1

METAL CASTING
CHAPTER CONTENTS
1.1

1.3

Overview of Casting Technology
Definitions
Casting nomenclature
Heating and pouring
Solidification and cooling
Casting Processes
Expandable mold casting
Permanent mold casting
Casting quality

1.1

OVERVIEW OF CASTING TECHNOLOGY

1.2

Definitions
Casting is a process in which molten metal flows into a mold where it solidifies in the shape of the mold
cavity. The part produced is also called casting.

Advantages

Complex shapes
Net-shape ability
Very large parts
Variety of metals
Mass production

Poor accuracy
Poor surface
Disadvantages Internal defects
Mechanical properties
Environmental impact
Casting technology involves the next steps:
Mold preparation

Metal heating

Pouring

Cooling

Processing

Selection of castings of various
materials, shapes, and sizes

Casting nomenclature
The figure in the right shows the nomenclature of mold and castings in sand casting.

Casting nomenclature
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Pouring cup

The pouring cup, downsprue, runners, etc., are known as the
mold gating system, which serves to deliver the molten metal to all
sections of the mold cavity.

Downsprue
Gates to casting
Runner
Runner extension
Runner well

Downsprue well

Heating and pouring

Gating system in sand casting

Heating
The total heat required is estimated as the sum of




Heat to raise the temperature to the melting point
Heat of fusion
Heat to raise the molten metal temperature to the temperature of pouring

Pouring
Major factors affecting the pouring action




Pouring temperature
Pouring rate
Turbulence

Some important equations in pouring:
Velocity of the liquid metal at the base of the sprue:

v

2 gh

Gravitational acceleration constant

Volumetric flow rate:

Sprue height

Q = vA
Casting’s cross-sectional area

Mold filling time:

MFT = V/Q
Mold cavity volume

Fluidity
Fluidity is a measure of the capability of a metal to flow into and
to fill the mold before freezing. It defines to the great extend the
quality of casting.
Factors affecting fluidity:





Pouring temperature
Metal composition
Heat transfer to the surroundings
Viscosity of the liquid metal

Standard testing method
Pouring cup

Downsprue

Limit of flow
before freezing

Spiral mold

In the foundry practice, test for fluidity is carried out for each ladle just before pouring the molten
metal into the mold
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Solidification and cooling
Solidification of metals
Pure metals solidify at a constant temperature equal to their freezing point

Most alloys freeze over a temperature range

Solidification time
Chvorinov’s rule
TST

Cm

V
A

n

TST—total solidification time
Cm—mold constant
V—volume of the casting
A—surface area of the casting
n—constant, usually n=2

Example:
Calculate the total solidification time for a 10/100/200-mm steel plate if Cm = 0.2 min/mm2
Solution:
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Shrinkage

Directional solidification



By a proper design of the casting
By external and internal chills

Riser design
Several riser designs are used in practice as shown in the figure.
The riser must remain molten until
after the casting solidifies.
The Chvorinov’s Rule is used to calculate the riser’s dimensions.

Riser design

Open

Side

Riser

Casting

Riser

Possible types and positions
for risers in sand casting

Mold

Riser

Top

Blind

Casting

Mold

Mold
Riser

Casting

Casting

Mold
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Metal Casting

CASTING PROCESSES
EXPENDABLE MOLD CASTING

In expendable mold casting, the mold is destroyed to remove the casting and a new mold is required
for each new casting.

Sand Casting
The next figure illustrates the basic production steps in sand casting:

Patterns
Patterns in sand casting are used to form the mold cavity. One major requirement is that patterns (and
therefore the mold cavity) must be oversized (i) to account for shrinkage in cooling and solidification,
and (ii) to provide enough metal for the subsequence machining operation(s).

(a)

(b)

(c)
(d)
Types of patterns used in sand casting:
(a) solid pattern, (b) split pattern, (c) match-plate pattern, and (d) cope-and-drag pattern
Split pattern showing the
two sections together and
separated. Light-colored
portions are core prints.

Solid pattern for a pinion gear
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Cores
Cores serve to produce internal surfaces in castings In some cases, they have to be supported by chaplets
for more stable positioning:

(a)
(b)
(c)
(a) Core held in place in the mold cavity by chaplets, (b) chaplet design, (c) casting with internal cavity

Cores are made of foundry sand with addition of some
resin for strength by means of core boxes:

Core box, two core halves ready for
baking, and the complete core made by
gluing the two halves together

Foundry sands
The typical foundry sand is a mixture of fresh and recycled sand, which contains 90% silica (SiO2),
3% water, and 7% clay.
The grain size and grain shape are very important as they define the surface quality of casting and the
major mold parameters such as strength and permeability:

Bigger grain size results in a worse surface finish

Irregular grain shapes produce stronger mold

Larger grain size ensures better permeability
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Mixing of foundry sands

Schematics of continuous (left)
and batch-type (right) sand muller.
Plow blades move the sand and the
muller wheels mix the components

Mold making
 Hand packing
 Machine packing
 Automated methods

Shell molding

Steps in shell molding

Advantages:
Good surface finish (up to 2.5 mm)
Good dimensional accuracy (±0.25 mm)
Suitable for mass production
Disadvantages:
Expensive metal pattern
Area of application:
Mass production of steel casting of less
than 10 kg

Two halves of a shell mold pattern
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Investment casting (lost wax casting)
In investment casting, the pattern is made of wax, which melts after making the mold to produce the
mold cavity. Production steps in investment casting are illustrated in the figure:

Advantages:
Arbitrary complexity of castings
Good dimensional accuracy
Good surface finish
No or little additional machining (net, or near-net process)
Wax can be reused
Disadvantages:
Very expensive process
Requires skilled labor
Area of application:
Small in size, complex parts such as art pieces, jewelry, dental fixtures from all types of metals.
Used to produce machine elements such as gas turbine blades, pinion gears, etc. which do not
require or require only little subsequent machining.
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PERMANENT MOLD CASTING PROCESSES
In contrary to sand casting, in permanent mold casting the mold is used to produce not a single but
many castings.

Steps in permanent mold casting

Steps in permanent mold casting: (1) mold is preheated and coated with lubricant for easeer separation of
the casting; (2) cores (if used) are inserted and moled is closed; 93) molten metal is poured into the mold;
and (4) mold is open and finished part removed. Finished part is shown in (5)

Advantages:
Good dimensional accuracy
Good surface finish
Finer grain structure (stronger casting)
Possibility for automation
Disadvantages:
Only for metals with low melting point
Castings with simple geometry
Area of application:
Mass production of non-ferrous alloys and cast iron
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Die casting
Hot-chamber die-casting
In hot chamber die-casting, the metal
is melted in a container attached to the
machine, and a piston is used to inject
the liquid metal under high pressure
into the die.

Schematics of hot-chamber die-casting

Advantages:
High productivity (up to 500 parts per hour)
Close tolerances
Good surface finish
Disadvantages:
The injection system is submerged in the molten metal
Only simple shapes
Area of application:
Mass production of non-ferrous alloys with very low melting point (zinc, tin, lead)
Cold chamber die casting
In cold-chamber die-casting,
molten metal is poured into the
chamber from an external melting container, and a piston is
used to inject the metal under
high pressure into the die cavity.

Schematics of cold-chamber die-casting

Advantages:
Same as in hot chamber die-casting, but less productivity.
Disadvantages:
Only simple shapes
Area of application:
Mass production of aluminium and magnesium alloys, and brass
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Centrifugal casting
True centrifugal casting

Setup for true horizontal centrifugal casting

In true centrifugal casting, molten metal is poured into a rotating mold to produce tubular parts such
as pipes, tubes, and rings.
Semi-centrifugal casting

Semi-centrifugal casting

In this method, centrifugal force is used to produce solid castings rather than tubular parts. Density of
the metal in the final casting is greater in the outer sections than at the center of rotation. The process is
used on parts in which the center of the casting is machined away, such as wheels and pulleys.

1.3

CASTING QUALITY

There are numerous opportunities in the casting operation for different defects to appear in the cast
product. Some of them are common to all casting processes:
Misruns:

Casting solidifies before completely fill the mold. Reasons are low pouring
temperature, slow pouring or thin cross section of casting.

Cold shut:

Two portions flow together but without fusion between them. Causes are similar
to those of a misrun.

