help for selecting the right process for superplastic forming processes.  
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Choosing a Process for Superplastic Forming
    Part requirements          Dimensional and geometrical           Economy          Control possibilities

requirements 
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Figure 3803.04.04 gives a method for estimating the required gas pressure for forming 
which can be calculated using the formula p = 2 ⋅ kf  ⋅ s/r. This formula is based on the 
equilibrium principle of the strength theory: p ⋅ Aproj. =  kf 

 ⋅ Astressed 
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In order to obtain kf from the flow curves it is necessary to estimate the logarithmic 
strain rate, !ϕ ,as outlined in Figure 3803.04.05, where vwzg is the tool velocity (see also 

TALAT 3300, Figure 3303.02.04). 
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Joining is in many cases an important and often critical process step in the 
manufacturing of aluminium components from shaped sheet and/or profiles. Mechanical 
fabricating processes fulfil the ever increasing demands on the joining quality and 
reproducibility during manufacturing as well as quality assurance. These have low 
investment costs, are easy to use and can be easily adapted for automatic processes.  
 
 
 

4101.01  Introductory Remarks  

 

• Tendency of developments in the joining technology 
• Joining systems for thin-walled aluminium components 
• Aims of the mechanical fastening processes 
• Classification of mechanical fastenings used in the fabrication technology 
• Elementary and combined joints 

 
 

Tendency of Developments in the Joining Technology 

 
Due to technological and economical pressures, a large number of fabricating companies 
have to reconsider their concepts regarding joining technologies used for joining in 
aluminium constructions.  
 
The aim of new and newest developments in fastening techniques is to introduce 
methods for fastening new materials, and to improve both reliability as well as economy 
of the process (Figure 4101.01.01). 
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Joining Systems for Thin-walled Aluminium Components 

 

According to the development trends, two main methods can be used for joining 
aluminium: the "classical" (proven, standard) and "new" (less known and seldom used) 
methods. 
Besides this rather imprecise definition, a further classification is possible, based on the 
geometry of the process and on the possibility of joining different materials and, for that 
matter, non-metallic materials with each other (see Figure 4101.01.02). 
 
 

Joining Systems for Thin-Walled
 Aluminium Components 4101.01.02
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Aims of the Mechanical Fastening Processes  

 
Mechanical fastening methods are gaining in popularity, both in the assembly as well as 
for mass production, in fabricating processes where a "predictable" fastening technology 
is absolutely essential. 
 
Especially when joining aluminium, mechanical fastening methods can meet the 
increasing demands on joint quality and reproducibility during production and at the 
same time allow the production quality to be tested using non-destructive methods 
(Figure 4101.01.03). Typical for all mechanical fastening methods is that the joints can 
be made with none or hardly any heating. 
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Classification of Mechanical Fastenings Used  in the Fabrication Technology 

 
Depending on the joining principle used, a large number of joint designs are possible. 
As one can see from the systematic of the joining principles, the method of producing 
the individual joints forms the basis for the classification, with each process having its 
advantages and disadvantages (see Figure 4101.01.04). 
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If an aluminium construction has to compete with a steel construction, then it is 
important to consider the aspects of manufacturing technology, joining techniques and 
economy. Due to the lower modulus of elasticity, an aluminium component will have a 
lower rigidity than the corresponding steel component of the same dimensions. 
Mechanical fastening methods can, however, be used to overcome this shortcoming, at 
least partly.  

Because of their good combinations of properties, the following joining methods have 
proven to be especially suitable: screwing, clinching, bordering, folding and riveting.  
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Elementary and Combined Joints 

 
Mechanical fastening methods will not be considered here on the basis of the older 
viewpoints. They are defined here as joining technologies in which the parts are joint 
using a force or form locking method like in clinching or riveting. These exclude joints 
in which there is an (inter)locking of materials as in welding and adhesive joining.  

The quasi form locking joint is obtained by a plastic deformation process. Such joints 
incorporate the advantages of both form locking (transmitting large forces) and the force 
locking (reducing play) type of joints (Figure 4101.01.05).  
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4101.02  Screw Joints 

 
• Construction types for screw joints 
• Requirements for screw joints 
• Types of screw joints for thin sheets 
• Working principle of flow-drilling screws 
• Screw joints for aluminium profiles 

 

 

Construction Types for Screw Joints 

 
Screw joints belong to the group of detachable joints. These can be designed as pierced, 
through or blind-hole joints (Figure 4101.02.01). If appropriate measures are taken 
against corrosion, screw joints are suitable for shaped sheet components and /or 
aluminium sections and profiles.  
 
The joining elements should be made of corrosion resistant stainless steel (steel group 
A2/A4). Since aluminium alloys have relatively lower compressive strengths, the 
contact surfaces must be protected by using washers under the screw and the nut. 
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Requirements for Screw Joints 

 
Screw joints consist of multiple elements each of which has to fulfil various 
requirements at the same time.  

In order to design durable, safe and cheap screw joints which fulfil the requirements for 
different applications, systematically arranged information and other helps must be 
available.  

Application parameters for screw joints can be set up by systematically listing the main 
requirements for design, calculation and corrosion protection (Figure 4101.02.02). 
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Types of Screw Joints for Thin Sheets 
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In addition to the screw-and-nut fastening methods, thin sheets can be joint together 
using a number of threaded fasteners, the most popular being sheet metal screws of the 
self-locking, self-tapping types (Figure 4101.02.03). 
 
With the help of screw-and-nut fasteners, it is possible to create large clamping forces. 
Sheet metal screws, on the other hand, are used to eliminate the drilling operation for 
the final assembly, whereby the screw cuts out its own hole. 
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Working Principle of Flow-Drilling Screws 

 
A drawback of most sheet metal screw joint is the very limited load bearing length of 
the screw. Improvements can be made by forming cylindrical collars during the shaping 
process. 
 
In the flow-drilling process, a carbide tipped tapered and unthreaded punch rotating at 
high speed is forced down to pierce through the metal, deforming it plastically and 
creating a collared hole. A thread can then be tapped in this hole (Figure 4101.02.04).  
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Screw Joints for Aluminium Profiles 

 
Stainless steel sheet metal screws are most often used for joining light metal alloys. 
Prefabricated profiles are being increasingly used for aluminium constructions. The 
profiles have longitudinal and transverse screw channels (or grooves) to take up the 
stainless steel sheet metal screws (Figure 4101.02.05). 
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4101.03           Folds 

 
• Steps in the folding process for straight-edged sheets 
• Widths of overlaps in folded joints 

 
 

Steps in the Folding Process for Straight-Edged Sheets 

 
Bordering and folding techniques in a number of variations are traditionally used for 
joining aluminium effectively.  
 
Form locked joints are created using the following steps: folding manually or 
automatically, interlocking, pressing together and locking by displacing the sheet edges 
(Figure 4101.03.01). 
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If this fastening method is carried out properly, the protective oxide film is not damaged 
so that the surface remains protected. 
 
 

Widths of Overlaps in Folded Joints 

 
Depending on the application, various folding forms can  be made, the width of the fold 
being of special importance for individual parts in handicraft. Whereas narrow folds 
have low strength and tightness, too large overlaps amount to a waste of material 
(Figure 4101.03.02) 
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With optimal fold thicknesses, the maximum strength attainable then depends mainly on 
the fold type as well as quality and thickness of the material. 
 

Source: Hoesch Company Documents
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4101.04   Rivet Joints 

 
• Joining by riveting 
• Rivet types for the indirect riveting of aluminium 
• Commercially available rivet forms and their fields of application 
• Working principle of a blind (pop) rivet 
• Choice of fastening elements for mechanical fastening methods 

 
 

Joining by Riveting 

 
For a long period of time, riveting was considered to be outdated and uneconomical. 
Recently, however, riveting is being rediscovered as a rational technology of high 
quality especially for special-purpose applications in the aerospace industry. 

Aluminium can be joined using the indirect and direct riveting methods (Figure 

4101.04.01).  

In the indirect riveting process the parts to be joined are clamped together with rivets 
using an auxiliary joining element. In direct riveting, one of the parts to be joint is itself 
designed to act as the auxiliary component so that a separate one is not necessary.  
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Rivet Types for the Indirect Riveting of Aluminium 

 
Currently, four different types of indirect rivets are used for producing undetachable 
(permanent) joints: solid rivets, blind (Chobert or pop) rivets, huck bolts (screw rivets) 
and punch rivets, whereby the rivet groups are classified primarily according to their 
operational reliability (Figure 4101.04.02).  
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Solid rivets are one-piece joining elements in which the rivet shaft is plastically formed 
into the closing head. Such rivets can only be used for components which are accessible 
from both sides.  

Huck bolts (screw rivets) are used for highly stressed rivet joints. Since screw rivets are 
made of high strength materials which cannot be formed easily during assembly, a 
closing collet (self-locking nut) is fixed on to the rivet. 

Blind (Chobert, pop) rivets, including the multi-functional types, consist of one or more 
elements and require only one accessible side for mounting. 

Punch rivets are designed to be self-piercing, making it unnecessary to form holes 
previously in the parts to be fastened.  
 
 

Commercially Available Rivet Forms and their Fields of Application 

 
Rivets are classified according to the shape of the rivet head formed during the riveting.  
 
For sheet metal and light constructions which do not need rivets of greater than 8 mm 
diameter, closing heads with the same form as the rivet heads can be used. Aluminium 
rivets having a diameter of up to 8 mm can be fairly easily cold worked (Figure 

4101.04.03).  
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Working Principle of a Blind (Pop) Rivet 

 
Just like many other innovative rivet developments, the blind rivet was developed in the 
aircraft industry. Generally, blind rivets consist of a hollow shaft and a pull-stem 
(mandrel) which serves as a tool for forming the closing head.  
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The rivet is mounted by pulling the stem out with a special tool, whereby the stem head 
is drawn into the protruding rivet material to form the closing head (Figure 4101.04.04). 
When the pulling force exceeds a certain level, the stem breaks at a predetermined 
position (notched or break-stem). The breaking point can be chosen to lie either in the 
shaft or at the rivet head. 
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Choice of Fastening Elements for Mechanical Fastening Methods 

 
Mechanical fasteners using auxiliary fastening elements should be chosen so that both 
fastener and the components to be joint are compatible as far as corrosion and recycling 
aspects are concerned. It follows that the parts which come in contact with each other 
must have similar electrochemical potentials and the material combination used must be 
tolerant with respect to recycling (Figure 4101.04.05).  
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Fastening elements made of copper or brass are not suitable for joining aluminium parts. 
In an environment where the joints are subjected to weathering or chemical attack, the 
parts must be isolated from the fastening elements, both for aluminium parts of different 
alloys as well as for composite constructions. 
 

 

 

4101.05 Clinching 

 
• Schematic illustration of clinching joints, with or without local incision 
• An aluminium car door aggregate carrier with clinch joints 

 

 

Schematic Illustration of Clinching Joints, with or without Local Incision 

 
Although clinching is now widely accepted and used as a "new" process for fastening 
aluminium shaped sheet components and profile components as undetachable 
(permanent) joints, the rules and guidelines governing this type of fastening method 
have still to be defined.  
 
Clinching covers processes for direct joining in which the material undergoes a local 
plastic deformation with or without local incision (Figure 4101.05.01). 
 
The term clinching covers various processes known more popularly by their trade 
names. 
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An Aluminium Car Door Aggregate Carrier with Clinch Joints 

 
The technology for fastening methods based on clinching and the "newer" riveting 
processes is being  developed continuously, so that an ever increasing use of these 
joining methods can be safely expected in the years to come.  

Presently, the most well known example for a mass produced component using the 
clinching fastening method is the door aggregate carrier for the AUDI 80/90 in which 
two aluminium sheet forms are clinched together (Figure 4101.05.02). 
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4101.06  Summary 

 
• Comparison of the technological characteristics of fastening methods 

 

 

Comparison of the Technological Characteristics of Fastening Methods 

 
Riveting and clinching are typical examples for mechanical fastening methods.  
 
The above mentioned fastening methods are most promising since, compared to the 
"conventional" fastening methods, these are easier to use, have shorter pressing times 
and the parts to be joint are subjected to a lower heat stress (Figure 4101.06.01). 
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4104.01   Design Considerations 

 

 

• Choosing the distance from edges for riveting 
• Recommendations for rivet diameters 
• Hints for designing 
• Design of a riveted joint 
• Prevention of corrosion in composite joints 

 
 

Choosing the Distance from Edges for Riveting 

 
Riveting was the first universally applied mechanical fastening method to have a major 
influence on the aluminium manufacturing industry. It still has a large field of 
application, although clinching, for example, is nowadays a viable alternative fastening 
method which has made rapid progress. Improvements and further developments in the 
general riveting technology - for example, punch riveting - and particularly tooling 
technology have made it possible to apply this fastening technology rationally (Figure 

4104.01.01).  
 
For roughly cut edges (sheared sheets, sawed sections, etc.), the distance from the edges 
should chosen so that the edge is neither driven outwards (distance from edge too small) 
nor does it tend to warp or spring up (distance from edge too large). 
 
Rivets can be placed singly, in rows or in fields. Depending on the arrangement, one 
obtains rivets which are staggered or parallel or in rows. The joints can be constructed 
as overlapped or strapped rivet fastenings. 
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Recommendations for Rivet Diameters 

 
The forces acting on the riveted joint are transmitted to the cold worked rivet mainly as 
bearing pressure (clamping force) or as shear and bending forces.  
 
The number of rivets and the diameter of the rivets to be used depends mainly on the 
design of the aluminium construction. The general aim is to choose such a relationship 
between the rivet diameter and sheet thickness so that both the shear force acting on the 
rivet as well as the bearing pressure (clamping force) on the joint materials do not 
exceed the allowable maximum (Figure 4104.01.02).  
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Hints for Designing 

 
The unique properties of aluminium should be considered while designing riveted 
joints. As far as the design principles are concerned, one cannot simply transfer the 
guidelines used in designing for steel. 
 
The modulus of elasticity of aluminium is about a third that of steel so that a 
corresponding allowance for elastic deformation has to be incorporated in the design. 
 
Imperfections in the cross-section like those caused, for example, by holes and surface 
defects, tend to reduce the fatigue strength.  
 
In large as well as composite constructions, the thermal expansion must be taken into 
account, especially since the coefficient of thermal expansion of aluminium is about 
twice as large as that for steel (see Figure 4104.01.03). 
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Design of a Riveted Joint 

 
Fatigue cracks on the joint parts start mostly from the contour of the rivet head. 
 
This danger can be reduced by using a support plate, this being especially helpful when 
thin sheets are to be joint (Figure 4104.01.04). 
 
 

Bad Joint Good Joint

Danger of Damaging Thin
Sheet, Local Fatigue or 
Overloading

Notch Effect of Sharp
Profile Edge on Sheet

Cover Plate or Common
Base Plate for a
Number of Rivets

Design of a Riveted Joint 4104.01.04

Source: Company Documents of ALUSINGEN

Profile Edge Rounded

Training in Aluminium Application Technologies

alu

 
 

 



 

TALAT 4104 6 

Prevention of Corrosion in Composite Joints 

 
Galvanic (contact) corrosion can occur when composite joints of aluminium with a 
much nobler metal like copper, for example, are exposed to humidity.  
 
Contact corrosion can be prevented by coating all surfaces which come into contact with 
each other with a zinc chromate primer. 
For joints consisting of aluminium with other metals - like for example aluminium with 
steel - these precautionary measures suffice only in exceptional cases. Generally, the 
different metals should be isolated (Figure 4104.01.05). 
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4104.02  Material and Tooling Parameters 

 

• Factors influencing the quality of mechanical fastenings 
• Improving the operational life of clinching tools 
• Clinching of composite joints 
• Strength behaviour of clinch joints 
• The influence of material surface on the joint strength of clinch 

fastenings 
 
 

Factors Influencing the Quality of Mechanical Fastenings 

 
A number of factors must be considered while deciding whether or not a mechanical 
fastening method is suitable. In principle, one can differentiate among the influences of 
material, the semi product, the fastening machines and the fastening tools. Within each 
of these groups are a number of parameters which influence the design of the joint and 
consequently the load carrying capacity of a mechanical fastening (Figure 4104.02.01).  
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Particularly in the case of the "new" mechanical fastening technologies - like clinching 
or punch riveting - the numerous influencing parameters are a problem, since the 
experience and knowledge available is not sufficient. 
 

Factors Influencing the Quality of
       Mechanical Fastenings

4104.02.01

 Source: Budde, Klemens
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Improving the Operational Life of Clinching Tools 

 
The operational life of the fastening tools is an important criterion for the economy for 
light constructions. The operational life of clinching tools can be improved by a number 
of means, the most important of which are: modifying the tool geometry and/or the 
material, surface treatment of the fastening tool (Figure 4104.02.02). Current 
innovations in process technology have made it possible to achieve operational lives of 
200,000 points or more during clinching of sheet shaped products. 
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Clinching of Composite Joints 

 
Mechanical fastening techniques, like clinching without local incision, can be used to 
join different sheet and profile parts as well as metal sheets of varying thicknesses 
(Figure 4104.02.03).  
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Strength Behaviour of Clinch Joints 

 
Depending on the joint geometry, it is possible to have clinch joints with anisotropic 
(rod form), nearly isotropic (cross and star form) and isotropic (round form) properties. 
The properties of the joints depend more or less on the alignment of the joint to the 
loading direction (see Figure 4104.02.04). 
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The Influence of Material Surface on the Joint Strength of Clinch Fastenings 

 
The surface finish of the parts to be joint is an important parameter which governs the 
load carrying capacity as well as the consistency of mechanical fastenings of aluminium 
sheet shaped and profile parts. Thus, the influence of organic and metallic surface 
treatments or the presence of oil or grease on the surface has a significant effect on the 
joint quality (see Figure 4104.02.05). 
 
As in the case of adhesive joining, a high quality can be obtained only with a well 
defined surface. Under conditions which guarantee a uniform flow of material in the 
joining region, rough starting surfaces are advantageous, since these lead to an increase 
in the interlocked elastic load-carrying parts. 
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4104.03 Testing of Mechanical Joints 

 

• Geometry of samples for shear-tensile testing under dynamic reversed 
loading 

• Results using quasi statically loaded shear-tensile samples with different 
multiple-point joints 

• Results of fatigue tests on different multiple-point joints 
• Geometry of samples for impact testing 
• Results of impact tests using flanged double-C-channels with different 

joints 
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Geometry of Samples for Shear-Tensile Testing under Dynamic Reversed Loading 

 
The function of a mechanical fastening element which governs the joint strength of 
aluminium construction parts depends on the flow characteristics at the interface of the 
joint parts and to a large extent on the type of loading. The strength of mechanical 
fastenings is measured by loading simple multiple-point lapped-joint samples statically 
or dynamically (Figure 4104.03.01).  
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Results Using Quasi-Statically Loaded Shear-Tensile Samples with Different 

Multiple-Point Joints 

 
Just like experiments with single-element joints have shown, even multiple-point 
mechanical fastenings do not attain the strength of spot-welded joints under static 
loading (Figure 4104.03.02).  
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Results of Fatigue Tests on Different Multiple-Point Joints 

 
Experiments with multiple-point samples of aluminium sheets under dynamic loading 
have shown that both punch riveted as well as clinched joints deliver strengths similar to 
those reached with spot welding (Figure 4104.03.03). The above mentioned statement 
is only valid for joints in sheets which are not too oily and for which the joining 
parameters and the joint distances have been optimised. 
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Geometry of Samples for Impact Testing 

 
While evaluating the results presented here, it must be remembered that the experiments 
for measuring strength were conducted on single-element and multiple-point samples. In 
order to be able to transfer these results to practical situations, the experiments must be 
conducted under conditions closely resembling the expected operational conditions and 
using mechanical joints which have been optimised as far as the geometry and testing 
technique is concerned. The flanged double-C-Channels for impact tests is such an 
example (Figure 4104.03.04). 
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Geometry of Samples for Impact Testing 4104.03.04
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Results of Impact Tests Using Flanged Double-C-Channels with Different Joints 

 
Impact tests on mechanical fastenings lead to the conclusion that, in principle, 
mechanical fastenings are better than spot-welded joints for applications in which low 
forces act on the joints causing large deformations. 
Thus, one concludes that mechanical fastenings can be used effectively for joining 
aluminium sheet shaped products and profile parts used primarily for "soft" 
constructions, i.e. large-surfaced (flat) covering panels (Figure 4104.03.05). 
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4104.04  Cost Considerations 

 

• Comparitive costs of joining technologies 

• Cost comparison of joining technologies for steel and aluminium 
• Cost comparison of different joining methods for aluminium sheets 

 
 

Comparative Costs of Joining Technologies 

 
When choosing the right joining technology, all factors which may be relevant must be 
considered rationally and comprehensively. 
 
The economy of a joining technology is one of the decisive factors in choosing a 
particular fastening method for constructions. Mechanical fastening methods have 
indisputable economical advantages over "classical" joining techniques  
(Figure 4104.04.01). 
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Cost Comparison of Joining Technologies for Steel and Aluminium 

 
A comparison of costs of clinching with local incision and  spot welding shows that 
under certain circumstances, joining by clinching can be cheaper than spot welding (see 
Figure 4104.04.02). 
 
The economic advantage is all the more obvious, if one considers that by using the 
appropriate press arrangements, different types of joints, i.e. clinching and punch 
riveting can be made simultaneously.  
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Cost Comparison of Different Joining Methods for Aluminium Sheets 

 
When joining aluminium constructions, self-piercing riveting with half hollow rivets has 
an economical advantage over spot welding due to the fact that the former delivers 
joints with a higher strength under dynamic loading and that the operational life of 
equipment for spot welding aluminium is lower (Figure 4104.04.03). The cost 
advantage is further enhanced by the fact that non-destructive testing can be used for 
quality assurance of mechanical fastenings. 
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4107.01   Data Sources 

 

• Problems in applying mechanical joining technologies 
• Research aspects for mechanical fastening processes 
• Incorporating experimental results in a technological data base 

„mechanical joining technology“ 
• Input mask for component design in a scientific based (expert) system 

 

 

Problems in Applying Mechanical Joining Technologies 

 
At present, the advantages of mechanical joining technologies are not used at all or at 
least not to the full, since users are not sufficiently acquainted with the special features 
and limits of the individual joining technologies.  

Such a joining process can be used economically only if the user has a knowledge of the 
specific advantages and disadvantages, the possibilities and limitations of application, 
loading capacity, production tolerances etc. of the process. 

The application of mechanical joining technologies (i.e., clinching, etc.) has often 
proved to be an unsuccessful alternative to "conventional" joining methods (i.e., spot 
welding, etc.) because of the attempt to transfer technological parameters which have 
been optimised for "conventional" fastening methods directly to the mechanical joining 
process . 

A result of this "1:1" type of thinking is that clinch joints deliver inferior results 
compared to spot welding, this being especially true for dynamically loaded aluminium 
constructions (see Figure 4107.01.01). 
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Research Aspects for Mechanical Fastening Processes 

 
A large amount of research is oriented towards intensifying the use of mechanical 
fastening methods for joining aluminium constructions (Figure 4107.01.02). 
 
 

alu
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Research Aspects for Mechanical Fastening Processes 4107.01.02

Developing expert systems
Determining characteristic values for the joints
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Besides developing scientifically based systems (expert system) and collecting and 
evaluating characteristic joining parameters, current research concentrates particularly 
on the methods of simulating of mechanical joining processes. 
 

 

Incorporating Experimental Results in a Technological Data Base "Mechanical 

Joining Technology" 

 
As a consequence of the numerous influencing parameters which have to be considered 
for choosing a mechanical fastening process, potential users do not generally possess the 
necessary production technology and economical background required for being able to 
use the process. The preparation of a scientifically based system (expert system) is 
necessary, in order to be able to offer users the specific knowledge required to improve 
the efficiency and quality of the appropriate mechanical joining technology. 
 
For the data presentation, the knowledge of the constructive, production and economical 
aspects which is essential for using the mechanical joining technology has to be 
systemised and structured (Figure 4107.01.03). 
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Incorporating Experimental Results in a
Technological Data Base "Mechanical Joining" 4107.01.03

Source: Budde, Klemens
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Input Mask for Component Design in a Scientific Based (Expert) System 

 
The expert system offers a double help to the user. Firstly, the user can learn about 
mechanical fastening technologies without having an actual problem in mind. Secondly, 
he can solve an actual joining problem with the help of this system. 

In the first step, the user has to define his fastening problem using the expert system. 
Then the problem solving process is started in the form of a system-user dialogue. At 
the end of the session, the user is presented with the results of the consultation (Figure 

4107.01.04). 

This result can, for example, consist of a recommendation of a mechanical fastening 
method for joining an aluminium construction. 
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4107.02 FEM-Modelling 

 

• Fatigue strength of a punch riveted joint subject to shear loading 
• Schematic illustration of a mechanical fastening under 3-D loading 
• Diagram for characterising a mechanical fastening element under quasi- 

static loading 
• Model design for calculating a simulation for a clinch joint 
• Single-step clinching process without local incision 

 

 

Fatigue Strength of a Self-Piercing Riveted Joint Subject to Shear Loading 

 
An aluminium construction can be dimensioned and designed only if data regarding the 
behaviour of the joint under the actual limiting conditions (material thickness, load type, 
influence of environment etc.) is available. 

Sample forms, together with the appropriate experimental equipment, have been 
developed, making it possible to determine the necessary data for the existing 
combinations of material, thickness, mechanical joining technology, etc.. 

Experiments with multiple-point samples have shown that high strength joints are 
possible in aluminium sheets by using half hollow rivets for self-piercing riveting 
(Figure 4107.02.01). 
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Although the data gathered from the multiple-point samples can, in principle, be 
transferred to real structures, an adaption of this data is necessary for the real component 
to compensate for the different rigidities. 
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Schematic Illustration of a Mechanical Fastening under 3-D Loading 

 
Besides multiple-point samples which are similar to the actual constructional 
components, single-element joint samples are also used to determine the characteristic 
mechanical values. Single-element samples are most useful for determining basic 
information about the characteristic values of mechanical joints being studied as well as 
for parametrical studies of mechanical joining, since a large number of disturbing 
influences are eliminated here. 
 
In this connection, the aim is to obtain a single-element sample with which it is possible 
to obtain loading which is relevant practically. It must also be remembered here, that 
"locally formed" joints (like riveting, screw-fastening or clinching) are subject to a 3-D 
loading in actual use. This 3-D loading strains the joining element in two directions in 
the sheet plane (shear loading) and in a third direction normal to the joining plane 
(tensile loading) (see Figure 4107.02.02). 
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Diagram for Characterising a Mechanical Fastening Element under Quasi-Static 

Loading 

 
New single-element samples have been developed, enabling the mechanical joint to be 
tested under combined loading. With these samples it is possible to determine and 
evaluate correlations among different loading directions and different loading types 
(Figure 4107.02.03). 
 
Preliminary results obtained with an axially symmetrical clinch joint element without 
local incision, stress the enormous practical possibilities for evaluating mechanical 
joints. 
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Model Design for FEM-Simulation for a Clinch Joint 

 
In two-step and multiple-step clinching, a large range of joint thicknesses and material 
combinations can be joined by changing the operating parameters of the same tooling 
combination. On the other hand, different punch and die combinations would be 
necessary for single-step clinching. Currently, experiments are being conducted to help 
adapt the process for each individual joining problem. 

It is, however, possible to simulate mechanical joining processes with the help of non-
linear finite element programmes.  

The numerical study handles an axially symmetrical clinch element without local 
incision, manufactured using a rigid die (Figure 4107.02.04). 
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Single-Step Clinching Process without Local Incision 

 
The results of the clinching simulation make it possible to optimise the fastening tools 
for different aluminium alloys and thicknesses. It will be possible to document or 
analyse the current state of the joining process (Figure 4107.02.05). 
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At present, it is not possible to predict the joint strength under different loading 
directions using further  simulations. A comparison and evaluation of the results 
obtained using different forms of joint elements, is, however, a useful method for 
optimising the quality of mechanical fastenings, thereby enabling the use of these 
joining technologies in other applications, especially for load-carrying aluminium 
structures. 
 
 
 

 

4107.03  Summary 

 

• State of the art of mechanical technologies for joining aluminium 
• Joining techniques as part of the design concept (designing assumptions) 
• Joining technology as üart of the design concept (application example) 

 

 

State of the Art of Mechanical Technologies for Joining Aluminium 

 
In summary, it can be concluded that the use of mechanical fastening technologies for 
joining shaped sheet and profile components can bring enormous competitive 
advantages (Figure 4107.03.01). 
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The state of the art of mechanical fastening technologies clearly shows that it is 
becoming increasingly possible to solve joining problems efficiently by using 
mechanical fastening technologies, especially clinching and punch riveting.  
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Mechanical fastening offers not only technological but also
economical advantages !

The combination of mechanical fastening with adhesive joining
opens the way for new applications !
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State of the Art of Mechanical Technologies for Joining Aluminium

 
 

Joining Techniques as Part of the Design Concept (Designing Assumptions) 

 
The statement that modern applications can be designed more effectively using 
mechanical joining methods is valid only if the mechanical fastening technology is not 
judged solely on the basis of its "practicability". 

The mechanical joining technology also has an influence on the performance of the 
aluminium construction as a whole, a fact which should be considered when designing 
the construction (Figure 4107.03.02). 
 

Specific Application of Mechanical Fastening 
      in Modern Structural Design Concepts

Assumptions :
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Joining Technology as Part of the Design Concept (Application Example)  

 
The use of mechanical fastening technologies opens the way for new design concepts for 
aluminium shaped sheet and/or profile parts, the space-frame concept being such an 
example (Figure 4107.03.03). 
 
In contrast to the "conventional" joining technologies, new possibilities for rationalising 
using changed manufacturing processes and new aluminium materials are possible here.  
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4201.01   Introduction: Gas-Shielded Arc Welding of Aluminium 

 
Gas-shielded welding can be divided into the tungsten gas-shielded welding and the 
metal gas-shielded welding processes. The tungsten gas-shielded welding covers the 
processes  
 

− tungsten plasma arc welding (PAW) 
− inert-gas tungsten-arc welding (TIG),  

 
whereby TIG welding is the most widely used fusion welding process for aluminium. 
 
The plasma welding consists only of the plasma-arc welding process which works with 
a transferred arc.  
 
The metal shielded-gas welding is limited to the metal inert-gas welding process 
operating with an inert gas as shield, as well as a process combination with plasma 
welding (plasma metal shielded-gas welding - PMIG). 
 
A further subdivision is possible, depending on the mechanism of metal transfer: 
 

− without short-circuits by pulsed arc (p) 
− in short-circuit with a short arc (sh) 
− without short-circuits by spray (transfer) arc (sp) 
− partly short-circuit-free and in short-circuit by the   mixed arc (m) 
− short-circuiting with a long arc (l), (see Figure 4201.01.01). 
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The abbreviations used are: 
 
 
GAW Gas-shielded arc welding 
GTAW Gas-shielded tungsten arc welding 
GMAW Gas-shielded metal arc welding 
AHW Atomic hydrogen welding 
CAW Constricted arc welding 
TIG Tungsten inert-gas arc welding 
MIG Metal inert-gas arc welding 
MAG Metal active-gas arc welding 
PJW Plasma jet welding 
PAW Plasma arc welding 
PJPW Plasma jet plasma arc welding 

GMGMMA     Gas-mixture shielded metal-arc welding  
(MAGM) 
MAGC            CO2-shielded  metal-arc welding 
NGW Narrow-gap welding 
EGW               Electro -gas welding 
PMIG Plasma MIG welding 
 
p                Pulsed arc 
sh                    Short arc 
sp                     Spray arc 
l Long arc 

 
 
 
 

4201.02  TIG Welding 

 
• Principle of TIG Welding 
• TIG welding equipment 
• Watercooled TIG welding torch 
• Torch forms for TIG welding 
• Shielding gases for welding and cutting 
• Flow meters 
• Flow meter for torches 
• Effect of current and inert gas 
• Argon consumption for TIG welding 
• Tungsten electrodes for TIG welding 
• Influence of current type on weld pool 
• Arc burning with alternating current 
• Action of alternating current during TIG welding of aluminium 
• Function of filter condenser 
• TIG welding with pulsating square-wave alternating current 
• TIG alternating current welding parameters 
• Current loading of tungsten electrode 
• Manual and mechanised TIG welding 
• Macrostructure of TIG welds 

 
 

Principle of TIG Welding 

 
During TIG welding, an arc is maintained between a tungsten electrode and the work-
piece in an inert atmosphere (Ar, He, or Ar-He mixture). Depending on the weld 
preparation and the work-piece thickness, it is possible to work with or without a filler. 
The filler can be introduced manually or half mechanically without current or only half 
mechanically under current (Figure 4201.02.01). 
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The process itself can be manual, partly mechanised, fully mechanised or automatic. 
The welding power source delivers direct or alternating current (partly with modulated 
or pulsed current). 
 
A major difference between the welding of steel and the TIG welding of aluminium is 
the adhering oxide film on the aluminium surface which influences the welding 
behaviour and has to be concerned. 
 
This oxide film has to be removed in order to prevent oxides from being entrapped in 
the weld. The oxide film can be removed by varying the current type or polarity or also 
through the use of suitable inert gases. 
 
 

TIG Welding Equipment 
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TIG welding equipment consists of the following components: 
 

− Source of welding current (including welding controls, filtering condensers 
 and pulse modulation) 

− Torch unit with hose packet 
− Gas cylinders with pressure-reducing valve and flow meter  

 (Figure  4201.02.02) 
 
Modern welding power sources can deliver both direct and alternating current.  
 
The power sources have falling characteristic curves. The current can be varied in steps 
or continuously. The voltage required depends on the distance between electrode and 
work-piece and determines the operating point on the characteristic line. In modern 
power sources designed with transistors, the currents and times can be controlled 
continuously or can be regulated using control programmes. 
 
 

Watercooled TIG Welding Torch 

 
Depending on the magnitude of thermal stressing, the torches can be air or watercooled 
(for > 100 A). The watercooling cools both torch and current cable. A flow meter 
registers any water shortage, switching off the current in this case and thus preventing 
torch overheating. 
 
In the region of the gas nozzle and the arc burning location, the cooling action is 
provided by the inert gas. The torch should be airtight since humidity has a negative 
influence on the welding result (hydrogen absorption). The gas nozzle is made of metal 
or ceramics and insulated from the electricity conducting parts. The tungsten electrode 
has a protrusion length of 2 to 4 mm. A torch cap prevents any inadvertent contact with 
the electrode (Figure 4201.02.03). 
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Torch Forms for TIG Welding 

 
 Torches of different configurations are necessary to allow for the different 
accessibilities of the weld seams (work-piece form, welding position). Welding at 
locations which are difficult to access can be made easier by using the short or elongated 
torch forms.  
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Torch Forms for TIG Welding

Normal

Elongated

Short

Torch Forms of TIG Welding 4201.02.04

 
 
 
The torch design and size  also depend on the type of cooling (air or water cooled) 
(Figure 4201.02.04). 
 

Shielding Gases for Welding and Cutting 

 
The type of shielding gas used has a major influence on the weld quality. Only inert 
gases and their mixtures are utilised for welding aluminium, as opposed to the welding 
of steels (Figure 4201.02.05). The required purity of the gases must be guaranteed. It is 
most important that the limiting value for humidity is not exceeded. The gases are either 
delivered in compressed form in cylinders or obtained by a vaporisation process 
(liquefied gas) through pipe lines. 
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4201.02.05Shielding Gases for Welding and Cutting

Shielding Gases for Welding and Cutting
Designation Components in vol. %

Group   Nr.
Process Remarks

root protection

reducing

inert

weak

oxidising

strongly

oxidising

oxidising inert reducing inactiv

CO ²    O ² Ar He    H ²    N ²

R

I

M1

M2

M3

C

F

1

2

1
2

1

2

1

2

1

2

1

2

1

3

3

3

3

4

rest (1-2)

bal. (1-2)

1 ... 15

15 ... 35

100
100

 20 ... 80rest (1)

>  0 ...   5

>  0 ...   5 

>  0 ...   5 >   0 ...  3

> 0 ...   5

>   0 .. . 3

>  5 ... 25

>  3 ... 10
>   0 ...  8>  5 ... 25

> 25 .. 50

>  5 ... 50

> 10 ... 15

>   8 ... 15 

>   0 ... 30

0 ... 30 rest

MAG

100
rest

TIG, PAW,   root 

protection,  plasma

arc cutting

TIG, MIG, PAW

root protection

rest (1-2)

rest (1-2)

rest (1-2)

rest (1-2)

rest (1-2)

rest (1-2)

rest (1-2)

rest (1-2)

rest (1-2)

rest (1-2)

reducing

 
 
 
 

Flow Meters 

 
The pressure of the gas contained in cylinders is reduced by pressure-reducing valves 
(Manometers for indicating cylinder pressure).  
 