Cold shots:

When splattering occurs during pouring, solid globules of metal are entrapped in
the casting. Proper gating system designs could avoid this defect.
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Shrinkage cavity:

Voids resulting from shrinkage. The problem can often be solved by proper riser
design but may require some changes in the part design as well.

Microporosity:

Network of small voids distributed throughout the casting. The defect occurs
more often in alloys, because of the manner they solidify.

Hot tearing:

Cracks caused by low mold collapsibility. They occur when the material is
restrained from contraction during solidification. A proper mold design can solve
the problem.

Some common defects in casting

Some defects are typical only for some particular casting processes, for instance, many defects occur
in sand casting as a result of interaction between the sand mold and the molten metal. Defect found
primarily in sand casting are gas cavities, rough surface areas, shift of the two halves of the mold, or
shift of the core, etc.
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OVERVIEW OF METAL FORMING
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Definitions
Plastic Deformation Processes
Operations that induce shape changes on the workpiece by plastic deformation under forces applied
by various tools and dies.
Bulk Deformation Processes
These processes involve large amount of plastic deformation. The cross-section of workpiece changes
without volume change. The ratio cross-section area/volume is small. For most operations, hot or warm
working conditions are preferred although some operations are carried out at room temperature.
Sheet-Forming Processes
In sheet metalworking operations, the cross-section of workpiece does not change—the material is only
subjected to shape changes. The ratio cross-section area/volume is very high.
Sheet metalworking operations are performed on thin (less than 6 mm) sheets, strips or coils of metal by
means of a set of tools called punch and die on machine tools called stamping presses. They are always
performed as cold working operations.

Material considerations
Material Behavior
In the plastic region, the metal behavior is expressed by the flow curve:
σ = Κεn
where K is the strength coefficient and n is the strain-hardening (or work-hardening) exponent. K and n
are given in the tables of material properties or are calculated from the material testing curves.
Flow stress
For some metalworking calculations, the flow stress Yf of the work material (the instantaneous value of
stress required to continue deforming the metal) must be known:
Yf = Κεn
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Average (mean) flow stress
In some cases, analysis is based not on the instantaneous flow stress, but on an average value over
the strain-stress curve from the beginning of strain to the final (maximum) value that occurs during
deformation:
=K

n

Yf
Yf
Y
Specific energy u

Stress-strain curve indicating location of average flow
stress Yf in relation to yield strength Y and final flow
stress Yf

f

The mean flow stress is defined as
Yf

K

n
f

1 n

here εf is the maximum strain value during deformation.
Work-hardening
It is an important material characteristic since it determines both the properties of the workpiece and
process power. It could be removed by annealing.

Temperature in metal forming
The flow curve is valid for an ambient work temperature. For any material, K and n depend on
temperature, and therefore material properties are changed with the work temperature:
log

n

Increase in the
work temperature

K

True stress-strain curve showing decrease in strength
coefficient K and strain-hardening exponent n with
work temperature

log

There are three temperature ranges-cold, warm, and hot working:
Cold
working

TA

Warm
working

0.3Tm

0.5Tm

Hot
working

0.75Tm

Tm

Temperature range for different metal forming
operations. TA is the ambient (room) temperature,
and Tm is the work metal melting temperature
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Cold working is metal forming performed at room temperature.
Advantages:

better accuracy, better surface finish, high strength and hardness of the part, no
heating is required.
Disadvantages: higher forces and power, limitations to the amount of forming, additional
annealing for some material is required, and some material are not capable of
cold working.
Warm working is metal forming at temperatures above the room temperature but bel-low the
recrystallization one.
Advantages:
lower forces and power, more complex part shapes, no annealing is required.
Disadvantages: some investment in furnaces is needed.
Hot working involves deformation of preheated material at temperatures above the re-crystallization
temperature.
Advantages:

big amount of forming is possible, lower forces and power are required, forming
of materials with low ductility, no work hardening and therefore, no additional
annealing is required.
Disadvantages: lower accuracy and surface finish, higher production cost, and shorter tool life.

Friction effects
Homogeneous Deformation
If a solid cylindrical workpiece is placed between two flat platens and an applied load P is increased until
the stress reaches the flow stress of the material then its height will be reduced from initial value of ho
to h1. Under ideal homogeneous condition in absence of friction between platens and work, any height
reduction causes a uniform in-crease in diameter and area from original area of Ao to final area Af.
force
force

ho

Ao

work piece

hf

Af

do

df

force

force

Homogeneous deformation

The load required, i.e. the press capacity, is defined by
P = YfAf
Inhomogeneous deformation
In practice, the friction between platens and workpiece cannot be avoided and the latter develops a
“barrel” shape. This is called inhomogeneous deformation and changes the load estimation as follows
P Y f ks Af

Yf 1

do
Af
3ho
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force
force

ho

work piece

do

force

friction forces

hf
df

force

Inhomogeneous deformation with
barreling of the workpiece

where µ is the frictional coefficient between workpiece and platen, and ks is the shape factor.

2.2

BULK DEFORMATION PROCESSES

Classification of Bulk Deformation Processes

Basic bulk deformation processes
(a) rolling, (b) forging, (c) extrusion, (d) drawing

Rolling:

Compressive deformation process in which the thickness of a plate is reduced by
squeezing it through two rotating cylindrical rolls.

Forging:

The workpiece is compressed between two opposing dies so that the die shapes are
imparted to the work.

Extrusion:

The work material is forced to flow through a die opening taking its shape

Drawing:

The diameter of a wire or bar is reduced by pulling it through a die opening (bar
drawing) or a series of die openings (wire drawing)

Valery Marinov, Manufacturing Technology
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Rolling
Definition
Rolling is a Bulk Deformation Process in which the thickness of the work is reduced by compressive
forces exerted by two opposing rolls:

The process of flat rolling

Steps in rolling
The preheated at 1200 oC cast ingot (the process is known as soaking) is rolled into one of the three
intermediate shapes called blooms, slabs, or billets.
v
v
v

Bloom has a square cross section of 150/150 mm or more
Slab (40/250 mm or more) is rolled from an ingot or a bloom
Billet (40/40 mm or more) is rolled from a bloom

These intermediate shapes are then rolled into different products as illustrated in the figure:

Production steps in rolling
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Next pictures show some production steps in flat and shape rolling:

Powerful tongs lift an ingot from the soaking pit
where it was thoroughly heated to the rolling
temperature

Steel bloom enters the rolling mill

Structural shapes are rolled from blooms on mills
equipped with grooved rolls

Hot saw cuts rolled shapes to customer length after
delivery from the finishing rolling mill
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Flat rolling

Work velocity
Vf
Roll velocity
Vr
Vo

Neutral point

L

Side view of flat rolling and the velocity diagram indicating work and roll
velocities along the contact length L

The work is squeezed between two rolls so that it thickness is reduced by an amount called the draft, d
d = to-tf
If the draft is expressed as a fraction of the starting block thickness, it is called reduction, r:
r = d/to
Rolling increases the work width from an initial value of wo to a final one of wf, and this is called
spreading.
The inlet and outlet volume rates of material flow must be the same, that is,
towovo = tfwfvf
where vo and vf are the entering and exiting velocities of the work. The point where roll velocity equals
work velocity is known as the no-slip point or the neutral point.
The true strain and the mean flow stress are defined by
t
true strain
ln o , and mean flow stress Y f
tf

K n
1 n

Friction occurs with a certain coefficient of friction µ on either sides of no-slip point. Both friction
forces act in opposite directions and are not equal. The entrance force is bigger so that the resulting
force pulls the work through the rolls. The maximum possible draft dmax depends on µ and roll radius
R and is given by
dmax = µ2R
The rolling force F is estimated as
F

Y f wL

where L is the contact length, approximately
L

R(to t f

The power P required to drive each roll is
P=2πNFL
where N is the rotational speed of the roll.
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Shape rolling
The work is deformed by a gradual reduction into a contoured cross section (I-beams, L-beams,
U-channels, rails, round, squire bars and rods, etc.).
Ring rolling
Thick-walled ring of small diameter is rolled into a thin-walled ring of larger diameter:

Ring rolling used to reduce the wall thickness and increase the diameter of a ring

Thread rolling
Threads are formed on cylindrical parts by rolling them between two thread dies:

Thread rolling with flat dies

Gear rolling
Gear rolling is similar to thread rolling with three gears (tools) that form the gear profile on the work.