The amount of gas flowing in l/min is controlled via a regulating valve and indicated by 
the flow meter. In order to prevent any errors, the pressure-reducing valves have a 
colour code corresponding to the gas type (black for inert gases).  
 
The type of gas used is also indicated in the manometer (Figure 4201.02.06). 
 
 

Flow Meter for Torches 

 
Flow meters which can be fixed directly to the torch nozzle have proved to be very 
practical. This shows the amount of gas actually passing through the torch in l/min. A 
correction factor has to be used for the varying gas densities of the Ar-He mixtures or 
the pure helium used (He: 0.1785 kg/Nm3 

, Ar: 1.7844 kg/Nm3) (Figure 4201.02.07). 
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4201.02.06Flow  Meters

Gas Flow Meters

Manometer (for Gas Cylinder Pressure)

Indication of 
Gas Type

Flow Meter
(With Floating Ball)

Flow Control Valve

Color Code
for Gas Type
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Flow Meters for Torches 4201.02.07

Ar   100 %                    : f = 1.00

Ar     75 %   He   25%  : f = 1.00

Ar     50 %   He   50 % : f = 0.75

Ar     25 %   He   75 % : f = 0.57

He  100 %                    : f = 0.32

Gas Flow Meters for Torches

 
 
 

Effect of Current and Inert Gas 

 
Both direct and alternating currents are used for welding aluminium. The weld pool and 
the weld forms can be regulated by controlling the current type and the polarity. The 
heat developed is highest when helium is used.  
 
In direct-current, straight-polarity welding (electrode is negative with respect to 
aluminium), the heating of the electrode is kept to a minimum but the cleaning action on 
the weld pool is also minimum. Helium is used as the shielding inert gas. The 
breakdown of the oxide film is a result of the thermal stressing, i.e., melting occurs. 
Because of its high melting point (ca. 2050 °C), the oxide layer cannot be melted using 
argon as the shielding gas.  
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Effect of Current and Inert Gas 4201.02.08

Effect of Current and Inert Gas

Heat Efficiency

Cleaning Efficiency

Inert Gas

70 %

Bad

He

30 %

Good

Ar - He

50 %

Good

Ar -He

Argon  produces a flat weld poolHelium produces a deep weld pool

~

~

alu
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When direct-current reverse-polarity is used (electrode is positive with respect to 
aluminium), excessive heating of the electrode occurs, so that the electrode life is 
reduced or, as in some cases, even melting of the electrode end can occur.  
 
The reverse polarity (electrode positive) has a lower energy density so that the weld pool 
is shallower than in the case of straight polarity (electrode negative). Thus it is only used 
for welding thin-walled parts with low currents. However, good cooling and large-
diameter electrodes are necessary. The alternating-current welding is a compromise 
solution (Figure 4201.02.08). 
 
 

Argon Consumption for TIG Welding 
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Argon Consumption for TIG Welding 4201.02.09

Argon Consumption for TIG Welding

5    10  mm  20

Gas Nozzle Diameter

Argon Consumption
          l \ min

10

 9

 8

 7

 6

 5

 4
0,4      1,0                2,0                3,0   mm      4,0    

Work - Piece Thickness

Nickel-B
ased A

llo
ys

Aluminium

Tita
nium

 
 

The amount of shielding gas required depends on the material used and its thickness. 
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The gas consumption for titanium is higher than for steel, since a gas absorption by the 
former material must be prevented even at lower temperatures.  
 
Thus, trailing nozzles have to be used.  
 
The gas nozzle diameter has to be optimised for the electrode diameter used.  
 
Because of its lower density, the amount of argon required is larger than the helium 
amount needed (4201.02.09). 
 
 

Tungsten Electrodes for TIG Welding 

 

Oxide additions (oxides of thorium, zircon, lanthan and cer) to the tungsten electrode 
reduce the electron emission energy (pure tungsten 5.36 eV, thorated 2.62 eV). 
 
This improves:  
− the arc stability 
− electrode life 
− current loading capacity 
− arc igniting properties. 
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Tungsten Electrodes for TIG Welding 

Desig-   
nation

W

WT 10

WT 20

WT 30

WT 40

WZ   4

WZ   8

WZ 10

Material
No.

2.6005

2.6022

2.6026

2.6030

2.6036

2.6050

2.6062

2.6010

Oxide
Additions
Wt.  %

-

0.90 - 1.20 

1.80 - 2.20

2.80 - 3.20

3.80 - 4.20

0.30 - 0.50

0.70 - 0.90

0.90 - 1.20

ThO
2

ThO
2

ThO
2

ThO
2

2
ZrO

2
ZrO

LaO
2

<_ 0.20

<_ 0.20

<_ 0.20

<_ 0.20

<_ 0.20

<_ 0.20

<_ 0.20

<_ 0.20

Impuri -
ties
Wt.  %

Tungsten   

 Wt.  %

  99.8

  Rest

  Rest

  Rest

  Rest

  Rest

  Rest

  Rest

Colour    
Code

Green

Yellow

Red

Violet

Orange

Brown

White

Black

RAL    
No.

6018

1018

2002

4003

2003

8001

9010

9005

4201.02.10Tungsten Electrodes for TIG Welding

 
 
Thorated tungsten electrodes are most commonly used. For nuclear reactor construction, 
zircon oxide additions have proved effective. Lanthated electrodes are used for micro 
plasma welding and for plasma arc cutting (Figure 4201.02.10). 
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Influence of Current Type on Weld Pool 

 
The type of current used influences the weld pool created and the weld form as well as 
the form of the electrode used. 
 
Current loading and life of the electrode are much higher when the electrode is set to a 
negative polarity, since the emission of electrons from this hot electrode tip requires less 
energy than in the case of positive electrode polarity, where the electrons have to be 
emitted from the cold work-piece surface. 
 
The electrons emitted from the negative electrode bombard the work-piece giving up 
their kinectical energy as heat to produce a narrow and deep weld pool. The electrode tip 
is thin and narrowly tapered. The high-melting oxide film is not destroyed here, i.e., 
there is no cleaning action of the weld pool. 
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Influence of Current Type on Weld Pool

Direct Current Alternating Current

(+)
(-)

 
 
 
Conditions are reversed when the electrode is made positive with respect to the work-
piece. The electrons give up their kinetic energy to the electrode, causing an excessive 
heating of the electrode. Consequently, large-diameter electrodes with wide-angled tips 
have to be used. The weld pool is broader and flatter.  
Alternating current welding combines the characteristics of the above mentioned two 
variations (Figure 4201.02.11). 
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Arc Burning with Alternating Current 

 
In the alternating current welding, both current and voltage pass through a zero-phase, 
causing a periodic extinction of the arc. High voltage pulses are essential both in the 
negative as well as in the positive half-cycle to ignite the arc after each zero-phase is 
crossed (Figure 4201.02.12). 
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Action of Alternating Current during TIG Welding of Aluminium 

 
The oxide film can be destroyed or broken up thermally under helium gas shielding 
(direct-current, straight-polarity - electrode negative) or mechanically (alternating 
current under argon or Ar-He mixture). 
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e

Ar

Oxide Skin

Aluminium

Action of Alternating Current
during TIG Welding of Aluminium

Gas Ions Bombarding the Surface 
Break Up the Oxide Skin

Discarded Theory:
Electrons Emitting from the Material
Break Up the Oxide Film

Action of Alternating Current during TIG Welding
                                of Aluminium 4201.02.13

 
 
 
During the positive phase of the alternating current welding, gas ions are accelerated 
away from the electrode (anode) in the direction of the work-piece.  
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The bombardment with the relatively heavy ions breaks up the oxide film, thereby 
cleaning the weld pool (cleaning half-wave). At the same time, an electron stream 
bombards the electrode. The kinetic energy of the electrons is converted here, causing 
excessive heating of the electrode (Figure 4201.02.13).  
 
A cooling half-wave in which the electrode has a negative polarity follows the cleaning 
half-cycle (electrode positive). The electrons emitting from the electrode (cathode) 
bombard the work-piece causing the temperature to rise, without, however, being able to 
break up the oxide film. On the other hand, the ions striking the electrode hardly cause 
any heating of the electrode, so that the previously heated electrode can cool down. The 
alternating polarity increases the life of the electrode and also has the desired cleaning 
effect on the weld.  
 
According to current theories, a bombardment with electrons has no cleaning effect. The 
release energy of electrons from the oxide layer is 50 % less than from pure aluminium. 
Consequently, the electrons are emitted from the oxide film and not from the metal 
surface lying under it. Thus, a "tunnelling" or breaking up of the oxide film is not 
possible. 
 
 

Function of Filter Condenser 

 
While welding with alternating current, the maximum voltage amplitudes during the 
positive and negative half-cycle are not the same; one refers to this as the rectifying 
effect. The differences in the electron emission characteristics of the metal (or oxide) 
and the electrode cause the alternating current to be unbalanced.  
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Function of Filter Condenser

Positive and negative half-cycles unbalanced due to rectifier effect

Positive and negative half-cycles balanced through the use of filtering condensers
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Function of Filter Condenser 4201.02.14

 
 

The electron emission of the incandescent tip of the tungsten electrode is very much 
larger than that of the relatively cold weld pool surface, so that the amplitude of the 
negative half-cycle is higher. This effect reduces the cleaning action and the stability of 
the arc.  
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Filter condensers are used to produce a balanced wave (Figure 4201.02.14). 
 
 

TIG Welding with Pulsating Square-Wave Alternating Current 

 

With modern power sources it is possible to weld with impulse overlay and alternating 
polarity of the direct current as well as with square-waved alternating current. Thus it is 
possible to choose the pulse duration and pulse pauses as well as the pulse amplitude 
independently.  
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TIG Welding with Pulsating Square-Wave
Alternating Current

Positive polarity of electrode:

  - breaks up the oxide skin,

  - excessive heating of electrode tip

Negative electrode polarity:

  - lower temperatures,

  - cooling of electrode tip,

  - base material melts

Time

1Cycle

V
o
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a
g
e

+

-

Positive Half-Wave

Negative Half-Wave

 
 

The balanced-wave alternating current (positive and negative half-cycles are 
symmetrical) can be altered so that the cleaning half-cycle duration is reduced and the 
cooling-phase half-cycle duration increased. Thus, the positive phase - heavily reduced 
in duration and amplitude - serves only as the cleaning phase, and the negative phase 
exclusively as the melting phase. The square-wave form of the alternating current has 
the added advantage that the steep transition from positive to negative guarantees the 
ignition of the arc without having to use a high frequency overlaying voltage (Figure 

4201.02.15). 
 

TIG Alternating Current Welding Parameters 

 
The maximum current strengths used for alternating current welding are around 400 A, 
the current strength for direct current welding being around 600 A (negative polarity 
under helium). The guiding values for manual and fully mechanised welding can be 
obtained from the corresponding tables (see Figure 4201.02.16). 
 
The direct current welding with helium is generally fully mechanised. The small arc 
length (ca.1mm) which must be maintained for this type of welding makes manual 
welding very difficult.  
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alu TIG Alternating Current Welding Parameters 4201.02.16

TIG Alternating Current Welding Parameters

Work
Thickness

1
2
4
6
8
10

Alternating Welding 
Current in A

Welding Position

Tungsten 
Electrode
Diameter

Welding
Rate

Welding
Rod 

Diameter

Argon
Consumption

No. of
Passes

PA PF PEmm mm cm/min mm l/min

  50-  60
  80-100
160-190
250-290
300-350
330-380

  40-  60
  75-  95 
155-185
210-250
240-290
250-300

  40-  60
  70-  60
150-180 
200-240
230-280
250-300

1.6
1.6-2.4

2.4
3.2-4.0

4.8
4.8-6.4

30
30
28
25
20
15

2.0
2.0
3.0
4.0
4.0
6.0

  3-  5
  4-  7
  4-  9
  6-10
  8-12
10-14

1
1
1
2

2-3
3-4

 
 
 

Current Loading of Tungsten Electrode 

 
The current strengths required can be estimated from the form of the tungsten electrode.  
For direct current welding, the electrode is ground to an angle of ca. 20 to 25°. The arc 
should surround the tip symmetrically. Too high currents cause the tip to melt. Due to 
the lower thermal stressing, small-diameter electrodes can be used for direct current 
welding.  
 

Training in Aluminium Application Technologies

alu

4201.02.17Current Loading of the Tungsten Electrode
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Over-

loaded

Proper

Loading

Over-
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Alterning Current Direct Current

Current Loading of Tungsten Electrode

 
 
 
During alternating current welding, thicker electrodes are used. When the proper current 
strength is used, a hemispherical molten bead is formed at the end of the electrode. This 
bead, however, should not be allowed to grow too large in size. When the current 
strength is too low, only a local melting occurs (Figure 4201.02.17). 
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Manual and Mechanised TIG Welding 

 
Depending on the torch manipulation and the filler metal introduction, one refers to  
 
− manual welding (torch and filler metal are manipulated by hand, as in gas welding) or  
− fully mechanised welding (torch and filler metal are manipulated mechanically)  
(Figure 4201.02.18). 
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Fully Mechanised TIG WeldingManual TIG Welding

Manual and Mechanised TIG Welding

Manual and Mechanised TIG Welding 4201.02.18

 
 
 

Macrostructure of TIG Welds 

 
Current type and polarity as well as the shielding gas type influence the weld geometry.  
 
The micrograph shows a flat and broad penetration during positive polarity under argon 
gas shielding. The mixing of helium to argon in the alternating current welding, 
produces a broader penetration profile (Figure 4201.02.19). 
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Macrostructure of TIG Weldings

Macrostructure of TIG Weldings 4201.02.19

AlZn4,5Mg1 F35; 2.5 mm  thick, Filler Metal S-AlMg4,5 Mn; Square Butt Joint; Position PA

Alternating Current;
100 Ar

Direct Current;
100 Ar; 
Electrode + ve

Alternating Current;
50 Ar + 50 He
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4201.03  Plasma Arc Welding  

 
• Principle of plasma arc welding 
• Arc form during TIG and tungsten plasma-arc welding 
• Weld Pool Form and Heat Affected Zone 
• Varying Arc Stabilities 
• Principle of the Keyhole Plasma Arc Welding 
• Guide Values for the Positive Polarity Plasma Arc Welding 
• Principle of the VPPA Welding 
• Guide Values for the VPPA Welding 
• Macrostructure of VPPA Welds 
• Advantages of Plasma Arc Welding over to TIG Welding 
• Process Steps of the Plasma Arc Cutting 
• Guide Values for Plasma Arc Cutting 
• Characteristics which Determine the Quality of a Plasma Arc Cut 

 
 

Principle of Plasma Arc Welding 

 
Thermal plasma consists of electrons, ions and neutral particles under high temperature 
and subject to a disordered violent movement. The molecules are partly dissociated and 
the atoms ionised. During collision with the work-piece surface, these give their energy 
up to the work and recombine. (Figure 4201.03.01) 
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PAW

Gas-Shielded Arc Welding of Aluminium

GAW

GTAW

AHW TIG

PJW PJPW

GMAW

MIG MAG

GMMA MAGC

     

EGWNGW PMIG

p sh m sp l

4201.03.01Gas-Shielded Arc Welding of Aluminium

CAW

 
 
 
The plasma is concentrated in the inside of the jet, thereby delivering a narrow plasma 
jet with a very high energy density. The plasma arc is, therefore, constricted and arcs 
between the tungsten electrode and the work-piece (Figure 4201.03.02). The shielding 
gases used here are exclusively inert gases like argon, helium or a mixture of these 
gases. The tungsten electrode has a negative polarity and the work-piece a positive 
polarity (straight polarity). 
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Tungsten Electrode
Contact (for current)

Shielding-Gas

Shielding-Gas Nozzle

Filler Metal

Principle of Plasma Arc Welding

Work-Piece

Weld Seam

Transferred Arc

Principle of Plasma Arc Welding 4201.03.02

Plasma-Gas
Plasma-Gas Nozzle

Welding
Power Source

Igniting Equipment

 
 
 

Arc Form during TIG and Tungsten Plasma-Arc Welding 

 
Compared to the TIG arc, the constricted plasma arc has a much lower divergence, i.e., 
much larger changes in arc length can be tolerated. Thus, for example, a 20 % increase 
of arc cross-section corresponds to a ten times larger length of the plasma arc than of the 
TIG arc. This explains the relative insensitivity of the plasma arc to surface unevenness 
(Figure 4201.03.03). 
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45 °
6 °

20 % Change in Cross-Section of Arc

TIG PAW

 
 

 

Weld Pool Form and Heat Affected Zone 

 
The ratio of penetration (weld depth) to weld width is twice as large for plasma arc 
welding as for TIG welding, making it possible to create narrow, deep weld profiles. 
Consequently, thicker sheets can be welded using square butt joints. 
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The amount of filler metal and the heat input is much lower, so that distortion is less and 
heat sensitive materials can be better controlled.  
 
The overhead shows a plasma arc weld with a "wine glass" type of weld penetration 
(Figure 4201.03.04). 
 
 

Varying Arc Stabilities 

 

The bundled and strongly constricted plasma stream  is stabler than in the TIG process. 
The plasma arc does not tend to "stick" to edges and the weld pool (Figure 4201.03.05). 
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Varying Arc Stabilities

4201.03.05

TIG Plasma Arc Welding
(PAW)

 
 
 

Principle of the Keyhole Plasma Arc Welding 

 
Because of its high energy density, plasma arc welding is suitable for welding thicker 
cross-sections. One variation is the keyhole plasma arc welding. The plasma arc pierces 
through the welding parts and pushes the weld pool to the sides. By proper choice of 
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process parameters, it is possible to form a weld pool which holds itself  by its own 
surface tension. The molten metal behind the keyhole flows together and solidifies again 
(Figure 4201.03.06). 
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Principle of the Keyhole Plasma Arc Welding

+ - Plasma Gas (Argon/Helium)

Shielding Gas (Argon/Helium)

Direction of Movement

Keyhole

Emerging PlasmaMolten Welding Material

Keyhole

Principle of the Keyhole Plasma Arc Welding 4201.03.06

 
 

The energy is delivered over the total thickness of the work-pieces and not only to the 
surface. This leads to in-depth welding at high speeds.  
 
The high viscosity of the weld pool makes it possible to weld parts in a horizontal 
position which are up to about 5 mm thick. Thicker materials have to be welded in a 
vertical position with the plasma jet moving upwards. The keyhole plasma arc welding 
can only be carried out in a mechanised process. 
 

Guide Values for the Positive Polarity Plasma Arc Welding 

 
Because of the excessive heat produced at the positively poled electrode, the current 
strength should be limited to a maximum of about 170 A. Currents of up to 300 A can 
be used for water-cooled copper electrodes (Figure 4201.03.07). 
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Guide Values for the
Positive Polarity Plasma Arc Welding

Sheet
Thickness
mm
a) Manual Welding
1
2
2
3
4
4
6

b) Mechanised Welding
2
4
6

Current

A

30
35
40
50
75
80
110

50
80
120

Nozzle
Diameter

mm

2.4
2.4
2.4
2.4
3.2
3.2
3.2

2.4
3.2
3.2

Plasma
Gas (Ar)

l/min

0.8
0.8
0.9
1.0
1.2
1.2
1.6

1.0
1.2
1.8

Shielding
Gas (He)

l/min

6-8
8-10
6-8

10-12
10-15
8-10

10-15

8-10
10-12
10-15

Filler
Rod
mm

-
2.4
2.4
3.2
3.2
3.2
3.2

2.4
2.4
3.2

Welding
Rate

cm/min

0.72
0.54
0.32

Joint Form: Square Butt

Source: Messer Griesheim

Guide Values for the Positive Polarity
Plasma Arc Welding

4201.03.07
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Principle of the VPPA Welding 

 

The VPPA welding of aluminium (Variable Polarity Plasma Arc) is a variant of plasma 
arc welding with a square-waved alternating current. The power sources used allow the 
amplitude and duration of the negative half-cycle and the positive half-cycle to be varied 
independently (variable polarity).  
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Principle of the VPPA Welding
(Variable Polarity Plasma Arc)

Direct Current Positive
Polarity Time
1.0 to 99.9ms

Direct Current Negative PolarityTime
5.0 to 99.9ms

Direct Current Negative
Polarity Amplitude
3 to 299A

Direct Current Positive 
Polarity Amplitude
3 to 299A

Additional Direct Current
Positive Polarity Amplitude
5 to 99A

 
 
 
At the same time, the positive half-cycle can be overlaid with a direct current of variable 
amplitude (Figure 4201.03.08). 
 

Guide Values for the VPPA Welding 

 
The VPPA welding is mostly carried out in the welding position PF (vertical upwards). 
The sheets with thicknesses of about 3 to 15 mm are welded as a closed square butt joint 
using the keyhole plasma arc welding process.  
 
 

Training in Aluminium Application Technologies

alu

Guide Values for the VPPA Welding
(Variable Polarity Plasma Arc)

Welding Position PF

Work Thickness in mm
Aluminium Alloy
Filler Metal  1.6mm
Wire Feed Rate in cm/min
= DC Current in A
= DC Time in ms
Additional = DC Current in A
= DC + Current Time in ms
Plasma Gas 1 in l/min
Plasma Gas 2 in l/min
Shielding Gas in 1/min
Tungsten Electrode  in mm
Welding Rate in cm/min

4.8
6061
5356

1
100
19
70
4

0.7 Ar
2.4 Ar

18.8 He
3.2

25.4

6.4
3003
2319

84
155
19
70
3

0.9 Ar
2.4 Ar

16.5 Ar
3.2

22.9

7.9
5052
5356

99
190
19
70
4

0.9Ar
2.4 Ar

18.8 Ar
3.2

15.9

9.5
2219-T87

2319
84

220
19
50
4

0.9 Ar
2.4 Ar

16.5 Ar
3.2

15.2

12.7
5454
5556
112
270
19
70
3

0.9
3.8

18.8
4

15.2

Guide Values for the VPPA Welding 4201.03.09
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Depending on the alloy composition, the filler metal, the wire thickness and the sheet 
thickness, following parameters can be set: 
 

− wire feed and 
− welding rate, 
− current amplitude and  
− duration as well as  
− flow speed of the plasma gases and the shielding gases (Figure     4201.03.09). 
 
 

Macrostructure of VPPA Welds 

 
The shielding gas and its composition used during the VPPA welding of aluminium 
influences the joint geometry.  
 
The overhead compares the narrow joints produced using 100 % argon with the broader 
one produced using a mixture of 50 % argon and 50 % helium (Figure 4201.03.10). 
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Macrostructure of VPPA Welds 4201.03.10

AlMg4,5Mn F 27 ; 6.0 mm Thick

Filler Metal S-AlMg4,5Mn

Weld Joint Square Butt, Position PF

Shielding Gas: 100 Ar 50 Ar + 50 HeShielding Gas: 

Macrostructure of VPPA Welds
(Variable Polarity Plasma Arc)

 
 
 

Advantages of Plasma Arc Welding over to TIG Welding 

 
Figure 4201.03.11 compares the plasma arc welding and TIG welding processes, 
showing the advantages of the former. 
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Advantages of Plasma Arc Welding 

over TIG Welding

* Reliable arc ignition due to pilot arc

* Stable arc

* Insensitive to changes in torch-to-work distance

* Higher welding speeds

* Less distortion due to narrow HAZ

* One-sided welding possible also for thicker sheets

* Controlled through welding using the keyhole technique

* Less effort required for edge preparation

* Filler metal not required

* Deeper penetration

* Tungsten inclusions avoided

Advantages of Plasma Arc Welding

over TIG Welding
4201.03.11

 
 
 

Process Steps of the Plasma Arc Cutting 

 
Plasma arc cutting can be used to cut metals which cannot be cut using the oxyacetylene 
flame cutting (e.g., Al, Cu, CrNi-steels). The high energy density of the restricted 
plasma arc and its kinetical energy is utilised in melting and blowing away the molten 
metal from the cutting groove.  
 
A pilot (auxiliary) arc is drawn between electrode and the gas cup, this arc being 
transferred to the work when the torch is brought near the work. The plasma gas (a 
mixture of argon and hydrogen in the ratio 3:2 is usually employed) dissociates and 
ionises at the incandescent tungsten electrode, streaming with a high kinetical energy 
through the torch orifice to the work-piece. This energy is converted to heat at the work 
edges, causing these to melt. The moving gas stream then sweeps away the molten metal 
leaving a cut groove (Figure 4201.03.12). Sheets with a maximum thickness of around 
150 mm can be cut (150 kW arc power). More economical cutting solutions are 
possible, using variations of the process, like the water injection plasma cutting (WIPC).  
 

Process Steps of the Plasma Arc Cuttingalu
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4201.03.12

Direction of Movement

Torch

Work

Process Steps of the Plasma Arc Cutting

Source: Farwer

Electrically Conducting Plasma
Jet with Supersonic Nodes

Zone of Oscillating
Anode Base Point

"Plasma Flame"
without Current

Sparks of Material Cut from Groove

Cutting Grooves

Hot Gas
Envelope

 



 

TALAT 4201 26 

Guide Values for Plasma Arc Cutting 

 
The cutting performance depends on a number of factors, so that the choice of the 
equipment to be employed is based especially on the economical aspects of the process. 
Gas costs and the environmental considerations must be considered before procuring the 
equipment (Figure 4201.03.13).  
 
 

Guide Values for Plasma Arc Cutting

Amm

Current
for
Cutting

A

Consumption

Ar-
gon

Arc
Power

Equipment Power

Open
Circuit
Voltage

Nozzle
Dia.

mm

10
20
30
40
50
60
70
80
90

1600
900/1200
700
500
300/400
250
  -
  -
  -

250
250
250
250
250
250
250
250
250

12
20
20
20
25
25
25
25
25

max.50 400

1.4

2.5

Source:  DVS

Sheet
Thick-
ness

Cutting
Current

Cutting
Rate

Cutting
Rate

4500
2000
1200
  700
  500
  300
  200
  150
  100

Hydro-
gen

 8
10
10
10
12
12
12
12
12

120
120/200
200
200
200/250
250
  -
  -
  -

mm/min mm/min

Setting-Values

Quality Cut Rough Cut

l/min. kW V

Guide Values for Plasma Arc Cutting 4201.03.13alu
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Characteristics which Determine the Quality of a Plasma Arc Cut 

 
 

r

Cutting Groove
Groove Width

Reference Line

n

Characteristics which Determine the Quality
                  of a Plasma Arc Cut
Deviation from nominal dimensions
Straightness
Tolerances in perpendicularity and taper u
Average peak-to-valley depth of roughness Rz  (depends on alloy)
Grooving drag n
Melted edge radius r

Nominal Dimension di

Nominal Dimension dau u

u u Z

Z Z Z Z

1

2 3 4 5

Characteristics which Determine the
    Quality of a Plasma Arc Cut

4201.03.14

R  =
Z

5

n

Z

Σ
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DIN 2310 part 1 lists a number of characteristics which have to be evaluated to judge 
the quality of cuts produced employing the gas-shielded plasma arc cutting process. One 
can thus differentiate between form, position and dimensional tolerance on one hand 
and the cut surface quality on the other (Figure 4201.03.14).  
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4201.04  Metal Inert Gas Welding (MIG) 

 

• Principle of MIG welding  
• Guide values for the manual MIG welding 
• MIG welded joint profiles as a function of shielding gas and welding 

 parameters 
• Influence of contact tube distance on MIG welding current and       

penetration 
• Modifications of MIG welding 
• MIG Welding with pulsed current 
• Macrostructures of MIG welds  
• Guide values for thick-wire MIG welding 
• Melting Power of thick-wire MIG welding 
• Principle of the narrow-gap MIG welding 
• Principle of the plasma-arc MIG welding 
• Fields of application for the shielded gas welding of aluminium 

 
 
 
 

Principle of MIG Welding 
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Gas-Shielded Arc Welding of Aluminium

GAW

GTAW

AHW TIG

PJW PJPW

GMAW

MAG

GMMA MAGC

     

EGWNGW PMIG

p sh m sp l

CAW

PAW

4201.04.01Gas-Shielded Arc Welding of Aluminium

MIG

 
 
 
Analogous to TIG welding, MIG welding is conducted using inert gases (Figure 

4201.04.01. The arc is drawn between the melting wire electrode and the work. The 
current to the positively poled wire is supplied through a contact nozzle (tip). Here it is 
possible to work with high current densities (> 100 A/mm2). In comparison, the current 
densities used for TIG welding with alternating current lie around 20 to 30 A/mm2 
(Figure 4201.04.02). 
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Wire Transport Rolls

Welding
Power
Source

Wire Electrode

Contact Nozzle
(for Current)

Weld Seam

Nozzle

Shielding Gas

Arc

Workpiece

Principle of MIG Welding 4201.04.02

Principle of MIG Welding
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The melting power of MIG welding is thus very much higher than with the TIG process. 
Contact nozzle and the relatively short wire end are surrounded by inert gas. This gas 
serves to protect the melt pool, wire and arc as well as to cool the contact nozzle.  
 
The filler wire (0.8 to 2.0 mm diameter) is delivered as rolls and fed to the welding zone 
with the help of wire feed rolls. 
 
 

Guide Values for the Manual MIG Welding 

 
Manual MIG welding is usually carried out in the lower power levels (< 400 A) because 
of the weld pool size, arc radiation and the heat developed. Wire diameters of up to 1.6 
mm are used. At higher power levels, fully mechanised or automatic equipment is 
employed (Figure 4201.04.03).  
 
 

Guide Values for the Manual MIG Welding Process

Work-
piece
Thic-
kness

Welding
Current

Arc
Voltage

Wire
Electrode
Diameter

Welding
speed

Argon
Consum-
ption

No of
Passes

  4
  6
  8
10
15
20
25

180
200
240
260
270
270
280

22
23
23
24
24
24
25

1,2
1,2
1,2
1,6
1,6
1,6
1,6

90
80
75
70
65
60
60

15
15
16
18
20
20
20

1
1
1
2
4 -   6
4 -   8
4 -  10

1)  10 to 20 % Higher Current for Fillet Welds. Higher Currents for Filler Metal of
     Type S-AlMg, Lower for Type S-AlSi.

2)  Use Higher Inert Gas Flow Rate for S-AlMg Fillers than for S-AlSi, Helium 
     Consumption about 2.5 to 3 Times Higher than the Values Given here.

mm A V mm cm/min

1)
2)

dm /min
3

Guide Values for the Manual MIG Welding 4201.04.03
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MIG Welded Joint Profiles as a Function of Shielding Gas and Welding 

Parameters 

 
The penetration during the welding of aluminium depends not only on the current and 
voltage but also on the composition of the shielding-gas used. This is illustrated in 
Figure 4201.04.04 for dummy welds on AlMg5 using a filler wire of the same 
composition. The most unfavourable conditions occur when pure argon gas is used. 
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MIG Welded Joint Profiles as a Function of 
Shielding Gas and Welding Parameters 4201.04.04

MIG Welded Joint Profiles as a Function of 
Shielding Gas and Welding Parameters
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Influence of Contact Tube Distance on MIG Welding Current and Penetration 

 
During steel welding, the penetration and current decrease with increasing contact tube 
distance.  
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Influence of Contact Tube Distance on
MIG Welding Current and Penetration

4201.04.05

Influence of Contact Tube Distance on
MIG Welding Current and Penetration

Source: Haas

Shielding Gas:

50% Ar + 50 % He

25 l/ min

Base Material:
AlMg4,5Mn

Wire Electrode :

SG-AlSi5; ∅ 1.6 mm

Current/ Voltage:

Wire Feed:

Welding Rate:

285 A/ 28 V 280 A/ 28 V

15 mm

19
9

Welding Direction

340 A / 27 V

9 m / min

50 cm / min

11 9

12°12°

19 17
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The MIG welding of aluminium shows an opposite behaviour, i.e., current and 
penetration increase with increasing contact tube distance (Figure 4201.04.05). The 
reason for this diverging behaviour is the different energy conditions existing in the steel 
and aluminium arcs.  
 
 

Modifications of MIG Welding 

 
A number of modifications to the MIG welding process have made it possible to 
diversify the fields of application for this welding process. 
 
Pulsed welding which has a number of advantages is most widely spread: 
 
− a short-circuit-free transfer to the material is possible even for thin sheets (< 4mm). 
− stable arc 
− degassing is easier in a pulsing bath (lower porosity) 
− thicker wires, which have the advantage of a lower ratio of oxidised surface to wire 
volume, can be used to replace thinner wires.  
 
In thick-wire welding it is possible to employ higher currents.  
 
In high-current welding, thin wires are melted using high current densities.  
 
In narrow-gap welding, thick sheets can be welded without any edge preparation. 
Because of the narrowness of the gap, less filler metal is required. This leads to a 
decreased heat development with relatively low distortion.  
 
The plasma-MIG welding is a process combination in which a plasma arc and a MIG arc 
are established simultaneously. 
 
In MIG spot welding, overlapping sheets are melted in local spots (Figure 4201.04.06). 
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Modifications of MIG Welding 4201.04.06

Modifications of MIG Welding

- MIG welding with pulsed current
  (Pulsefrequency can be varied smoothly)

- MIG thick-wire welding
  (Wire diameter 3.2 to 6.0 mm; 400 to 800 A)

- MIG narrow-gap welding
  (Web distance 6 to 9 mm; 2 special wire electrode arrangements)

- Plasma MIG welding
  (similar to plasma arc welding; better penetration)

- MIG spot welding
  (Producing overlapped joints; special torches)

- MIG high-current welding
  (Wire diameter 1.2 mm; 400 A: ≤ 32 mm single pass; square butt)

 
 
 



 

TALAT 4201 31 

MIG Welding with Pulsed Current 

 
Using a thyristor power source for the pulsed MIG welding, it is possible to vary the 
frequency in steps (25, 33 1/3, 50 and 100 Hz). 
 
The frequency of current from modern transistorised power sources can be varied 
continuously up to 300 Hz. 
 
The process is based on the principle, that the overlaid pulse enhances the pinch effect, 
causing the molten metal droplet (bead) to fall from the wire electrode. A strong current 
pulse is overlaid on the basis current, the latter being required to maintain a stable arc.  
 
The current exceeds a certain critical value, making a short-circuit-free transfer of 
material possible. The heat input can thus be ideally controlled to suit the base and filler 
materials. Material overheating and spray formation is almost nonexistent (Figure 

4201.04.07). 
 
Even thin sheets can be welded with thick wire electrodes. The well-known transport 
problems with aluminium wires can be avoided. 
 
 

Training in Aluminium Application Technologies

alu 4201.04.07MIG Welding with Pulsed Current

MIG Welding with Pulsed Current

Pulse Current

Base Current

1

2

3

4

5C
u
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n
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Time

Spray Transfer

1. After Release of Droplet

2. Thickening

3. Pinching

4. Droplet Released

5. After Release of Droplet

1          2          3          4          5

Droplet Transfer

 
 
 

Macrostructure of MIG Welds 

 
Figure 4201.04.08 clearly shows that even in pulse welding the typical behaviour of 
shielding gas employed is observed here also. The higher energy input of helium 
produces broader and flatter welds. 
 
 



 

TALAT 4201 32 

alu

Training in Aluminium Application Technologies

4201.04.08Macrostructure of MIG Welds

Macrostructure of MIG We lds

Pulsed Welding 100  Ar

Pulsed Welding, 50 Ar +50 He

AlMg4,5Mn F27; 2.5 mm thick; Filler S-AlMg4,5Mn; 
Weld Joint Square Butt; Position PA 

 
 
 

Guide Values for Thick-Wire MIG Welding 

 
Thick sheets with or without joint gaps can be welded and capped using thick-wire MIG 
welding.  
 
Sheets up to 30 mm thick can be welded using an argon-helium mixture (Figure 

4201.04.09). 
 

Guide Values for Thick-Wire MIG Welding

Welding

Current

Welding

Speed

Wire elec-

trode Dia

Joint Form, Web Height

No. of Passes

Shielding Gas

Consumption

Sheet

Thickness

25 4 1st  Pass 450

Cap Pass 500

25 Argon

46 l/min

Double Y Joint,       70 °

4 mm Web Height

Pass + Cap Pass

25 4.8 1st  Pass 500

2nd Pass 500
30 Argon

46 l/min
Double Y Joint,       70 °

3 mm Web Height

Pass + Cap Pass

50 4 1st to 4th

Pass 550

25 75 % He

25 % Ar

105 l/min

Double Y Joint,       70 °

4 mm Web Height

Pass + Cap Pass +

1 Cover Pass Each

50 4.8 1st  Pass 750

2nd Pass 550

32 75 % He

25 % Ar

55 l/min

Double Y Joint,       90 °

26 mm Web Height

Pass + Cap Pass

75 5.6 1st to 6th

Pass 650

25 75 % He

25 % Ar

55 l/min

Double U Joint,       30 °

6.5 mm Web Height

Pass + Cap Passes Each

mm mm A cm/min l/min

Guide Values for Thick-Wire MIG Welding  4201.04.09
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Deposit Efficiency of Thick-Wire MIG Welding 

 
With the high currents employed here, melting powers of 10 kg/h and higher can be 
attained. The current density existing in the thinner wires can be more than twice as 
large as the current density for thicker wires (Figure 4201.04.10). 
 