Work

Gear rolls

Gear rolling between three gear roll tools
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Forging
Definition
Forging is a Bulk Deformation Process in which the work is compressed between two dies. According to
the degree to which the flow of the metal is constrained by the dies there are three types of forging:




Open-die forging
Impression-die forging
Flashless forging

Three types of forging: (a) open-die forging, (b) impression die forging, and (c) flashless forging

Open-die forging
Known as upsetting, it involves compression of a work between two flat dies, or platens. Force calculations were discussed earlier.

Sequence in open-die forging illustrating the
unrestrained flow of material. Note the barrel shape
that forms due to friction and inhomogeneous
deformation in the work

Open-die forging of a multi diameter shaft
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Impression-die forging
In impression-die forging, some of the material flows radially outward to form a flash:

Schematics of the impression-die forging process showing
partial die filling at the beginning of flash formation in
the center sketch, and the final shape with flash in the
right-hand sketch

Stages (from bottom to top) in
the formation of a crankshaft by
hot impression-die forging

Estimation of the maximum force F can be approximately done by
F = KfYfA
where Kf is the shape factor ranging from 6 to 10, bigger for more complex shapes, Yf is the yield
strength of the material at work temperature, A is the projected area of the part, including flash.
Flashless forging
The work material is completely surrounded by the die cavity during compression and no flash is
formed:

Flashless forging: (1) just before initial contact with the workpiece,
(2) partial compression, and (3) final push and die closure. Symbol
v indicates motion, and F - applied force.

Most important requirement in flashless forging is that the work volume must equal the space in
the die cavity to a very close tolerance. For force estimation, the same equation as in impression-die
forging is applied.

Valery Marinov, Manufacturing Technology
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Coining
Special application of flashless forging in which fine detail in the die are impressed into the top and
bottom surfaces of the workpiece. There is a little flow of metal in coining.

Coining operation: (1) start of cycle,
(2) compression stroke, and (3) ejection
of finished part

Forging machines
The next figures show some examples of the common forging machines-hammers and presses:

Drop forging hammer, fed by conveyor and
heating unit at the right of the scene.

A 35 000-ton forging press.
In the foreground is a 120-kg,
3-m aluminum part that has
forged on this press.
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Extrusion
Definition
Extrusion is a Bulk Deformation Process in which the work is forced to flow through a die opening to
produce a desired cross-sectional shape.

Typical shapes produced by extrusion

Extrusion is performed in different ways therefore different classifications are available:
v
v
v

Direct and indirect extrusion
Hot and cold extrusion
Continuous and discrete extrusion

Direct and indirect extrusion

(Left) Direct extrusion to produce hollow or semihollow
cross section. (Right) Direct extrusion to produce solid
cross section. Schematic shows the various equipment
components.

Force and power analysis in extrusion
The ram force, F, is estimated as
F = p Ao
where Ao is the billet cross-sectional area, and p is the ram pressure,
2L
p Yf x
Do
where Do is the original diameter of the billet, L is the length of
the billet in the die, and εx is the extrusion strain,
εx = a+b ln(Ao/Af ),
a and b being the empirical constants, usually a=0.8 and
b=1.2~1.5.
Power required is calculated as P = Fv , where v is the ram
velocity.

In indirect extrusion (backward, inverse
extrusion) the material flows in the direction
opposite to the mo-tion of the ram to
produce a solid (top) or a hollow cross
section (bottom).
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Wire and Bar Drawing
Definition
Wire and Bar Drawing is a Bulk Deformation Process in which the cross-section of a bar, rod or wire is
reduced by pulling it through a die opening, as in the next figure:

Drawing of a rod, bar, or wire

Bar drawing is a single-draft operation. By contrast, in wire drawing the wire is drawn through a series
of dies, between 4 and 12.
The draft, d, is defined as
d = Do - Df
and reduction, r, is given by
r = d/Do
Force and power analysis in drawing
The draw force F is calculated as a product of the drawn cross-section area Af and the draw stress σd
F = Af σd
The draw stress σd is defined as
d

Yf 1

tan

ln

Ao
Af

where φ is the factor, that accounts for inhomogeneous deformation, usually around 1.0.
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SHEET METALWORKING

Classification of Sheet Metalworking Processes

Basic sheet metalworking operations: (a) bending, (b) drawing, and (c)
shearing; (1) as punch first contacts sheet and (2) after cutting. Force
and relative motion are indicated by F and v

Cutting Operations
Shearing
Shearing is a sheet metal cutting operation along a straight line between two cut-ting edges by means
of a power shear.

Shearing operation

3-m power shear for 6.5-mm steel

Valery Marinov, Manufacturing Technology
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Blanking and punching
Blanking and punching are similar sheet metal cutting operations that involve cutting the sheet metal
along a closed outline. If the part that is cut out is the desired product, the operation is called blanking
and the product is called blank. If the remaining stock is the desired part, the operation is called
punching. Both operations are illustrated on the example of producing a washer:
Punch
Starting stock produced by
shearing operation from a
big metal sheet

Washer

Scrap

Blank

Blanking

Punching

Steps in production of washer

Engineering analysis
Cutting of sheet metal is accomplished by a shearing action between two sharp edges. The shearing
action is illustrated in the figure:
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Clearance
Clearance c is the distance between the punch and die. The correct clearance depends on sheet-metal
type and thickness t:
c = at
where a is the allowance (a = 0.075 for steels and 0.060 for aluminum alloys).
If the clearance is not set correctly, either an excessive force or an oversized burr can occur:

Effect of clearance: (Left) clearance too
small causes less than optimal fracture
and excessive forces, and (Right) clearance
too large causes oversized burr

The calculated clearance value must be subtracted from the die punch diameter for blanking operations
or must be added to die hole diameter for punching:
Punch

c
Blanking

D

Punching

c
Die

Die diameter is enlarged with clearance c in
punching. In blanking, the punch diameter
is decreased to account for clearance. D is the
nominal size of the final product.

An angular clearance must be provided for the die hole to allow parts to drop through it:.
Straight portion
(for resharpening)
Die

Die
Angular clearance
0.3~1.5o on side

Angular clearance for the die opening
in punching and blanking.

Cutting forces
Cutting force in all shearing operations is determined by
F=StL
where S is the shear strength of material, L is the length of the cut edge. For approximate solutions,
S=0.7UTS
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Tools and dies for cutting operations
Simple dies
When the die is designed to perform a single operation (for example, cutting, blanking, or punching)
with each stroke of the press, it is referred to as a simple die:

The basic components of
the simple blanking and
punching dies

Multi-operational dies
More complicated pressworking dies include:
v
v

compound die to perform two or more operations at a single position of the metal strip
progressive die to perform two or more operations at two or more positions of the
metal strip

Method of making a simple
washer in a compound blanking
and punching die

Progressive blanking and punching die for making a washer

Electrical outlet
boxes produced with a
progressive die
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Bending operations
Processes
Bending is defined as the straining of the sheet metal around a straight edge:

Bending of sheet metal

Bending operations involve the processes of V-bending and edge bending:

(Left) V-bending, and (Right) edge bending; (1) before and (2) after bending

v
v

V-bending—sheet metal is bent along a straight line between a V-shape punch and
die.
Edge bending—bending of the cantilever part of the sheet around the die edge.

Bend allowance
This is the stretching length that occurs during
bending. It must be accounted to determine the
length of the blank,

Lb

L

BA

where Lb is the length of the blank, L are the lengths
of the straight parts of the blank, BA is the bend
allowance,
A
BA 2
( R K ba t )
360
where A is the bend angle; t is the sheet thickness;
R is the bend radius; Kba is a factor to estimate
stretching, defined as follows:
for R < 2t
for R ≥ 2t

Kba = 0.33
Kba = 0.50

BA1

L2

BA2
L3

A1

A2

L1

Calculation of bend allowance
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Springback
Springback is the elastic recovery leading to the increase of the included angle when the bending
pressure is removed.
To compensate for springback two methods are commonly used:



Overbending—the punch angle and radius are smaller than the final ones.
Bottoming—squeezing the part at the end of the stroke.