Training in Aluminium Application Technologies

alu 4201.04.10Deposit Efficiency of Thick-Wire MIG Welding

Source: Kaiser Welding
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Principle of the Narrow-Gap MIG Welding 

 
Special water-cooled wire electrode feeding mechanisms are required for the narrow-
gap MIG welding. A melting of the joint edges is guaranteed by a suitable bending of 
the wire or by oscillation (weaving).  
 
A number of passes can be applied simultaneously by using a tandem arrangement 
(Figure 4201.04.11). 
 
 

Principle  of the Narrow - Gap MIG Welding

Principle  of the Narrow - Gap MIG Welding

4201.04.11

Source: Sciaky

Ready Weld Passes

Direction of 

Movement of Torch

Plate Thickness

Follower (Trailing) Torch

Leading Torch

1. Wire Guiding "Sword"

2. Contact Pipe

3. Shielding-Gas Conduction

1

3

3

2

6 to 9 mm
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Principle of the Plasma-Arc MIG Welding 

 
The melting power of the MIG welding arc is increased by adding a plasma arc to it.  
 
The plasma arc preheats the work and wire, thus avoiding cold-shut defects at the start 
of the weld. The "hot" wire can be fed at a higher rate producing a higher melting 
performance (Figure 4201.04.12). With this method, square butt joints can be made 
even in thicker sheets.  
 
Large-sized torches are required for this combined process, making a manual welding 
impossible.  
 

Power
Source

Nozzle

Tungsten Electrode

Shielding Gas

Plasma Gas

Contact Pipe

Wire Electrode

Workpiece

Principle of the Plasma-Arc MIG Welding 4201.04.12
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Fields of Application for the Shielded Gas Welding of Aluminium 

 
A comparison of the common processes for welding aluminium shows that MIG 
welding is employed for thicknesses greater than 2 to 3 mm. TIG welding is employed 
for lower thicknesses. With the micro plasma arc welding, currents lower than 1 A can 
be utilised, making it possible to weld thin sheets and foils (Figure 4201.04.13). 
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     Fields of Application for the Shielded Gas
                  Welding of Aluminium

Fields of Application for the Shielded Gas
                Welding of Aluminium

4201.04.13

Use Limited Due to Economical Reasons

Optimum Operating Range

Not Possible

Sheet Thickness in mm

 2         4        6         8       10       12       14       16

TIG Welding

MIG Welding

MAG Welding

Pulsed Arc Welding

Plasma Arc Welding

Plasma Arc Cutting

Source: Aichele

Double - Sided TIG Welding
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4202.01  Weld Cracking Sensitivity 

 
• Weldability of aluminium and its alloys 
• Solidification types of aluminium welds 
• Houldcroft test for determining the weld cracking sensitivity 
• Houldcroft test with alloy 6013-T6 (AlMgSiCu) 
• Results of the houldcroft test for various alloys 
• Cracking sensitivities of aluminium alloys containing Si and Mg 
• Cracking sensitivities with different alloying elements 
• Melting and solidification intervals for wrought aluminium alloys 
• Cracking sensitivity as a function of the solidification range 
• Reducing the weld cracking by preheating and by using suitable filler      

methods 

 

 

Weldability of Aluminium and its Alloys 

 
The weldability of aluminum parts covers the aspects of suitability of welding with 
respect to the material properties, reliability of design and the manufacturing 
possibilities (Figure 4202.01.01).  
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Weldability of Aluminium and its Alloys

The Weldability of Aluminium Parts Depends on:

* the Welding Properties of the Alloy
    Chemical Composition

    Metallurgical Properties

    Physical Properties

* the Design and Service Requirements
    Design

    Loading Condition

* the Welding Conditions
    Preparation for Welding

    Welding Operations

    Post-Welding Treatments

Weldability of Aluminium and its Alloys 4202.01.01

 
 
 
The weldability of aluminium and its alloys depends mainly on the alloy composition, 
the welding technology and on the notch sensitivity determined by the design (stiffness, 
residual stress). Some aluminium alloys are susceptible to hot cracking above the 
solidus line. 
 
Pure aluminium and Al-Mn alloys are very suitable for welding.  
 
Increasing amounts of magnesium in Al-Mg alloys increase the oxidation tendency, 
making such alloys more difficult to weld. The Mg burn-off is compensated for by using 
filler metals with higher magnesium contents.  
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Compared to the non-heat-treatable alloys, the heat-treatable alloys (AlMgSi, AlZnMg) 
have a lower weldability. It is also not possible to use filler metals of the same 
composition as the base material (increased risk of cracking). Consequently, non-heat-
treatable filler metals (e.g., S-AlMg4,5Mn, S-AlSi5) are used for welding heat-treatable  
alloys. 
 
The presence of copper in the alloy beyond 0.25 % reduces the weldability. 
 
 

Solidification Types of Aluminium Welds 

 
Because of the rapid cooling of the molten weld pool, the filler metal used must be able 
to guarantee the strength and formability as well as to be able to counteract the risk of 
cracking due to shrinkage.Three solidification mechanisms are known: 
 

− pure metal, no critical temperature interval 
− little eutectic at the grain boundaries, critical temperature interval 
− sufficient eutectic at the grain boundaries, no critical temperature 
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4202.01.02Solidification Types of Aluminium Welds
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The filler metal must be chosen to ensure a sufficiently large amount of eutectic. Grain 
boundary movement leads to deformation and material separation. If enough eutectic is 
available, this can flow in and counteract these defects (Figure 4202.01.02).  
 
For this reason, AlSi filler materials have a lower risk of cracking than the AlMgMn 
fillers, but with reduced strength.  
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Houldcroft Test for Determining the Weld Cracking Sensitivity 

 
Numerous tests have been developed to determine the weld cracking sensitivity of 
aluminium alloys. The best-known test for sheets is the Houldcroft ("fish bone") test. 
This can be conducted with or without filler metals. The specimen consists of a 
rectangular plate with eight grooves cut to different depths on both sides (Figure 

4202.01.03).  
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4202.01.03Houldcroft Test for Determining the Weld Cracking Sensitivity
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7.60.8

Melting Line

76

70

4
4

.5 6
.4

3
8

 
 
 
The specimen dimensions, distance between grooves as well as groove width and depth 
depend on the sheet thickness. At the starting end of the weld in the middle of one side, 
cracks can form and grow due to the somewhat higher stress existing here. The grooves 
reduce the stress in steps so that the crack stops growing. The length of the crack formed 
is an indication of the crack sensitivity of the aluminium alloy tested. 
 

Houldcroft Test with Alloy 6013 T6 (AlMgSiCu) 

 
The Houldcroft test is a simple and reliable test method for determining the hot cracking 
sensitivity of TIG welded aluminium alloys. When the Houldcroft test is applied to alloy 
6013 it turns out to be extremely sensitive to hot cracking, see example in Figure 

4202.01.04. 
 
This alloy has a cracking sensitivity factor of  A = 55 % during welding without filler 
metal. The upper limit for economical welding as determined using the Houldcroft test 
is normally about A = 35 %. 
It is well known that using a filler metal with a suitable composition can help reduce hot 
cracking. The alloy 6013 shown in Figure 4202.01.04 was welded both without a filler 
metal as well as with the filler metals S-AlMg4,5MnZr and S-AlSi5. The test showed 
that the filler metal S-AlMg4,5MnZr is not suitable for the alloy 6013 (A ≈ 46 %). With 
filler metal S-AlSi5 it was possible to attain a safe value of A = 9 %, so that this filler 
metal is recommended for the alloy 6013.  
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Welding without Filler  Welding with Filler
S-AlMg4,5MnZr

Welding with Filler
S-AlSi 5

Houldcroft - Test with Alloy 6013 T6 (AlMgSiCu) 4202.01.04

 Houldcroft -Test with 6013 T 6 (AlMgSiCu)
2.5 mm Thick

Source: SLV, Berlin

 
 
 

Results of the Houldcroft Test for various Al Alloys 

 
Nine aluminium alloys were tested and compared using the Houldcroft ("fish bone") 
specimen. The factor A (in %) is a measure for the hot cracking sensitivity, with the 
quotient A being equivalent to the ratio of the measured crack length to the total length 
of the specimen. A = 100 % means that the crack runs along the whole length of the 
weld. As can be seen in Figure 4202.01.05, the Al-Mg types of alloys have a low hot 
cracking sensitivity (A ≈ 15 %) and the Al-Cu-Zn-Mg alloys build the other extreme 
with high cracking sensitivities of A ≈ 80 % and higher. 
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Results of the Houldcroft Test for Various Alloys

1- 5754 (AlMg)
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3- 5083 (AlMgMn)

4- 2219 (AlCuMn)
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6- 7020 (AlZnMg)

7- 3103 (AlMn)

8- 7075 (AlZnMgCu)

9- 2024 (AlCuMg)

A[%]

60

50

40

30

20

10

  0
1 2 3 4 5 6 7 8 9

A = 
Crack  Length

Specimen Length
* 100 [%]

Source: SLV Berlin

 
 

Cracking Sensitivities of Aluminium Alloys Containing Si and Mg 

 
The Si and Mg contents have a very pronounced effect on the weld cracking sensitivity. 
The heat-treatable alloys in particular have compositions which lie in the critical region. 
Consequently, these alloys are welded using non-heat-treatable filler metal alloys even 
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though this tends to reduce the strength at the joint. The use of heat-treatable filler metal 
alloys has proved to be unsatisfactory (Figure 4202.01.06). 
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4202.01.06Cracking Sensitivity of Al-Alloys Containing Si and Mg

Source: Pumphrey et al.

 
 
 

Cracking Sensitivities with Different Alloying Elements 

 
In order to avoid a high cracking susceptibility, the Si content of Al-Si types of alloys 
should be greater than 2 %. 
 
The corresponding value for Al-Mg types of alloys is about 3.5 % (Figure 4202.01.07). 
 

Effects of  Alloying Elements on Cracking Sensitivities

Alloy System Max. Cracking
Sensitivity at

Min. Content for

Good Welding

Behaviour

2 % Si

5 % Cu

2 % Si

3.5 % Mg

3.5 % Mg

Critical
Temperature
Range

AlSi

 Source:  Pumphrey a. o.

660 to 577 °C0.75 % Si

AlCu 660 to 547 °C3 % Cu

AlSiMg 0.5 % Si, 0.3 % Mg
0.5 to 0.8 % Si
0.2 to 1.2 % Mg

AlMg 660 to 449 °C1.2 % Mg

Effects of Alloying Elements on Cracking Sensitivities 4202.01.07
alu
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Melting and Solidification Intervals for Wrought Aluminium Alloys 

 
The cracking susceptibility increases with increasing solidification range. Pure 
aluminium has no such solidification range and has, therefore, almost no crack 
sensitivity (Figure 4202.01.08). 
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Cracking Sensitivity as a Function of the Solidification Range 

 
Aluminium alloys containing copper have solidification intervals of greater than 100 °C 
and are thus highly sensitive to cracking (Figure 4202.01.09). 
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Cracking Sensitivity as a Function
of the Solidification Range

4202.01.09
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Source: Dowd
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Reducing Weld Cracking by Preheating and by Using Suitable Filler Metals 

 
Besides the metallurgical possibilities, a number of other methods have been 
successfully employed to reduce the crack sensitivity (Figure 4202.01.10). These are:  
 

− preheating the parts (especially recommended for thick sheets) 
− an unhindered shrinkage of the parts (this reduces the dimensional and 

geometrical accuracy) 
− low heat input (welding processes with higher welding  rates and lower energy 

per unit length of weld)  
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4202.01.10
Reducing the Weld Cracking by Preheating
      and by Using Suitable Filler Metals
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4202.02  Filler Material 

 
♦ Filler Metals for Aluminium  

 
 

Filler Metals for Aluminium 

 
Filler materials used can be divided into three groups containing silicium, copper or 
magnesium as the main alloying elements. Depending on the alloy, varying amounts of 
additives can be added, e.g. manganese, chromium, titanium as well as iron. Zirconium 
additions to the alloy 2319 improve the heat treatability and deliver a fine-grained 
structure (Figure 4202.02.01). 
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4202.02.01Filler Metals for Aluminium

Filler Metals for Aluminium

Alloy Si Cu MgMn Cr Ti V Zr Others

1050 A

1100

1188

2319

3103
4043 A

4047 A

4145

5183

5356

5554

5556 A

5654

5754

- -- --1080 A 0.15 0.02 0.03 0.15 Fe;  0.06 Zn

0.12

-

---- ---- min 99.00 Al

min 99.00 Al---- ----

--

- -

- --6.30 0.30 0.15 0.10 0.17 -

0.50 0.10 1.20 0.15 0.03 0.10 -- 0.6 Fe; 0.2 Zn
5.20 0.30 0.15 0.20 - 0.15 -- -

12.20 0.05 0.25 0.05 - 0.15 -- -

10.00 4.00 --- ---- -

- - 0.75 4.70 0.15 ---- -

- 0.12 5.00 0.12 0.13 -- --

- 0.75 2.75 0.12 0.12 -- - -

0.25 0.10 0.75 5.20 0.12 - - -0.12

--- - 3.50 0.25 0.10 - - -

0.25 0.05 0.30 3.00 0.15 0.20 0.4 Fe; 0.2 Zn- -

0.30 0.05 0.05 0.40 Fe;  0.07 Zn- -- --
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4202.03  Joint and Edge Preparation 

 
♦ Preparation of Surfaces in the Joint Vicinity 
♦ Joint Preparation for TIG Welding 
♦ Joint Preparation for MIG Welding 

 
 

Preparation of Surfaces in the Joint Vicinity 

 
The cleanliness of the parts to be welded in the vicinity of the joint has a very 
pronounced effect on the welding results, this effect being greater than for steel welding. 
 
Cleaning immediately before welding is very important. This reduces, in particular, the 
porosity. 
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Preparation of Surfaces in the Joint Vicinity 4202.03.01

Preparation of Surfaces in the Joint Vicinity

The Parts to Be Joint Can Be Welded in the Following Conditions : 

- In the As-delivered State ( Sheared , Plasma Arc Cut or Laser Cut )

- Milled after Being Sheared , Plasma Arc Cut or Laser Cut

- After Grinding

- After Brushing with Rotating CrNi Steel Brushes

- After Etching

- After Etching and Scraping ( Even Regions around Joint )

Decreasing

Amount of

Porosity in

Weld

 
 
 
Mechanical or chemical methods are essential for high quality, reproducible welds 
(Figure 4202.03.01). 
 
 

Joint Preparation for TIG Welding 

 
Only flanged joint welds and edge joint welds can be produced in thin parts without the 
use of filler metals. If the alloys used have a high crack sensitivity, then it becomes 
necessary, even in these cases, to use an appropriate filler metal.  
 
As in the case of steels, butt and fillet welds can be welded with filler metals after an 
appropriate edge preparation. Square butt joints can be one-sided welded up to 4 mm 
and double-sided welded up to 16 mm. The joint gap depends on the welding position as 
well as on the type of gas and current used. The Vee-angles used should be preferably 
70°.  
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Joint Preparation For TIG Welding 4202.03.02

Joint Preparation For TIG Welding
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During one-sided welding, the root edges should be slightly chamfered to prevent oxides 
from rising up and to hinder the formation of a concave (sucked-up) root surface. 
 
Extruded profiles can be designed with weld pool supporting webs, making it possible 
to use the one-sided welding method even for thicker parts. The edge is prepared either 
mechanically (cutting, turning, milling) or thermally (plasma, laser)                     (Figure 

4202.03.02). European Standard (EN) for Joint Preparation is in preparation. 
 
 

Joint Preparation for MIG Welding 

 
Because of the higher melting power, MIG welding is more economical than TIG 
welding for welding thicker parts. The lower limit of sheet thicknesses which can be 
MIG welded is 2 mm. Weld pool supports (CrNi sections, ceramics) are necessary for 
thicknesses of up to ca. 6 mm because of the deeper penetration. Extruded profiles can 
be designed to incorporate such supports. Material thicker than ca. 4 mm should be 
welded using the double-sided welding method. 
 
Edges are prepared either thermally (plasma arc or laser cutting) or mechanically 
(Figure 4202.03.03). 
 
 



 

TALAT 4202 12 

4202.03.03
Edge Preparation for MIG 

Welding

Edge Preparation For MIG Welding
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4203.01  External Irregularities 

 
♦ External irregularities in butt welds 
♦ Limiting values for the irregularity "Misalignment of Edges" (507) 

 
 

External Irregularities in Butt Welds 

 
This list of external irregularities for butt welds was extracted from the standard DIN-
ISO 10 042 (arc-welded joints in aluminium and its alloys). 
 
The different irregularities are indicated (e.g., notches, misalignment of edges and poor 
joint geometry) together with their illustrations and classification numbers according to 
ISO 6520. The dimensions indicated with alphabets can be arranged in the evaluation 
classes B, C and D which lay down the allowable limiting values (Figure 4203.01.01). 
  

4203.01.01

h
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External Irregularities
 in Butt Welds

External Irregularities in Butt Welds
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Limiting Values for the Irregularity "Misalignment of Edges" (507) 

 
Figure 4203.01.02 gives the limiting values for the irregularity "misalignment of edges" 
(number 507 according to ISO 6520) according to DIN-ISO 10 042.  
 
Figure A contains the limiting values for the misalignment of height (h) and the material 
thickness for longitudinal welds. Figure B depicts the corresponding values for 
circumferential welds.  
 
Depending on the evaluation group, the maximum allowable height misalignment is 
reduced in the following order: group D > group C > group B. 
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Diagram B

Source: ISO 10 042

Diagram A

Remarks Low

  D

Middle

   C
High

  B

Evaluation Group

h ≤ 0.5mm +

       0.25t
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4203.02   Internal Irregularities 

 
♦ Internal irregularities - survey 
♦ Possibilities of gas absorption during welding 
♦ Hydrogen content and porosity during welding 
♦ Time available for formation of pores in the weld pool 
♦ Effect of hydrogen content on the width of the pore forming zone 
♦ Effect of hydrogen on porosity 
♦ Porosity in TIG welds 
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Internal Irregularities - Survey 

 
The DVS instructional pamphlet 1611 with the title "Evaluation of radiographs in 
railway coach construction - fusion-welded joints in aluminium and its alloys" serves as 
a basis for the evaluation of X-ray radiographs according to the guidelines DIN 54 111, 
part 1 and DIN 54 109, part 2. 
 
The internal irregularities are illustrated as charts giving the type and distribution of 
porosity, inclusions, cracks and fusion defects. Thus, the size and amounts of weld 
discontinuities can be estimated (Figure 4203.02.01).  
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4203.02.01Internal Irregularities

Internal Irregularities

303 303

4013 4011

1011 1061 1021 1041

3041 3042

Single Pores
2011

Pore Clusters
2013

Linear Porosity
Piped (Elogated)
Porosity
2016

Oxide Inclusions

303

Tungsten Inclusions

3041
Copper Inclusions

3042

Longitudinal Crack  1101

Transverse  Crack  1021

End Crater   Crack  1041

Multilimbed  Crack  1061

Root Defect            4013

Edge Fusion Crack 4011

 
 
 

Possibilities of Gas Absorption during Welding 

 
Gases, which cause pores in the weld, can be absorbed in a number of different ways. 
Once the source of this gas absorption is known, steps can be undertaken to eliminate it.  
The major cause of gas uptake in the weld pool is the occurrence of turbulences in the 
shielding gas envelope, caused by too high or too low flow rates. Other causes are: 
 
− unstable arc 
− torch held at too high a slanting angle 
− draught at the welding work-place 
− sprayed droplets in the shielding gas nozzle 
− entrance of air in the shielding gas envelope 
 
Finally, impurities on the work-piece surface and on the welding wire can release gases 
like oxygen and hydrogen which can then be absorbed in the weld pool (Figure 

4203.02.02). 
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Possibilities of Gas Absorption during Welding

Chattered (Unsteady) Wire Feed 
Bad Current Contact
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Turbulence due to Unsteady Arc
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Coating Material
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Flow of Inert Gas

Inert Gas Amount too Low

Due to Injector Effect

Solidified Weld 

Base Material

Pores

Source: Killing

Possibilities of Gas Absorption during Welding 4203.02.02

HO

 
 
 

Good degassing of the welding parts and preheating of the work-piece can reduce the 
gas porosity of welds. 
 
 

Hydrogen Content and Porosity during Welding 

 
Gas porosity caused by hydrogen is a major problem during welding of aluminium and 
its alloys.  
 
The cause of porosity during solidification is the fact that the molten weld pool can 
absorb a large amount of gas, this absorption increasing with the weld pool temperature. 
During cooling and solidification, the excess gas is released causing pores. 
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When, during cooling, the melting point is reached, the hydrogen solubility decreases 
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suddenly by the factor of 20. The excess gas released is surrounded by the solidification 
front which prevents the gas from escaping out of the weld (Figure 4203.02.03).  
 
In the solidified weld, depending on the solidification morphology of the alloy, the 
hydrogen pores are either distributed uniformly or linked together to form chain-like 
structures.  
 
 

Time Available for Formation of Pores in the Weld Pool 

 
The high gas content of aluminium pressure die castings, causes a very high porosity of 
the weld joint during welding.  
 
The diffusion-dependent formation of pores increases with the time a volume element is 
held at the pore forming zone. Consequently, this holding time duration increases with 
increasing width of this zone. The electron beam welding process with its markedly low 
energy input compared to the other arc welding processes, therefore has a narrow pore 
formation zone, thereby decreasing the tendency for porosity in welds. Holding times of 
< 0.1 s do not seem to be critical for pore formation. This can also be influenced by 
changing the welding rate (Figure 4203.02.04). 
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4203.02.04

Time Available for Formation of Pores
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Effect of Hydrogen Content on the Width of the Pore Forming Zone 

 
The desired narrow pore formation zone occurs during the plasma arc welding of 
pressure die castings for very low hydrogen contents.  
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Effect of Hydrogen Content on the Width of
              the Pore Forming Zone 4203.02.05

Effect of Hydrogen Content on the Width of
              the Pore Forming Zone

Source: Nörenberg, Ruge
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In contrast, the electron beam welding has a very narrow pore formation zone and 
therefore produces a low weld porosity (Figure 4203.02.05). In this case, higher 
contents of gases in the base material can be tolerated. The influence of welding rate is 
evident here also. Low welding rates lead to broad pore formation zones and high 
holding times so that weld porosity increases. 
 
 

Effect of Hydrogen on Porosity 

 
The hydrogen available at the weld pool is introduced either as impurities in the 
shielding gases used (Ar, He, Ar-He mixture) or from the filler metal. Reactions in the 
arc region can be excluded. The weld porosity increases rapidly with increasing content 
of hydrogen in the filler metal. Consequently, special care must be taken to assure that 
the proper quality of wire with a clean surface is employed. The hydrogen content of the 
inert gases plays only a minor role (Figure 4203.02.06). 
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Porosity in TIG Welds 

 
Figure 4203.02.07 shows the macrograph of a welded specimen of alloy AlZn4,5Mg1 
with a defined amount of intentionally introduced hydrogen porosity which is 
concentrated close to the fusion boundary. 
 
The scanning electron microscope (SEM) photograph shows how the pores are arranged 
in the fatigue crack surface (to be recognised by the occurrence of numerous fine lines) 
of a fatigue test specimen. These are round with a diameter of ca. 5 to 10 µm and are 
distributed uniformly in the observed region.  
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Porosity in TIG Welds

Macrostructure in the Region

 of the Melting Line

SEM Photograph of Fatigue Failure

Surfaces with Pores

AlZn4,5Mg1 F 35; 2.0 mm Thick

Filler Metal: S-AlMg4,5Mn

Source: SLV Berlin
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4205.01  Non-Destructive Testing of Welded Aluminium Joints 

 
♦ NDT methods for aluminium welds 
♦ Example of an X-Ray Catalogue 

 
 

NDT Methods for Aluminium Welds 

 
The quality of welds in welded joints can be tested using testing standards specific for 
aluminium or by using methods adapted from testing methods for steels. The magnaflux 
test (magnetic particle test) cannot be used for testing the non-magnetic aluminium 
(Figure 4205.01.01).  
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  Non-Destructive Testing of
   Welded Aluminium Joints

Visual Inspection

Dimensional Testing

Dye Penetration Inspection Method

Ultrasonic Testing

Radiographic Examination

 
 
 
The types of testings heads used for the ultrasonic testing of steel can also be used to test 
aluminium welds; only the wave entry angle is somewhat smaller for aluminium.  
 
The different absorption capacities of the aluminium alloys influence the quality of the 
results obtained using the radiographic examination.  
 
Both testing methods can be used to determine the presence of cracks, fusion defects, 
inclusions and pores.  
 
When using the radiographic method for testing thin-walled aluminium parts, it must be 
remembered that the allowed weld thickness (weld root reinforcement including part 
thickness) is much thicker than the part itself, thus causing larger blacking differences 
on the radiograph film. This can make the evaluation more difficult. 
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Example of an X-Ray Catalogue 

 
X-ray catalogues based on experience are available for certain fields of application and 
are of great help in evaluating the radiographic films when weld seams with internal 
discontinuities have to be classified in certain evaluation groups or have to fulfil certain 
requirements. Figure 4205.01.02 shows an example taken from the evaluation catalogue 
DVS 1611 relevant for the field of application of railway wagon construction. This 
comparative chart makes a quick evaluation by comparison possible, without having to 
actually measure and count the pores present. 
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(according to DVS 1611)
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4205.02  Destructive Testing of Aluminium Welded Joints 

 
• List of test methods 

 

 

List of Test Methods 

 
The destructive test methods are analogous to those used for steel. Metallographic tests 
and mechanical testing methods are employed (Figure 4205.02.01). 
 
The material, testing loads, punch diameter, distance between supports, etchant etc. are 
chosen to conform to the physico-chemical properties of the material 



 

TALAT 4205 5 

 
 

Bending Test (3-point, over root/cover pass, longitudinal/transverse

to weld seam)

Tensile test

Fatigue test

Notch impact test

Creep rupture test

Crack propagation test

Corrosion test

Hardness test

Metallographic examination of structure (macro, micro, SEM)

Chemical analysis

Destructive Testing of Aluminium Welded Joints

Destructive Testing of Aluminium Welded Joints 4205.02.01
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4704 Surface Preparation and Application Procedures 
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4704.01  Surface Preparation of Metallic Parts to be Joined 

 

• Surface layers of metallic parts to be joined 
• Surface treatment processes 
• Methods of surface pretreatment 
• Surface pretreatments for aluminium 
• Correlation between adhesive strength and surface roughness 

 

Surface layers of metallic parts to be joined 

 
The surfaces of parts which have to be joint are treated prior to joining in order to have 
an optimal adhesion force between joint part surface and the adhesive layer. 
 
For this purpose it is absolutely necessary to first remove impurities in an undefined 
layer thickness (i.e., dust, dirt, oil, grease, fat, water) and the inactive adsorption layer 
created by foreign molecules (i.e., water, gases) (Figure 4704.01.01).  
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Impurities 

Absorption Layer ( ~1·10-7 to 1·10-6 mm )

Reaction Layer ( ~ 1·10-6 to 1·10-5 mm )

Cold Worked Interface Layer ( ~ 2 to 5·10-3 mm )

Base Material 

4704.01.01Surface Layers of Metallic Parts to be Joined

Surface Treatment

 

Surface treatment processes 

 

The whole surface treatment can be subdivided into a preparation, pretreatment and 
after-treatment operation. 

In general, an active surface for adhesives can be created by cleaning and increasing the 
surface area, creation of lattice defects on the surface and changing the chemical 
structure of the surface. 
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Surface Treatment Processes
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Source : Kaliske

Surface Treatment Process 4704.01.02

 
 

In cases where a longer time-lapse is expected between the surface treatment and the 
adhesive joining, the surface of the joining parts should be conserved, using for 
example, a primer (Figure 4704.01.02). 
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Methods of surface pretreatment 

 
Because of current ecological reasons, there is an increasing tendency to replace wet 
chemical surface pretreatment processes by mechanical, electrical and dry chemical 
pretreatment methods (Figure 4704.01.03). 
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Methods of Surface Pretreatment
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Methods of Surface Pretreatment 4704.01.03

 
 

Surface pretreatments for aluminium 

 
The list in Figure 4704.01.04 and Figure 4704.01.05 depicts processes, including their 
parameters, which have proven to be successful for use with aluminium materials. 
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Surface Pre-Treatments for Aluminium
1. Degrease and Roughen with Griding Cloth or Fine Blasting or Brushing

or

2. Degrease and CSA Etch ( Pickling Process )

4704.01.04

or
3. Degreasing and FPL Etching

At max. 65  °CDrying:

Pre- Etching: Addition of 0.5 g/l Aluminium
+ 1.5 g/l Copper Sulphate

Etching: Temp. : 60 - 65  °C ( Replace Steam Loss )
Time:    30 min

Rinsing: Under Running Cold Water and Final Rinsing with Deionised
Water

Solution for 1l: H2O

Solution for approx. 1l: 650 g                  ( Distilled )
  75 g
275 g                  ( Conc. )

Top up with Distilled Water to be Dissolved
Pre- Etching: 1.5 g AlCuMg  2pl/1l Etchant to be dissolved

Rinsing and Drying:         see CSA Etching

Etching: Temp. : 65  °C ( Replace Water lost at Steam )
Time:    10 min

*

Na2Cr2O7

H2SO4

650 g         ( Distilled ) ; 50 g                    2         ; 300 g             ( Conc. )H2ONa2Cr2O4 H2SO4

H2O

Surface Petreatment for Aluminium I
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Surface Pre-Treatments for Aluminium
or

4. Degrease and CSB Etching and Chromic Acid Anodising ( CAA )

3

5. Degrease and FPL Etching and Phosphoric Acid Anodising ( PPA )

or

Solution for Approx. 1 l: 129g 85%            / 1 l          Cathode:   Stainless Steel ( V2A )
Temp.:                           RT                                        Time:        from 0 to 40 V in 10 min
                                                                                                                   40 V     20 min
Rising:                           22 min in distilled                                from 40 to 50  V in   5 min
                                     at 40                                                                      50 V       5 min
Drying:                           at max. 40 

Solution for Approx. 1 l: 40g CrO                               Cathode:   Stainless Steel ( V2A )

Temp.:                           40      (    2    )                      Time:        from 0 to 40 V in 10 min
                                      (replace water losses)                                         40 V     20 min
Rising:                           10 min in distilled                                from 40 to 50 V in   5 min
                                      at 40                                                                     50 V       5 min
Drying:                           at max. 40 

+-
oC oC

o
C

o
C

o
C
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3 4H PO

2H O

2H O

2H O

Surface Pretreatments for Aluminium II 4704.01.05

 
 
When used as the only surface pretreatment method, FPL-etching is inferior to the CSA-
etching. 

A CAA or PAA anodisation which follows, improves the long-term stability of the 
adhesive joint. Compared to the oxide layer created by the CAA process, the PAA oxide 
layer is thinner and more sensitive to mechanical damage, making it necessary to use a 
protective primer. 

It must be stressed here, that etching solutions must be handled and later deposited with 
great care, especially since these may contain dangerous (partly cancerogenic) 
substances and the used solution may be dumped only in so-called "special" dumps.  
 

Correlation between adhesive strength and surface roughness 

 

In view of the attainable strength of the adhesive joint and the notch sensitivity of most 
aluminium materials, the mechanical surface pretreatment should deliver only a low 
maximum roughness (Figure 4704.01.06). 
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Correlation Between Adhesive Strength 
and Surface Roughness 
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4704.02 Application Procedures 

 

• Methods of applying adhesives 
• Equipment for working adhesives 
• Correlation between adhesive joint strength and adhesive layer 
• Methods of applying pressure 
• Correlation between adhesive joint strength and applied pressure 
• Correlation between hardening temperature, hardening time and adhesive 

  joint strength 
 

Methods of applying adhesives 

 
The possible application processes, depending on the consistency (solid or fluid) of the 
adhesive and on the application method used (manual or mechanised), have been listed 
in Figure 4704.02.01. 
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Equipment for working adhesives 

 
A large variety of equipment (including robots) is available for working with the 
adhesives. The working principle of a 2-component dosing and application machine is 
illustrated in Figure 4704.02.02. 
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4704.02.02

Comp. "A" Comp. "B"
Pump "A" Pump "B"

Equipment for Working Adhesives

Pneumatic
drive

By-PassBy-Pass

Mixing Block

Rinsing Medium Blowing Air Outlet

Mixing Pipe
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4704.02.01Methods of Applying Adhesives
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Working with Adhesives
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Correlation between adhesive joint strength and adhesive layer 

 
Generally, an adhesive layer thickness of about 50 to 200 µm should be strived at 
(exception: CA adhesives). It should be remembered that the adhesive layer thickness 
depends, to a large extent, on the pressure applied during setting (curing)  
(Figure 4704.02.03). 
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Methods of applying pressure 

 
The possibilities of applying pressure during the hardening of the adhesive are 
illustrated in Figure 4704.02.04 and Figure 4704.02.05. 
 
Most adhesives require only a contact pressure (about 0.1 N/mm2). Adhesives, which 
react chemically and produce by-products during the curing (setting) process (i.e., PF 
adhesives), are an exception. 
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Methods of Applying Pressure - I

4704.02.04

Working with Adhesives
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Working With Adhesives

4704.02.05Methods of Applying Pressure - II

Autoclave Method

Pressure-Bag Method

Tension Band

Vacuum Method

Methods of Applying Pressure - II

 
 

Correlation between adhesive joint strength and applied pressure 

 
The method of applying pressure from all sides, like in the autoclave method, should be 
used preferably (Figure 4704.02.06). 
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4704.02.06Correlation Between Adhesive Joint Strength
             and Applied Pressure

Correlation Between Adhesive Joint Strength

and Applied Pressure

Working with Adhesives

Curve 1: Pressure Applied from All Sides

Curve 2: Pressure Applied from Two Sides
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Correlation between hardening temperature, hardening time and adhesive   joint 

strength 

 
Usually a functional correlation exists between hardening time and hardening 
temperature (Figure 4704.02.07). 

Especially in the case of cold-hardening adhesives, the strength can be increased by 
hardening at higher temperatures or by tempering (after the cold-hardening).  

It should be noted that the temperature, pressure and time recommendations of the 
manufacturer apply for the adhesive layer. Heating times for the joining parts and for the 
adhesive equipment must be determined and considered.  
 



 

TALAT 4704 11 

alu

Training in Aluminium Application Technologies

4704.02.07
Correlation Between Hardening Temperature,
Hardening Time and Adhesive Joint Strength

Working With Adhesives

T
im

e
  
t

[h] [Nmm²]

A
d
h

e
s
iv

e
 J

o
in

t  
S

tr
e
n

g
th

  
  

T
B

Temperature   T

Source: Schlegel

10

15

20

22

25

1

2

3

4

6

8

10

20

30

40

20 40 60 10080 [°C]

 
 

4704.03  Literature/References 

 
 
1. Brockmann, W., Hennemann, O.-D. und Kollik, H.: Surface properties and 

adhesion in bonding aluminium alloys by adhesives. Int. J. Adhesion and Adhesives 
2 (1982) pp. 33-40. 

 
2. Kollek, H.: Adhäsionsmechanismen beim Kleben. Tagungsband Fertigungssystem 

Kleben, S. 210-222, TU Berlin, 1984. 
 
3. Comyn, J.: Kinetics and mechanism of environmental attack. In: Durability of 

structural adhesives, Applied Science Publishers New York and London, 1983, pp. 
85-131. 

 
4. Kollek, H.: Die Beständigkeit von Metallklebverbindungen. Adhäsion 36 (1986) H. 

6,    S. 17-24. 
 
5. Steffens, H.D. und Brockmann, W.: Die Alterungsgeschwindigkeit geklebter 

Leichtmetallverbindungen unter Berücksichtigung neuer Oberflächen-
vorbehandlungsverfahren. Adhäsion 15 (1971) H. 10, S. 330-338. 

 
6. Brockmann, W., Dorn, L. und Käufer, H.: Kleben von Kunststoff mit Metall. 

Springer Verlag Berlin-Heidelberg - New York 1989 
 
7. Schlegel, H.: Technologie der Metall-Verklebung. Plaste u. Kautsch. 5 (1958), S. 

327-330 



 

TALAT 4704 12 

8. VDI-Richtlinie 2229: Metallkleben. Ausgabe Juni 1979. VDI-Verlag Düsseldorf 
1979. 

 
9. Schmitz, B.H.: Auswirkungen der Feuchtigkeit auf das Atlerungs- und 

Langzeitverhalten von Metallklebverbindungen. Dissertation RWTH Aachen, 1989. 
Schweißtechnische Forschungsberichte 28, DVS Verlag Düsseldorf 1989. 