Springback in bending

Compensation of springback by:
(a) and (b) overbending; (c) and (d) bottoming

Bending forces
The maximum bending force is estimated as
F = Kbf UTSwt2/D
where Kbf is the constant that depends on the process, Kbf = 1.33 for V-bending and Kbf = 0.33 for edge
bending; w is the width of bending; D is the die opening dimension as shown in the figure:

Die opening dimension D, (a)
V-bending, (b) edge bending

Equipment for bending operations

Press brake with CNC gauging system

Close-up view of press
brake dies

Dies and stages in the press brake forming of a
roll bead
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Deep drawing
Definition
Deep drawing is a sheet-metal operation to make hollow-shaped parts from a sheet blank:

Deep drawing of a cup-shaped part:
(Left) start of the operation before punch
contacts blank, and (Right) end of stroke

Clearance
Clearance c is the distance between the punch and die and is about 10% greater than the stock
thickness:
c = 1.1t
Holding force
The improper application of the holding
force can cause severe defects in the drawn
parts such as (a) flange wrinkling or (b)
wall wrinkling if the holding force is too
small, and (c) tearing if the folding force is
overestimated.

Measures of drawing
Two measures of the severity of a deep drawing operation
are used,
 Drawing ratio DR defined as
DR = Db/Dp
Here Db is the blank diameter and Dp is the punch diameter.
DR must be less than 2.0 for a feasible operation. If it is
more than 2.0, the progressive deep drawing is applied (left).
 Thickness-to-diameter ratio t/Db
It is desirable to be greater than 1% to avoid wrinkling.
Blanked and drawn parts showing progression of
drawing operation
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Drawing forces
The drawing force F required to perform a deep drawing operation is estimated roughly by the formula
F = πtDp UTS(DR -0.7)
The holding force Fh is defined as
Fh = 0.015Yπ[Db2 - (Dp + 2.2t + 2Rd)2]
where Y is the yield strength of the material.
Blank size determination
The blank diameter can be calculated by setting the initial blank volume equal to the final volume of
the part and solving for diameter Db.

Other sheet-metal forming operations
The Guerin process
The Guerin process involves the use of a thick rubber pad to form sheet metal over a positive form
block:

The Guerin process: (Left) start of the
operation before rubber pad contacts
sheet, and (Right) end of stroke

Examples of equipment and products manufactured by the Guerin process:

Rubber pad press showing forming tools on A large number of different components can
the press table
be made simultaneously during one press
cycle with rubber pad presses

Advantages:
Limitations:
Area of application:

small cost of tooling
for relatively shallow shapes
small-quantity production
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Hydroforming
It is similar to Guerin process but instead of rubber pad a rubber diaphragm filled with fluid is used:

(1)

(2)

Advantages:
Limitations:
Area of application:

(3)

Hydroform process: (1) start-up, no
fluid in the cavity; (2) press closed,
cavity pressurized with hydraulic fluid;
(3) punch pressed into work to form
part. Symbols: v - velocity, F - applied
force, and p - hydraulic pressure

small cost of tooling
simple shapes
small-quantity production

Stretch forming
In stretch forming the sheet metal is stretched and bent to achieve the desired shape:

(1)

Advantages:
Limitations:
Area of application:

(2)

Stretch forming: (1) start of the
process; (2) form die is pressed into
the work causing it to stretched and
bent over the form. Symbols: v velocity, Fdie - applied force

small cost of tooling, large parts
simple shapes
small-quantity production

Spinning
Spinning is a metal forming process in which an axially symmetric part is gradually shaped over a
mandrel by means of a rounded tool or roller:
Chuck
Mandrel

Blank
Follow block

Center

Spinning
tool

Advantages:
Limitations:
Area of application:

In spinning operation, flat
circular blanks are often
formed into hollow shapes
such as photographic reflectors. In a lathe, tool is forced
again a rotating disk, gradually forcing the metal over the
chuck to conform to its shape.
Chucks and follow blocks are
usually made of wood for this
operation.

small cost of tooling, large parts (up to 5 m or more)
only axially symmetric parts
small-quantity production
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High-energy-rate Forming (HERF)
These are metal forming processes in which large amount of energy is applied in a very short time. Some
of the most important HREF operations include:
Explosive forming
It involves the use of an explosive charge placed in water to form sheet into the die cavity.

(1)
(2)
(3)
Explosive forming: (1) set-up, (2) explosive is detonated, and (3) shock wave forms part
Explosively formed elliptical
dome 3-m in diameter being
removed from the forming die

Advantages:
Limitations:
Area of application:

small cost of tooling, large parts
skilled and experienced labor
large parts typical of the aerospace industry

Electrohydraulic forming
This is a HREF process in which a shock wave to deform the work into a die cavity is generated by the
discharge of electrical energy between two electrodes submerged in water. Similar to explosive forming,
but applied only to small part sizes.

Setup of electrohydraulic forming

36

Metal Forming

Valery Marinov, Manufacturing Technology

Electromagnetic forming
The sheet metal is deformed by the mechanical force of an electromagnetic field induced in the
workpiece by a coil:

(1)
(2)
Electromagnetic forming: (1) set-up in which coil is inserted into
tubular workpiece surrounded by die, (2) formed part

Advantages:
Limitations:
Area of application:

can produce shapes, which cannot be produced easily by the other
processes
suitable for magnetic materials
most widely used HERF process to form tubular parts
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OVERVIEW OF POWDER METALLURGY

Definitions
Powder Metallurgy (P/M) is a processing technology in which parts are produced by compacting and
sintering metallic and/or nonmetallic powders. Therefore, P/M is a typical example of an additive
manufacturing process. P/M parts can be mass produced to net shape or near net shape, eliminating or
reducing the need for subsequent machining.

A collection of powder metallurgy parts

Although parts as large as 20 kg can be produced by P/M, most products are less than 2 kg. The largest
tonnage of metals for P/M is steel and alloys of aluminum. Other P/M materials are copper, nickel,
tungsten, ceramic materials, etc.
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Applications
Some typical applications of P/M are:
v
v
v
v
v

production of net-shape or near-net shape parts made of expensive materials. P/M process
is capable of less than 3% scrap losses.
parts with porosity such as filters can be made.
bearings especially so-called permanently lubricated bearings, in which air pores in the
P/M parts are filled with oil (process of impregnation)
parts of certain metals and metal alloys that are difficult to fabricate by other methods
(carbide tool inserts, tungsten, ceramics, etc.)
parts of materials with special and unique properties (alloys that cannot be produced by
other processes)

Limitations
There are limitations and disadvantages associated with P/M processing. These include:
v
v
v
v
v

3.2

high tooling costs
expensive raw materials (powders)
variation in material density and mechanical properties across the volume
relatively long parts are difficult to manufacture
difficult storing and handling of powders (degradation with time and fire hazard with
particular metallic powders).

ENGINEERING POWDERS

Classification of powders
The engineering powders, which are the starting material in P/M consist of fine particles of uniform
sizes. These engineering powders are produced from raw metallic or nonmetallic powders, which
contains particles of different sizes by separation of particles according to their size. The procedure of
separating the powders by size is called classification of
powders. Powders are classified by passing them through
a series of screens of progressively smaller mesh size.
Mesh count 16

The particle size is defined by the so-called mesh count,
term that refers to the number of openings per linear
inch of mesh.

Mesh count 24

Mesh count 6

Mesh count 2000

1”
Process of powder
classification

Definition of mesh count
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Particle’s Properties
Particle shape
The measure of particle shape is the ratio of maximum dimension to minimum one for a given particle.

Several of the possible particle shapes in powder
metallurgy

Surface area
For any particle shape, the shape factor, Ks, defines the area-to-volume ratio,
Ks= AD/V
where A is the surface area, V is the volume, and D is the diameter of a sphere of equivalent volume
as the non-spherical particle.

Production of metallic powders
Atomization
Atomization involves conversation of molten metal into a spray of droplets that solidifies into powder.
There are a lot of methods based on gas or water atomization, or on centrifugal atomization. The most
popular one is the water atomization, in which a high-velocity stream of water is utilized to
atomize the liquid metal.

(Left) Water atomization; and (Right) Centrifugal atomization from a consumable electrode

Chemical reduction
This method includes a variety of chemical reactions by which metallic com-pounds are reduced to
elemental metal powder.
Electrolysis
In this method, an electrolytic cell is set up in which the source of desired metal is the anode. It is slowly
dissolved and deposited on the cathode from where the deposit is removed, washed and dried.
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POWDER METALLURGY PROCESS

Overview
After the metallic powders have been produced and classified, the conventional P/M process sequence
consists of three major steps: (1) blending and mixing of powders, (2) compaction, and (3) sintering, and a
number of optional and finishing secondary operations.