 
10. Matz, C.: Alterungs- und Chemikalienbeständigkeit von strukturellen 

Klebverbindungen im zivilen Flugzeugbau. TUB-Dokumentation (1984) H. 21, S. 
307/318. 

 
11. Kollek, H.: Untersuchungen der Einflüsse auf die Festigkewit von geklebten 

Verbindungen. Maschinenmarkt 91 (1985) H. 75, S. 1479-1482. 
 
 

4704.04 List of Figures 

 
 
Figure No. Figure Title (Overhead) 

 
4704.01.01 

 
Surface Layers of Metallic Parts to be Joined 

4704.01.02 Surface Treatment Process 
4704.01.03 Methods of Surface Pretreatment 
4704.01.04 Surface Pretreatments for Aluminium I 
4704.01.05 Surface Pretreatments for Aluminium II 
4704.01.06 Correlation between Adhesive Strength and Surface Roughness 
 
4704.02.01 

 
Methods of Applying Adhesives 

4704.02.02 Equipment for Working Adhesives 
4704.02.03 Correlation between Adhesive Joint Strength and Adhesive Layer 
4704.02.04 Methods of Applying Pressure - I 
4704.02.05 Methods of Applying Pressure - II 
4704.02.06 Correlation between Adhesive Joint Strength and Applied Pressure 
4704.02.07 Correlation between Hardening Temperature, Hardening Time and 

Adhesive Joint Strength 
 
 
 
 



 
 

 

     

 
 

 
 
 
 
 
 
 

 TALAT Lecture 5101 

 

Surface Characteristics of Aluminium  

and Aluminium Alloys 

 

13 pages, 10 figures 
 

Basic Level  
 

prepared by G.E.Thompson, UMIST, Manchester 

 

 

 

 

 

Objectives: 

 

− To provide a realistic view of the aluminium surface in order to understand the need 
for “effective“ surface treatment 

    

  

  

  

  

 

Prerequisites: 

 

− Metallurgy of aluminium 

 
 

 

 

 

 

Date of Issue: 1994 
    EAA  -  European Aluminium Associat ion 



 

TALAT 5101 2 

5101 Surface Characteristics of Aluminium and 

Aluminium Alloys 

 

 

Table of Contents 

 

 

5101 Surface Characteristics of Aluminium and Aluminium Alloys ...2 

5101.01 General Considerations ............................................................................ 3 

5101.02 The Surface Nature of Aluminium.......................................................... 7 

Deliberate Alloying..................................................................................................8 

Corrosion Processes .................................................................................................9 

5101.03 Surface Treatment and Protection ........................................................ 11 

Improvement and Protection of the Surface ..........................................................11 

Applications and Future Trends.............................................................................12 

5101.04 Literature/References ............................................................................. 13 

5101.05 List of Figures............................................................................................ 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

TALAT 5101 3 

5101.01 General Considerations 

 

The use of aluminum was the subject of activity nearly 100 years ago, with limited 
production of aluminium powder in 1825 by Oersted. However, commercial production 
had to wait for more than 50 years when large scale production of aluminium was possible 
from alumina and molten cryolite. The necessity of electrolytic processes for the 
production of aluminium, utilising molten melts, signals immediately the high reactivity of 
the metal. Further, given the appropriate circumstances, the metal will readily return to a 
chemical compound, or corrosion product, similar to that from which it was originally 
extracted. Consequently, effective use of aluminium must be sensitive to its potential 
reactivity under various environmental circumstances. As a result of this reactivity, surface 
treatment and protection schemes have been developed, which contribute effectively to the 
product achieving its design life under the anticipated service conditions, aided by planned 
or specified maintenance schedules (Figure 5101.01.01). 
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Introduction to Surface Technology of Aluminium Alloys

Conversion Coating

Inorganic   Anodizing           Metallic
(Immersion)  

           
        Organic Coatings

Key Factors to Understand the Need for Surface Treatment 5101.01.01

Key Factors :

Aluminium and its Surface Films

Activity of the Surface  : Electrochemistry
      Corrosion

Surface Modification :  Surface Pretreatment

 
 
 
It is well known that aluminium has a comparatively low density and sufficient 
mechanical strength, particularly when alloyed, to provide a range of alloys of high 
strength to weight ratio. Efforts continue to develop new alloys (bulk modification), 
altered surface regions (surface modification) and aluminium matrix composites 
(advanced materials) with high strength to weight ratio and increased stiffness such that 
the section thickness of the material in a particular application can be reduced further than 
presently possible. Thus, whilst many established surface treatment and protection 
schedules are possible, these must be sensitive to the exacting demands placed on 
advanced materials based on aluminium. 
 
Given the high strength to weight ratio of aluminium alloys, which is of particular value in 
aerospace, other important properties include high thermal and electrical conductance and 
high reflectivity. In addition to aerospace, many applications involving the latter properties 
are obvious and include electric power distribution. Furthermore, aluminium has 
widespread use in chemical and food processing and beverage industries; clearly in such 
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cases any surface treatment must not lead to degradation of the overall protection scheme 
and the unwanted presence of aluminium ions in the process stream or product. For 
example, the ductility of aluminium is beneficial in beverage can production; however the 
material performance in beverages of widely differing pH values must be consistent with 
the demanded shelf-life. 
 
Reference was made previously to the expected high reactivity of aluminium; this is 
indeed true but, fortunately, exposure of aluminium in many circumstances leads to the 
rapid production of an air-formed film of alumina (Figure 5101.01.02).  At ambient 
temperatures, the film developed is amorphous but, for formation conditions at and above 
500o C, both amorphous and crystalline aluminas are present.  Considering the amorphous 
film developed on aluminium at room temperature, this readily achieves a limiting 
thickness of about 2.5 nm, thereby stifling further oxidation of the substrate.   
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Al2O3

Reactivity of Aluminium with the Environment:

(       it was extracted from ore) 

Aluminium and its Surface Films 5101.01.02

Aluminium is a highly reactive metal

It reacts with oxygen in the environment
to form an adherent alumina air-formed film,

which protects the metal

Film thickness varies in the range 1 to 10 nm
depending on temperature, i.e. fabrication

Alumina is an electrical insulator at normal air-formed film thicknesses

(Electron tunnelling probability is an exponential function of film thickness)

 
 
Depending on the particular circumstances, the established film will react further with the 
environment; thus, hydration of the outer surface of the alumina film can proceed to 
develop multi-layered films (Figure 5101.01.03).  However, regardless of surface 
hydration, the relative loss of aluminium to reaction product is small.  The presence of 
these protective films on aluminium can be readily demonstrated by immersion of 
aluminium in an aqueous mercurous chloride solution.  Generally, aluminium will remain 
in the solution without reaction; however, if the material is scratched, allowing solution 
access to the bare metal, amalgamation of aluminium with mercury proceeds rapidly.  
Amalgamation continues, undermining the air-formed film, which eventually is released 
from the substrate and floats to the surface of the solution; consequently, the substrate, 
having ′lost′ its protective film, reacts rapidly with mercury with large quantities of 
aluminium lost to the solution as metal ions.  In other words, rapid corrosion of aluminium 
proceeds in the absence of the protective alumina film. 
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Stability of Aluminium Oxide Films 5101.01.03

" The alumina film reacts 

   with acids and alkalis

" Films have various water contents or discrete structures:

" The film hydrates even in 

   minimum solubility range

" Wide range of Al2O3 depending 

   on temperature and environment

 
 
 
The high affinity of aluminium for oxygen, resulting in development of alumina films, 
also ensures that similar films will develop in damaged or scratched regions of the 
substrate.  Thus, at face value, an ideal situation arises where the metal is protected by a 
very thin, self-repairing aluminium film. However, in real-life, the ideal situation of 
perfection over the macroscopic aluminium surfaces is rarely, if ever, achieved.  Thus, 
defects of various kinds, generally called flaws, are present in the air-formed film on the 
aluminium surface.  In reality, whilst the total area occupied by such flaws is low, 
processes proceeding at them largely determine the effective behaviour of 
aluminium.Consequently, surface treatments must recognise the role of flaws in dictating 
to a large extent the behaviour of aluminium; furthermore, the individual or combination 
of surface treatments employed in aluminium finishing must bridge over such features, 
limiting physically their activities and/or must provide a chemical/electrochemical means 
for inhibiting processes that proceed at flaws which would otherwise impair the successful 
application of aluminium in many environmental circumstances (Figure 5101.01.04 and 
Figure 5101.01.05). 
 
 



 

TALAT 5101 6 

 

alu

Training in Aluminium Application Technologies

Characteristics of Air-Formed Films

Characteristics of Air-Formed Films

Aluminium

Aluminium

5101.01.04

Benefits of Air-formed Film :

Forms rapidly :
limits further oxidation (loss) of aluminium;
self-healing when scratched

Potential Problem:

Reactivity in various environments;
damage at scratch regions, i.e. geometry

Consider the Influence of Fabrication :

The surface is never flat
(even if it has high specular reflectivity)

Contamination :

Rolling lubricants
Detritus

Damage:

e.g. scratch

Aluminium
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"Impurity"

Aluminium

Al2O3 "Film"

5101.01.05

Characteristics of Air Formed Films :

Effects of Impurity Elements (I)

Commercial purity aluminium :
contains impurity levels of Fe, Si, Cu and others

Metallurgical factors affecting surface:

Aluminium

Characteristics of Air Formed Films :
Effects of Impurity Elements (I)

" Solubility of impurities

" Uniformity of distribution

" Substitutional solid solution

" Second phase particles (equilibrium phase)
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5101.02 The Surface Nature of Aluminium 

 
• Towards a realistic description of the aluminium surface 
• Deliberate alloying 
• Corrosion processes 

 

 
 
On the microscopic level, aluminium has a close packed, face centred cubic arrangement 
of atoms comprising the unit cell.  In a given grain, the unit cells are arranged in a 
systematic manner to provide the macroscopic material. Additionally, for the bulk 
material, many different grains and their grain boundaries intersect the material surface. 
Such grains develop during casting and can be influenced markedly by cooling rate; the 
distribution of grains is also affected by rolling and subsequent heat treatment to provide 
the fabricated material.  Thus, the material, in its simplest form, comprises grains of 
aluminium of various orientations separated by their grain boundaries; clearly above the 
grains, the air-formed film is present, providing a barrier between the outside environment 
and the aluminium substrate (Figure 5101.02.01). However, it should also be realized that 
the macroscopic surface will be relatively rough with undulations in the surface resulting 
from the particular fabrication process employed. Thus, so far, it is evident that a 
microscopically rough surface is present, with macroscopic effects due to different grain 
orientations intersecting the surface; the grains are also separated by grain boundaries 
which intersect the surface. 
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Copper

Characteristics of Air-Formed Films :

Effects of Impurity Elements (II)

Orientation

(h2 k2 l2)

Orientation

(h1 k1 l1)
Orientation

(h k l)

Aluminium matrix

Grain

boundary

High local concentration

of impurity

5101.02.01

Higher Concentrations :         Non-uniform distribution of impurities:

                                               (e.g. segregation of impurities at cellular

                                               boundaries during solidifcation)

Characteristics of Air-Formed Films :
Effects of Impurity Elements (II)

Low Atomic Concentration :   No apparent problem with air-formed films

                                               (e.g. Cu in substitutional solid solutions)

 
 
 
Various lubricating fluids are employed in fabrication processes resulting in organic 
contaminations at the surface. Additionally, impurities may be rolled into the surface 
providing further regions of locally altered chemistry. 
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Deliberate Alloying 

 

Whilst there is a requirement for relatively pure aluminium, high tonnage use generally 
involves aluminium alloys with their improved mechanical properties. Several effects can 
arise from alloying which must be considered in surface treatment and material durability 
under service conditions. Firstly, alloying additions may be present in substitutional solid 
solution in the aluminium matrix; however, once the primary solid solubility is exceeded, 
second phase or intermetallic constituents will develop (Figure 5101.02.02). However, for 
the age-hardening alloys, comparatively fine intermediate phases, responsible for 
significant strengthening, also precipitate; controlled precipitation, or age-hardening, 
provides relatively high strength alloys with appropriate temperature stability for specified 
applications. A final category of alloying effect is associated with the common impurity 
elements in aluminium; aluminium is frequently associated with copper, silicon and iron.  
Iron has a very low solid solubility in aluminium and thus, in commercial purity materials, 
is present as distinct second phase material of relatively coarse nature. 
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AlAl AlAlAl Cu CuAl Al AlCu CuCu

Low Solubility of Impurities (e.g. Fe) :  Formation of discrete second phases,

                                                             intermetallic compounds,

                                                             equilibrium phase (precipitate)

Low Concentration

Al2O3

High Concentration

Al2O3

Local region of impure,

semi-conducting film

Bulk

Effects of Impurity Elements on Alumina Air-Formed Film:

Characteristics of Air-Formed Films :

Effects of Impurity Elements (II)
5101.02.02

Surface

altered local

composition

no effect of

second phase
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In reality, the surface nature of an aluminium alloy, selected for appropriate mechanical 
properties and durability under service conditions, is far more complex than the relatively 
simple pure aluminium. Various features need to be considered further, which are listed 
below (see also Figure 5101.02.03): 

1. Grain size, orientation and distribution. 
2. Alloying additions and location, e.g. solid solutions, fine precipitates in age-

hardening alloys, coarse equilibrium phases or finer eutectics, intermetallic 
particles. 

3. Impurity segregation through casting and fabrication. 
4. Surface roughness through fabrication, i.e. rolling or machining. 
5. Surface stresses as a result of final fabrication processes which may encourage 

disruption or retention of second phase in the near-surface regions of the alloy. 
6. Contamination with oils or other hydrocarbons. 
7. Incorporation of alloying elements into the air-formed film. 
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Consequence:

Flaws:

The air-formed surface film of commercial aluminium is never perfect.

For 99.99% aluminium, 99.8% surface is covered by film: the remaining 0.2%

area can have a significant effect on service life, durability etc.

Flaws have different physical, chemical and electrochemical behaviour

compared with the macroscopic aluminium surface

Characteristics of Air-Formed Films:
Schematic of Possible Defects and Flaws

Schematic of Possible Defects and Flaws

 
 
 
For a pure material, in single crystal form, the distribution of high energy or potentially 
active sites on the surface is relatively clear. Thus, in corrosion or metal dissolution, loss 
of metal ions occurs preferentially from kink sites at the surface or ledge sites as opposed 
to the lower energy terrace sites. However, for aluminium alloys, supporting their air-
formed films, any additional features arising influence particularly the activity of local 
regions at the surface. 
 

Corrosion Processes 

 

Corrosion of aluminium, whereby the aluminium metal effectively returns to the inorganic 
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compound form or, more precisely, to aluminium ions in an aqueous phase at the surface 
of the material, will proceed in appropriate environments. Thus, under situations where the 
chemical stability of the air-formed film is altered, in low or high pH environments which 
are reactive to the alumina film, the metal will corrode albeit in a general or uniform 
manner at a relatively slow rate.  In such cases, evolution of hydrogen is the supporting 
cathodic reaction.  For alloys, where the alloying elements may be present as second 
phase, an increase in the rate of the cathodic process is evident which results in an increase 
in the rate of the anodic process of loss of aluminium from the matrix (Figure 

5101.02.04).  Furthermore, for alloys, local heterogeneities in the material morphology 
and composition may be highlighted giving rise to particular forms of corrosion, e.g. 
intergranular corrosion and exfoliation corrosion, where dissolution follows preferred 
paths at, or adjacent to, the grain boundaries. In situations where so-called aggressive 
anions are present, i.e.chloride, or in the presence of activating cations, localized corrosion 
of the passive metal proceeds, initiating at sites where the alumina film is breached and 
where healing is hindered.  Clearly this is a situation to be avoided since while the extent 
of material loss may be small, the presence of pits may give rise to loss of product or 
destroy the structural integrity of the material. 
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Solution (environment) can ingress oxide film through cracks

Oxide Film Cracks Anode Cathode

Pure Aluminium Commercial Aluminium (Alloys)

Whether corrosion attack occurs or not,

depends on the type of enviroment

"Aggressive" species hinder repassivation

and can cause corrosion at crack sites

"Nobler" equilibrium phases act as

cathode and may cause corrosion 

attack at crack site

Sites for Corrosion Attack 5101.02.04

 
 
 
In the light of the known behaviour of aluminium and its alloys, awareness in its 
application has developed.  Furthermore, surface treatments have been specified to ensure 
that the selected alloy achieves its design life in specified conditions. Such surface 
treatment may involve extensive processing to give a complete protection system; on the 
other hand, little pretreatment may be necessary in well-defined circumstances where 
general corrosion or weathering is accommodated by a substantial section thickness.  
However, in all cases, awareness of the material, its design life and the particular 
environmental circumstances are essential. 
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5101.03 Surface Treatment and Protection 

(Figure 5101.03.01) 
 

• Improvement and protection of the surface 

• Applications and future trends 
 

 

Improvement and Protection of the Surface 

 
It was indicated previously that the aluminium alloy surface is relatively complex and is 
difficult to characterize precisely. Thus, for example, hydrocarbons present on the surface 
may shield the substrate giving rise to non-uniform behaviour; aesthetic reasons may also 
dictate removal of such contamination. Consequently, an initial reason for surface 
treatment is to remove such contamination and detritus. Degreasing in organic solvents or 
vapours has been an initial approach, but a subsequent etching treatment in alkali usually 
follows.  Appropriate rinsing schedules must also be adopted to remove residual solution 
or solvent and to limit cross contamination. It should also be appreciated that 
electrochemical processes, such as alkaline etching, leave a residual film on the aluminium 
surface. A so-called desmut in nitric acid follows, which removes contaminants, but the 
alumina film developed in the alkali, perhaps reinforced through immersion in the acid, 
largely remains. In addition, such film formation over the macroscopic surface leaves a 
more uniform surface, with the nitric acid immersion serving to remove some residual 
metal impurity segregates. Such segregates may result from dissolution of second phase 
material, with appropriate cations relocated by deposition on the aluminium surface. 
Consequently, a surface with reduced local activity ensues, with a reduced driving force 
for corrosion in particular environments. 
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Reasons for Surface Treatment 5101.03.01

Basic Reasons for Surface Treatment :

       I.     Remove contamination, dirt and detritus

      II.     Remove/ reduce flaws to provide a uniform physical,

              chemical and electrical behaviour of the aluminium surface

     III.     Remove gross geometrical defects

     IV.     Change appearance; bright, dull etc.

     V.      Improve corrosion resistance

     VI.     Build in durability under service conditions
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Other surface treatments include chromate-sulphuric acid pickling; here features similar to 
that of alkaline etching develop. It should also be recognised that chromate, a recognized 
inhibitor of aluminium corrosion is present.  However, the role of chromate in acid 
solution is to increase the reactivity of aluminium by dissolution of the alumina-film. A 
resultant open-textured film develops over the aluminium surface, with reduced local 
activity; this film is also of importance in applications such as adhesive bonding in 
aerospace. 
 
Films of significantly increased thickness can be developed on aluminium by anodizing in 
suitable electrolytes. Indeed with knowledge of the factors controlling film growth, 
compositionally- and morphologically-defined alumina films can be produced for 
architectural applications, adhesive bonding, magnetic recording devices etc. A major 
application of anodizing to produce porous anodic films has been for architectural 
applications; the porous material must be filled by so-called sealing to develop films of 
thickness of about 25 µm, which provide appropriate resistance to atmospheric corrosion 
and erosion.  Furthermore, given a porous anodic film, it is relatively easy to impregnate 
such films with organic and inorganic pigments to produce decorative articles. Porous 
films, generally of reduced thickness, allow retention of organic layers produced by 
conventional or other means, for example, by electrophoresis. A well known successful 
application of aluminium in aerospace involves anodizing in chromic acid followed by 
primer coating and top coating. Clearly the organic coating assists in limiting 
environmental ingress to the aluminium substrate; further, inhibitive pigments within the 
primer coat reduce corrosion or loss of adhesion through interfacial degradation and also 
provide protection at damaged regions. 
 
In addition to development of protective coatings on aluminium by anodizing or other 
means, surface treatments may also be employed to develop metallic coatings, i.e. 
electroplating of aluminium. Here it must be recognised initially that the original air-
formed film is a poor electronic conductor. Thus, treatment processes have been tailored to 
allow widespread coverage of the plated metal rather than local plating at active sites 
associated with flaws. 
 
 

Applications and Future Trends 

 

The mechanical properties of aluminium are exploited in many applications including off-
shore, architecture, transport, aerospace and electronics. Usage in foodstuffs, beverages 
and packaging is also very prominent.  In all cases, awareness of the requirements of the 
product allow tailoring of the material for economic use. Interestingly, off-shoots of such 
tailoring include the development of free-standing alumina membranes with applications 
across many aspects of filtration; knowledge of the particular morphology of attack during 
pitting corrosion has led to processes such as electrograining to produce roughened 
aluminium surfaces in a controlled manner. Aluminium as a power source, i.e. 
aluminium/air batteries, is a further example where corrosion is exploited.  However, in 
other applications, corrosion is controlled by application of appropriate protection 
measures.  There has been a long history of such remedial treatments, providing 
confidence in the performance of aluminium. 
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Considering the future, environmental issues will have significant impact. Thus, many 
processes or procedures associated with the application of aluminium use chromic acid or 
chromates; additionally chromate pigments are widely employed as inhibitors in paints.  
Environmental issues are forcing change here, with tailored treatments of the aluminium 
surface being developed, i.e. zirconate or titanate surface treatment with organic coatings 
of modified binder formulations and new inhibitive (non-chromium-containing) pigments. 
 
Surface modification of aluminium alloys is also exploited, with processes such as ion 
implantation and laser treatment employed. Given the widespread and diverse 
applications of aluminium, its extensive use will continue, with new developments 
always anticipated. 
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5104.00  Introduction 

 
In general, aluminium alloys have good corrosion resistance in the following 
environments: atmosphere, fresh water, seawater, most soils, most foods and many 
chemicals. The term „good corrosion resistance“ means that in many cases aluminium 
alloys can be used without surface protection and will give long service lifes. Depending 
on the aggresiveness of the environment for a given application as well as on the function 
of the product and the expected service requirements and life, measure may have to be 
taken to prevent or limit the extent of corrosion attack. There are several options for 
prevention measures (see Figure 5104.00.01) which can be adopted.  
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In this lecture only those measures are treated which relate to unprotected aluminium 
products and components. Protective surface treatments like pretreatments, painting and 
anodizing are described in Lectures 5201, 5202, 5203 and 5204. 
 

 

5104.01 Selection of Corrosion Resistant Alloys 

 

The addition of alloying elements to aluminium affects the corrosion behaviour, and it is 
important to select the most adequate alloy for each environment. 
The mayor alloying elements used in aluminium alloys are: copper, magnesium, 
manganese, silicon and zinc and the impurities in commercially pure aluminium are iron 
and silicon (Figure 5104.01.01). 
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reduces the corrosion resistance more than any other 

alloying element 

reduces corrosion resistance and the content should be 
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has a beneficial effect on corrosion resistance

has a slightly beneficial effect on corrosion resistance

has a small detrimental effect on corrosion resistance

in most environments zinc has only a small effect on 

corrosion resistance

Copper
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Manganese
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Wrought Aluminium Alloys 

 

Pure Aluminium (> 99,9 % Al) 
Superpure aluminium (> 99,9 % Al) exhibits the best corrosion resistance possible with 
aluminium by wide margin. Performance drops sharply with the introduction of impurities, 
particularly copper and iron. 
 
Al-Mn 
The Al-Mn alloys have very good corrosion resistance and are used for outside 
applications without protection. 
 
Al-Mg 
In general, the Al-Mg alloys have the best corrosion resistance of  all the aluminium 
alloys. Above 4% magnesium content, fabrication practice has a marked influence on their 
long-term behaviour in corrosive environments, even at normal temperatures. After long 
time exposures above 60° C the Mg-rich alloys may become susceptible to stress corrosion  
cracking or exfoliation. 
 
Al-Cu 
Alloys containing appreciable amounts of copper  (> 0,25%) have less corrosion 
resistance, and should not be used in aggressive marine or industrial environments without 
providing protective coatings. In the past one of the most common errors was to use Al-Cu 
alloys in corrosive environments without adequate protective measures. 
 
Al-Zn-Mg-Cu 
Alloys containing Zn, Mg and Cu are similar in corrosion behaviour to the Al-Cu family 
and also require protection in corrosive environments. 
 
Al-Zn-Mg 
For this family of alloys the fabrication practices, especially thermal treatments and the 
composition of the alloy are critical factors in the corrosion.behaviour. Al-Zn-Mg alloys 
may be sensitive to stress corrosion cracking and exfoliation. 
 
 

Cast Aluminium Alloys 

 

Corrosion of aluminium castings is usually less of a problem than with sheet products 
since in general, the cross section is thicker and more surface corrosion can be tolerated. 
 
Al-Mg casting alloys have a good general corrosion resistance and can be used in marine 
environments. 
 
The Al-Si are generally considered to have good corrosion resistance in atmospheres and 
waters. 
 
Al-Cu and Al-Si-Cu alloys require surface protection under corrosive conditions. 
 
The behaviour of an alloy depends on the environment that it has to withstand; as an 
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example, the following table gives an idea of the behaviour of different alloys in acids and 
alkalines (Figure 5104.01.02). The lower the rating the better the corrosion resistance. 
 
 

 

 

5104.02 Improvement in Equipment Design 

 
Since the corrosion behaviour of a metal is influenced by the physical and chemical 
conditions of the environment (for example temperature, contaminants, differential 
concentration, etc.) as well as by its chemical composition, the design can have 
appreciable effect on the nature and rate of corrosion. 
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alu 5104.01.02Behaviour of Different Alloys in Acids and Alkalines

Alloy

S.P.*)

1100-H16

3003-H14

3003 Alclad

7072

1050-H16

6063-T6

5052-H14

6053-T6

6061-T6

7075-T6

Rating

  6

24

28

29

33

33

41

43

45

49

65

Alloy

7075-T6

7072

6053-T6

S.P.

6061-T6

5052-H14

6063-T6

3003 Alclad

3003-H14

1100-H16

1050-H16

Rating

  7

15

15

17

17

22

28

32

32

37

43

*) S.P. Super Purity Aluminium (> 99.99%)

in Acids in Alkalines

 
 
 
The most common design failures encountered in service with aluminium structures 
involves galvanic, crevice, deposition and stress corrosion.  
 
In the following paragraphs a general recommendation to eliminate or at least reduce the 
effect of these types of corrosion are given: 
 
 
 

Prevention of Galvanic Corrosion 

 

The following „rules“ can be suggested to minimize galvanic corrosion: 
 
1. Select combinations of metals as close as possible in the galvanic series for the 

environment being considered (Figure 5104.02.01). 
 
2. Use cathodic fastenings. Avoid combinations with an unfavourable (small) ratio of 
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anode to cathode area (Figure 5104.02.02). 
 
3. Provide complete electrical insulation of the two metals joined. This may be done by 

using insulating gaskest, sleeves, etc. (Figure 5104.02.03). 
 
4. If paint is applied, always paint the cathode. If only the anode is painted, a scratch 

would give an unfavourable ratio of anode to cathode area, and lead to attack at the 
scratch. Keep such coatings in good repair. 

 
5. Increase the thickness of the anodic material. Alternatively, install small replaceable 

heavy sections of the anodic metal at the joint. 
 
6. Where possible, place the dissimilar metal contact out of the corrosive environment. 
 
7. Were possible, avoid threaded joints in dissimilar couples as the threads will 

detoriorate. Brazed or welded joints are preferred. 
 
8. If possible, use corrosion inhibitors (e.g. in circulating systems). 
 
9. In cases where the metals must remain in electrical contact through an external circuit, 

design the equipment to keep the metals as far apart as possible to increase the 
resistance of the liquid path (electrolyte). 

 
10. If necessary and where possible, use cathodic protection with zinc or magnesium 

sacrificial anodes. 
 
11.Under the most aggressive conditions, only zinc, cadmium and magnesium can be 

placed in contact with aluminium without causing galvanic corrosion. 
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%
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Severity of Galvanic Corrosion in Various Atmosphers

a: Zinc

b:  Cadmium

c:  Tin

d:  Monel (67% Ni, 30% Cu )

e:  Nickel

f:  Stainless steel 

    (18% Cr; 9% Ni)

g:  Lead

h:  Gold

i:  Soft soldering alloy

    (= 60% Cu + 2% Pb)

j:  Stainless steel (16% Cr)

k:  Silver

l:  Iron

m:  Copper
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Prevention of Deposition Corrosion 

 

The following measures will help to reduce deposition corrosion on aluminium 
 

1. Re-design to avoid precipitation of the more noble metal, e.g. through 
drainage 

2. Use Alclad aluminium 
3. Use inhibitors  
4. Paint the source of metal 
5. Clean frequently to remove the deposited noble metal 

Training in Aluminium Application Technologies

alu Example of the Effect of Anode to Cathode Area on 
Corrosion of Bi-Metal Joints

5104.02.02

Joints with Different Metals

(A)

Not Correct

Aluminium

Steel

(B)

 Correct

Steel

Aluminium
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       H2

Galvanic Corrosion
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cause galvanic corrosion,

the assembly "C" avoids it.

Prevention of Contact Corrosion by Electrical Insulation

 
 

Prevention of Crevice Corrosion 

 

In the design of aluminium structures exposed to a marine atmosphere for long periods of 
time some measures should be taken to prevent crevice corrosion. 
 
The following measures will help to reduce crevice corrosion in aluminium structures: 
 

1. Cover the faying surfaces before assembly with an inhibitive paint system 
 
2. Fill the crevice with a jointing compound or resilient gasket material to prevent 

the ingress of moisture. 
 

 

Prevention of Stress Corrosion 

 

In the design of aluminium structures under permanent stress conditions some measures 
should be taken into account in order to minimize stress corrosion. 
 
The following measures will help to reduce the incidence of stress corrosion problems in 
aluminium structures: 
 
1. Ensure that an adequate cross section is used that will not be overstressed. Particular 

attention must be paid to residual or assembly stresses that act in the short transverse 
direction. 

2. A good paint system which includes an inhibitive primer will offer some protection 
again stress corrosion. However, it should be realized that paint coatings are not 
completely impermeable to moisture and should not be expected to protect very 
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susceptible alloys. 
3. Spray metallizing with some aluminium alloys will provide an appreciable measure of 

protection against stress corrosion, which should be further improved by painting. 
4. Surface working procedures, such as shot peening or surface burnishing to achieve a 

compressive residual stress in the surface, when properly applied, have proven effective 
as a means of reducing the incidence of stress corrosion cracking. 

5. Applied stresses. Sustained applied surface tensile stresses, should not exceed the 
following limits: 

− in the longitudinal direction 50% yield stress, 
− in the long transverse direction between 35 and 50% yield stress, 
− in the short transverse direction: as low as possible and preferably not greater 

than 15% of the yield stress. 
 

 

Stress Corrosion Resistant Tempers 

 
Certain of the high strength aluminium alloys systems respond to precipitation treatments 
(over-ageing), which result in metallurgical conditions having significantly improved 
stress corrosion resistance at little or no sacrifice in mechanical properties (T76, T73 
tempers). 
 
All the recommendations are general statements and a detailed study is necessary in each 
case. 
 
 
 

5104.03 Alteration of the Environment 

  
Sometimes it is possible to reduce or eliminate the aggressiveness of an environment by 
altering it in one way or another.  
 
In some chemicals, for example phenol, the addition of a trace of water (e.g. 0,3%) will 
prevent vigorous corrosion that would occur under anhydrous conditions. In others, for 
example liquid sulphur dioxide, traces of water promote corrosion of aluminium. 
 
In general, movement or turbulence, if not excessive, will sometimes prevent pitting that 
might otherwise occur. 
 
The adjustment of pH to the safe range (4.5 to 8.5) will prevent or reduce corrosion. 
 
The deaeration of water will greatly reduce its pitting tendency toward aluminium. 
 
Raising the temperature, in general, may increase the rate of general surface corrosion, but 
has the beneficial tendency of reducing the rate of pitting corrosion. 
 
Obviously, these effects are specific to individual conditions, and little more than general 
statements such as the above can be made on this subject. 
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Corrosion Inhibitors 

 

An inhibitor is a substance which when added (usually in a small amount) to a corrosive 
liquid or chemical, reduces or prevents corrosion of a metal that would otherwise occur. 
 
Inhibitors may affect the anodic corrosion reaction, in which case they are termed „anodic 
inhibitors“, or they may inhibit the cathodic corrosion reaction in which case they are 
termed „cathodic inhibitors“. 
 
Anodic inhibitors can be dangerous if not added in sufficient amount, since while they 
may reduce the effective anode area, attack at the remaining sites will be more severe than 
in the absence of the inhibitor. 
 
Cathodic inhibitores are safer since a partial reduction of the effective cathode area will 
reduce corrosion at the anode. They are, however, usually less effective than anodic 
inhibitors. 
 
Chromate (in the form of sodium or potassium chromate or dichromate) is the most 
commonly used inhibitor with aluminium and is an anodic type inhibitor. To prevent the 
pitting of aluminium in aggressive water, the addition of 500 ppm. of sodium chromate or 
dichromate with a pH adjusted to 8.5 is effective. 
 
Phosphate, silicate, nitrate, nitrite, benzoate, soluble oils and other chemicals have also 
been recommended alone or in combination to inhibit the corrosion of aluminium by 
aggressive waters. 
 
Inhibition of water is usually economic only in a recirculated, closed loop system. In a 
mixed metal system including, for example aluminium and copper it is important to design 
a good inhibitor system and maintain the pH above 8.0-8.5 to prevent copper dissolution 
and their subsequent deposition on the aluminium. surface. 
 
The complexity of the inhibition tends to make it difficult for a general engineer to 
develop a satisfactory water treatment without the help of a specialist. 
 
Frequently, laboratory testing on location is necessary to establish the best treatment. 
 
 
 
 

5104.04   Cathodic Protection 

 
The theory of cathodic protection of a buried metal is simple. A direct electric current is 
caused to flow to the metal (generated by sacrificial anodes or impressed current) to be 
protected. 
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The current polarizes the local cathode areas to the potential of the local anode and creates 
an equi-potential surface. Thus local cell potential becomes zero and pitting does not 
occur. 
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alu Prevention of Corrosion through Cathodic Protection
by Impressed DC Current

5104.04.01
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+

-

 
 
The current may be produced by a rectifier with a metal or graphite electrode               
(Figure 5104.04.01) or by sacrificial galvanic anodes of magnesium or zinc                 
(Figure 5104.04.02). 
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alu Prevention of Corrosion through Cathodic Protection
by Sacrifical Anodes

5104.04.02

Soil

Pipeline
Sacrificial Anode

 
 
 
To reduce the amount of current required, the metal to be protected is sometimes coated 
with a paint, protective tape or other wrapping material. 
 
In the steel pipelime industry the technique of cathodic protection has been well 
established and its effectiveness throughly demonstrated. Experience with buried 
aluminium is limited to isolated experiments and a limited number of operating lines. 
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Sacrificial Anodes 

 

Aluminium can be cathodically protected by coupling it to zinc or magnesium used as a 
sacrifical anode. 
 
In the case of aluminium probably the mechanism of protection consists of polarizing 
cathodic impurities in the metal to the corrosion potential of passive aluminium 
counteracting the detrimental effect of such impurities. 
 
Zinc is able to serve as a sacrificial anode to aluminium in neutral or slightly acid media in 
spite of the fact that aluminium is more active than zinc in the EMF series. In alkaline 
media aluminium looses its passivity and becomes anodic to zinc. 
 
Magnesium has been the material normally used to protect aluminium in some cases. 
Corrosion has been stopped by the installation of magnesium anodes even in buried pipes 
with accumulation of corrosion products. In some cases over-protection may result in 
producing cathodic corrosion on the aluminium. 
 
The potential generated between the magnesium anodes and aluminium normally does not 
exceed -1.20 volts (Cu/CuSO4) and normally there is no evidence of cathodic corrosion 
due to alkali formation. 
 
 

Impressed Current 

 

Cathodic protection by impressed current requires a source of direct current and auxiliary 
electrode as shown in Figure 5104.04.01. 
 
The D/C source is connected with the positive terminal to the auxiliary electrode, and the 
negative terminal to the structure to be protected. The current flows from the electrode 
through the electrolyte to the structure. 
 
It is generally accepted that protection of aluminium is achieved when the potential of the 
burried aluminium surface is maintained in the range -0.85 to -1.10 volts (Cu/CuSO4) and 
then significant cathodic corrosion does not occur until a value of -1.20 volts is exceeded. 
 
The chemical nature of the soil can affect the safe upper potential which in some cases can 
be appreciably higher than -1.20volts. 
 
The current density required depends on the environment but generally the applied current 
density must always exceed the current density equivalent by the estimated or measured 
corrosion rate (in tap water ca. 20 mA/m2, in soil an average of 5 mA/m2 can be estimated) 
 
With the application of coatings on the aluminium the current density can be reduced and 
it will be possible to protect a pipe of 20 Km with only 90-240 mA. 
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Alclad Alloys 

 

Alclad aluminium is a duplex product consisting of a thin layer of one alloy integrally 
bonded to a thicker core alloy. The cladding alloy is chosen as a sacrificial anode to protect 
the core. 
 
The alloys normally used as cladding materials for protection purposes are of the Al-Zn 
family, in some cases, however, pure aluminium has been used. 
 
The protection mechanism of the cladding products consists of galvanic protection. When 
a pit reaches the core material, the cladding tends to corrode preferentially, while the core 
remains unaffected (Figure 5104.04.03). 
 
Cladding is a real possibility for extending the life of aluminium pipelines which carry a 
product causing pitting corrosion of the metal. 
 
Conventionally, the cladding on each side of sheet has been 5% of the total thickness of 
the sheet. 
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Practical Case 

 

How to minimize the pitting of aluminium by an aggressive water? 
 
Here are four possible preventive measures that should be considered: 
 
1. Use Alclad alloys 
 
Use 3003 or 65S clad with 72S. This will not prevent pitting but it delays perforation by an 

appreciable margin. 
 
2. Increase wall thickness 
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Experience with large water storage tanks suggests that, provided the wall thickness is 6-7 
mm perforation will no occur for a very long period of time (probably 50-100 years) 
even though pitting does occur. This is because the rate of penetration diminishes 
rapidly with time. 

 
3. Use inhibitors 
 
The use of inhibitors which will completely prevent pitting is usually economically 

feasible only in closed circulating systems 
 
4. Apply cathodic protection 
 
An impressed current cathodic protection system will prevent pitting, or arrest pitting in 
progress, and may be applied to tanks or vessels. It is not possible to cathodically protect 
the inside of small diameter pipelines. 
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5105.00 Introduction 

 
The processes for surface treatment of aluminium can be divided into the following 
groups 
 

I.  Non-galvanic methods 
II.  Chemical methods 
III. Electrolytic methods (Figure 5105.00.01), 

 
where the group of non-galvanic methods can be defined as surface treatment of 
aluminium which does not involve chemical or electrolytic action. 
 
The group of chemical methods can be defined as reactions taking place as a result of 
chemical action, i.e. no external source of electric power is present. 
 
The group of electrolytic methods can be defined as reactions taking place as a result of 
electrochemical action, i.e. an external power supply is used. 
 
These definitions may overlap, but can be used for a preliminary division into groups. 
 
 

alu
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Methods of Surface Treatment for Aluminium

Methods of Surface Treatment for Aluminium

  I       Non-galvanic methods

                                 Mechanical finishes

                                 Organic finishes

 II        Chemical methods

                                 Pickling and etching

                                 Polishing

                                 Chemical conversion coatings

                                 Electroless plating

III        Electrolytic methods

                                 Electro-polishing

                                 Electroplating

                                 Anodizing
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5105.01 Non-Galvanic Methods 

 
• Mechanical finishes 
• Organic finishes 

 
Group I can be subdivided into mechanical finishes and organic finishes.  
 

Mechanical Finishes 

 

Mechanical finishes cover processes such as grinding, polishing, buffing, rolling or 
blasting with sand, glass or metal beads. These processes are used to remove scratches, 
stains, skin from casting etc. A uniform surface, which spans from satin to mirror-
quality, is produced. The resulting surface may be post-treated, or it can be used as the 
desired finish (Figure 5105.01.01). 
 
 

alu
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Mechanical Finishes

Mechanical Finishes

Methods:   Grinding / polishing

                    Buffing

                    Matt finishing
                                 satin finish

                                 blasting

                    Rolling

Properties: Elimination of scratches, pits, tarnish etc.

                    Production of a smooth or lustrous surface

Use:            Used as pre-treatment to anodizing, organic coatings or electroplating

                    ( reflectors, cabinets, kitchenware etc. )

                    Surfaces are left unprotected

 
 
 

Organic Finishes 

 

Organic finishes cover processes such as primers / top-coats, heavy plastic coatings, 
protective coatings, powder coatings, porcelain enamelling or lacquer. These processes 
are used in architecture for windows, doors, facings, panels etc. All colours of the colour 
palette are possible to apply (Figure 5105.01.02). As a pretreatment to these processes, 
chemical conversion coatings (chromate or chromate/phosphate) are frequently used, but 
also mechanical finishes or anodising can be used as a pre-treatment to organic coating. 
 
Organic finishes are of huge commercial importance. 
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alu
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Organic Finishes

Organic Finishes 5105.01.02

Methods :

                   Primers

                   Top coats

                   Heavy plastic coatings

                   Protective coatings

                   Powder coatings

                   Porcelain enameling

Properties :

                   Prevents corrosion

                   Decorative

Use :

                   Architectural ( windows, doors, facing etc. )

                   Machine parts

                   Cabinets

 
 

 

5105.02 Chemical Methods 

 
• Pickling and etching 
• Chemical polishing 
• Chemical conversion coating 
• Electroless plating 

− Autocatalytic plating 
− Ion-exchange plating 

 
Group II can be subdivided into pickling and etching, polishing, chemical conversion 
coatings and electroless plating i.e. autocatalytic and ion-exchange plating. 
 

Pickling and Etching 

Pickling and etching are primarily used as pretreatment to most other finishing 
processes. During the processes deposits, oxide, scale and skin are dissolved and 
removed from the surface (Figure 5105.02.01). 
 
 

Chemical Polishing 

Chemical polishing  is a controlled dissolution of the basis metal, by which a semi- to 
mirror-bright surface can be produced. Since the polished surface is vulnerable to 
scratches and corrosion, it is usually combined with anodising or transparent organic 
finishing. The process is used for producing reflectors and decorative components. The 
best result is obtained by using pure aluminium (Al > 99,9%) (Figure 5105.02.02). 
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Pickling and Etching 5105.02.01

Method:                Surface is removed chemically

                Caustic etch

                Acid etch

Properties :                Removes oxides etc.

                Removes small burrs

                Matt finish, especially if long time in aggressive etch

Use :                Fundamental pre-treatment to most surface treatments

               Difficult if alloyed aluminium is used ( special etch needed )
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Chemical Polishing

Chemical Polishing 5105.02.02

Method:                  Surface metal is removed chemically

Properties :                  Bright finish
                  Specular reflectivity
                  Improve surface smoothness
                  Decorative surface
                  Uniform attack on whole surface ( also inside holes )

Use :                  Substitution of mechanical polishing
                  Before anodizing or lacquer
                  Decorative components
                  Automotive applications ( reflectors etc. )
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Chemical Conversion Coating 

 
Chemical conversion coating is a controlled dissolution and formation of insoluble salts, 
which reduce the risk of corrosion and improve the adhesion of organic coatings. During 
the process a coloured surface is formed, ranging from pale yellow to dark brown / 
black. The colour is due to light interference in the semi transparent coating so the 
colour is also a measure for the coating thickness. In general the darker the conversion 
layer is the thicker it is, and thereby gives a better protection. 
 
There are three types of chemical conversion solutions: They are based on chromate, on 
chromate and phosphate and chromate-free solutions (Figure 5105.02.03). 
 
 

alu
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Chemical Conversion Coatings (Methods)

Methods:

  ! With chromate

    chromate processes

   chromate- phosphate processes

  ! Non-chromate

   phosphate processes

   molybdate-phosphate process

   oxide processes

 
 
 
For applications such as aerospace and military, chromate conversion coating is 
extensively used. Also car components and other parts subjected to corrosion are 
protected this way. Chemical conversion coatings are used either as pretreatment to 
organic finishes, or it can be used alone for temporary or permanent protection against 
corrosion (Figure 5105.02.04). Chemical conversion coatings based on chromate and 
chromate / phosphate have a "self-curing" effect, i.e. scratches in the conversion coating 
are cured by chromate migrating to the scratch. 
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Chemical Conversion Coatings ( Properties )

Chemical Conversion Coatings ( Properties ) 5105.02.04

Properties :

             Coloured surface

              Reacts with the surface and forms

              insoluble salts of phosphates chromates or others

Use :

              Pre-treatment to organic finishes

              Corrosion protection

              Temporary or permanent protection

 
 

 

Electroless Plating 

 

Electroless plating is used for engineering and electronic parts to give increased wear-
resistance and in some cases corrosion resistance (special pretreatment) or the technique 
can be used as the primary step in a conventional electroplating sequence. The process 
has an excellent throwing power independent of the specimen geometry. For example 
electroless nickel is used for computer hard-discs in combination with a magnetic 
material such as cobalt. Many mechanical precision parts are plated with electroless 
nickel to maintain strict dimensional tolerances. Composites of electroless nickel 
containing silicon carbide (SiC) or teflon (PTFE) particles can increase wear resistance 
and decrease the coefficient of friction, respectively (Figure 5105.02.05). 
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Electroless Plating ( Properties ) 5105.02.05

Plated metal :

! Ni, Cu, Sn, Zn, (Ag, Co )

Properties :

Use :

! Increased hardness and wear resistance
! Increased corrosion resistance
! Good throwing power ( uniform coating regardless of sample geometry )
! Composite plating of particles ( SiC or PTFE ) is possible

   to increase the wear resistance or to obtain lower surface friction

! Engineering parts where high precision is required
! Surfaces subjected to wear
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Electroless plating is deposition of metal, usually nickel or copper from an aqueous 
solution by use of a reducing agent RA in the solution or by dissolution of the substrate 
whereby electrons are freed.  The plated metal is dissolved in the plating solution as 
metal ions which plate on the surface (Figure 5105.02.06). 
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Me0

Me n+

RA

Plated metal :

   Zn, Sn, Cu, Co, Ag, Au

General reactions :

       RA             R + ne-

       Me n+ + ne-             Me0

Electroless Plating ( Reactions ) 5105.02.06

Electroless Plating ( Reactions )

 
 
 
 
Electroless plating can be subdivided into autocatalytic plating and ion-exchange 
plating. 
 

Autocatalytic Plating 

The autocatalytic plating process is driven by electrons freed by reduction of the 
reducing agent RA. These freed electrons join the metal ions in the solution and form 
solid metal on the surface. Because the electrons are coming from the reducing agent the 
process can keep on running also after the substrate is covered, i.e. high coating 
thicknesses are possible. Electroless nickel is an example of autocatalytic plating. 
 

Ion-Exchange Plating 

The other type of electroless plating is ion-exchange plating. This process is based on 
oxidation (dissolution) of the aluminium substrate whereby electrons are freed so that a 
reduction (deposition) of another metal coming from the aqueous solution is possible. 
(Figure 5105.02.07). The metals deposited by this technique are usually zinc or tin. The 
layers deposited are thin, because the deposition stops, when the aluminium is all 
covered and can no more supply electrons by oxidation. The processes are used as a 
pretreatment to plating (electrolytic and electroless). These ion-exchange processes are 
known under the names: zincate-, stannate- or modified zincate/stannate-process. The 
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electrolytic plating processes often require this pretreatment to improve the adhesion 
and to avoid the aluminium from getting dissolved in the plating bath, because 
aluminium is amphoteric (dissolves in both alkaline and acid solution). When used as 
pretreatment to plating correct process parameters are of great importance to the 
adhesion and corrosion resistance of the plated coating. The standard ASTM B253-83 
specifies the correct pretreatment process routines for aluminium (zincating etc). 
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Ion-Exchange Plating

Principle :

Al

3e -

Al 3+

Men+

Ion-Exchange Plating 5105.02.07

 
 

 

 

5105.03 Electrolytic Methods 

 
• Electropolishing 
• Electroplating 
• Platable metals on aluminium 
• Anodizing  

 
Group III can be subdivided into electropolishing, electroplating and anodising. 
 

 

Electropolishing 

 
Electropolishing is a controlled electrochemical dissolution of the basis metal by which 
a semi- to mirror-bright surface can be produced. Electropolishing is a method by which 
surface metal is removed by applying an external power supply and letting the sample 
be the anode in the process. Actually, it is a kind of "reverse plating" where aluminium 
is dissolved into the electrolyte instead of metal being plated from an electrolyte. Its 
applications are much like those of the chemical polishing, but by electropolishing 
corners and burrs are attacked more than the flat surfaces. The process can be 
substituted by chemical polishing. Since the polished surface is vulnerable to scratches 
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and corrosion, it is usually combined with anodising or transparent organic finishing. 
The process is used for producing reflectors and decorative components. The best result 
is obtained by using pure aluminium (Al > 99,9%) (Figure 5105.03.01).  
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Principle :

               Surface metal removed electrochemically

Properties :

              Similar to chemical polishing, except that corners

              and burrs are attacked more than surfaces

              Elimination of scratches and burrs

              Smoothing and brightening

              High reflectivity

Use :

              Reflectors

              Decorative components

              Often before anodizing or lacquering

5105.03.01Electropolishing

Electropolishing

 
 

 

Electroplating 

 

There are a number of difficulties to be considered when electroplating on aluminium: 
 

1. Aluminium is amphoteric, i.e. it is dissolved in both alkali and acid. 

2. The difference in potential, between the aluminium matrix and second phase 
constituents can affect the deposition reaction. 

3. The position of aluminium in the electrochemical series can lead to 
formation of immersion deposits in the plating solution. 

4. The coefficient of thermal expansion of aluminium and its alloys differs 
from most of the metals commonly deposited on it. This can lead to 
decohesion between coating and substrate when the plated aluminium part is 
subjected to high temperature elevations or to temperature shocks. 

5. The difference in atomic diameter and crystal lattice structure between the 
aluminium substrate and the metal deposited on it. 

One of the major problems when plating on aluminium is the readiness by which 
aluminium reacts with the air to form oxide. It is also a problem that aluminium is 
amphoteric, i.e. aluminium is dissolved in both acidic and alkaline plating baths. These 
problems can be overcome by removal of the oxide and electrodeposition of  the metal 
in the same process, or, alternatively, by using an intermediate pretreatment layer 
deposited by ion-exchange plating (zincate or stannate processes as described earlier). 
 
When the oxide is removed in the same bath as the electrodeposition takes place the 
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process is called a direct plating process. It is possible to electrodeposit copper, nickel, 
silver, brass and chromium by using the direct plating method. This technique has only 
limited use in the industry. The most frequent technique used is to plate an intermediate 
pretreatment layer, deposited by the ion-exchange technique as described earlier. 
 
Though plating on aluminium is a relatively expensive technique, it is increasingly 
important because of the possibility of combining the low density of aluminium with the 
functional properties of the deposit. Good results can be obtained with a suitable 
combination of metal and process (Figure 5105.03.02).  
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Electroplating

Electroplating 5105.03.02

Methods :

         Direct plating

         Anodic preparation

         Zinc immersion

         Tin immersion

         Hard chromium

Properties added by electroplating ( examples ) :

          Wear resistance, corrosion resistance, electrical

          properties, weldability, solderability, etc.

Use :

         Portable computers, telephones etc.

         Computer harddisk

         General engineering applications like machine elements etc.

 
 
 

Platable Metals on Aluminium 

 

As an example of the plating techniques, gold is deposited on aluminium for an 
aerospace application. The process is: 
 

• Zincate / stannate 
• electrolytic copper deposit, 5µm 
• electrolytic nickel deposit, 10µm 
• electrolytic gold deposit, 5µm 

 
By using the above process sequence it is possible to eliminate the difficulties when 
plating aluminium that were listed earlier. The copper deposit has an excellent ability to 
absorb stress resulting from differences in the coefficient of thermal expansion. The 
nickel deposit eliminates the risk of galvanic corrosion by forming a dense and pit-free 
layer. The nickel layer is also necessary to prevent diffusion of copper into the gold. The 
gold is the desired top coating and by depositing 5µm a pit-free layer is obtained, i.e. no 
corrosion of the underlaying layers is possible. The gold layer is 100% resistant to 
corrosion and has the desired electrical and thermal characteristics. 
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The above described gold-plating is tested by the following test sequence: 
 

• 10 temperature-shocks (quick) from -55°C to +125°C. 
• 200 temperature cycles (slow) from -55°C to +125°C. 
• 240 hours at 95% relative humidity at 40°C. 
• High temperature storage at 125°C for 1000 hours. 

 
After this test cycle no visible or electrical changes can be allowed. 
 
Other more common applications of plated aluminium coatings are machine elements 
and many leight weight components. The metals that are platable on aluminium either 
directly or by use of an intermediate zincate or stannate layer are many. The most 
common ones are chromium, nickel, silver, gold tin, zinc and copper (Figure 

5105.03.03). 
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Chemical Conversion Coatings (Methods)

Methods:

  ! With chromate

    chromate processes

   chromate- phosphate processes

  ! Non-chromate

   phosphate processes

   molybdate-phosphate process

   oxide processes

 
 
The obtainable properties by plating aluminium are changed wear resistance and 
friction. Thermal conductivity, solderability and electrical resistance are main properties 
in many electronics. The commercially most common reason for surface treatment are 
decorative or corrosion resistance related (Figure 5105.03.04). 
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Properties of Electrolytic Plated Metals on Aluminium

5105.03.04
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Summary of Properties and Use
 

 

Anodising 

 

Anodising is a commonly used method for surface treatment of aluminium. This is due 
to a number of properties offered by this technique. Depending on the process condi-
tions the following properties can be obtained: 

• Corrosion resistance 
• Decorative surfaces 
• Surfaces in almost any colour on the palette, except white 
• Hard and wear resistant surfaces 
• Electrical and thermal insulation 
• The surface can be used as a base for organic finishing and for plating 

The anodising technique is expected to have an increasing advantage over many other 
surface treatment processes, because the technique does not require toxic chemicals, 
heavy metals etc., and the anodised aluminium is easily recycled (Figure 5105.03.05). 
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5105.03.05

Principle:
              Controlled oxidation of the aluminium metal surface, forming 
              aluminium oxide ( alumina )

Properties :
         Increased wear resistance and hardness
               Corrosion protection
          Colourable to many colours
        High coefficient of heat emission and electrical isolating
      Improved adhesion for organic coatings
             Corner defects due to brittleness

Use :
              Architectural (house facing, window frames etc. )
              Cars and aerospace ( structural, decorative, engine parts )
              Domestic, holloware, pots and pans

Anodizing

Anodizing
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Objectives: 

From the understanding of the aluminium surface, the key factors associated with 
conversion coatings on aluminium can be appreciated: 

− general and local behaviour of the aluminium surface, 
− range of conversion coatings and interrelationships, 
− requirements of conversion coating, 
− tailor-making of coatings, 
− current and future issues 
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5202.00 General Considerations 

 

The introduction (TALAT Lecture 5101) has provided information on the physical, 
chemical and electrical properties of the surface of aluminium and its alloys; in addition 
the local behaviour associated with the inevitable presence of flaws has also been 
considered. In order to limit the persistence and activity of such defects and to limit 
interaction of the filmed aluminium surface with environments of various types, coating 
systems have been developed.  In this lecture, so-called conversion coating systems are 
considered; these generally include inorganic coatings developed on the macroscopic 
aluminium surface by immersion in appropriate solutions. In reality, a specification or 
overall procedure is employed which probably includes degreasing, etching (pickling), 
conversion coating, post-treatment and ageing prior to application of an organic coating, 
with its required application/curing/drying procedures.  In addition to the previously 
described schedule, various intermediate rinsing and drying stages may be recommended 
in order to achieve the desired performance under the particular service conditions to be 
experienced.  Whilst recognizing the importance of the overall schedule, this lecture 
considers mainly the processes occurring during conversion coating development on 
aluminium and their impact on the performance of the material.  Consequently, the general 
and local behaviour of the aluminium surface is considered in a range of conversion 
coating systems.  Finally, consideration is given to current legislation, limiting use of 
environmentally unacceptable species, and possible future requirements. 
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5202.01 Definition of Conversion Coating and Requirements of 

Conversion Coatings 

 

The aluminium surface, supporting its relatively thin air-formed film with associated flaws 
or defects, generally has good inherent corrosion resistance.  However, for particular 
functions in selected environments, or for decoration, a requirement may be the presence 
of an organic coating, i.e. paint or adhesive.  In order to enhance organic coating adhesion 
and durability, the aluminium supporting its air-formed film is treated to 'transform' or 
'convert' the original film to provide a tailored or functional conversion coating.  
 
Conversion coating may be carried out by several methods, which can be categorized 
broadly into two types, immersion and 'electrical'.  The former includes direct immersion, 
spraying, rolling etc, whilst the latter implies use of impressed currents.  For clarity in this 
lecture, only direct immersion-type processes are considered since these are most in 
demand.  Anodizing, where anodic films are generated under constant voltage or constant 
current density conditions, forming inorganic coatings based on amorphous Al2O3, is 
treated elsewhere (TALAT Lecture 5203). 
 
In considering immersion processes, generating conversion coatings, degreasing is not 
considered to transform the original surface.  However, interestingly, so-called acid 
pickling or alkaline etching of aluminium does involve immersion of the originally filmed 
aluminium surface in a chemically reactive environment and hence, may justifiably be 
considered as conversion coating. Current thinking does not include etching and pickling 
under the category of conversion coating. In the development of metallic coatings on 
aluminium, various intermediate processes are involved, i.e. zincating which, perhaps, 
could be included in the general classification. Further, anodic electrocoating may also 
generate anodic alumina, sandwiched between the metal and deposited organic coating. 
Finally, passive films, developed by anodic polarization, could also be included in the 
classification.  However, for simplicity and to follow current philosophy, conversion 
coatings are generally considered to involve immersion processes whereby the original air-
formed alumina film is transformed to develop coatings significantly thicker than 2.5 nm, 
which have application in many areas, for example automotive, aerospace, packaging etc. 
  
Wernick, Pinner and Sheasby (The Surface Treatment and Finishing of Aluminium and its 
Alloys, Fifth Edition, Volume 1, ASM International Finishing Publications Ltd, England 
(1987)) have defined the properties of an ideal conversion coating. A 'wish list' of the 
coating properties is given below: 
 
1. The coating should be continuous over the aluminium surface. 
2. The coating should be impervious to the environment. 
3. Ideally, the coating should be inert or have a low environmental reactivity. 
4. The presence of the coating should not promote galvanic attack on the substrate. 
5. Mechanical properties of the coating are important, and it should resist damage by 

abrasion, scratching, etc. 
6. It should bond readily to the substrate and subsequently applied coatings in the 

system. 
7. Clearly the coating must perform the desired function, i.e. decoration or corrosion 

resistance. 
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8. The coating system must comply with current and impending environmental 
legislation. 

9. Ideally, an individual conversion coating treatment should have very wide 
application. 

10. The costs of conversion coating must be consistent with the product, and applicable 
to high tonnage, low cost materials or low tonnage, high value materials. 

11. Maintenance procedures should be in place, i.e. to repair damaged regions. 
12. Many other properties may be required under particular circumstances, i.e. non-

electrically conducting or electrically conducting depending upon application and 
concern over sparking. 

 
Having determined a 'wish list' of properties of the ideal coating, it is readily revealed that 
an individual coating-type will not satisfy all the requirements. Indeed, in some 
circumstances, the requirements may be conflicting; for example, it may be generally 
acceptable to employ a conversion coating system that develops an insulating coating. 
However, in particular locations, electrical conduction may be beneficial to avoid build up 
of charge and the potentially damaging effect of any consequent spark generation.   
 
Possible conversion coating systems, satisfying some, but not all, of the properties within 
the 'wish list', are given below: 
 

a) Coatings developed by hydrothermal treatment 
b) Chromate-containing conversion coatings 
c) Chromium-free conversion coatings 

 
The first category of coating system involves immersion of aluminium in near-neutral 
water at elevated temperatures, whereby various forms of alumina, for example boehmite 
and bayerite, can develop according to the specific circumstances.  For particular capacitor 
applications, hydrothermal treatment of relatively pure aluminium foil is carried out in 
boiling water to develop an outer region of pseudoboehmite and an inner, less-well 
crystallized region of alumina material, probably containing more water than the outer 
layer. The total film thickness is of the order of 300 nm. After hydrated film formation, the 
aluminium is anodized to form the dielectric material for application in capacitors. Since 
this process is relatively specific to capacitor-type systems, it is not considered further in 
this lecture. 
 
Chromate-containing conversion coatings have received wide interest and have been 
employed extensively. After immersion, various films have been considered to develop, 
including Al2O3 and Cr2O3; with the additional presence of PO4

3- species in the coating 
bath, CrPO4 also develops.  This type of immersion treatment, operating at temperatures  
up to 70oC, develops markedly different films from the variously hydrated aluminas 
formed in the first category. The chromate-containing system is examined in this lecture. 
 
Given the environmental and toxicity problems associated with the use of chromate-type 
conversion coating systems, there has been a thrust to use non-chromium processes, i.e. 
zirconium or titanium-containing systems, or cerium, or, more recently, cerium-
molybdenum systems. Important aspects of these systems are considered in this lecture. 
 
Prior to examining individual systems, the basic requirements of a conversion coating 
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bath, in terms of the understanding of the reactivity of the aluminium surface are now 
considered (see also introductory TALAT Lecture 5101). 
 
 

5202.02 Nature of the Aluminium Surface 

 
 
It is appreciated that aluminium supports an air-formed oxide film of thickness about 2.5 
nm.  Further, the alumina film reacts in acid and alkali; in the near neutral pH range the 
chemical solubility of the film is relatively low, with hydration reactions proceeding in 
water. Thus, comparatively simple methods of converting or transforming the original 
aluminium surface involve chemical reaction giving rise to dissolution products, which 
may ultimately precipitate to develop a conversion coating.  To the previous simplistic 
view, the influence of surface roughness and metallurgical nature, i.e. alloying elements, 
must be added so that a full understanding of the material and its possible chemical and 
electrochemical behaviour is available.  Further, the design of the component may have to 
be considered since this will influence the geometry of the surface and the final machining 
will influence roughness on a subtle scale. Additionally, in converting the surface to 
produce a film of tailored or desired properties, persistent defects in the original material 
should not be present. Interestingly, novel procedures for their removal have been 
considered; for example, a treatment developed in Norway involves cathodic polarization 
of the component to remove second phase material.  Whilst this does not constitute 
conversion coating, it is an interesting, possible initial treatment prior to conversion 
coating in the selected bath.   
  

 

 

 

5202.03 Principles of Conversion Coating 

 
 
For the systems under consideration, and particularly the chromate-containing baths, a 
general requirement is to stimulate interfacial reactions which lead to local pH changes 
and to eventual precipitation of reaction products to form the so-called conversion coating. 
 
In a general sense, considering a metal, M, in an acid phosphate solution, corrosion of the 
metal, supported by the cathodic process of hydrogen evolution, leads to an increase in 
interfacial pH. Such alkalinity leads to the presence of HPO4

2- or PO4
3- in the interfacial 

region; such species lead to the formation of M2(HPO4)n or M3(PO4)n salts of limited 
solubility.  Thus, the precipitated conversion coating may be a metal phosphate of the 
metal being treated or a further metal (Mf), whose ions have been added to the conversion 
coating bath.  Other species may be added to the bath to accelerate coating formation by 
assisting oxidation of metal ions generated from dissolution of the substrate, i.e. in the 
case of ferrous substrates. 
 
Examining further processes of the previous kind, an essential component of any 
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conversion coating bath will be species which film the surface generally, or locally 'plug' 
anodic or cathodic sites of activity. This basic knowledge gives rise to the concept of 
tailor-making of coatings, based upon the understanding of their mechanisms of 
development. 
 
Specifically, for aluminium, it is recognized that in water at ambient temperatures, other 
than for hydration, aluminium undergoes relatively little reaction. If chromate species are 
added to the system, chromates are reactive to the alumina film, thus encouraging 
chemical dissolution.  If the solution is made acid, by addition of H+ ions, the initial 
chemical reaction can be enhanced. Thus, by immersion of aluminium in a solution 
containing chromate ions, transformation of the original air-formed film to a relatively 
open porous-type alumina film is possible. The rates of transformation in such solutions 
are relatively slow; under alkaline conditions, broadly similar processes proceed. This 
confirms previous suggestions that immersion of aluminium in many situations leads to 
transformation of original filmed surfaces to produce a 'new' film which is characteristic of 
the environment which aluminium has experienced. 
  
 
 
 

5202.04 Further Consideration of Processes Occurring in 

Conversion Coating Baths 

 
Many baths contain fluoride species which are particularly reactive or aggressive to 
alumina and aluminium.  Indeed it has been considered that fluoride species remove the 
protective alumina film from the aluminium surface during initial immersion in the 
conversion coating bath! Thereafter, aluminium dissolution (anodic process) proceeds 
with Cr6+ reduction (cathodic process) to solid hydrated Cr2O3.nH2O (conversion coating) 
and initial hydrogen evolution. 
 
In reality, fluoride species are reactive to the air-formed alumina and they enhance the rate 
of chemical reaction. However, as the film decreases in thickness, the driving force for its 
reformation increases; this leads to a dynamic equilibrium between chemical dissolution in 
the acid, fluoride-containing solution and reformation of the essentially alumina film 
material.  The anodic process is that of Al2O3 formation; with the parallel cathodic process 
of Cr2O3.nH2O formation; however, importantly, the sites of Cr2O3.nH2O formation 
require definition.  This arises because alumina films have a relatively high band gap and 
are not electrically conducting unless extremely thin, i.e. sufficiently thin for electron 
tunnelling.  
 
The site of the cathodic process, dictating where deposition occurs, depends on metal 
purity.  Generally, aluminium is associated with impurity segregates where ready electron 
conduction is possible. Thus, the processes involved in conversion coating growth are 
envisaged as follows. Initial chemical reactions of the solution species with the alumina 
film, thus thinning the film.  As a consequence of the high field established across the 
film, ionic transport proceeds to reform the film (anodic process). At impurity sites, 
deposition of Cr2O3.nH2O, together with any hydrogen evolution (cathodic process), 
proceeds.  The coating, developed at cathodic sites, spreads over the surface, masking the 
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residual alumina film and hindering the anodic process. When the anodic process is stifled 
sufficiently, the coating reaches a limiting thickness of about 400 nm. 
 
For highly pure aluminium, with relatively few impurity segregates, sites of ready electron 
conduction are in poor supply. For this situation, the chemical reaction of fluoride species 
with the alumina film proceeds to give an alumina film of reduced thickness, which 
enables electron tunnelling. Thus, coating formation proceeds as considered previously, 
although the detailed mechanism is subtley different from that of 'less-pure' aluminium. 
  

Given the previous information, the basic models for chromate-containing films, 
developed in the presence of fluoride species, can be generated (Figure 5202.04.01).  
With changes of bath formulation, the detailed morphology and composition of the film 
can be amended although structurally the films are composed largely of amorphous, 
hydrated Cr2O3.nH2O with an underlying, thin Al2O3 layer which has been penetrated by 
fluoride species. In the presence of phosphate species, generating the very important and 
very widely-used chromate-phosphate conversion coating system, the Cr2O3.nH2O 
material is replaced largely by solid chromium phosphate of unknown water content. 
 
Further developments of the above processes include no-rinse processes which are applied 
to continuous strip. The conversion coating is applied to the pretreated aluminium strip, 
with no rinsing operations, thereby limiting environmental pollution. The coating 
formulations are altered markedly from the normal immersion-type processes, with the 
addition of organic material and silica.  Precise mechanisms of formation are currently 
awaited as is detailed understanding of coating morphology, composition and structure. 
 

 
 

 

5202.05 Chromium-Free Conversion Coatings 

 
In order to avoid contact of chromium compounds with foodstuffs, as well as previously 
highlighted environmental aspects, alternative processes have been developed, giving rise 
to zirconium or titanium-containing conversion coating bath formulations. The resultant 
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corrosion resistance of the coatings is not considered to match that of chromate coatings, 
limiting their widespread applicationHowever, in the container industry, they limit staining 
of aluminium and provide suitable adhesion of lacquers and protective interior coatings. 
 
The conversion coating bath contains fluoride species as well as zirconium species, i.e. 
ZrF6

2- ions. Clearly, the coating does not develop in a similar manner to Cr2O3 or CrPO4 
coating since ZrO2 type material can only be produced by interfacial pH change.It has been 
considered that zirconium species are bonded to the hydrated aluminium film covering the 
aluminium surface. From in-depth elemental profiles  through the resultant film, the film 
has been considered to be a multi-layer, with Al2O3 adjacent to the aluminium surface, a 
Zr/O/F containing outer layer and ZrO2 sandwiched between the previous layers. 
 
Undoubtedly, this area represents one of expanding activity, with resultant optimized bath 
compositions and formulations for non-chromium containing coatings. Other coatings in 
this broad area include silicates, cerium species, cerium-molybdenum species etc. 
 
 

5202.06 Further Developments 

 
Based on the understanding of the mechanism of aluminium reaction with particular 
environments, understanding of the particular requirements for conversion coating 
development enable baths to be optimized and real replacements for chromate to be 
considered across many application areas. Areas of possible future interest may include 
dry technology, i.e. increasing use of vacuum technology and, of course, the possibility of 
fabrication for minimal surface treatment. 
 
Additionally, and of major importance, detailed understanding of adhesion of organic 
films to the conversion coating is required. Such knowledge will then provide a real thrust 
to tailor-makings systems for adhesion promotion and durability under service conditions. 
The inter-relationships between corrosion (and hydration) and adhesion require precise 
clarification. 
 
 

5202.07 Literature 

 

Wernick, Pinner and Sheasby: The Surface Treatment and Finishing of Aluminium and 
its Alloys, Fifth Edition, Volume 1, ASM International Finishing Publications 
Ltd, England (1987) 

 

5202.08 List of Figures  
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5202.04.01 Model of Fluoride-Containing Chromate Conversion Coating Formation 
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5202.09 APPENDIX     

 
Some Typical Conversion Coating Baths and Conditions 
 
Various baths are highlighted in Wernick et al (referenced previously); selected baths are 
given here. 
 
a) Beechnuts coatings 

 

(i.) 5-200 mm sheet coatings produced at temperatures above 85oC by immersion of 
aluminium in distilled water plus hydrazine at pH 7-11 for 5-15 s. 

(ii.) Pylumin Process; aluminium immersed in sodium carbonate (7%), sodium 
chromate (2.3%), basic chromium carbonate (0.5%) plus sodium hydroxide 
(0.5%) solution at 70oC.  Resistance coating used as a paint base. 

 
a) Chromate-containing conversion coatings 

(i.) Chromate-phosphate; optimum solution range contains 20-100 g/l PO4
3-, 2-6 g/l 

F- and 6-20 g/l CrO3.  Optimum F-/CrO3 ratio is 0.27; if the phosphate content is 
too low the F-/CrO3 concentrations are critical.  If the F-/CrO3 ratio is low, no 
coatings are formed; if too high the coatings are non-adherent. 

Coatings obtained by spraying are thinner than those applied by immersion.  The colour 
of the coating depends on formation conditions, with F- concentration probably 
being the critical factor.  Boric acid additions to the bath are also used to control 
the rate of formation and properties, i.e. contact resistance. 

(ii.) Chromate-fluoride conversion coatings:  One bath composition is given as 3.4-
4.0 g/l CrO3, 3.0-3.5 g/l Na2 Cr2O7 and 0.8 g/l NaF; treatment 3 minutes at pH 
1.5 and 30oC.  Accelerators may be added to the bath - ferricyanide.  For 
optimum corrosion resistance, the following cycle has been recommended: 

 
(a)  clean in non-etching alkaline cleaner 
(b)  rinse for at least 1 minute 
(c)  deoxidize using chromate-sulphate deoxidizer 
(d)  as (b) 
(e)  apply MIL-C-81706, Class 1A chromate film (US Military       
specification for thickness and resultant corrosion resistance) 
(f)  as (b) 
(g)  air dry at 60oC 

 
(iii) No rinse chromate processes: coating is water based and consists of partially 

reduced chromic acid containing filmed silica; organic reducing agents 
employed; Cr6+/Cr3+ ratio is in range 0.5-0.75 to 1; silica or silicate added to form 
an homogeneous colloidal solution. 

(iv) Chromate-free conversion coatings: One example gives a bath composition of 0.4 
g/l K2ZrF6, 5.0 g/l HzBO3, 10.0 g/l HNO3 an 0.4 ml/l HNO3 (4N); the solution 
pH is in the range 3-5 and, at temperatures of 50-65oC, clear coatings develop. 