Simplified flowchart illustrating the sequence of
operations in powder metallurgy process

The condition of powders during the three primary P/M operations is shown in the figure:

(a)

(b)

(1)

(2)

(3)

The conventional P/M process sequence: (1) blending, (2) compacting,
and (3) sintering; (a) shows the condition of powders, and (b) shows the
schematics of operation
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Blending and mixing
Blending:
Mixing:

mixing powder of the same chemical composition but different sizes
combining powders of different chemistries

Blending and mixing are accomplished by mechanical means:

(a)
(b)
(c)
(d)
Several blending and mixing devices: (a) rotating drum, (b) rotating double cone,
(c) screw mixer, (d) blade mixer

Except for powders, some other ingredients are usually added:
v
v
v

Lubricants:
Binders:
Deflocculants:

to reduce the particles-die friction
to achieve enough strength before sintering
to improve the flow characteristics during feeding

Compaction
Blended powers are pressed in dies under high pressure to form them into the required shape. The
work part after compaction is called a green compact or simply a green, the word green meaning not
yet fully processed.

Typical steps in compaction

Typical press for the compaction of metallic powders.
The removable die set (right) allows the machine to be
producing parts with one die set while another is being
fitted to produce a second part
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Pressure and density distributions after compaction
As a result of compaction, the density of the part, called the green density is much greater than
the starting material density, but is not uniform in the green. The density and therefore mechanical
properties vary across the part volume and depend on pressure in compaction:

Effect of applied pressure during compaction: (1) initial loose powders after filling, (2) repacking,
and (3) deformation of particles.

There are different ways to improve the density distribution:
v

Application of double acting press and two moving punches in conventional compaction

Compaction with a
single punch, showing
the resultant
nonuniform density

Density distribution
obtained with a doubleacting press and two
moving punches

v
Isostatic pressing
Pressure is applied from all directions against the powder, which is placed in a flexible mold:

Cold isostatic pressing: (1) powders are placed in the flexible mold; (2) hydrostatic pressure is applied against the mold to
compact the powders; and (3) pressure is reduced and the part is removed.
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Sintering
Compressed metal powder is heated in a controlled-atmosphere furnace to a temperature below its
melting point, but high enough to allow bounding of the particles:

(a) Typical heat treatment cycle in sintering; and (b) schematic cross-section of a continuous sintering furnace

The primary driving force for sintering is not the fusion of material, but formation and growth of bonds
between the particles, as illustrated in a series of sketches showing on a microscopic scale the changes
that occur during sintering of metallic powders.

Sintering on a microscopic scale. The illustration shows different stages in development
of grain boundaries between particles.

Finishing operations
A number of secondary and finishing operations can be applied after sintering, some of them are:
v
v
v
v
v

Sizing:
cold pressing to improve dimensional accuracy
Coining:
cold pressing to press details into surface
Impregnation: oil fills the pores of the part
Infiltration:
pores are filled with a molten metal
Heat treating, plating, painting
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DESIGN CONSIDERATIONS IN POWDER METALLURGY

The next design requirements are essential for P/M parts:
v
v
v

The shape of the parts must be as simple as possible.
PM parts should be made with the widest tolerances. The PM process is capable of
achieving tolerances of bigger than 0.1 mm.
Hole and grooves must be parallel to the direction of ejection:

Not recommended
Part injection is impossible

v

Permissible part features in P/M parts

Sharp corners, radii, thin section must be avoided. Minimum wall thickness is 1.5 mm.
Corners radii and chamfers are still possible, but certain rules should be observed:

Rules for chamfers and corner radii in P/M parts
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SHAPING PROCESSES FOR POLYMERS
Polymers
A polymer is a compound consisting of long-chaim molecules, each molecule made up pf repeating
units connected together.
Polymers can be separated into three major groups:




Thermoplastic polymers (thermoplastics)
Thermosetting polymers (thermosets)
Elastomers (rubbers)

Thermoplastic polymers (thermoplastics)
Solid materials at room temperature, become viscous liquids when heated.
The most important thermoplastics are:
v
v
v
v
v
v
v

Acrylics (Plexiglas):
Fluorocarbons (Teflon):
Polyamides (Nylons, Kevlar):
Polycarbonates (Lexan):
Polyesters (Dacron, Mylar, Kodel):
Polyvinyl chloride (PVC):
Polyethylene:

lenses, window glazing
nonstick coatings, bearings, seals
fibers
helmets, bullet-resistance windows, wind-shields
gears, cams, rollers
pipes, cable insulation, packaging, flooring, toys
bottles, cans, packaging materials

Thermosetting polymers (thermosets)
When initially heated, soften and flow for molding. After cooling, harden into an infusible solid. No
repeated heating cycle is possible.
The most important thermosets are:
v
v
v
v

Epoxies:
Phenolics (Bakelite):
Polyesters:
Silicones:

fiber-reinforced materials
knobs, handles, cases
fiber-reinforced materials
waterproof and heat resistance materials
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Elastomers (rubbers)
Exhibit extreme elastic extensibility under low mechanical stresses.
The most important rubbers are:
v
v
v

Natural rubber (Latex):
Silicones:
Polyurethane:

tires, shoes, seals
seals, thermal insulation, electronics
seals, gaskets

The difference in properties of the polymers are attributable to so-called cross-linking, which occurs in
thermosets and partially in elastomers:

(a)
(b)
(c)
Models of long polymer molecules with (a) no cross-linking in thermoplastics, (b) intensive cross-linking in thermosets, and
(c) low degree of cross-linking in elastomers

Manufacturing processes for polymers
Extrusion
In polymer extrusion, the feedstock is fed into an extrusion barrel where it is heated, melted, and forced
to flow through a die opening by means of rotating screw:

Components and features of a single-screw extruder for thermoplastics and elastomers

The raw materials not only in extrusion but also in most polymer processes are plastic pellets:

Plastic pellets are the raw material in
many shaping processes for polymers

Twin extruder screws

In twin-screw extruders both screws are parallel and side-by-side inside the barrel. These extruders are
suitable for extrusion of difficult-to-extrude polymers, and for materials that require greater mixing.
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Dies are not a component of the extruder and must be designed and fabricated for the particular
profile to be produced:

Side view cross-section of extrusion die for solid cross sections such as round stock

Side view cross-section of extrusion die for hollow cross sections such as tubes and pipes

After extrusion, the long, continuous product is subsequently cut into desired lengths.
Extruders
The illustration shows an extruder for plastic pipe. The specific tooling for this product is attached to
the machine on the left side (in black):

Plastic extrusion machine for plastic pipe

The internal diameter of the barrel is usually 25 to 150 mm, and the L/D ratio is between 10 and 30.
The screw rotates at about 60 rev/min.
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Injection Molding
Injection Molding is a process, in which a polymer is heated to a highly plastic state and forced to
flow under pressure into a mold cavity, where it solidifies. The part, called a molding, is then removed
from the cavity:

Diagram of an injection molding machine, reciprocating screw type

The production molding cycle time is in the range 10 to 30 sec:

Typical molding cycle: (1) mold is closed, (2) melt is injected into cavity, (3) screw is retracted,
and (4) mold opens and part is ejected

Injection-molding machines
The illustration shows an injection-molding machine with CNC control:

250-ton CNC injection molding machine

Large parts with complex
shapes are easily produced
by injection molding
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Blow Molding
Blow molding is a modified extrusion and injection molding process, wherein a tube is extruded,
clamped into a mold with a cavity much larger than the tube diameter, and then blown outward to
fill the mold.

(1)
(2)
(3)
(4)
Extrusion blow molding: (1) extrusion of parison, (2) mold is closed, (3) the tube is blown
to take the shape of the mold, and (4) mold is open to remove the part

Blowing is done with a hot-air blast at a pressure of 350~700 kPa. Further modifications of the process
are injection blow molding and rotational molding.

Blow molding machine for plastic
containers showing die cavities

Compression Molding
In compression molding, the workpiece (pre-shaped part, volume of powder, mixture of liquid resin and
fillers) is placed in the heated mold and is formed under pressure:

Compression molding of
thermosets: (1) charge is loaded, (2)
charge is compressed and cured, and
(3) part is ejected and removed

(1)

(2)

(3)
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Transfer Molding
Transfer molding is a similar to compression molding process, but the charge is placed not in the die
cavity but into a chamber next to the die cavity. Pressure is then applied to force the material to flow
into the heated mold where curing occurs.