 
 

 
 

 
 
 
 
 
 
 
 

TALAT Lecture 5204 

 

Organic Coating of Aluminium 

 

16 pages, 8 figures 
 

Level: Advanced I  
 

prepared by J. Vereecken, Vrije Universiteit Brussels 

 

 

 

 

 

 

 

Objectives: 

 

− To describe the different steps of the coating process and to give information about the 
test methods 

− To select organic coatings for the protection of aluminium or to achieve specific surface 
properties 

 

 

 

 

Prerequisites: 

 

− Knowledge of corrosion protection and surface pretreatments of aluminium 
− TALAT Lectures 5101, 5102, 5201, 5202 
 

 

 

 

 

Date of Issue: 1994 
    EAA -  European Aluminium Associat ion 



 

TALAT 5204 2 

5204 Organic Coating of Aluminium 

 

 

 

 

Table of Contents 
 

 

 

5204 Organic Coating of Aluminium ...............................................................2 

5204.01 Reasons for Painting Aluminium ............................................................ 3 

5204.02 Terms and Definitions of Organic Coatings........................................... 3 

5204.03 Methods of Application ............................................................................ 4 

5204.04 Organic Coating Systems ......................................................................... 5 

Surface Preparation..................................................................................................6 

Pretreatment for Powder Coatings, Paints and Lacquers.................................. 7 

Pretreatment for Electrophoretic Coatings ........................................................ 8 

Primer.......................................................................................................................8 

Finishing Paints........................................................................................................8 

5204.05 Quality Control of Finished Products ................................................... 11 

Test Methods..........................................................................................................11 

5204.06 Literature................................................................................................. 16 

5204.07 List of Figures............................................................................................ 16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

TALAT 5204 3 

5204.01 Reasons for Painting Aluminium 

 

The main reasons for painting aluminium alloys are (Figure 5204.01.01) 
 

− decoration (which includes colouring); 
− resistance to corrosion 
− several functional reasons, e.g.  

tribology 
solar radiation absorption 
insulating against heat and electricity 
 

alu

Training in Aluminium Application Technologies

Objectives

! most important factor for

     paint adhesion and 

     corrosion resistance

Surface Preparation for Painting: Objectives 5204.01.01

Increase
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of Paint

Functions Decoration

Surface Preparation for Painting: Objectives

 
 
 

5204.02 Terms and Definitions of Organic Coatings 

 

The main components of paint and lacquers are binder, pigment and volatile solvents and 
thinners. 
 
The binder is responsible for the coherence within the paint film and for its adherence to 
the substrate. Sometimes, if the binder is brittle a plasticizer is added. 
 
The pigment is primarily responsible for colour and hiding power but it plays an important 
role for the physical properties of the film.  In anti corrosion primers the pigments have 
inhibitive or rust preventing properties. In top paints the pigments are flake-like particles 
in order to increase the oxygen diffusion path. 
 
A solvent is used if the binder is a solid substance at ambient temperature.  The solvent is 
of importance not only for the applicability of the paint but affects also adherence and 
other properties. 
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Thinner is a volatile liquid that is added to the paint to reduce its viscosity before 
application. 
 
Lacquer contains a binder which consists of an organic film forming substance often 
dissolved in a solvent. 
 
 
 
 

5204.03 Methods of Application 

(Figure 5204.03.01) 
 
 

alu
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1) only for powder paints

2) for liquid and powder paints

Electrophoresis
    - Anaphoresis

    - Cathaphoresis

Roller Coating

Dip Coating

Brushing

Flow Coating

Fluidized Bed Coating 1)

Spray Coating
   - Compressed air
   - Airless
   - Hot Spraying
   - Electrostatic 2)

Methods of Applying Organic Coatings 5204.03.01

Methods of Applying 

Organic Coatings

 
 
 
The different methods of applying organic coatings are: 

1. Brushing 
2. Dip coating 
3. Roller coating (Figure 5204.03.02) 
4. Flow coating 
5. Fluidized bed coating 
6. Spray coating :   

- Compressed air 
- Airless 
- Hot spraying 
- Electrostatic (Figure 5204.03.03) 

7. Electrophoresis 
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Source: Alcan Germany.
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5204.03.03Electrostatic Coating Process

Electrostatic Coating Process

 
 

 

5204.04 Organic Coating Systems 

 

The operational sequences are : (Figures 5204.04.01, Figure 5201.04.02) : 

• Surface preparation  
- Pretreatment for powder coating, paints and lacquers 
- Pretreatmlent for electrophoretic coatings 
• Primer 
• Finishing paints 

- Air drying coatings 
- Stoving finishes 
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Surface Preparation 

The most important factor in obtaining good paint adhesion is the preparation of the 
surface (Figure 5204.04.03). 
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alu
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The most important factor 

in obtaining good paint adhesion

and corrosion resistance 

is the preparation of the surface

Methods of Surface Preparation

(1) Roughening of the Surface
 - Mechanical Methods

 - Etching in Acid or Alcaline Solutions

(2) Application of Conversion Coatings
 - Chemical Oxidation Coatings

 - Chromate or Chromate Phosphate Coatings

 - Non-Rinse Type Coatings

 - Anodic Oxidtion Coatings

 - Etch Primer

Surface Preparation for Painting: Methods 5204.04.03

 
 

Various pretreatment systems have been discussed in TALAT Lectures 5201 and 5202 
but chemical conversion coatings are the most widely used form of pretreatment when 
painting of aluminium. 
 
Aluminium can be pretreated with    

− amorphous phosphates 
− zinc phosphates 
− chromating 
− phosphochromating 
− phosphofluozirconium coating 

 
 

Pretreatment for Powder Coatings, Paints and Lacquers 

 
No surface pretreatment other than chemical conversion coating (chromating or 
phosphochromating) according to DIN 50939 may be used for powder, paint and lacquer 
coatings. Fully deionized water must be used for the final rinse prior to coating. The 
conductivity of the dripping water must not exceed a maximum of 30 µS/m at 20°C. The 
conducting power should only be measured for open sections and not for hollow sections. 
The last rinsing water dripping off is decisive for the calculation. Other methods of 
pretreatment may only be used with the Executive Committee's approval. 
 
Pretreatment parts must not be stored for more than 16 hours. As a rule, they should be 
coated immediately after pretreatment. The risk of insufficient adhesion increases the 
longer the parts are stored. 
 
The parts must never be stored in an atmosphere that is dusty and detrimental to them. 
Good atmospheric conditions must always be maintained in the storage area. 
 
All workers handling pretreated parts must wear clean textile gloves to avoid 
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contamination of the surface. 
 
The parts must be dried at the following temperatures : 
 

yellow chromating :  maximum 65°C 
green chromating :   maximum 85°C 

 
 

Pretreatment for Electrophoretic Coatings 

 
All parts to be coated must be cleaned by adapted treatment in an alkaline or acid solution. 
 
The cleaned surfaces must be rinsed in fully deionized water with a maximum 
conductivity of 30 µS at 20°C prior to coating. The surface must be wettable with water. 
 
The parts must be coated immediately. 
 

Primer 

 
The application of a first or primer coat is essential for all structural aluminium except that 
to be used under only mildly corrosive conditions. The primer is a bonding coat and its 
main properties are good adhesion and flexibility. It invariably contains metallic inhibitive 
pigments. Zinc chromate is by far the most popular pigment.  
 
For less severe conditions, red iron oxide may be employed, while strontium, barium and 
calcium chromates are also useful in admixture with zinc chromate. 
 
 

Finishing Paints 

 
The technology of paint systems is an exceedingly complex subject which must be 
considered as being outside the scope of this course. There is a very wide range in the 
basic types of organic coating and these can also be used in various combinations to 
provide a virtually infinite variety of properties. The following is a brief list of the 
principal types of finishes used.  In this field there is a very important and rapid evolution. 
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Figure 5204.04.04 gives a survey of the properties of various coating paints. 
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Relative Properties of Various Paints 5204.04.04

Relative Properties of Various Paints
at a typical film thickness of 20 - 25 µm

 
 

Stoving Finishes 

 
alkyd amines 
epoxy ester resins 
solution type epoxy resins 
vinyl resins 
plastisols 
organosols 
thermosetting acrylics 
polyester coatings 
silicone coatings 
polyamide imide polymers 
fluoropolymers 

 

Air Drying 

Coatings 

 

alkyd based finishes 
chlorinated rubber resins 
cellulosics 
vinyl and acrylic polymers 
solution-type vinyl resins 
pigmented vinyl 
acrylics 

  catalysed air drying coatings 
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Top Coats 
 

1. Cellulosics: nitrocellulose, cellulose acetate and cellulose acetate butyrate 

2. Alkyds: straight drying oil modified phthallic anhydride types, or acrylic-
modified 

3. Acrylic lacquers 

4. Chlorinated rubber 

5. Vinyls: solution vinyls and vinyl-acrylic combinations 

6. Catalyzed epoxies, polyurethanies and polyesters. 

 

The trend today in product finishes in mass production is to use these coatings    
for postpainting in the following sequence of popularity, and for the purpose 
indicated: 
 
• Amine-alkyd: this is the lowest cost and most popular type 
• Acrylic enamel (thermosetting acrylic): also very popular for automotive and    

general use 
• Polymethane (PUR): high mechanical and chemical resistance 
• Polyesters: these are in reality oil-free alkyds. Good for severe exposure to salt 

atmospheres, soap, etc. Popular in appliance finishes. 
• Epoxy lacquers: very good adhesion 
• Silicone: modified alkyds, acrylic and polyesters. Very high performance on 

most properties 

 
 

 

 

Powder Coatings on Aluminium for Architectural Applications 

 

  Thermoplastic powders: 
polyethylene (PE) 
polyvinylchloride (PVC) 
polyamide (PA) 

 

  Thermosetting powders: 
epoxy powder (EP) 
acrylic powder 
polyurethane powder  (PUR) 
polyester powder (PES) 
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5204.05 Quality Control of Finished Products 

• Test Methods 
• Specifications for coating 

 
 

Test Methods 

Gloss 
Thickness of coating  ISO 2360 
Adhesion  ISO 2409 
Buchholz indentation  ISO 2815 
Cupping test  ISO 1520 
Resistance to cracking on bending  ISO 1519 
Impact test (for powder coating only)  ECCA T5 with 2.5 Nm. 
Kesternich test  ISO 3231 (0.2 l of SO2 - 24 cycles) 
Acid salt spray test  ISO 3769 (1.000 hours) 
Machu test (Short-time corrosion test) 
Artificial weathering and radiation of coatings  (DIN 53231) 
Weathering test 
Polymerisation test (for paints and lacquers only) 
Resistance to mortar 
Resistance to boiling water 
Condensed water constant atmosphere  (DIN 50017) 
Solvent test 

 
Certain tests may be carried out on the finished products themselves but the full range of 
tests must be performed on test panels processed concurrently with a production batch. 
 
The test panels must be made of the alloy AA 5005 H 24 0.8 mm thick (AlMg1 1/2-hard) 
unless otherwise approved by the Technical Committee. If this thickness is not obtainable, 
test panels with a thickness of 1 mm may also be used. 
 
Tests using chemicals and corrosion tests should preferably be performed on extruded 
plates in AA 6060 (A1MgSi 0.5). 
 

• Gloss 

ISO 2813 using incident light at 60° to the normal. 
Note : if the significant surface is too small or unsuitable for the gloss to be measured with 
the gloss meter, the gloss should be compared visually with the reference sample (from the 
same viewing angle). 
 
  Category 1 :    0 -   30 +   5 units 
  Category 2 : 31 -   70 +   7 units 
  Category 3 : 71 - 100 + 10 units 
  (permissible variation from the nominal value). 
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• Thickness of coating   ISO 2360 

The thickness of the coating on each part to be tested should be measured at no less than 
five measuring points (1 cm2) with 3 to 5 single readings taken at each point. The average 
of the single readings taken at one measuring point gives the measurement value recorded 
in the inspection report. If any measurement value is less than 80% of the required coating 
thickness, the part in question is unsatisfactory and falls under the reject samples of 
column 3 in the table in section E.1 d. 
 
The average of all the measurement values on one part must be at least the required value 
for the coating thickness. If the average is below the required value but above the 80% 
mark,  the part in question is not satisfactory and falls under the reject samples in column 3 
of the table in section E.1 d). The inspection will, however, be deemed unsatisfactory if 
the average value of a part is less than 80% of the required coating thickness. 
 

1. powder coating    60  µm 
2. paints and lacquers 

a) PVDF two layers   30  µm 
b) PVDF(metallic) three layers 45  µm 
c) silicon polyester without primer 30  µm 
(minimum 20% silicon resin) 
d) other thermosetting paints  50  µm 
e) two-component paints  50  µm 

  3. electrophoretic coating   25  µm 
 
Other coating systems may require different coating thicknesses, however they may only 
be applied with the approval of the Executive Committee. 
• Adhesion   ISO 2409 

According to paragraph 5,2,4, of ISO 2409, a 3M adhesive tape no. 250 (ASTM D 3359) 
or equivalent must be used.  The spacing of the cutters must be 1 mm for coating 
thicknesses up to 60 µm and 2 mm for more than 60 µm. 

 

• Kesternich test  ISO 3231 (0.2 l of SO2 - 24 cycles) 

In condensed water variable atmosphere containing sulphur dioxide.  

No infiltration beyond 1 mm of the scratch. 

 

• Machu test  (Short-time corrosion test) 

This test is used for in-house control in coating plants and is listed by way of a 
recommendation. 

The surface of the sample should be scratched down to the base material with a suitable 
graving tool before the sample is immersed in the test solution. 

NaCl   50 g/l 
CH3COOH (glacial) 10 g/l 
H2O2 (30%)    5 g/l 

  test temperature  37 °C 
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  testing time  48  hours  
 
The pH of this solution is 3.0 - 3.3. After 24 hours, another 5 g/l H2O2 (30%) should be 
added and the pH adjusted. A new solution must be prepared for each test. 

No infiltration beyond  0.5 mm of the scratch. 

 

• Artificial weathering and radiation of coatings  (DIN 53231) 

accelerated SUNTEST 

weathering test (original Hanau Quarz Lampen GmbH)  with : 
luminous intensity 150 klux 
black panel   40 °C 
temperature 
special UV filter  

 
3 minutes wet - 17 minutes dry cycles. 

After 1,000 hours' exposure, the samples should be rinsed with fully deionized water and 
checked for : 

gloss retention ISO 2813 
angle of incidence 60° 
total colour change reflectance spectrophotometer (glasser cube root method) 
or CIELAB formula according to DIN 6174 

3 colour measurements are to be made in different places at least 50 mm apart on the 
cleaned, weathered sample and on the unexposed reference sample. 
 

1. Gloss retention : the loss of gloss after the accelerated weathering test 
must not be more than 50% of the original value. 

2. Colour change : according to the values in the annexed table 2. 
 
 
• Weathering Test 
 
Floride test (natural weathering) according to ISO 2810. The test must start in April. 
 
The samples must be exposed to the elements in Florida for 1 year, facing 5° south.  
Dimension of the samples : 100 x 305 x 0.7 - 0.8 (mm). 
 
In order to determine the reflectometer value, the samples should be cleaned in a 1% 
aqueous surfactant solution by rubbing them lightly with a soft sponge. The upper 
surface should be free from streaks as far as possible. The residual gloss on the cleaned 
sample must be at least 50%. 
 
Color variances : 3 color measurements are to be made in different places at least 50 
mm apart on the cleaned weathered sample and arithmetic evaluation are as follows : 
 

1. a spectrometer or a colorimeter applying the three filter method must be 
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used (according to DIN 5033 sections 4 and 6); 
2. the measuring geometry is 45/0 or alternatively 8/d or d/8 eliminating 

surface reflection (according to DIN 5033 section 7); 
3. the colorimetric analysis must be made for the standard source D65 and ten-

degree normal observer (according to DIN 5033 sections 2 and 7). 
 
 
• Polymerisation Test  (for paints and lacquers only) 
 
Saturate a swab of cotton wool with a solvent specified by the paint or lacquer 
manufacturer and approved by the Technical Committee. Within 30 seconds, rub it lightly 
back and forth 30 times in each direction over the part to be tested. 
 
After 30 rubs back and forth, the loss of gloss must not be more than 5 units (according 
o B.1;.m). 
 
 
• Resistance to mortar 
 
The mortar should be made of sand, lime and water. This represents type N according to 
ASTM C 207. 
 
Minimum requirement : after 24 hours in the testing cabinet, the mortar must be easy to 
remove without  leaving any residues. Any mechanical damage to the coating caused by 
grains of sand may be disregarded. 
 
 
• Resistance to boiling water 
 
1. 2 hours in boiling, deionized or distilled water. Remove the sample and allow it to 

cool down to room temperature. Apply an 18 mm wide strip of 3M adhesive tame no. 
250 (ASTM 3359) pr equivalent to the surface, ensuring that no air is trapped. After 
one minute, remove the tape at an angle of 45° with a sharp even pull. 

 
2. Pressure cooker test  

Add deionized water to a pressure cooker with an internal diameter of about 200 mm 
to a depth of 25 mm and place a test sample measuring 50 mm in it. 
Place the lid in position and heat the pressure cooker until steam escapes from the 
valve. 

 
The weighted needle valve must be adjusted to produce an internal pressure of 100 + 10 
kPA (1 bar). Continue heating for 1 hour, time from the moment when steam first 
escapes from the valve. Cool the pressure cooker, remove the sample and allow it to 
cool down to room temperature.  pply an 18 mm wide strip of 3M adhesive tape no. 250 
(ASTM 3359) or equivalent to the surface, ensuring that no air is trapped. After one 
minute, remove the tape at any angle of 45° with a sharp even pull. 
 
Note : to be used for powder and electrophoretic coatings only. 
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There must not be any defects or detachment after 2 hours in boiling deionized or 
distilled water or after 1 hour in the pressure cooker.  Some colour change is acceptable. 
 
 
• Solvent test 
 
 Prescribed solvent for liquid coatings : MEK. 
 Prescribed solvent for liquid coatings : xylene. 
 
For this solvent test, a cotton wool swab saturated with the appropriate solvent is placed 
on the test panel for 30 seconds. 
The polymerization quality is assessed according to the following ratings : 
 

1. The coating is very dull and quite soft. 
2. The coating is dull and can be scratched with a finger-nail. 
3. Slight loss of gloss. 
4. No perceptible change. 

 
Ratings 3 and 4 are satisfactory. Ratings 1 and 2 are unsatisfactory. 
• Sawing, milling and drilling 
 
The coating must not crack or chip when sharp tools are used. 
 

 

• Buchholz indentation 
 
Minimum 80 with the specified required coating thickness. 
 
 
• Cupping test according to Erichsen 
 
  minimum 5 mm for powder coating 
  minimum 5 mm for paints and lacquers 
  minimum 3 mm for two-component paints and lacquers 
  minimum 5 mm for electrophoretic coatings 
 
These values must be achieved with the specified required coating thickness.  Using 
normal corrected vision, the coating of the test panel must not show any signs of 
cracking. 
 
• Resistance to cracking on bending 
 
Bending around a 5 mm mandrel. 
Using normal corrected vision, the coating of the test panel must not show any signs of 
cracking. 
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• Impact test  (for powder coating only)  2,5 Nm 
 
Using normal corrected vision, the coating of the test panel must not show any signs of 
cracking. 
 
• Acid salt spray test 
 
No detachment of infiltration beyond 1 mm of the notch. 
 
• Condensed-water constant atmosphere 
 
Minimum requirements : no blistering after 1000 hours;  maximum infiltration at the 
cross is 1 mm. 

 

 

5204.06 Literature 
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Objectives: 

 

− to describe the processes of electroless, electrolytic, as well as physical and chemical 
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5205.01 Plating Characteristics of Aluminium  

 
 
The processes for plating on aluminium can be divided into the following groups (Figure 

5205.01.01): 
 

• Electroless Plating 
• Electrolytic Plating 
• Physical Vapour Deposition (PVD) 
• Chemical Vapour Deposition (CVD) 
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Electroless Plating

Electrolytic Plating

Physical Vapour Deposition (PVD)

Chemical Vapour Deposition (CVD)

Processes for Plating Aluminium 5205.01.01

Processes for Plating Aluminium

 
 
 
The group of electroless methods can be defined as: Reactions taking place as a result of 
chemical action, i.e. no external source of electric power is present. 
 
The group of electrolytic methods can be defined as: Reactions taking place as a result of 
electrochemical action, i.e. an external power supply is used. 
 
PVD processes can be defined as: Reactions taking place between a gas and a solid due to 
high physical action to the solid. The mixed gas plates on the surface at low pressure and 
high temperature. 
 
CVD processes can be defined as: Reactions taking place due to chemical reactions taking 
place in vaporised gas under high temperature and low pressure. 
 
These definitions may overlap, but can be used for a preliminary division into groups. 
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Aluminium Characteristics: 

 
Some basic characteristics of aluminium are (Figure 5205.01.02): 
 

• Low density 
• High strength/weight ratio 
• High thermal conductance 
• High electrical conductance 
• High ductility 
• Magnetic neutrality 
• Sensitive to corrosion 
• High reflectivity 
• High scrap value 
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The following properties make aluminium

an interesting base material:

Low density

High strength/ weight ratio

High thermal conductance

High electrical conductance

High ductility

Magnetic neutrality

Sensitive to corrosion

High reflectivity

High scrap value

Characteristics of Aluminium 5205.01.02

Characteristics of Aluminium

 
 
 

 

Problems of Plating on Aluminium: 

 
There are a number of difficulties to be considered when electroplating on aluminium 
(Figure 5205.01.03): 
 
1. Aluminium is amphoteric, i.e. it is dissolved in both alkali and acid. 
 
2. The difference in potential, between the aluminium matrix and second phase constituents 

can affect the deposition reaction. 
 
3. The position of aluminium in the electrochemical series can lead to formation of immer-

sion deposits in the plating solution. 
 
4. The coefficient of thermal expansion of aluminium and its alloys differs from most of the 

metals commonly deposited on it. 
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5. The difference in atomic diameter and crystal lattice structure between the aluminium 

substrate and the metal deposited on it. 
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Difficulties in Plating Aluminium are:

5205.01.03Difficulties in Plating on Aluminium

aluminum is dissolved in alkaline and acidic solutions

due to the position of aluminium in the electrochemical
series ion-exchange reactions can occur in the
processing solutions

phases containing alloying elements can
have a potential different from the matrix

coating and aluminium do not expand equally

Aluminium is amphoteric

Aluminium is very reactive

Alloying constituents

High coefficient of thermal expansion

Difference in atomic diameter and in crystal lattice structure

 
 
 
One of the major things to be considered when plating on aluminium is the readiness by 
which aluminium reacts with the air to form oxide. Direct plating processes (see later) can 
eliminate this, but are not so commonly used. It is also important to notice that aluminium is 
amphoteric, i.e. aluminium is dissolved in both acidic and alkaline plating baths.  Due to the 
reactivity of aluminium unwanted ion-exchange processes are also likely to occur in the 
plating solution. All of these characteristics can be eliminated by using an intermediate pre-
treatment layer deposited by ion-exchange plating (zincate or stannate process as described 
later). 
 
The electrode potential of aluminium compared to some other metals shows that differences 
between aluminium and pure elements as well as second phase elements can be considerable 
(Figure 5205.01.04). This shows that proper care should be taken when plating  on 
aluminium to avoid alloying elements giving big electrode potential difference leading to 
unwanted electrochemical actions during the plating process. 
 
The coefficient of thermal expansion of aluminium is high compared to other metals. The 
consequence is that if the plated specimen is subjected to a temperature chock or temperature 
elevation the coating is mechanically stressed different than the substrate. This can course 
decohesion of the coating or form cracks through the coating. Especially if the coating 
adhesion to the substrate or the pretreatment layer is poor decohesion of the coating can 
occur, see Figure 5205.01.05. 
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Pure elements: Second phase elements:

Al, Zn and Mg compared to second phase constituents:

Electrode Potential 5205.01.04

Al (99.5 %) -0.83

Al (99.5 %) -0.85

Zn               -1.10

Mg              -1.73

Si            -0.26
NiAl3       -0.52
FeAl3      -0.56
CuAl2      -0.73
MnAl6     -0.85
CuMgAl2 -1.00  
MgZn2    -1.05
Mg2Al3    -1.24

Electrode Potential

(vs. 0.1 N KCL calomel electrode)

measured (in V) in an aqueous solution of 3 g/l NaCl + 3g/l H2O2 at 25 °C

 
 
 

alu

Training in Aluminium Application Technologies

Coefficient of thermal expansion

for the range of 0° to 100 °C

Chromium

Steel

Nickel

Gold

Brass

Copper

Silver

Aluminium

Tin

Zinc

Cadmium

 7

12

13

14

18

18

19

24

27

27

31

x10-6 / °C

Coefficient of Thermal Expansion 5205.01.05
 

 
 
Though plating on aluminium is a relatively expensive technique, it is increasingly important 
because of the possibility of combining the low density of aluminium with the functional 

properties of the deposit (Figure 5205.01.06). Good results can be obtained with a suitable 
combination of metal and process. The platable metals are listed later. The achievable 
properties that can be added to aluminium are mechanical, magnetic, electrical, thermal, 
corrosive and decorative. As an example it could be interesting to add wear resistance 
(abrasive or adhesive wear), hardness and corrosion protection to aluminium. This would be 
possible with f.ex. an electroless nickel coating or a chromium coating. 
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Why plate on aluminum ?

Parameters influenced by plating:

Wear resistance

Tribological properties

Magnetic properties

Electrical properties

Solderabilty

Weldability

Surface hardness

Temperature resistance

Corrosion resistance

Decorative use

Why Plate on Aluminum ? 5205.01.06
 

 
 
Plating techniques can be divided in Electroless plating and electrolytic plating (Figure 

5205.01.07). 
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General Plating Techniques 5205.01.07

General Plating Techniques

Auto-catalytic plating
Ion exchange plating

Platable metals
Pre-treatment process for aluminium

Electroless Plating

Electrolytic Plating

Physical Vapour Deposition (PVD)

Chemical Vapour Deposition (CVD)

 
 
 
Electroless plating is deposition of metal, usually nickel or copper from an aqueous solution 
by use of a reducing agent RA in the solution or by dissolution of the substrate whereby 
electrons are freed.  The plated metal is dissolved in the plating solution as metal ions which 
plate on the surface. 
 
Electrolytic plating is plating where the electrons are supplied by an external power supply. 
The plated metal is either dissolved in the plating solution and/or supplied by the anode 
material used (this is further explained under electrolytic plating). 
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5205.02 Electroless Plating 

 
Electroless plating is used for engineering and electronic parts to give increased wear-
resistance and in some cases corrosion resistance (special pretreatment) or the technique can 
be used as the primary step in a conventional electroplating sequence. The process has an 
excellent throwing power independent of the specimen geometry. The layer can be kept 
constant within a tolerance of only +/- a few percent also at the inside of tubes and holes. 
Only when the specimen contains gaps or hollow spheres where air or evolved gas can be 
captured, these areas will not be plated. As an example electroless nickel is used for 
computer hard-discs in combination with a magnetic material such as cobalt. Many 
mechanical precision parts are plated with electroless nickel to maintain strict dimensional 
tolerances. Composites of electroless nickel containing silicon carbide (SiC) or Teflon 
(PTFE) particles can increase wear resistance and decrease the coefficient of friction 
respectively. 

 
Electroless plating can be subdivided in ion-exchange plating and autocatalytic plating. 
 
The ion-exchange plating process is based on oxidation (dissolution) of the aluminium 
substrate whereby electrons are freed so that a reduction (deposition) of another metal 
coming from the aqueous solution is possible. (Figures 5205.02.01 and 5205.02.0212). The 
metals deposited by this technique are usually zinc or tin. The layers deposited are thin, 
because the deposition stops, when the aluminium is all covered and can no more supply 
electrons by oxidation. The processes are used as a pretreatment to plating (electrolytic- and 
electroless). These ion-exchange processes are known under the names: zincate-, stannate- or 
modified zincate/stannate-process. The electrolytic plating processes often require this 
pretreatment to improve the adhesion and to avoid the aluminium from getting dissolved in 
the plating bath, because aluminium is amphoteric (dissolves in both alkaline and acid 
solution). 
 
The autocatalytic plating process is driven by electrons freed by reduction of the reducing 
agent RA. These freed electrons join the metal ions in the solution and form solid metal on 
the surface (Figure 5205.02.03). Because the electrons are coming from the reducing agent 
the process can keep on running also after the substrate is covered, i.e. high coating 
thicknesses are possible. Electroless nickel is an example of autocatalytic plating (Figure 

5205.02.04). 
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Ion Exchange Plating 5205.02.01

Ion Exchange Plating

Me1

ne-

Me2
n+

Me1
n+

Me2

Me1 = base metal (aluminium)
Me2 = coating

Me1                     ne- + Me1
n+

Me2
n+ + ne-                   Me2
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Ion Exchange Plating (II) 5205.02.02

Ion Exchange Plating on Aluminium:

Zn, Sn, Cu and Ag

Case Zn (zincating in alkaline solution):

Anodic reaction

Cathodic reaction

Overall reaction for the zincating process:

( )Zn OH Zn 4OH
4

2 2− + −→ +
Zn 2e Zn2+ −+ →

( )Al 3OH Al OH 3e
3

+ → +− −

( )2Al 6OH 3Zn 3Zn 2Al OH2

3
+ + → +− +

 
 
 
 

5205.03 Electrolytic plating 

 
When plating by electrolytic plating the process is supplied with electrons from an external 
power (current) supply. The power supply can be regulated by a current or a potential limit. 
The negative pole (cathode) is connected to the sample to be plated. The plus (anode) is 
connected to one or more metal bars or sheets in the solution (Figure 5205.03.01). The 
anodes consist either of the plating metal or of a metal insoluble (in some cases titanium) in 
the bath solution. In both cases the bath solution contain the metal ions to be plated. They are 
added as metal salt. During the process the anodes will dissolve or if the anodes are insoluble 
more metal salt is added to maintain a certain concentration of metal ions. 
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Auto-Catalytic Plating (I)

Auto-Catalytic Plating Process

5205.02.03

Anodic reaction:

Cathodic reaction:

Overall reaction:

Me1 is the base metal and Me2 is the coating.

( )R ne Rm m n+ − + +→ +

Me ne Me2

n

2

+ −+ →

( )R +Me Me Rm+

2

n

2

0 m n+ + +→ +

Me2

Me1
ne−

Me2

n+

Rm+

( )R
m n+ +
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Auto-Catalytic Plating (II) 5205.02.04

Auto-Catalytic Plating on Aluminium:

- Ni, Co, Cu, Au

Reducers for auto-catalytic plating (RM+):

Case electroless nickel (EN):

- Sodium hypo-phosphite; NaH2PO2

- Sodium boro-hydride; NaBH4

- Dimethyl-amine borane; (CH3)2NHBH3

Ni H PO 2H O Ni 2H PO 2H H O2

2 2 2 2 3 2

+ − − ++ + → + + +2

 
 
 
The coating metal distribution on electro plated specimens is not homogeneous as it is for 
electroless plating. The coating will build up on corners and edges where the current density 
(A/dm2) is higher rather than in grooves and inner corners with low current density. Plating 
properly inside a narrow tube and similar shapes is normally not possible except if inner 
anodes are used in the tube. Coatings like chromium have a very bad distribution ability 
(throwing power). Chromium needles easily form on the edges of the specimen. To improve 
the coating distribution, if desired, the current distribution over the surface should be 
changed by using anodes that surround the surface to be plated. The anode to cathode 
distance should also be kept as constant as possible. If for example a metal sheet should not 
form needles at the edges, a current thief in the form of a wire around near the edges of the 
sheet can be used. The thickness distribution of for example zinc, silver and gold is normally 
not a problem except inside tubes etc. 
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Electrolytical Plating

Electrolytical Plating 5205.03.01

Energy source:

             Power supply

Metal source:
             Anode metal + metal ions (Me+)

anode 

+

cathode

- anode 

+

Me +

 
 
 
Plating on aluminium does as mentioned earlier often involve a pretreatment coating (zincate 
or stannate). This is the most commonly used method to plate on aluminium. 
 
When the oxide is removed in the same bath as the electrodeposition takes place, i.e. no 
pretreatment in form of zincating or other, the process is called a direct plating process. It is 
possible to electrodeposit copper, nickel, silver, brass and chromium by using the direct 
plating method. This technique has only limited use in the industry. The most frequent 
technique used is to plate an intermediate pre-treatment layer, deposited by the ion-exchange 
technique as described earlier. 
 
Some common applications of plated aluminium coatings are machine elements and many 
light weight components. The metals that are platable on aluminium either directly or by use 
of an intermediate zincate or stannate layer are many. The most common ones are chromium, 
nickel, silver, gold tin, zinc and copper (Figure 5205.03.02). Also many alloys of these are 
platable. 
 
When the ion-exchange plating process is used as pre-treatment to electrolytic plating, 
correct process parameters are of great importance to the adhesion and corrosion resistance of 
the plated coating. The standard ASTM B253-83 specifies the correct pre-treatment process 
routines for aluminium (zincating etc.) (Figure 5205.03.03). It is especially important that 
the procedure of several succeeding coating and stripping procedures is followed when  
zincating. The zincating process should be repeated two to three times with the specified 
stripping of the zincated coating in sodium hydroxide in between. If this procedure is not 
followed the result could easily be a poor adhesion of the zincated layer to the aluminium. If 
the final top coating, f.ex. nickel, is plated on the poorly adhering zincate the result will be 
decohesion and flaking off of the top coating. 
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Platable Metals on Aluminium

Chromium ( Cr )

Nickel ( Ni )

Cobalt ( Co )

Silver ( Ag )

Tin ( Sn )

Lead (Pb )

Cadmium ( Cd )

Zinc ( Zn )

Gold ( Au )

Rhodium (Rh )

Copper ( Cu )

various alloys of the above;

e.g. brass ( Cu + Zn )

Platable Metals on Aluminium 5205.03.02
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Pre-Treatment Process* for Aluminium

5205.03.03

De-greasing

Etching

De-Oxidation

Ion Exchange Plating Zn (or Sn) **

Electrolytic Plating

(Cu or Ni)

Additional Plating

(e.g. Au, Ag or Cr)

Electroless Plating

(e.g. Ni)

 * According to ASTM B253-83

** In case of Sn: Electrolytical bronze strike is used.

Pre-Treatment Process for Aluminium
 

 

 

5205.04 PVD plating 

 
The vapour deposition methods are divided in two types: 
 

• Physical Vapour Deposition (PVD) 
• Chemical Vapour Deposition (CVD) 

 
PVD processes were defined as reactions taking place between a gas and a solid due to a high 
physical action to the solid. The mixed gas plates on the surface at low pressure and high 
temperature. 
 
CVD processes were defined as reactions taking place due to chemical reactions in vaporised 
gas under high temperature and low pressure. 
Plating on aluminium by the PVD process means heating the sample to 300-550°C. The 
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metal (f.ex. Titanium) is evaporated f.ex. by applying a high potential. The vaporised metal 
gas will react with the gas in the chamber (e.g. Nitrogen) and  plate on the specimen surface 
(Figure 5205.04.01). It is not possible to plate into deeper grooves etc. Typically only the 
surfaces that are visible from the evaporator(s) of the solid metal will be plated. Typical 
coatings to be plated by PVD are Titanium Carbide (TiN) and Titanium Nitride (TiN) 
(Figure 5205.04.02). They have high hardness and low coefficient of friction. The coating 
thickness is typically 3-5 µm and has a high wear resistance on tools etc. 
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Equipment for  PVD Plating

Gas inlet

Valve

Gas outlet

Physical Vapour Deposition (PVD) 5205.04.01
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PVD Platable Compounds 5205.04.02

PVD Platable Compounds

Metals           Al, Si, Ti, Cr, Co, Cu, Zn, Ge, Se, Mo, Rh, Pd,

                      Ag, Cd, In, Sn, Ta, W, Ir, Pt, Au, Pb

Alloys            FeCr, NiCr, NiCrFe, Brass

Carbides       B4C, SiC, TiC, CrC, MoC, RuC, TaC, WC

Nitrides          Si3N4, TiN, CrN, MoN, TaN, WN

Oxides           Al2O3, SiO, SiO2, Fe-oxide, PbO

Others           Graphite, Polyamide, PTFE, CaF2, Fe2B,

                      MoS2, MoSe2, WS2, WSe2

 
 
Because of the high temperature involved, the process is not commonly used for plating on 
aluminium. Only a limited number of aluminium types will be able to manage these 
temperatures without being damaged or loosing their original shape. The process is under a 
constant development to reduce the process temperature and may therefore within years 
become generally usable for aluminium. 
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5205.05 CVD Plating 

 
CVD plating involves heating to temperatures of 850-1200°C. At this temperature a chemical 
reaction between an evaporated metal and a gas takes place (Figure 5205.05.01). The coating 
will plate all over the surface of the specimen. Typical coatings are TiC and TiN. Also 
diamond coatings are possible (Figure 5205.05.02). The CVD coatings have high wear 
resistance and a low coefficient of friction. Typical coating thicknesses are 3-10µm. 
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Chemical Vapour Deposition (CVD) 5205.05.01

Equipment for CVD Plating:

Furnace

Reduction gas

Carrier gas

Vaporizer

Filter

Pump

Reactor
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Metals          Al, Ti, V, Cr, Ni, Nb, Mo, Ta, W

Borides        B, FeB, Fe2B, NiB, TaB2, WB

Carbides      C, B4C, SiC, TiC, CrC, Cr7C3, TaC, WC

Nitrides        BN, Si3N4, TiN, VN, Fe2-4N, TaN, WN

Oxides         Al2O3

Silicides      Si, MnSi, FeSi, NiSi, MoSi

CVD Platable Compounds 5205.05.02

CVD Platable Compounds

 
 

Because of the high temperatures involved, the thermal CVD methods are not usable for 
aluminium. But the chemical reactions can also be activated by a discharge method instead of 
the high temperature. By this method the temperature can be lowered to 100-800°C which 
will be acceptable for some aluminium types. These so called plasma CVD processes are not 
yet fully developed for tribological purposes, but a lot of effort is given by research 
institutions in this area. So in some years it may be possible to use CVD processes for 
aluminium also. 
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5205.06 Cases on Plating Aluminium 

 
There are many different reasons for wanting to plate on aluminium. Some of them were 
listed earlier in this text. To give an impression of applications some examples are given on 
solder ability, wear resistance and decorative uses. 
 