(1)
(2)
(3)
Transfer molding of thermosets: (1) charge is loaded, (2) soften polymer is
compressed into mold cavity and cured, and (3) part is ejected and removed

Thermoforming
Thermoforming is a process in which a flat thermoplastic sheet is heated and deformed into desired
shape. The classical process involves the use of vacuum and is called vacuum forming:

Vacuum thermoforming: (1) a flat plastic sheet is softened by heating, (2)
soften sheet is placed over the mold cavity, (3) a vacuum draws the sheet
into the cavity, and (4) after cooling and solidification, part is removed and
subsequently trimmed

Other similar processes are pressure thermoforming and mechanical thermoforming. Mechanical thermoforming uses positive and negative molds that are brought together against the heated plastic sheet,
forcing it to assume their shape.
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RUBBER PROCESSING TECHNOLOGY
Introduction
Production of rubber goods can be divided into two principal steps:



Production of the rubber
Processing of the rubber into finished good

The manufacturing processes for rubber production are beyond the scope of the present text. Interested
readers should refer to more specialized books for a detailed coverage of this problem.

Processing of rubber into finished good
The process sequence includes the following principal operations:

Compounding

Mixing

Shaping

Vulcanizing
Compounding
The purpose of compounding is to add chemicals (sulphur) for vulcanization to the rubber. Other
additives are filling materials to enhance the mechanical properties (carbon black), antioxidants, ozoneprotective chemicals, coloring pigments, et al. Additives are mixed with the base material during the
next step, mixing.
Mixing
The process of mixing is accomplished in two phases to avoid premature vulcanization:



Mixing all non-vulcanizing additives
Mixing sulphur additive

The figure illustrates the equipment used for mixing:

(a)
(b)
Mixers used in rubber processing: (a) two-roll mill, and (b) internal mixer
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Shaping processes
Extrusion
The extrusion process for rubber is the same as for polymers.
Calendering
Calendering is a process for producing sheet and film stocks out of rubber or thermoplastics. Extrusion
and calendering can be combined in the roller die process.

A typical roll configuration in calendering

Three-roll calender used for producing
rubber sheet

Coating
This process involves coating of rubber onto substrate fabrics:

Coating of fabric with rubber using a calendering process

Other processes than calendering can also be utilized for coating.
Molding and casting
The process setup is the same as for the other materials. A special process for rubber is so-called dip
casting, in which a mold is submersed in a liquid polymer for certain duration. Dipping may be repeated
to form the desired thickness. Coating is then stripped from the form and cured.
Vulcanization
Vulcanization is a treatment for rubber to become stiffer and stronger. The process involves the use
of sulphur at a temperature of 140o C for about 5 hr.; time enough to accomplish cross-linking of
elastomers molecules.
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GLASSWORKING
Introduction
Glass is an amorphous solid with a non-crystalline structure. There are three major categories of glass
products:




glass piece ware
flat glass
glass fibers

(a)
(b)
(c)
(a) Lead crystal makes beautiful glass products, (b) flat glass used in buildings turns entire walls into windows, (c) glass
fiber optics uses glass fibers to transmit signals in communications and computers

Process sequence in glassworking
The typical process chain is pictured in the figure:

(1)
(2)
(3)
(4)
The typical process sequence in glassworking: (1) preparation of raw material, (2) melting of
glass, (3) shaping, and (4) heat treatment

Preparation of raw materials
Preparation of silica sand
Silica sand (SiO2) is the principal component of all glasses. Preparation of silica sand includes washing,
drying and classification.
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Additives
Various other materials, such as soda ash, potash, limestone etc. are added in the correct proportions to
achive the desired composition.
Recycled glasses
Recycled glasses are crushed and added to the mixture in a proportion of up to 100%.
Melting
Melting of satarting raw materials is usually carried out at around 1500~1600o C in a melting cycle of
24~48 hours. Melting is performed in different furnaces, usually electric furnaces.

Shaping Processes
The shaping processes can be classified into three categories:




Processes for piece ware
Continuous processes for glass making
Fiber making processes

SHAPING OF PIECE WARE

Casting

This process is similar to metal casting. Relatively massive parts, such as astronomical lenses and mirrors,
are made by this process. The parts are cooled slowly after casting to avoid internal stresses and cracking.
Finally, products must be polished.
Spinning
Spinning is similar to centrifugal casting. It is used to produce funnel-shaped components such as tubes
for televisions and computer monitors.

Spinning of funnel-shaped
glass parts: (1) gob of glass dropped into
mold, and (2) rotation of mold to cause
spreading of molten glass on mold surface

(1)

(2)

Pressing
Pressing is a process for mass production of relatively flat items, such as dishes, bake ware, lenses, TV
tube faceplates (the faceplate is assembled to the funnel using a sealing glass of low melting point).

Pressing of a flat glass piece: (1)
gob of glass fed into mold, and (2)
pressing, and (3) finished product

(1)

(2)

(3)
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Blowing
The blowing process is used to make thin-walled hollow glass items, such as bottles and glass containers

Stages in manufacturing an ordinary glass bottle

Drawing

SHAPING OF FLAT GLASSES

The Fourcault process uses a special die made of fireclay and called debiteuse to draw the sheet from
the molten glass. In Colburn process, the sheet is bent while the glass is still plastic so that it can be
cooled in horizontal position.

Fourcault process

Colburn process
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Float process
The glass flows directly from the melting furnace onto the surface of a molten tin bath:

The float process for producing sheet glass

Float glass process produces a continuous ribbon of glass

In all processes for flat glasses, the continuous sheet is cut into standard sizes after the glass has hardened
significantly. Subsequent grinding and polishing removes tool marks are produces smooth and parallel
surfaces.
Danner process
This process is used for glass tubing:

Drawing of glass tubes by the Danner process
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PRODUCING OF GLASS FIBERS
Centrifugal Spraying
Molten glass flows into a rotating bowl will many small opening around its periphery. The fiberglass
made is suitable for insulation.
Drawing
This process is used to produce continuous glass fibers of high quality and small diameter used in
fiber-optics communication lines.

Drawing continuous glass fibers
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COMPOSITE MATERIALS
Introduction
Composite materials are polymers that have been reinforced with organic or in-organic fiber materials
(Fiber-reinforced polymers, FRPs). The principal advantage of these materials is the very high strength-toweight ratio, which makes them attractive in aircrafts, spacecrafts, cars, boats, and sport equipment.

Gates-Piaggio aircraft is an
example of the use of composite
materials in aircraft industry

Starting materials
Fiber-reinforced polymers consist of two components, polymer matrix and reinforced phase. They are
produced separately before being combined to make the composite part.
Polymer
matrix
Reinforced
phase

Structure of a fiber-reinforced composite material

Thermoplastics, thermosets or elastomers are used for the polymer matrix. Thermosetting polymers are
the most common matrix materials, especially epoxies.
Reinforcing components are fibers, cloth (fabrics), and mat of glass, boron, carbon (graphite), polymers.
Fiber

Thread

Cloth

Mat

Materials used as reinforcing phase in fiber-reinforced composite materials
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Fibers are used in some fabrication processes in a continuous form, known as roving, which is a
collection of untwisted continuous threads. Each thread consists of 1000~30 000 single fibers.
Cloth is a fabric of woven yearns. Some special cloths can consists of different fibers, for example
carbon + glass fibers:
Mat is a material that consists of randomly oriented short fibers.
In some applications, raw materials are combined prior to the shaping operations (the resulting material
is known as a prepreg). The typical thickness of the prepreg is 0.125 mm with 34% polymer resin. The
prepreg is available as strip with width 300, 500, or 1000 mm and length 50 or 100 m.

PVC film

Glass fibers
Carbon fibers

Carbon-glass fibers cloth

Polymer
matrix
Fibers, cloth or mat

The structure of prepreg

Shaping processes
Open mold process
This process uses a single positive or negative mold surface. The starting materials are applied to the
mold in layers, building up to the desired thickness. Next follows curing and after that part is removed
from the mold. Different open-mold processes were developed depending on the way the raw material is
applied to the mold. The oldest one is a hand Lay-up Process:
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The entire lay-up process is both time-consuming and labor-intensive.

(Left) Adding successive layers of resin and glass cloth in a hand lay-up process for producing a boat hull
(Right) Finishing the fiberglass reinforced boat hull

Other open mold processes include automated tape-laying machines, spray-up process, etc.
Closed mold processes
In these processes, molds consist of two sections that open and close during each molding cycle.
In compression molding processes, starting materials are placed in the lower mold section, and the
mold is closed under pressure. Next, the mold is heated to cure the polymer matrix. After curing, the
mold is opened and the part is removed. Different compression molding processes were developed for
different starting materials.