Electroless nickel phosphorus (approx. 10% P) on aluminium (Figure 5205.06.01) is used to 
achieve some of these properties. The process can be used to increase the hardness of the 
surface and thereby increase the wear resistance of the coating. The Vickers Hardness of 
electroless nickel phosphorus is about 400-500 HV and can be doubled to 800-1000 HV by a 
heat treatment at 400°C for one hour. The adhesive wear resistance of  electroless nickel 
phosphorus is comparable to that of hard chromium, which makes the coating very effective 
to avoid adhesion at high contact forces against for example steel surfaces. The high wear 
resistance of the coating is due to the content of phosphor, which therefore should be plated 
as high as possible. 
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Electroless Nickel on Aluminium

Properties:
     ! Increased hardness* and wear resistance

     ! Increased corrosion resistance

     ! Good throwing power (uniform coating regardless 

        of sample geometry)

     ! Composite plating of particles (SiC or PTFE) is

        possible to increase the wear resistance or to

        obtain lower surface friction

Use:
     ! Engineering parts where high precision is required

     ! Surfaces subjected to wear

Electroless Nickel on Aluminium 5205.06.01

*) Heat treatment (400°C/ 1h) doubles the hardness to 800 - 1000 HV).

 
 
 
Electroless nickel boron is another similar coating with an even higher hardness. 
 
The corrosion resistance of electroless nickel phosphorus is very good. Used with a standard 
25-30 µm thick coating the corrosion resistance is good. 
 
Electroless nickel can be plated as a composite by including particles suspended in the 
plating solution. Particles of Silicon Carbide (SiC) are used to increase the abrasive wear 
resistance. But it should be noted that the coating it self will then act as an abrader to other 
surfaces. If Teflon (PTFE) is plated in the coating the coefficient of friction in dry contact is 
very low, i.e. comparable to that of lubricated contact. 
 
The throwing power of electroless nickel is very good and a totally homogeneous coating 
distribution is possible also within holes and tubes. Therefore the coating can be used for 
engineering parts where tolerances should be strictly maintained. 
When aluminium parts are to be joined, soldering is a good method. The aluminium surface 
can be made solder able by plating tin, silver, gold or other metals on the surface (Figure 
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5205.06.02). A newer solder able coating type, only available from a few suppliers is tin-zinc 
alloy coatings. These coatings are very corrosion resistant and at the same time solder able. 
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Solderability 5205.06.02

Plated metal:

           Sn, Pb, Cu, Ag, Au, Ni, Sn-Zn (alloy)

Properties:

           Gives a solderable surface

Use: 

           Engineering parts

           Electronic circuits

Solderability

 
 
 
Aluminium parts can be used for engineering parts subjected to wear. Aluminium it self has 
a low wear resistance and severe adhesion on to most other surfaces will occur. Plating wear 
resistant coatings on the aluminium makes it possible to use aluminium for wear parts also. 
Examples of wear resistant coatings are chromium, electroless nickel, silver and copper 
(Figure 5205.06.03). Each of these are used for different wear situations (abrasive, adhesive, 
corrosive or erosive wear). Chromium coatings reduce abrasive, adhesive and corrosive wear. 
Electroless nickel was mentioned earlier (Figure 5205.06.01). Silver, copper, gold etc. 
normally are used against adhesive wear and to avoid galling. 
 
Decorative plating is one of the most common types of plating. Many different coatings are 
possible. One of the most common decorative coating types is electrolytic nickel under 
chromium. These coatings are used when a smooth and bright surface is desired (Figure 

5205.06.04). Many decorative coating types will need to have a post treatment like a lacquer 
layer or passivation coating to avoid instant corrosion of the surface. 
 
When chromium is plated for decorative use and should also be resistant to corrosion an 
underlying nickel layer is used. This is for example the case on fittings and motor car 
components. The aluminium is zincated, coated with a thick layer of semi-bright nickel, a 
thinner layer of bright nickel and finally a micro cracked chromium layer (Figure 

5205.06.04). 
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Wear Resistance 5205.06.03

Wear Resistance

Plated metal:        

Cr, Ni (Cu, Ag)

Properties:

         Increased wear resistance

         Lower coefficient of friction

         Reduce adhesion between surfaces

Use:

         Printing rollers

         Pistons

         Cylinder liners

         Aircraft landing gear parts

         Engine turbines
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Decorative Plating 5205.06.04

Plated metal:
            Ni, Cr

Properties:
            Smooth bright surface

            Increased corrosion resistance

Use:
            Aggressive environment (fittings, motorcar components etc.)

Mild environment (domestic)

Al

Al

Micro-cracked Chromium 1-2 µm

Bright Nickel 10 µm

Semi-bright Nickel 20 µm

Zincating 1µm

Regular Chromium 1-2 µm

Bright Nickel 10 µm

Zincating 1µm

Decorative Plating

 
 
 
For decorative uses in mild environments the 20µm semi-bright nickel layer is neglected. 
 
As an example of combining some plating techniques, gold is deposited on aluminium for an 
aerospace application. The process is: 
 

• Zincate / stannate 
• electrolytic copper deposit, 5µm 
• electrolytic nickel deposit, 10µm 
• electrolytic gold deposit, 5µm 

 
By using the above process sequence it is possible to eliminate the difficulties when plating 
aluminium that were listed earlier. The copper deposit has an excellent ability to absorb 
stress resulting from differences in the coefficient of thermal expansion. The nickel deposit 
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eliminates the risk of galvanic corrosion by forming a dense and pit-free layer. The nickel 
layer is also necessary to prevent diffusion of copper into the gold. The gold is the desired 
top coating and by depositing 5µm a pit-free layer is obtained, i.e. no corrosion of the un-
derlying layers is possible. The gold layer is 100% resistant to corrosion and has the desired 
electrical and thermal characteristics. 

The above described gold-plating is tested by the following test sequence: 

• 10 temperature-shocks (quick) from -55°C to +125°C. 
• 200 temperature cycles (slow) from -55°C to +125°C. 
• 240 hours at 95% relative humidity at 40°C. 
• High temperature storage at 125°C for 1000 hours. 

 
After this test cycle no visible or electrical changes can be allowed. 

The obtainable mechanical properties by plating aluminium are changed wear resistance and 
coefficient of friction as well as changed strength and ductility. Thermal conductivity, solder 
ability and electrical resistance are main properties in many electronics. The commercially 
most common reason for surface treatment are decorative or corrosion resistance related. 
(Figure 5205.06.05). 
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5301.01 Introduction 

 

 
Aluminium strip in either sheet or coil form can be surface treated and coated to provide a 
variety of protective, decorative, or special-property finishes making it an ideal material 
for a wide range of  applications. 
 

The different surface treatments and coatings can be carried out on individual sheets or 
formed components where process stage times can be relatively long, i.e. measured in 
minutes.  However, the handling of individual pieces and transference between process 
stages is frequently complex and time-consuming.  Since many of the applications have 
now developed into high-volume markets, the modern tendency is to avoid these 
disadvantages by producing material, wherever feasible, on continuous strip process lines 
and so achieve the level of productivity required at a favourable unit cost. 
 
Some process stages, such as those involved with the production of anodized finishes, 
must remain quite long in which case the strip treatment line will run relatively slowly (for 
example, anodic film sealing requires around 3 minutes in boiling water, so a line running 
at only 10m/min. would require a sealing tank 30m long, and associated energy to 
maintain the bath temperature).  But in other instances, particularly with paint or lacquer 
coating, the process stages have been developed to be effective in a matter of seconds and 
here line speeds of 200 m/min. are attainable, and even 300m/min. for pretreatment-only 
lines. 
 
In addition to high productivity, the continuous strip treatment line is amenable to strict 
process control, programmable for a variety of product properties tailored to specific 
customer requirements and, moreover, provides a consistently high standard of quality 
across the strip width, throughout the coil length, and throughout successive coils. 
 

 

 

 

 

 

 

 

 

 

 

 

 



TALAT 5301 4 

5301.02 Treatments and Coatings 

 

• Cleaning and etching 
• Pretreatment 
• Coatings 
• Anodic films 
• Special properties 

 
 

The different treatments and coatings may be summarised as follows 
 
• Cleaning:  to remove residual oil and detritus. 
 
• Etching:  to diminish or remove the oxide film generated in previous   
   fabrication process steps (e.g. hot rolling, annealing). 
 
• Pretreatment: to stabilize the surface against oxidation and hydration as well as to  
   modify the surface for improved bonding of subsequent paints,  
   lacquers or laminates. 
 
• Coatings:  protective or decorative paints, lacquers or laminates. 
 
• Anodic films: protective or decorative films, also as a dielectric in electrical  
   applications. 
• Special properties:   e.g. electro-grained and anodized lithographic substrate. 
 

Cleaning and Etching 

 
Today, aluminium strip is finish-rolled with a minimal amount of residual rolling oil left 
on the strip surface, and as-rolled material is adequate for many engineering applications. 
However, cleaned strip may be requested to provide a consistent, uniform surface, or to 
avoid contamination of subsequent chemical operations in a customer's plant. Cleaning is 
the essential preparatory stage in most pretreatment processes. 
 
The removal of residual rolling oil and detritus from the strip surface is usually achieved 
by spraying with either an alkali or acid solution, heated to 60-80 °C,  for 5 seconds.  The 
sprays can also have a beneficial mechanical effect in loosening attached particles 
(especially on the underside of the strip).  Today, many of the strip alloys contain 
magnesium, which migrates to the surface of the strip during the thermal part of the 
fabrication cycle, giving a magnesium-rich natural oxide film; this is a disadvantage to 
many subsequent finishing processes. An acid will uniformly attack the mixed oxide film 
whereas an alkali will preferentially attack aluminium oxide resulting in a non-uniform 
attack of the metal (producing a roughened  surface), so today there is a tendency to prefer 
acid cleaning to the alkali process; typical is to use a mixture of sulphuric and hydrofluoric 
acids with surface activants (wetting agents). 
The spray cleaning section is followed by spray rinsing cascades (see Figure 5301.03.06) 
and drying. 
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An alternative to spray degreasing is electrolytic cleaning, in which the strip passes 
through a bath containing an electrolyte (acid) and electrodes connected to a d.c. (i.e. 
reverse polarity to anodizing) or a.c. power supply. The cathodic action rapidly expels any 
loose particles from the strip and cleaning can be effected in as short a time as 0.5 seconds. 
At present electrolytic cleaning is rarely used, but it is worthy of future consideration. 
 
Rolling oil removed from the strip in the degreasing section must be collected and sent for 
disposal off-site. 
 
Spent acid or alkali from the degreaser plus the contaminated rinse water overflow must 
be neutralised before disposal. 
 
In the case of acid cleaners, most of the spent acid can be regenerated and returned to the 
process, leaving a greatly reduced volume of dilute acid and salts for treatment prior to 
disposal.  For example, one acid regeneration system is based on an ion exchange process, 
which  employs resins which have an affinity for the acid but exclude the aluminium 
content.  This purified acid can then be recovered by washing out of the resin by water. 
 
Typically, acid effluent is treated by mixing the spent solution with calcium hydroxide 
which neutralises the acid and precipitates calcium sulphate (for example) and aluminium 
hydroxide. This precipitate is then fed to a filter press where much of the liquid is re-
moved, and the `filter cake' is disposed of on an official dumping site, or used as land-fill. 
 
In the case of continuous anodizing, the cleaning and etching is used to produce a specific 
surface appearance. For bright reflective finishes a solution of phosphoric, sulphuric and 
nitric acids is used to chemically brighten the sheet. This is an immersion process, 
typically for 1-2 minutes at 95-105 °C.  To produce a matt finish the cleaning and etching 
solution is typically 15% caustic soda (NaOH) at 60-70°C, which can be operated either as 
a dip or a spray process, followed by a spray rinse and then a spray desmut with 10-20% 
nitric acid at room temperature, followed by a final spray rinse before the strip enters the 
anodizing stage. 
 
 

Pretreatment 

 
Pretreatment, modifying the strip surface for the improved bonding of subsequent paints, 
lacquers, laminates, etc., is integrated with a preceding strip cleaning process, and usually 
a subsequent coating process. 
 
An exception is the provision of pretreated-only coil cut into sheets for the packaging 
industry (e.g. food cans, metal closures) where the individual sheets are lacquered and 
decorated (printed) on sheet coating lines.  This is because it is not practical to print or 
decorate coils due to the wide range of designs required, and the relatively small runs per 
design (Figure 5301.02.01).  Pretreated-only strip is given a thin coating of 
dioctylsebaccate (DOS) at around 5-10 mg/m2 to ensure the cut sheets destack and feed 
smoothly into the sheet coater/decorators. The level of DOS is carefully regulated to 
ensure it is compatible with the subsequent lacquer coatings. 
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The pretreatment can be either a chemical process, or an electrolytic process, to replace the 
natural oxide film.  Today, the chemical process is the more usual, with different versions 
for food packaging applications (to satisfy  regulations) and for architectural or transport 
applications. 
 
Until a few years ago, the chemical solution was applied to the strip and after a finite 
reaction time, rinsed off. This of course gave rise to a considerable volume of 
contaminated rinse water requiring treatment before disposal.  However, today the 
chemical is usually applied by roller coating whereby a precise amount of solution is 
applied uniformly across the strip, and then dried in place. These ‘no-rinse’ aqueous 
chemicals have been formulated to stay on the aluminium surface. Their reaction with the 
aluminium means that no products are formed which will subsequently require removal, 
so avoiding most of the potential environmental problems. 
 
Typical chemical coatings are based on chromium compounds, but in view of possible 
future stringent regulations, chrome-free versions have been developed and are already 
commercially available. 
 
The main function of the pretreatment is to improve the durability of the bonding of 
subsequent organic coatings.  
 

Coatings 

 
There is a wide variety of organic coatings to suit specific applications (Figures 

5301.02.02 to 5301.02.06).  Paints and lacquers have been formulated to be compatible 
with the requirements of high-speed coil coating lines, i.e suitable for roller coating 
application and stoving within 10-30 seconds, yet still retaining the necessary adhesion, 
flexibility, wear and weather resistance, as well as  colour matching properties. 
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Typical coil coatings are: 
 
• Organosol lacquers for the inside of food can bodies, and easy-open lids for food and 

beverage cans  
 
 However, as the chloride content of organosols leads to additional cost for scrubbing 

exhaust gases when decoating or melting scrap to comply with new, stringent 
regulations, alternative epoxy-modified polyesters are under development. 

 
• Epoxy-amine lacquers for the outside of the above products.   
 

The lacquers must have good adhesion and flexibility, withstand product processing 
conditions, be compatible with the can contents, and satisfy FDA and other regulations. 

 
 Before the lacquered canning strip leaves the coil coating line it may be lightly 

lubricated on both sides to assist the subsequent coil-fed press forming operations; 
typical is to use food grade petroleum applied at 50-100 mg/m2 which is compatible 
with most food products. 

 
• Polyester paints in a variety of formulations for applications as diverse as caravan 

bodies, interior architectural applications, and instrument dials and nameplates. 
 
• Polyurethane paints for truck bodies. 
 
• PVdF (Polyvinyldifluoride) paints for special exterior architectural applications. Good 

wear and weather resistance. 
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• Polyamide-enriched polyurethane paints with excellent abrasion resistance, for roll 

shutters and some architectural applications in an aggressive environment. 
 
• PVC film laminate, embossed with special effects such as wood grain, leather or stone 

patterns. Special reflective film for road signs, etc. 
 
• A protective film can be applied to coated surfaces to prevent handling damage during 

fabrications;  this film is then stripped off the completed product. 
 
• On lines with tandem coating facilities, the coating can be applied as a primer and top 

coat, or a single coat can be finished with a clear lacquer top-coat, or the second coater 
can apply stripes of a different colour to the first, single coat. 

 

 

Anodic Films 

 
Coil anodizing can be classified into three categories: 
 

• decorative thin-film anodizing for the manufacture of reflectors, name-plates, 
control panels, suspended ceilings, domestic appliance trim, etc. 

 
• dielectric coating on capacitor foil. 
 
• thick film anodizing for architectural applications such as curtain walling, 

awnings, sun screens, louvre blinds, and laminated thermal insulation panels. 
 
Coil anodizing lines vary in width and line speed depending upon the type of finish being 
produced. 
 
Decorative anodizing lines and capacitor foil lines are generally narrower than 
architectural finishing lines, i.e. 150-900 mm compared with 1500-2200 mm. 
 
Strip thicknesses between 100 microns and 3.5 mm are being coil anodized. 
 
Given a specific anodizing tank length, the speed of the line is mainly determined by the 
thickness of the anodic film applied. Decorative finishes are usually typically 2-5 µm 
whereas architectural finishes are typically 15-20 µm. Typical anodizing current densities 
are 150-300 amp/m2 for bright finishes and 1500-6000 amp/m2 for architectural finishes, 
even so a 15 µm architectural finish would require an anodizing time of either 3 minutes 
or ¾ minute, respectively.  Similarly, even with accelerated sealing, (e.g. Alexis 
Speedseal), a dwell time of 0.5-1 minutes per micron is required in the final sealing stage. 
Hence, at a line speed of 20m/min., the anodizing tank would need to be about 20m long 
and the sealing stage at least 150 m long. Consequently, most coil anodizing lines run at 
around 5-10 m/min. to reduce the size of the process stages. 
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As the anodic film is porous, it can be coloured prior to the final sealing stage. This is 
achieved either by a spray dye technique, or by the electrolytic deposition of a metal such 
as cobalt, tin or nickel, from the appropriate metal salt solution. These colouring processes 
are also relatively slow and can result in the line speed being reduced further to 2-5 m/min. 
A schematic layout of a typical strip anodizing line is shown in Figure 5301.02.07. 
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Most of these coil anodizing processes are d.c. and to handle the high current densities, the 
liquid contact principle (see later, Figure 5301.03.09) is usually employed. 
 
In the case of electrolytic colouring, it is usual to use the same liquid contact employed for 
the anodizing stage in combination with a biased a.c. applied via suitable counter 
electrodes in the colouring electrolyte. 
 
 

Special Properties 

 
An example of surface treatment to provide special properties is the electrograining and 
anodizing of strip for lithographic substrate, subsequently cut to size for printing plates. 
In the lithographic printing process a plate is developed in a similar method to a 
photographic film except that the resulting image area comprises a thin polymeric coating 
supported on the roughened anodized substrate.  During printing the plate is wrapped 
around a cylinder and passes various coating rolls (Figure 5301.02.08 (a)).  First, water is 
applied to the plate by a dampening roll which wets the non-image area (exposed 
substrate) but not the polymeric image area. A second roll applies a grease-based ink 
which can wet the image area, but is unable to wet the already water-wet non image area. 
The plate then makes contact with a third rubber roll and the ink is transferred. The 
transfer roll then makes contact with the paper supported by another roll. This process is 
also called offset lithography as the printing plate does not make direct contact with the 
paper. 
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The demands on the substrate during printing are considerable. It must provide good 
adhesion for the light sensitive coating which later forms the image area. It must retain just 
the right amount of water in a non-image area to prevent ink pick-up. Thirdly, it must have 
good wear resistance since plates often make more than 200,000 impressions during 
extended runs, e.g. for magazines and catalogues. 
 
The electrograining process which roughens the aluminium substrate has a similar 
configuration to the a.c. pretreatment geometry except that only one side of the coil is 
treated.  Dilute hydrochloric or nitric acids are used to pit the surface and the action is 
driven by the application of power. Control of the alloy, electrolyte, current density and 
line speed allows the size and distribution of the pits on the surface to be engineered (e.g. 
Figure 5301.02.08 (b)). The surface is d.c. anodized in sulphuric acid to give an 
approximately 1 mm film. The wetting, adhesion and wear resistant qualities of the plate 
are determined by the topography imparted by both the graining and anodizing processes. 
 
In a continuous coil treatment line, the electrograining and anodizing processes each 
require approximately half a minute, so together with various inter-stage rinsings and 
dryings practical space requirements limit the speeds of such litho-lines to around 10-50 
m/min. Although these speeds are relatively slow compared to other continuous processes, 
this is a highly demanding surface finish process. 
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5301.03 Coil Coating Lines 

 

 

• Operational requirements 
• Mechanical features 
• Uncoiling and strip joining 
• Tension levelling 
• Entry accumulator 
• Degreasing, rinsing, drying 
• Pretreatment 
• Coating 
• Drying and stoving ovens 
• Exit section and re-coiling 
• Process control 

 

 

Operational Requirements 

 

The design of coil coating and treatment lines is dependent on the anticipated line speed 
(to satisfy the envisaged market requirements) and the minimum time required for each 
process stage which in turn fixes the space required for any particular stage. This, in turn, 
relates to the building space available. Savings can be made by running the line on two or 
even three levels, and some process stages (such as rinsing) can be compacted by running 
the strip in vertical loops. Obviously, at this stage there should be no doubts about the 
feasibility of the operational parameters for the various stages, for example, most coatings 
(paints, lacquers) have a time/temperature curing relationship such that a shorter curing 
time can be achieved at a higher temperature. However, care must be taken to ensure that 
the operational limits on temperature do not result in unacceptable coating colour 
variances, particularly when close colour-matching is essential between different batches 
of coils produced over long time intervals. It is not unknown for ‘improved’ formulations 
of coatings to be so colour sensitive to temperature that they can only be run at reduced 
line speed in a lower (less sensitive) temperature band.  It is essential when modifying 
pretreatments, lacquers or paints for coil coating, to ensure that the parameters are 
compatible with realistic operational limits. 
 
As mentioned previously, some process stages in coil anodizing, and coil treatment for 
special finishes such as lithographic substrate, must be quite long so because of space and 
other limitations, these lines run at relatively slow speeds (say up to 20 m/min.). 
 
However, coil coating lines run at up to 300 m/min. for pretreatment-only and 200 m/min. 
for most paint, lacquer and laminate coatings. These lines usually run continuously (24-
hour day, 6-day week) so a high standard of reliability has to be incorporated.  Rarely are 
two lines identical, but the main features described below are applicable to most high-
speed lines and to some extent also to the slow-speed lines. 
 
In addition to the normal mechanical engineering details of the line, the stringent 
environmental regulations, applicable or envisaged, demand considerable attention to 
waste products, for example to emission of solvents from the paint curing ovens (fume 
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incineration combined with a heat recovery system) and to chemical effluent (acid 
regeneration). 
 
In operation, a spare coil is usually held in reserve for line start-up or any major process 
adjustment.  The strip would be fed slowly through the line while solution tanks and ovens 
reached their operational temperatures. On line shut-down, such a coil is fed and left in the 
line to avoid the inconvenience of thread-up prior to the next production campaign. 
 
Coil-coating lines should be capable of handling the widest strip produced by the 
associated rolling mills. Should the customer require narrow coils it is more economical to 
coat a wide width and slit to multiple coils rather than coat single narrow coils. 
 
Most coil coating lines today are built for 1650 mm wide strip, but the latest lines will 
handle 2100 mm to cater for the wider strip mills now coming into production, handling 
15 tonne coils, and with an output of around 50,000 tonnes per year. 
 
Many lines are multi-purpose, but a line dedicated to canning strip would cater for a strip 
thickness range 0.15 - 0.5 mm and a line for architectural strip 0.3-2.0 mm. Roll diameters 
and strip tensions throughout the line can then be sized accordingly. 

Mechanical Features 

 
There are two basic designs of coil treatment lines - those that stop for coil change-over 
and those that run continuously, i.e. feeding from or into an accumulator during coil 
changeover (Figure 5301.03.01). 
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Strip accumulators are expensive items both in terms of cost and space requirement, so 
they are usually omitted where the process time and overall line length is relatively short, 
such as in pretreatment-only lines. The disadvantage is that the strip in the line during 
deceleration, stoppage for coil change-over, and acceleration to operational line speed, 
must be scrapped as it will be incorrectly treated.  However, this is offset to some extent 
by the fact that the beginning and end of coils are frequently scrapped because of off-
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gauge. 
 
Figure 5301.03.01 (a)  shows a pretreatment-only (electrolytic) line with the option of 
running coil-to-coil, or into an alternative sheet cut-to-length unit (pretreated-only sheet is 
a high-volume market for the packaging industry). Figure 5301.03.01 (b) shows a simple 
pretreatment and single-coat lacquering line, with an ingoing accumulator to feed the line 
at normal speed during the introduction of a new coil, and an exit accumulator to store the 
strip during changeover of completed coils. 
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Figure 5301.03.02 shows a more complex coil coating line with 2-coat facility and 
provision for laminating decorative film and strippable protective film. 
 
Some typical mechanical features for a 200 m/min. line are now described. 
 
 

Uncoiling and Strip Joining 

 
Ideally, the coil coating line should be located adjacent to a coil storage warehouse with 
mechanised handling so that the appropriate coils (alloy, temper, gauge, width) can be 
automatically selected from the store, transported to the line by means of a coil car, and 
positioned ready for loading onto the uncoiler mandrel. 
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A twin mandrel (Figure 5301.03.03) carries a coil feeding the line on one mandrel whilst 
the other mandrel is free for unloading the empty spool from the previous coil, and loading 
the next coil from the storage area. 
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When the new coil has been loaded onto the free mandrel, the constraining straps are 
removed and the end of the strip fed into a coil preparation section where any damaged or 
off-gauge strip at the coil end is removed. 
 
When the first coil is almost completed, the turret uncoiler rotates 180° to bring the new 
coil into the running position, and the coil end is fed into a strip joining machine, but clear 
of the strip from the first coil which is virtually completed, the strip is sheared and the end 
run into the joining machine. The entry section of the line is halted, and the joining 
machine operates to produce a 4-row mechanical interlock joint. The press tools retract 
and the entry section restarts to pull the new strip into the line. A typical time cycle for coil 
changeover is 30-40 seconds. 
  
During the joining cycle a hole is punched in the strip to facilitate detection of the passage 
of the joint through the line to initiate retraction of the tension leveller, squeegee and 
coater rollers, etc., and at the start of a new order, to initiate changes to process parameters 
as programmed via dedicated computers. 
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Tension Levelling 

 

A tension leveller (Figure 5301.03.04) applies both tension and bending to the strip. 
Double pairs of  ‘S’ rollers at the entry and exit of the leveller are independently driven 
and their speed differential can be steplessly regulated to produce strip extensions of 
between 0% and 2%, depending on the alloy, gauge and temper of the material being 
processed. 
 
 

5301.03.04
Training in Aluminium Application Technologies

alu

TALAT

Source: Alcan Germany.

TENSION LEVELLER.

DOUBLE "S" ROLLS BENDING ROLLS

 
 
 
The tension leveller ensures that the strip runs true throughout the line with the minimum 
of correction, and also that it lies flat on the various coating rollers. Also, as the strip 
passes over the multiple steel leveller rollers, any slitting burrs, which could otherwise 
scratch rubber rolls throughout the line, are flattened. 
 
Strip tracking throughout the line is assured by positioning steering rolls prior to each 
process section and before the final rewind. 
 
 

Entry Accumulator 

 
The entry accumulator (Figure 5301.03.05) normally runs full and has a capacity for 200 
m of strip which enables the entry section of the line to remain stationary for strip joining 
(coil change-over) for up to 1 minute at maximum line speed. On completion of the joint, 
the now partially-empty accumulator is refilled by the coil feed running at 275 m/min. 
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Degreasing, Rinsing, Drying 

 

Figure 5301.03.06 shows a typical spray degrease, rinse and dry section. 
 
The strip passes through two banks of sprays which provide a path length of 8.5 m and 
then an immersion length of 5 m equivalent to a total cleaning time of 4 seconds at 200 
m/min.   The sprays should have a configuration as shown in Figure 5301.03.07 to ensure 
overall coverage of the strip yet avoiding sprays clashing.  They are fed via a heat 
exchanger from a recirculation tank. Spent solution returns to the tank with adequate dwell 
time for oil to separate and be removed by skimming. 
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The strip exits vertically from the degreasing bath, through a final set of solution sprays 
which wash off any oil particles loosely adhering to the strip, and then passes through a 
double pair of squeegee rolls before entering the rinsing section. 
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The rinsing section should be preferably 5 zones, with each set of sprays followed by 
squeegee rolls. Demineralised water heated to 60°C is fed to the last rinse zone, and is 
counter-cascaded through to the first rinse zone, being recirculated within each zone.  The 
conductivity of the rinse water in the first zone is monitored, and controls the amount of 
fresh water fed into the last zone and thence counter-cascaded to keep the rinse water 
contamination within pre-determined limits. 
 
Rinsing should be based on the dilution principle. This assumes that the liquid film on the 
strip after a pair of squeegee rolls is 0.02 mm thick and before the next squeegees 0.1mm 
thick, i.e. a theoretical dilution of 5:1 per stage. Thus, commencing with 20% sulphuric 
acid (200,000 ppm H2S04) the theoretical contamination levels on subsequent stages 
would be: 
 
  200,000 : 40,000 : 8,000 : 1,600 : 320 : 64ppm 
 
A contamination level on the strip less than 100 ppm can usually be tolerated, indicating 
that a 5-stage rinse should be used. 
 
The strip exits from the rinse section via a double pair of squeegee rollers, and then passes 
vertically through a short drying oven, with air at room temperature. 
Fumes from both the degreasing and rinsing units are exhausted to a fume scrubber before 
discharge outside the building. Overflow from the degreasing and rinsing units is collected 
and pumped to the main effluent treatment plant. 
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Pretreatment 

 
The pretreatment, typically a no-rinse chrome chemical type, is applied to each side of the 
strip by roller coating.  Figure 5301.03.08 shows a single-station chem-coater whereby the 
top side of the strip (designated to be the more important side) is coated whilst the strip is 
supported by a back-up roller). In each case a 2-roll coating arrangement is used, i.e. pick-
up/metering and applicator rolls. Each roll is independently driven, and operates in the 
reverse coater mode, i.e. the periphery of the applicator roll rotates contrary to the 
direction of the strip. A typical pretreatment is 120 mg/m2 dry coating weight. 
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The pretreatment is dried, typically a hot air oven heating the strip to around 40°C. The 
strip is then air cooled and water cooled to around ambient temperature with squeegees 
and an air knife to dry the strip before it passes to the next, paint coating, stage. 
 
On the wider coating lines (i.e. over 2000 mm) some unflatness and lack of stiffness of the 
strip may cause difficulties when coating the lower side using the arrangement shown in 
Figure 5301.03.08.  A more precise pretreatment film weight is achieved by applying the 
top and bottom coatings in two separate stages, each with a back-up roller.  In this case it 
is necessary to pre-dry the first coating before it contacts the back-up for the second 
coating. 
 
An alternative electrolytic pretreatment process is effectively anodizing in a hot electrolyte 
using liquid contacts.  The power supply can be either d.c or a.c. with the latter either 
single or 3-phase. 
 
A cell containing an electrolyte (e.g. 20% sulphuric acid) is divided into 2 or more 
compartments, with electrodes in each compartment.  Current passes between the 
electrodes and the strip via the electrolyte - there is no mechanical contact with the strip. 
 
A pretreatment cell is shown schematically in Figure 5301.03.09. By using a.c., graphite 
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electrodes can be used in each half of the cell. The electrodes are graphite blocks with slots 
through which the strip passes, pretreating each side of the strip simultaneously. In 
operation, the pretreatment film is produced whilst the strip is subjected to the anodic half-
cycle, and the film is modified by chemical attack during the cathodic half-cycle. Full 
pretreatment can be effected in around 3 seconds. When using d.c., either lead, or lead-
covered, electrodes must be used in the cathodic section. 
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If a preceding acid degrease is used, it can employ the same chemical composition as that 
in the pretreatment cell (e.g. 20% sulphuric acid) thus avoiding the necessity of rinsing the 
degreased strip prior to entering the pretreatment cell. 
 
The liquid contact cell principle is also used in the other electrolytic strip treatment 
processes such as cathodic cleaning, electro-graining and anodizing. 
 

Coating 

 
A typical 2-coat line arrangement is shown in Figure 5301.03.02. 
 
The pretreated strip is fed through the first coater where usually a primer coat is applied. 
The strip then goes through the first stoving oven and cooling section before returning to 
the second coating station where the top coat is applied followed by final stoving and 
cooling. A coating can be applied to the underside of the strip at either of the coating 
stations. 
 
The coating roll assembly can be rapidly swung out of engagement for cleaning, or a 
colour change, and a new assembly swung into position. 
 
Where a decorative film is to be laminated the first coater will apply an adhesive instead of 
the normal primer coat, which can then be dried or cured prior to lamination. 
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Drying and Stoving Ovens 

 
The paint or lacquer drying and stoving (curing) ovens are probably the most critical 
elements in a coil coating line affecting line speed.  The oven length dictates the line speed 
for a given stoving time, but whether this speed (metal throughput) is attainable depends 
not only on the ability of the oven heating to provide the necessary strip temperature, but 
also on the fume exhaust system to handle the paint's solvent emission volume and keep 
within an allowable solvent concentration of 15 g/Nm3 (i.e. safely below the explosive 
limit). 
 
The ovens are also expensive to operate both in terms of supplying heat energy and 
treating fume exhaust to meet stringent regulations. However, a well-engineered fume 
incineration and heat recovery system is a practical and economic solution. 
 
The prime requirements for drying and stoving paints and lacquers on a coil coating line 
are: 
 

• the initial rise in temperature must be sufficiently gradual to prevent solvent 
boil in the coating. 

 
• a specific peak metal temperature must be reached for satisfactory curing of 

the coating. 
 
• temperature difference across the strip width must be less that 3 °C to avoid 

coating colour variations or impairment of strip flatness. 
 
• cooling must be sufficiently gradual to prevent distortion of the strip. 

 
In addition to the above, as the strip may be coated on both sides, no contact (i.e. support 
rolls) can be made with the underside of the strip until the underside coating has been 
stoved and cooled to around ambient temperature.  
 
On low-speed lines with relatively short stoving ovens, the strip can run through the oven 
as a catenary, but with the longer ovens, for higher speeds, the tension necessary to support 
the catenary is  so high that strip breakage (particularly in the strip joint) may result.  The 
solution is to support the strip by ‘air flotation’. 
 
A typical oven is shown in Figure 5301.03.10. The main features are: 
 
• a short trunking leading from the coater room to the start of the oven to catch solvents. 
 
• a low velocity air heating section for solvent evaporation, i.e. drying the coating, (may 

be air flotation). 
 
• a high-velocity air heating, air-flotation section to bring the strip up to the specific peak 

metal temperature (typically up to 250 °C) and hold it there to complete curing of the 
coating. 
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• a high-velocity air cooling section to bring the strip down to about 120 °C, followed by 

a water spray to cool the strip to around ambient temperature, followed by squeegee 
rolls and an air knife to dry the strip. 

 
 

5301.03.10
Training in Aluminium Application Technologies

alu

TALAT

Source: Alcan Germany.

ARRANGEMENT OF TYPICAL COATING
DRYING AND STOVING OVEN.

LOW VELOCITY

AIR HEATING

HIGH VELOCITY

AIR HEATING

HIGH
VELOCITY

WATER

COOL

AIR
COOLING

COATING

MACHINE

AIR FLOATATIONCATENARY

 
 
 
The oven is constructed with individual zones, each independent as regards its temperature 
and atmosphere composition.  Air temperature distribution in each zone can be sensitively 
controlled by using high circulation volumes. 
 
In operation, exhaust air from the drying section (at around 180 °C) is preheated to around 
280 °C and fed to an incinerator where latent heat (solvent burning) raises the air to around 
680 °C. Heating with natural gas then raises the exhaust air to the final, purified air 
temperature of 750 °C. This hot purified air is then available for feeding back into the 
circulating air of all the individual zones in the oven, preheating the exhaust air from the 
drying zones, and usually with sufficient excess to heat a boiler to generate steam to heat 
cleaning solutions and driers throughout the line. 
 
With such a fume incinerator and heat recover system, residual carbon concentration in the 
oven exhaust stack can be limited to an acceptable 50 mg C Nm3. 

Exit Section and Re-Coiling 

 
After the coating has been applied and cured, the strip will run into an exit accumulator 
(Figure 5301.03.05) which effectively isolates the process section from the units in the 
exit section (Figure 5301.03.11).  The exit accumulator normally runs empty and will 
store strip to enable the process sections to run continuously while the exit section is 
halted to remove completed coils and to initiate new coils.  The strip is edge-trimmed 
immediately prior to coil winding, so coil changeover may involve a cutter width 
adjustment at the commencement of a new order. Consequently, the exit accumulator has 
a larger capacity (1.5 minutes) than the entry accumulator (1 minute). Thus a 200 m/min. 
line would have a 300m exit accumulator capacity. 
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The exit section usually has twin coilers preceded by a transverse shear and a slitter. The 
shear is used for cutting out the strip joint and, on customer request, cutting the strip to 
provide smaller-diameter coils from a larger ingoing coil. The slitter is used to edge trim 
the strip to precise width prior to rewinding. However, on the wider coil coating lines, the 
strip can also be centre-slit to produce two narrower coils, with both strips being wound 
simultaneously on the twin mandrels. 
 
On completion, the coils are strapped and automatically transported from the line to a 
computerised coil store to await dispatch. 
 
The exit section shown in Figure 5301.03.11 has an inspection area. The strip is looped so 
that both top side and reverse side coatings can be inspected at the same time. This can be 
done as the strip is running at line speed, or a crawl speed, or even stationary, with the exit 
accumulator storing material temporarily as the process section continues to run. 
 
The line shown in Figure 5301.03.11 also has an electrostatic lubricator for applying a 
thin, precisely controlled film of oil to each side of the strip.  Typically this oil would be 
DOS for pretreated-only strip, applied at 5-10 mg/m2, or petrolatum as a drawing lubricant 
for lacquered can stock, applied at 50-100 mg/m2.  Normally a process unit such as this 
lubricator would be expected to be sited prior to the exit accumulator, but the lubricated 
strip would be difficult to track through the multi-roll accumulator and furthermore, not all 
orders require lubrication;  rolls subsequent to the relubricator have to be cleaned down 
after use to avoid contamination of the following strip, consequently with the lubricator 
located after the exit accumulator the minimum number of rolls have to be cleaned down. 
 
The electrostatic lubricator can be constructed with an open side (‘C’ frame) so that it can 
be withdrawn from the line when not in use. This prevents droplets of lubricant falling 
from the machine (after it has been switched off) onto strips requiring no lubricant. It also 
facilitates maintenance of the lubricator. 
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Process Control 

 

Continuous strip coating lines are a high initial cost investment demanding high utilisation 
to be economically justifiable. Also they have a high throughput, so unless all process 
conditions are held strictly within the operational limits, they can be expensive in scrap 
generation. 
 
Today, it is usual for all process parameters to be computer-controlled, with visual display 
units (VDUs) at key positions throughout the line as well as in the main control room.  As 
the next coil to be processed is loaded onto the entry mandrel, the line operator enters the 
process parameters for that particular coil and if necessary pre-selects any changes in the 
different processes via their dedicated computers. These parameters are then automatically 
adjusted as the strip joint (the leading end of the new coil) progresses through the line.  
The line operator can then monitor the detailed operation of any particular process by 
viewing the display from the appropriate dedicated computer. 
 
For each coil, all significant process parameters are monitored and transmitted to a data 
bank for off-line statistical analysis. This information is correlated with the product 
properties thereby allowing process improvement and rapid response to any customer 
query. 
 
All faults and malfunctions are also reported and stored for evaluation, rapidly identifying 
any component with an abnormally high failure frequency so that suitable remedial action 
can be taken.  This will reduce line ‘down-time’ and lead to an overall high standard of 
mechanical integrity throughout the line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



TALAT 5301 26 

5301.04 List of Figures 

 
 
 
Figure No. Figure Title (Overhead) 
5301.02.01 Pretreated-Only Coil for Subsequent Sheet Coating and Printing  
5301.02.02 Coil-Coated Aluminium for Non-Decorated Cans and Lids 
5301.02.03 Coil-Coated Aluminium for Transport Applications 
5301.02.04 Coil-Coated Aluminium for Architectural Applications (exterior) 
5301.02.05 Coil-Coated Aluminium for Architectural Applications (interior) 
5301.02.06 Coil-Coated Aluminium for Nameplates, etc. 
5301.02.07 Schematic Arrangement of Coil Anodizing Line 
5301.02.08 Lithographic Plate 
 
5301.03.01 

 
Basic Designs of Coil-Treatment Lines 

5301.03.02 Coil-Coating Line with 2-Coat Facility 
5301.03.03 Uncoiling and Strip Joining 
5301.03.04 Tension Leveller 
5301.03.05 Strip Accumulators 
5301.03.06 Degreasing, Rinsing and Drying 
5301.03.07 Spray Configuration 
5301.03.08 Typical Roller Coating Arrangements 
5301.03.09 Schematic 2-Compartment Electrolytic Pretreatment Cell 
5301.03.10 Arrangement of Typical Coating Drying and Stoving Oven 
5301.03.11 Exit Section and Re-Coiling 
 

 


	1101 Resources and Production of Aluminium
	1101.01	History of exploitation and production
	Introduction
	History of Discovery
	Development of Industrial Production

	1101.02. Developing Useful Properties and Markets
	Properties of Pure Aluminium
	Aluminium Alloys

	1101.03 Principal Markets
	Building and Construction
	Transportation
	Electric Engineering
	Packaging
	Other Applications

	1101.04 Production of Primary Aluminium and Semi-finished Production
	Primary Aluminium
	Semi-fabricating
	Rolling.
	Forging.
	Casting.
	Extrusion.


	1101.05 Development of the European Industry
	1101.06 Literature
	1101.07 List of Figures

	Production of Primary Metal
	Aluminium and the Environment
	Potential Applications
	Areas of application
	The Outlook for Aluminium Structures
	Literature
	List of Figures
	1201	Introduction to Aluminium as an Engineering Material
	1201.01.	Basic mechanical and physical properties
	1201.01.01  Background
	1201.01.02	Commercially pure aluminium

	1201.02  Crystal structure and defects
	1201.02.01  Crystals and atomic bonding
	1201.02.02	Atomic structure of aluminium
	1201.02.03	Crystal structures
	1201.02.04	Some comments on crystal structures of materials

	1201.03	Plastic deformation, slip and dislocations in single crystals.
	1201.03.01	Slip and dislocations
	1201.03.02	Other features and defects in aluminium single crystals.
	1201.03.03	Grain features of bulk aluminium and its alloys.
	1201.03.04	Plastic deformation, recrystallisation and grain growth
	1201.03.05	Structural transformations in aluminium alloys

	1201.04	References
	1201.05 List of Figures

	1202	Metallography of Aluminium alloys
	1202.01. Introduction
	1202.02 Sample preparation
	1202.02.01 Optical microscopy: mechanical grinding, mechanical polishing, etching, anodising
	1202.02.02	 SEM and TEM€: electropolishing, dimpling, ion milling

	1202.03 The techniques used in metallography of aluminium and its alloys
	1202.03.01	Polarised light, interference contrast [2]
	1202.03.02	 Electron channelling contrast and electron channelling patterns
	1202.03.03 High resolution electron microscopy (HREM) and high voltage electron microscopy (HVEM)

	1202.04	 The metallography of the different class of aluminium alloy
	1202.04.01 	Commercial purity of aluminium
	1202.04.02	Wrought alloys
	1202.04.03	Foundry alloys

	1202.05	References
	1202.06 List of Figures

	1203 Phase Diagrams
	1203.01 	Introduction to binary and ternary phase diagrams
	1203.01.01	Background - single and two component systems
	1203.01.02	Model binary systems
	(a)	Cu-Ni
	(b)	Ni-Pt
	(c)	Au-Ni
	(d)	Ag-Cu

	1203.01.03	Some important aluminium-rich binary systems
	1203.01.04	Ternary phase diagrams

	1203.02	Pseudo-binary diagrams (particularly Al- Mg2Si)
	1203.03	References
	1203.04 List of Figures

	1205	Introduction to Mechanical Properties, Solidification and Casting, Joining and Corrosion of Aluminium and its Alloys
	1205.01 Basics of mechanical properties
	1205.01.01	Tensile testing
	1205.01.02 Hardness Testing

	11205.02 Basic solidification and casting metallurgy
	1205.02.01 Solidification
	1205.02.02 Casting
	1205.02.03 Classification of casting aluminium alloys

	1205.03 Basic joining and brazing
	1205.04 Elements of corrosion and corrosion protection
	1205.05	References
	1205.06	List of Figures

	1252	Corrosion and Corrosion Protection
	1252.01 	Corrosion of Aluminium
	1252.01.01	Introduction
	1252.01.02 Corrosion Types
	(a) General corrosion
	(b) Crevice corrosion
	(c) Poultice corrosion
	(d) Fretting corrosion (also called traffic marking)
	(e) Stress corrosion
	(f) Galvanic Corrosion
	(g) Pitting Corrosion
	(h) Intergranular corrosion and exfoliation


	1252.02	Electrochemistry and Aluminium
	1252.02.01	Introduction
	1252.02.02	Kinetic Reactivity
	1252.02.03	The Electrochemical Circuit
	1252.02.04	Aluminium as a Cathode
	1252.02.05	Aluminium as an Anode
	1252.02.06	Summary of Electrolytic Corrosion

	1252.03 Corrosion Protection
	1252.03.01 Anodising
	1252.03.02 Chemical Conversion Coatings
	1252.03.03 Other methods of Protection

	1252.04  References
	1552. 05  List of Figures

	1301 The Rolling of Aluminium: the Process and the Product
	1301.01 Introduction
	1301.02 Sheet Products
	1301.03 Plate
	1301.04 Properties of Rolled Products
	1301.05 Literature
	1301.06 List of Figures

	1501 Aluminium: Physical Properties, Characteristics and Alloys
	1501.01 History and Present State of Aluminium Production
	The History and Production Process of Aluminium
	The Aluminium Industry Today
	Recycled or Secondary Aluminium

	1501.02 Important Physical Properties
	Atomic Structure
	Crystal Structure
	Density
	Electrical Conductivity and Resistivity
	Non-Magnetic Property
	Thermal Conductivity
	Reflectance and Emissivity	
	Corrosion Resistance
	Thermal Expansion
	Melting Temperature
	Specific and Latent Heats

	1501.03 Aluminium Alloy Availability
	The Four Digit System for Wrought Alloy Identification
	Alloy Systems
	Unalloyed Aluminium
	Aluminium - Copper Alloys
	Aluminium - Manganese Alloys
	Aluminium - Silicon Alloys
	Aluminium - Magnesium Alloys
	Aluminium - Magnesium - Silicon Alloys
	Aluminium-Zinc-Magnesium and Aluminium-Zinc-Magnesium-Copper Alloys
	Aluminium - plus other elements which do not fall into any of the patterns outlined above

	The Five Digit System for Cast Alloy Identification
	Unalloyed Aluminium
	Aluminium Alloys, Ingots and Casting


	1501.04 Basic Physical Metallurgy
	Work Hardening
	Dispersion Hardening
	Solid Solution Hardening
	Precipitation Hardening
	Temper Designations Non Heat-Treatable Alloys
	Temper Designations Heat-Treatable Alloys
	Common Alloys and Applications

	1501.05 Aluminium Alloys ; Mechanical Properties
	Tensile Strength
	Strength/Weight Ratio
	Proof Stress
	Elastic Properties
	Elongation
	Compression
	Bearing
	Shear
	Hardness
	Ductility
	Creep
	Properties at Elevated Temperatures
	Properties at Low Temperatures
	Impact Strength
	Fracture Characteristics
	Fatigue

	1501.06 Literature/References
	1501.07 List of Figures

	1502 Criteria in Material selection
	1502.01 	Introduction to Material Selection
	The Need for Material Selection
	Intuitive Methods in Material Selection
	Basics of Systematic Material Selection
	Connection to Design
	General Guidelines for Successful Material Selection
	Function Specification

	1502.02	Pre-Selection of Materials
	Purpose of Pre-Selection
	Intuitive Approach
	Systematic Approach
	Examples for Pre-Selection
	Base Materials for Pre-Selection

	1502.03	Discriminating Materials Selection
	Purpose
	Prerequisite
	Formulation of Demands
	Representation of Property  Values
	Examples of Discriminating Materials Selection

	1502.04	Optimisation in Material Selection
	Purpose
	Semi-Systematic Methods
	Selection of Materials by Minimising the Materials Cost
	Value of Weight Savings

	1502.05 List of Figures

	2201.01 State of the Art
	Historical Development
	Marine Industry
	Transport Industry
	Civil Engineering Industry

	Presence and Perspectives
	Criteria for Selecting Aluminium
	Lightweighting
	Maintenance Aspects
	Product Costs
	Load criteria

	Literature
	List of Figures

	2501      Fire Protection and Regulation
	2501.01 Introduction to Fire Technology
	2501.01.01 General Facts about Fire
	2501.01.02 Spread of Fire
	2501.01.03 Smoke and Fire Gases
	2501.01.04 Fire Resistance Tests
	2501.01.05 Tests

	2501.02   Fire Protection Philosophy
	2501.02.01 Passive Fire Protection
	2501.02.02 Active Fire Protection

	2501.03	Regulations
	2501.03.01 Objectives
	2501.03.02 Building Regulations

	2501.04	References/Literature
	2501.05 List of Figures

	3100	Machining of Products
	3101		Machinability of Aluminium Alloys
	3101.01	Definition of Machinability
	3101.02   Forms of Aluminium Chips
	3101.03	Surface of Machined Aluminium Alloys
	3101.04   Tool Wear while Machining Aluminium
	3101.05	Cutting Force for Machining Aluminium
	3101.06 Classification of Aluminium Alloys in Groups with Similar Machinability

	3102	Tools for Machining Aluminium
	3102.01	Survey of Appropriate Cutting Materials
	3102.02	Machining Aluminium with High-Speed Steel
	3102.03	Machining Aluminium Using Carbide-Tipped Tools
	3102.04	Machining Aluminium with Diamond
	3102.05	General Remarks Regarding Tool Design
	3102.06   Milling Tools
	3102.07	Drills
	3102.08   Saws
	Guide Values for Milling Wrought Aluminium Alloys
	Guide Values for Milling Aluminium Casting Alloys
	Guide Values for Sawing Aluminium with Circular Saws


	3103		Machines for Machining Aluminium
	3103.01	Specifications
	3103.02	Drives and Rigidity
	3103.03	Spindle Construction
	3103.04	Control and Regulation
	3103.05	Clamping and Gripping Tools
	3103.06	Equipment for Cooling Lubricants and Cutting Fluids
	3103.07	Chip Removal Equipment
	3103.08	Aluminium Specific Machines

	3104 List of Figures

	3201	Introduction to Casting Technology
	Introduction
	Low pressure sand casting method (LPS)
	Pressure die casting process
	Pattern for sand castings
	Example of cast component
	Cores and moulds
	The Cosworht Process
	Examples of sand cast components
	Squeeze Casting Process
	Investment Casting
	Cast Metal Production
	Die Casting Processes
	Sand Casting Processes
	Investment Casting Processes
	Literature
	List of Figures

	3202 The Liquid Metal
	Types of Impurities
	Oxide pollution
	Hydrogen pollution
	Other pollutants

	Origins of oxide inclusions
	Effect of Purge degassing
	Effect of flux degassing
	Effect of rotary degassing

	Low inclusions casting processes
	Cosworth Casting Process
	Lost Crucible Process

	Melt quality Assessment
	Reduced Pressure Test
	Gas Content Measurement
	Inclusion content measurements

	Conclusions
	Literature/References
	List of Figures

	3203 The Filling of Castings
	Introduction
	Filling system
	Oxide Formation
	Casting Defects

	Critical Velocity
	Casting Design Assessment
	Pouring Basin
	Tapered Sprue
	Sprue Well
	Runner Bar and Gates

	Good Designing Example
	Nomogram for Running System
	Solidification Time Assessment
	Gates
	Sprue Height

	Conclusion
	Literature
	List of Figures

	3204 The Freezing of Castings
	Introduction
	Simple Case Analysis
	a) Equilibrium Solidification
	b) Non-equilibrium Analysis
	c) Solute Rejection Model

	Solid Front Growth
	Transition in Growth Morphology
	Dendrite Arm Spacing (DAS)
	Grain Refinement
	Effect of Alloying Elements
	Sodium effect
	Strontium Effect
	Antimony Effect

	Al-Si Hypereutectic Solidification
	Conclusions
	Literature
	List of Figures

	3205 The Fluidity of Molten Metals
	Introduction
	Measurements of Fluidity
	Solidification Rates
	Short Freezing Range Alloys
	Long Freezing Range Alloys
	Effect of Impurities

	Map of Fluidity
	Effect of Surface Tension
	Effect of Section Thickness
	Concept of Continuous Fluidity
	Practical Feeding Problems
	Literature
	List of Figures

	3206 The Feeding of Castings
	Shrinkage Problems
	The Seven Feeding Rules
	1) Heat Transfer Requirement
	2) Volume Requirement
	3) Junction Requirement
	4) Feed Path Requirement
	5) Pressure Requirement
	6) Pressure Gradient Requirement
	Valve Cover Example

	7) The Zeroth Rule
	Summary

	The Five Feeding Mechanisms
	1) Liquid Feeding
	2) Mass Feeding
	3) Interdendritic Feeding
	4) Burst Feeding
	5) Solid Feeding

	Literature
	List of figures

	3210 Continuous casting of Aluminium
	3210.01 Introduction
	3210.02  Strip casting
	3210.03 Wire bar casting
	3210.04 Distinguishing features of continuous casting technologies
	3210.05 Twin drum casters
	3210.05.01 Vertical casting direction
	a) Vertical downward - Hazelett Sr. (1930 – 1940)
	b) Vertical upward - Hunter Engineering

	3210.05.02 Casters with horizontal casting direction
	a) Scal, Alusuisse I, Jumbo 3C
	b) The development of the Jumbo 3C to the Jumbo 3CM thin roll caster
	c) Casting direction at an angle - The FATA Hunter SpeedCaster


	3210.06 Single drum casters
	3210.07 Block casters
	3210.07.01 Hunter-Douglas (Block caster)
	3210.07.02 Alusuisse Caster II

	3210.08 Belt casting techniques
	3210.08.01 Hazelett Caster
	3210.08.02 Kaiser Caster

	3210.09 Casters with a combination of a rotating steel belt and a water-cooled casting wheel
	3210.09.01 Properzi-Caster
	3210.09.02 The Rigamonti and the Rotary Caster

	3210.10 Structure and properties of strip castings
	3210.11 Behaviour of strip castings in further processing (rolling, thermal treatment)
	3210.11.01 Cold rolling
	3210.11.02 Deep drawing
	3210.11.03 Recrystallization

	3210.12 Literature
	3210.13 List of Figures
	
	
	
	
	
	
	Reference








	3401 Forging Alloys
	3401.01	Aluminium Alloys for Forging
	Non-Heat-Treatable Wrought Alloys
	Heat-Treatable Wrought Alloys

	3401.02	Methods of Improving Strength
	Strain Hardening
	Solid Solution Hardening
	Particle Hardening

	3401.03	Microstructure
	Influence of Fiber Structure (Figure 3401.03.01)
	Defects due to Non-Uniform Flow

	3401.04	Forging Process Data and Forging Properties
	Characteristic Temperatures for Certain Aluminium Forging Alloys
	Characteristic Mechanical Property Values for some Forged Alloys
	Forging Temperature and Die Temperature
	Influence of Temperature and Forming Rate on Flow Stress

	3401.05	Friction and Lubrication
	3401.06	In-Process Heat Treatment
	3401.07	Literature
	3401.08 List of Figures

	3402  Forging Process
	3402.01	Principles of the Forging Process
	Fabricating Processes of Forging
	Processes for Changing Cross-Sections
	Processes for changing direction
	Processes for Creating Hollow spaces
	Separating Processes
	Die Forging Processes
	Open-Die Forging
	Die Forging


	3402.02	Special Forging Processes for Aluminium
	List of the aims of various special die forging processes
	List of characteristic features of precision forging
	List of characteristic features of high precision forging
	Characteristic features of closed die forging without flash
	Characteristic features of isothermal forging

	3402.03	Forging Dies
	Types of Forging Dies
	Parting of Forging Dies
	Rules for design of partings of forging dies
	Die Inserts
	Fabricating Forging Dies
	Failure and Damaging of Forging Dies

	3402.04 Literature:
	3402.05 List of Figures

	3403	Designing of Forgings
	3403.01 Examples of Aluminium Forgings
	3403.02	Classification of Forms for Die Forgings
	3403.03	Tolerances for Aluminium Forgings
	3403.04 		Design Rules
	3403.05 	Dimensional Precision of Die Forgings
	3403.06  Designing for Material Flow and Grain Structure
	3403.07 	Literature
	3403.08 List of Figures

	3501	Alloys and Properties
	3501.01 General Information on Alloys and Raw Materials
	Aluminium Alloys for Impact Extrusion
	Reference Values for the Strength of Aluminium Alloy Impacts
	Flow Curves and Fow Stresses
	Raw Materials, Blanks and Slugs
	Lubricants
	Tool Life as a Function of Amounts of Lubricant

	3501.02 Literature:
	3501.03 List of figures

	3503	Finishing and Other Supplementary Operations
	Choices and Criteria for Finishing Impacts
	Examples for Finished Impacts
	Cleaning of Aluminium Parts
	Heat-Treatment after Impact Extrusion
	Literature
	List of Figures

	3701 Formability Characteristics of Aluminium Sheet
	3701.01  Uniaxial Tensile Tests
	Preparing Tensile Specimens from a Sheet
	Stress-Strain Curves of Aluminium Sheet Alloys
	Flow Curves of Aluminium Alloys
	Definition of the Strain-Hardening Exponent n
	Anisotropy
	Definition of Anisotropic Values
	Anisotropy as a Function of Rolling Direction
	Representation of the Vertical Anisotropy Using Polar Coordinates

	3701.02  Aluminium Alloys
	Fields of Application of Aluminium Body Sheet Alloys
	Compositions and Properties of Aluminium Car Body Sheet Alloys

	3701.03 Technological Testing Methods
	Hydraulic Bulge Test
	Plotted Flow Curves for a Heat-Treatable Aluminium Alloy
	Erichsen Cupping Test
	Cup Drawing Test according to Swift
	Effect of the Blank Diameter to Thickness Ratio on Limiting Draw Ratio
	Drawability of Materials according to Engelhardt
	Creating the Forming Limit Diagram (FLD)

	3701.04 List of Figures

	3703   Stretch Forming
	3703.01 Definition, Application and Types of Stretch Forming Processes
	Simple Stretch Forming
	Examples for Simple Stretch Forming

	3703.02 Tangential Stretch Forming
	Process of Tangential Stretch Forming
	Equipment for Tangential Stretch Forming

	3703.03 The Cyril-Bath Process
	Principles of the Process
	Operational Steps of the Cyril-Bath Process

	3703.04 Multiaxial Stretch Forming
	3703.05 Literature
	3703.06 List of Figures

	3704	Deep Drawing
	3704.01 Definitions and Fundamentals of the Deep Drawing Process
	Definition of Deep Drawing
	Classification of the Deep Drawing Process
	Deep Drawing with a Blankholder
	Stress Zones during Deep Drawing
	Stresses Acting during Deep Drawing
	Force-Displacement Curve during Deep Drawing
	Influence of Blankholder Force on the Limiting Draw Ratio
	Working Range for Deep Drawing
	Use of Nitrogen Pressure Springs for Deep Drawing
	Optimized Design of Deep Drawing Machines for Aluminium

	3704.02 Re-Drawing Processes for Increased Drawing Depths
	Direct Re-Drawing
	Reverse Re-Drawing

	3704.03 The Fluid Cell Process
	General Working Principle
	Schematic View of a Fluid Cell Press
	A Wheel-House Fabricated by the Fluid Cell Process
	Hydromechanical Deep Drawing

	3704.04 Literature/References
	3704.05 List of Figures

	3710 Case Study on Can Making
	3710.01  Introduction: 2-Piece vs.  3-Piece Food and Beverage Cans
	3710.02	Food Cans
	Shallow-Drawn Cans
	Deep-Drawn Cans
	Food Can Stock
	Sheet Decoration
	Food and Can Handling Processing

	3710.03	Beverage Cans
	Cupper Press
	Bodymaker Press
	Can  Washing
	Base Coating and Printing
	Internal Laquering
	Mechanical Finishing
	Beverage Can Stock

	3710.04	Easy-Open Lids
	Easy-Open Can Lid Stock
	Lid Seaming

	3710.05   Future Developments
	3710.06 List of Figures

	3801 Manufacturing Examples and Fundamentals
	
	Superplastic Sheet Shaped Components
	Definition of Superplastic Forming
	Fundamentals of Superplastic Behaviour
	Methods of Determining the Strain Rate Exponent m
	Factors Influencing the Strain Rate Exponent m
	List of Figures


	3803 	Process Technologies
	3803.01 Superplastic Fabrication Methods
	3803.02 Female Die Superplastic Forming
	3803.03 Superplastic Forming with Male Dies
	3803.04 Criteria for the Choice between Male Die and Female Die Forming
	3803.05 List of Figures

	4101	Definition and Classification of Mechanical Fastening Methods
	4101.01	 Introductory Remarks
	Tendency of Developments in the Joining Technology
	Joining Systems for Thin-walled Aluminium Components
	Aims of the Mechanical Fastening Processes
	Classification of Mechanical Fastenings Used  in the Fabrication Technology
	Elementary and Combined Joints

	4101.02 	Screw Joints
	Construction Types for Screw Joints
	Requirements for Screw Joints
	Types of Screw Joints for Thin Sheets
	Working Principle of Flow-Drilling Screws
	Screw Joints for Aluminium Profiles

	4101.03 										Folds
	Steps in the Folding Process for Straight-Edged Sheets
	Widths of Overlaps in Folded Joints

	4101.04 		Rivet Joints
	Joining by Riveting
	Rivet Types for the Indirect Riveting of Aluminium
	Commercially Available Rivet Forms and their Fields of Application
	Working Principle of a Blind (Pop) Rivet
	Choice of Fastening Elements for Mechanical Fastening Methods

	4101.05	Clinching
	Schematic Illustration of Clinching Joints, with or without Local Incision
	An Aluminium Car Door Aggregate Carrier with Clinch Joints

	4101.06 	Summary
	Comparison of the Technological Characteristics of Fastening Methods

	4101.07	  Literature/References
	4101.08 List of Figures

	4104 Application Characteristics
	4104.01   Design Considerations
	Choosing the Distance from Edges for Riveting
	Recommendations for Rivet Diameters
	Hints for Designing
	Design of a Riveted Joint
	Prevention of Corrosion in Composite Joints

	4104.02		Material and Tooling Parameters
	Factors Influencing the Quality of Mechanical Fastenings
	Improving the Operational Life of Clinching Tools
	Clinching of Composite Joints
	Strength Behaviour of Clinch Joints
	The Influence of Material Surface on the Joint Strength of Clinch Fastenings

	4104.03	Testing of Mechanical Joints
	Geometry of Samples for Shear-Tensile Testing under Dynamic Reversed Loading
	Results Using Quasi-Statically Loaded Shear-Tensile Samples with Different Multiple-Point Joints
	Results of Fatigue Tests on Different Multiple-Point Joints
	Geometry of Samples for Impact Testing
	Results of Impact Tests Using Flanged Double-C-Channels with Different Joints

	4104.04		Cost Considerations
	Comparative Costs of Joining Technologies
	Cost Comparison of Joining Technologies for Steel and Aluminium
	Cost Comparison of Different Joining Methods for Aluminium Sheets

	4104.05 	Literature/References
	4104.06 List of Figures

	4107 	General Summary and Future Trends
	4107.01   Data Sources
	Problems in Applying Mechanical Joining Technologies
	Research Aspects for Mechanical Fastening Processes
	Incorporating Experimental Results in a Technological Data Base "Mechanical Joining Technology"
	Input Mask for Component Design in a Scientific Based (Expert) System

	4107.02 FEM-Modelling
	Fatigue Strength of a Self-Piercing Riveted Joint Subject to Shear Loading
	Schematic Illustration of a Mechanical Fastening under 3-D Loading
	Diagram for Characterising a Mechanical Fastening Element under Quasi-Static Loading
	Model Design for FEM-Simulation for a Clinch Joint
	Single-Step Clinching Process without Local Incision

	4107.03 	Summary
	State of the Art of Mechanical Technologies for Joining Aluminium
	Joining Techniques as Part of the Design Concept (Designing Assumptions)
	Joining Technology as Part of the Design Concept (Application Example)

	4107.04	 Literature/References
	4107.05 List of Figures

	4201 Arc Welding Processes: TIG, Plasma Arc, MIG
	4201.01   Introduction: Gas-Shielded Arc Welding of Aluminium
	4201.02 	TIG Welding
	Principle of TIG Welding
	TIG Welding Equipment
	Watercooled TIG Welding Torch
	Torch Forms for TIG Welding
	Shielding Gases for Welding and Cutting
	Flow Meters
	Flow Meter for Torches
	Effect of Current and Inert Gas
	Argon Consumption for TIG Welding
	Tungsten Electrodes for TIG Welding
	Influence of Current Type on Weld Pool
	Arc Burning with Alternating Current
	Action of Alternating Current during TIG Welding of Aluminium
	Function of Filter Condenser
	TIG Welding with Pulsating Square-Wave Alternating Current
	TIG Alternating Current Welding Parameters
	Current Loading of Tungsten Electrode
	Manual and Mechanised TIG Welding
	Macrostructure of TIG Welds

	4201.03  Plasma Arc Welding
	Principle of Plasma Arc Welding
	Arc Form during TIG and Tungsten Plasma-Arc Welding
	Weld Pool Form and Heat Affected Zone
	Varying Arc Stabilities
	Principle of the Keyhole Plasma Arc Welding
	Guide Values for the Positive Polarity Plasma Arc Welding
	Principle of the VPPA Welding
	Guide Values for the VPPA Welding
	Macrostructure of VPPA Welds
	Advantages of Plasma Arc Welding over to TIG Welding
	Process Steps of the Plasma Arc Cutting
	Guide Values for Plasma Arc Cutting
	Characteristics which Determine the Quality of a Plasma Arc Cut

	4201.04	 Metal Inert Gas Welding (MIG)
	Principle of MIG Welding
	Guide Values for the Manual MIG Welding
	MIG Welded Joint Profiles as a Function of Shielding Gas and Welding Parameters
	Influence of Contact Tube Distance on MIG Welding Current and Penetration
	Modifications of MIG Welding
	MIG Welding with Pulsed Current
	Macrostructure of MIG Welds
	Guide Values for Thick-Wire MIG Welding
	Deposit Efficiency of Thick-Wire MIG Welding
	Principle of the Narrow-Gap MIG Welding
	Principle of the Plasma-Arc MIG Welding
	Fields of Application for the Shielded Gas Welding of Aluminium

	4201.05	 Literature/References
	4201.06 List of Figures

	4202  	Weldability
	4202.01	 Weld Cracking Sensitivity
	Weldability of Aluminium and its Alloys
	Solidification Types of Aluminium Welds
	Houldcroft Test for Determining the Weld Cracking Sensitivity
	Houldcroft Test with Alloy 6013 T6 (AlMgSiCu)
	Results of the Houldcroft Test for various Al Alloys
	Cracking Sensitivities of Aluminium Alloys Containing Si and Mg
	Cracking Sensitivities with Different Alloying Elements
	Melting and Solidification Intervals for Wrought Aluminium Alloys
	Cracking Sensitivity as a Function of the Solidification Range
	Reducing Weld Cracking by Preheating and by Using Suitable Filler Metals

	4202.02	 Filler Material
	Filler Metals for Aluminium

	4202.03 	Joint and Edge Preparation
	Preparation of Surfaces in the Joint Vicinity
	Joint Preparation for TIG Welding
	Joint Preparation for MIG Welding

	4202.04	 Literature/References
	4202.05 List of Figures

	4203 Weld Imperfections
	4203.01 	External Irregularities
	External Irregularities in Butt Welds
	Limiting Values for the Irregularity "Misalignment of Edges" (507)

	4203.02  	Internal Irregularities
	Internal Irregularities - Survey
	Possibilities of Gas Absorption during Welding
	Hydrogen Content and Porosity during Welding
	Time Available for Formation of Pores in the Weld Pool
	Effect of Hydrogen Content on the Width of the Pore Forming Zone
	Effect of Hydrogen on Porosity
	Porosity in TIG Welds

	4203.03	 Literature/ References
	4203.04 List of Figures

	4205 Testing Methods for Welded Joints
	4205.01  Non-Destructive Testing of Welded Aluminium Joints
	NDT Methods for Aluminium Welds
	Example of an X-Ray Catalogue

	4205.02 	Destructive Testing of Aluminium Welded Joints
	List of Test Methods

	4205.03	 Literature/References
	4204.04 List of Figures

	4704 Surface Preparation and Application Procedures
	4704.01 	Surface Preparation of Metallic Parts to be Joined
	Surface layers of metallic parts to be joined
	Surface treatment processes
	Methods of surface pretreatment
	Surface pretreatments for aluminium
	Correlation between adhesive strength and surface roughness

	4704.02	Application Procedures
	Methods of applying adhesives
	Equipment for working adhesives
	Correlation between adhesive joint strength and adhesive layer
	Methods of applying pressure
	Correlation between adhesive joint strength and applied pressure
	Correlation between hardening temperature, hardening time and adhesive 		joint strength

	4704.03	 Literature/References
	4704.04 List of Figures

	5101	Surface Characteristics of Aluminium and Aluminium Alloys
	5101.01	General Considerations
	5101.02	The Surface Nature of Aluminium
	Deliberate Alloying
	Corrosion Processes

	5101.03	Surface Treatment and Protection
	Improvement and Protection of the Surface
	Applications and Future Trends

	5101.04	Literature/References
	5101.05 List of Figures

	5104 Basic Approaches to Prevent Corrosion of Aluminium
	5104.00 	Introduction
	5104.01	Selection of Corrosion Resistant Alloys
	Wrought Aluminium Alloys
	Cast Aluminium Alloys

	5104.02	Improvement in Equipment Design
	Prevention of Galvanic Corrosion
	Prevention of Deposition Corrosion
	Prevention of Crevice Corrosion
	Prevention of Stress Corrosion
	Stress Corrosion Resistant Tempers

	5104.03	Alteration of the Environment
	Corrosion Inhibitors

	5104.04  	Cathodic Protection
	Sacrificial Anodes
	Impressed Current
	Alclad Alloys
	Practical Case

	5104.05	Literature/References
	5104.06 List of Figures

	5105	Surface Treatment of Aluminium
	5105.00 Introduction
	5105.01	Non-Galvanic Methods
	Mechanical Finishes
	Organic Finishes

	5105.02	Chemical Methods
	Pickling and Etching
	Chemical Polishing
	Chemical Conversion Coating
	Electroless Plating
	Autocatalytic Plating
	Ion-Exchange Plating


	5105.03	Electrolytic Methods
	Electropolishing
	Electroplating
	Platable Metals on Aluminium
	Anodising

	5105.04	Literature
	5105.05 List of Figures

	5202		Conversion Coatings
	5202.00	General Considerations
	5202.01	Definition of Conversion Coating and Requirements of Conversion Coatings
	5202.02	Nature of the Aluminium Surface
	5202.03	Principles of Conversion Coating
	5202.04	Further Consideration of Processes Occurring in Conversion Coating Baths
	5202.05	Chromium-Free Conversion Coatings
	5202.06	Further Developments
	5202.07	Literature
	5202.08 List of Figures
	5202.09	APPENDIX

	5204	Organic Coating of Aluminium
	5204.01	Reasons for Painting Aluminium
	5204.02	Terms and Definitions of Organic Coatings
	5204.03	Methods of Application
	5204.04	Organic Coating Systems
	Surface Preparation
	Pretreatment for Powder Coatings, Paints and Lacquers
	Pretreatment for Electrophoretic Coatings

	Primer
	Finishing Paints

	5204.05	Quality Control of Finished Products
	Test Methods

	5204.06	Literature
	5204.07 List of Figures

	5205	Plating on Aluminium
	5205.01 Plating Characteristics of Aluminium
	5205.02 Electroless Plating
	5205.03 Electrolytic plating
	5205.04 PVD plating
	5205.05 CVD Plating
	5205.06 Cases on Plating Aluminium
	5205.07 Literature
	5205.08 List of Figures

	5301 Coil Coating of Aluminium
	5301.01	Introduction
	5301.02	Treatments and Coatings
	Cleaning and Etching
	Pretreatment
	Coatings
	Anodic Films
	Special Properties

	5301.03	Coil Coating Lines
	Operational Requirements
	Mechanical Features
	Uncoiling and Strip Joining
	Tension Levelling
	Entry Accumulator
	Degreasing, Rinsing, Drying
	Pretreatment
	Coating
	Drying and Stoving Ovens
	Exit Section and Re-Coiling
	Process Control

	5301.04 List of Figures