Compression molding of a thermoplastic sheet

Pick-and-place machine used in resin-transfer molding to
automatically cut to shape and stack in position the carbon
fabric plies

In Resin Transfer Molding (RTM), the resin is injected into fiber preforms enclosed in heated mold
cavities. In advanced RTM instead of cloth or math continuous fiber reinforcement is used. Material is
sintered before with powdered binder material and send to the pick-and-place machine where it is cut to
shape and stacked in position. The preforms are then combined with tooling, heated, and the resin is
injected. After cooling, parts are cleaned and trimmed.
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Injection molding process can also be adapted to FRPs to produce low-cost parts in large quantities.
Filament winding
In this process, resin-impregnated fibers are wrapped around a rotating mandrel that has the internal
shape of the desired FRP part:

Wet filament winding

Fiber can be impregnated just prior to winding pulling them through the liquid resin (wet winding).
In prepreg winding, the filament band is used instead of fibers. It is possible also the filament to be
impregnated after the winding by brushing or other techniques (postimpregnation).

Filament winding machine

Pultrusion process
The process is similar to extrusion, but it involves pulling of the workpiece. Pultrusion process is used
to produce simple shapes of uniform cross section, such as round, rectangular, tubular, and structural
products. The bundles of fibers are drawn through a bath of polymer resin and then gathered to produce
a desired cross-sectional product. The material is then drawn through one or more heated dies for
further shaping and curing. After cooling, material is cut to length.
Reinforced fibers

Resin bath

Forming
die

Schematic diagram of the pultrusion process

Heated
die or
curing
oven
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5.1 OVERVIEW OF MACHINING
Definitions
v
v

Machining:
term applied to all material-removal processes
Metal cutting: the process in which a thin layer of excess metal (chip) is removed by a
wedge-shaped single-point or multipoint cutting tool with defined geometry from a
workpiece, through a process of extensive plastic deformation

work surface

primar

5

machined
surface

chip
cutting tool

work surface
cut

feed motion

workpiece

direction of
feed motion

chip
tool

machined surface

direction of primary motion

Close-up view of a turning operation in
which a thin layer of metal (chip) is
removed from the work surface of a rotating
workpiece by a coated cemented carbide
cutting tool. The newly generated surface
is referred to as a machined surface. Cutting
process requires both primary and feed
motions.

Schematics of metal cutting process showing the basic
terminology.
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Abrasive processes:
material removal by the action of hard, abrasive particles that are
usually in the form of a bonded wheel. Each single particle acts like a single-point
cutting tool. Since the particular geometry of a particle is not known, abrasive processes
are referred to as machining with geometrically undefined tools

Set-up of the grinding operation showing
the workpiece, abrasive bonded wheel and
the spray of burned chips

v

Non-traditional processes:

machining with electrical, optical or chemical sources of
energy

Cutting operation performed
by a five-axis CO2 laser

Casting

Ê

Metal forming

Powder metallurgy

Material-removal processes

Assembly

Final
products

Metallurgical processes

Single-part
production

Starting
materials

The place of machining operations

Diagram showing the place of machining operations within the entire production cycle.

Machining operations are capable of producing more precise dimensions and smooth surface finishes
than all other manufacturing processes. They are performed after other processes, which create the
general shape of the parts. Machining then provides the final geometry, dimensions and finish.
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5.2 MECHANICS OF MACHINING
Plastic deformation in cutting
The cutting itself is a process of extensive plastic deformation to form a chip that is removed afterward.
The basic mechanism of chip formation is essentially the same for all machining operations. Assuming
that the cutting action is continuous, we can develop so-called continuous model of cutting process
shown in the figure:

h ch

shear
+
frictio
n

chip

cut shea
r

tool face
tool

workpiece
Direction of primary motion

(a)

shear
bD plane
hD
Cutting speed V

(b)

Cutting speed, V

(c)

(a) Chip formation in metal cutting is accompanied by substantial shear and frictional deformations in the shear
plane and along the tool face; (b) Schematic illustration of the two-dimensional cutting process (also called orthogonal
cutting), hD and bD are the thickness of cut and width of cut respectively, hch is the chip thickness, γo is the tool orthogonal
rake angle, and Φ is the shear plane angle; (c) Cutting with positive and negative rake angles. Note the change in
the shear plane angle and chip thickness.

Cutting is performed with a cutting tool moving at a cutting speed V in the direction of primary
motion. The cutting tool is inclined at the rake angle γo. The rake angle can be positive, zero, or negative,
typically taking values from +15o to -6o. The rake angle influences significantly the process of plastic
deformation in cutting and therefore the chip thickness, cutting forces and temperatures.
The tool is set to remove a cut with thickness hD and width bD. In the simplest model of orthogonal
cutting shown in the figure, the plastic deformation takes place by shearing in a single shear plane
inclined at the angle Φ (shear plane angle). The produced chip has a thickness of hch (chip thickness),
width bD and moves at speed Vch (chip speed).
The chip thickness compression ratio Λh is defined by
Λh = hch/hD
Chip thickness is always bigger than thickness of cut, therefore Λh is always >1. The value of chip
thickness compression ratio gives a valuable information about the rate of plastic deformation in the
chip formation zone.
The cutting model shown above is oversimplified. In reality, chip formation occurs not in a plane but
in so-called primary and secondary shear zones, the first one between the cut and chip, and the second
one along the cutting tool face.
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Types of cutting
Depending on whether the stress and deformation in cutting occur in a plane (two-dimensional case) or
in the space (three-dimensional case), we consider two principle types of cutting:


Orthogonal cutting
the cutting edge is straight and is set in a position that is
perpendicular to the direction of primary motion. This allows us to deal with stresses
and strains that act in a plane.



Oblique Cutting
the cutting edge is set at an angle (the tool cutting edge inclination
λs). This is the case of three-dimensional stress and strain conditions.

cutting edge

cutting edge

direction of primary motion

direction of primary motion

(a)

s

(b)

(a) Orthogonal cutting with a cutting tool set normally to the direction of primary motion; (b) Oblique
cutting with a cutting tool set at the tool cutting edge inclination angle λs to the direction of primary
motion.

According to the number of active cutting edges engaged in cutting, we distinguish again two types
of cutting:


Single-point cutting
the cutting tool has only one major cutting edge
Examples: turning, shaping, boring



Multipoint cutting
the cutting tool has more than one major cutting edge
Examples: drilling, milling, broaching, reaming

Abrasive machining is by definition a process of multipoint cutting.

Cutting conditions
Each machining operation is characterized by cutting conditions, which comprises a set of three elements:


Cutting velocity V:



Depth of cut d:



Feed f:

the traveling velocity of the tool relative to the workpiece. It is
measured in m/s or m/min.
the axial projection of the length of the active cutting tool edge,
measured in mm. In orthogonal cutting it is equal to the actual
width of cut bD.
the relative movement of the tool in order to process the entire
surface of the workpiece. In orthogonal cutting it is equal to the
thickness of cut hD and is measured in mm tr-1 in turning, or
mm/min in milling and drilling.
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Direction of
primary motion

Tool cutting
edge angle

bD=d

d
bD

hD=f

f

hD

To machine a large surface, the tool must be given a feed. (Left) In orthogonal cutting, feed
f and depth of cut d coincide with the thickness of cut hD and width of cut bD, respectively.
(Right) In oblique cutting, the cutting tool edge is set at an angle (tool cutting edge angle)
for easier chip removal.

Chip formation
There are three types of chips that are commonly produced in cutting,




discontinuous chips
continuous chips
continuous chips with built up edge

A discontinuous chip comes off as small chunks or particles. When we get this chip it may indicate,
v
v
v

brittle work material
small or negative rake angles
coarse feeds and low speeds

A continuous chip looks like a long ribbon with a smooth shining surface. This chip type may indicate,
v
v
v

ductile work materials
large positive rake angles
fine feeds and high speeds

Continuous chips with a built up edge still look like a long ribbon, but the surface is no longer smooth
and shining. Under some circumstances (low cutting speeds of ~0.5 m/s, small or negative rake angles),
work materials like mild steel, aluminum, cast iron, etc., tend to develop so-called built-up edge, a very
hardened layer of work material attached to the tool face, which tends to act as a cutting edge itself
replacing the real cutting tool edge. The built-up edge tends to grow until it reaches a critical size (~0.3
mm) and then passes off with the chip, leaving small fragments on the machining surface. Chip will
break free and cutting forces are smaller, but the effects is a rough machined surface. The built-up edge
disappears at high cutting speeds.
Discontinuous
chip

Continuous
chip
Tool

Secondary
shear zone

V

Built-up
edge

Tool

Continuous
chip

V

Tool

V

Primary
shear zone

Scalloped surface

Built-up edge fragments

Low roughness

(a)
(b)
(c)
The type of chip changes with cutting speed. When cutting mild steel, the chip is discontinuous at low
cutting velocity (a), forms with a built-up edge at about 0.5 m/s (b), and is continuous with well developed
secondary shear zone at high velocity (c).
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Chip control
Discontinuous chips are generally desired because they
v
v
v
v

are less dangerous for the operator
do not cause damage to workpiece surface and machine tool
can be easily removed from the work zone
can be easily handled and disposed after machining.

There are three principle methods to produce the favourable discontinuous chip:




proper selection of cutting conditions
use of chip breakers
change in the work material properties

Proper selection of cutting conditions
Cutting velocity changes chip type as discussed. Since the cutting speed influences to the great extend
the productivity of machining and surface finish, working at low speeds may not be desirable. If the
cutting speed is to be kept high, changing the feed and depth of cut is a reasonable solution for chip
control. At constant cutting speed, the so-called chip map defines the area of desirable chip type as a
function of feed and depth of cut:

Chip map identifies the area of favourable
chip formation for particular work
material and cutting tool geometry

Chip breaker
Chip break and chip curl may be promoted by use of a so-called chip breaker. There are two types
of chip breakers



external type, an inclined obstruction clamped to the tool face
integral type, a groove ground into the tool face or bulges formed onto the tool face
Clamp
Chip
breaker

Tool

Chip
before after

Tool

chip
breaking
groove

chip
breaking
bulges

Tool

Tool

Chip breakers and schematic illustration of the action of a chip breaker

Change in the work material properties

Cut-off carbide insert with
an inbuilt advanced chip
breaking groove

Some elements, for instance lead, when added to steel make chip type and chip removal more favourable. Such steels are referred to as free-machine steels. Increasing the work material hardness (for example
by quenching) generally results in production of discontinuous chips.
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5.3 CUTTING FORCES
Introduction
Cutting is a process of extensive stresses and plastic deformations. The high compressive and frictional
contact stresses on the tool face result in a substantial cutting force F.

chip

tool

F`
cut

F

workpiece

Total cutting force F and
reaction force F` in
orthogonal cutting

Knowledge of the cutting forces is essential for the following reasons:
v
v
v
v

proper design of the cutting tools
proper design of the fixtures used to hold the workpiece and cutting tool
calculation of the machine tool power
selection of the cutting conditions to avoid an excessive distortion of the workpiece

Cutting force components
In orthogonal cutting, the total cutting force F is conveniently resolved into two components in the
horizontal and vertical direction, which can be directly measured using a force measuring device called
a dynamometer. If the force and force components are plotted at the tool point instead of at their
actual points of application along the shear plane and tool face, we obtain a convenient and compact
diagram.
chip

tool
cut

F
FC

FD
workpiece

Total cutting force F is
conveniently resolved into
horizontal component FC
and vertical component FD

The two force components act against the tool:


Cutting force FC :
this force is in the direction of primary motion. The cutting force
constitutes about 70~80 % of the total force F and is used to calculate the power P
required to perform the machining operation,
P = VFC



Thrust force FD:
this force is in direction of feed motion in orthogonal cutting.
The thrust force is used to calculate the power of feed motion.
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In three-dimensional oblique cutting, one more force component appears along the third axis. The
thrust force FD is further resolved into two more components, one in the direction of feed motion called
feed force Ff, and the other perpendicular to it and to the cutting force FC called back force Fp, which is
in the direction of the cutting tool axis.
V

Ff

workpiece
Fp

feed

FD

tool

FC
F

Force components in threedimensional oblique cutting

Force determination
Cutting forces are either
v
v

measured in the real machining process, or
predicted in the machining process design.

Cutting forces are measured by means of special device called tool force dynamometer mounted on the
machine tool.
For cutting force prediction, several possibilities are available,


for approximate calculations of sufficient accuracy for all practical purposes, the so-called
specific cutting force (cutting force per unit area of cut) kC is used:
FC = kC hDbD
This parameter is well tabulated and could be found in the most handbooks.
For small cut thickness and dull cutting tools kC must be increased. The value of thrust
force FD is taken usually as a percentage of FC.



more advanced options for cutting force prediction are based on analytical or numerical
modelling of metal cutting. Due to the complex nature of the cutting process, the
modelling is typically restricted to orthogonal cutting conditions, although solutions for
the three-dimensional cutting are also available in the literature.

Cutting force control
The cutting force value is primarily affected by:
v
v
v

cutting conditions (cutting speed V, feed f, depth of cut d)
cutting tool geometry (tool orthogonal rake angle)
properties of work material

The simplest way to control cutting forces is to change the cutting conditions. The next diagrams show
the dependencies between FC and cutting conditions:
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FC

materials which do not
form built-up edge

materials which form
built-up edge

V

f

d

Cutting force as a function of cutting conditions

The cutting speed V does not change significantly the cutting force FC. Increasing the cutting speed
slightly reduces the cutting force. The dependence is more complex in the low speed range for materials,
which tend to form a built-up edge. When the built-up edge disappears at high cutting speeds, the
dependence is essentially the same as this for materials, which do not form a built-up edge at all.
Feed changes significantly the cutting force. The dependence is non-linear because of the so-called size
effect at low feeds.
Depth of cut also changes significantly the cutting force but the dependence now is linear.
From the above it can be concluded that the most effective method of force control is to change the
depth of cut and feed. If for some reasons change of the cutting conditions is not justified, machining
with positive tool orthogonal rake angles will decrease significantly the cutting force but at the same
time will increase the possiblity of tool breakage.
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5.4 CUTTING TEMPERATURE
Introduction
In cutting, nearly all of energy dissipated in plastic deformation is converted into heat that in turn raises
the temperature in the cutting zone.
Since the heat generation is closely related to the plastic deformation and friction, we can specify three
main sources of heat when cutting,




Plastic deformation by shearing in the primary shear zone (heat source Q1)
Plastic deformation by shearing and friction on the cutting face (heat source Q2)
Friction between chip and tool on the tool flank (heat source Q3)

Heat is mostly dissipated by,




The discarded chip carries away about 60~80% of the total heat (q1)
The workpiece acts as a heat sink drawing away 10~20% heat (q2)
The cutting tool will also draw away ~10% heat (q3).

If coolant is used in cutting, the heat drawn away by the chip can be as big as 90% of the total
heat dissipated.

q1
q3
Q1
q2

Q2
Q3
The balance of heat generation and heat
dissipation in metal cutting

Knowledge of the cutting temperature is important because it:
v

affects the wear of the cutting tool. Cutting temperature is the primary factor affecting
the cutting tool wear as discussed in Section 5.5.

v

can induce thermal damage to the machined surface. High surface temperatures promote
the process of oxidation of the machined surface. The oxidation layer has worse
mechanical properties than the base material, which may result in shorter service life.

v

causes dimensional errors in the machined surface. The cutting tool elongates as a
result of the increased temperature, and the position of the cutting tool edge shifts
toward the machined surface, resulting in a dimensional error of about 0.01~0.02
mm. Since the processes of thermal generation, dissipation, and solid body thermal
deformation are all transient, some time is required to achieve a steady-state condition.
As a result, an additional shape error appears on the machined surface in the beginning
of cutting as shown in the figure:
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Workpiece

Dinitial

Dfinal

Shape error as a result
of process transciency
Tool position shifted
as a result of tool
thermal expansion

Dimensional and shape error in
machining as a result of the cutting
tool thermal expansion

Tool setup position

feed
Dimensional error
caused by tool
thermal expansion

Cutting tool

Cutting temperature is not constant through the tool, chip and workpiece. The temperature field in the
cutting zones is shown in the figure. It is observed, that the maximum temperature is developed not on
the very cutting edge, but at the tool rake some distance away from the cutting edge.

Chip

Tool

300

300

400
500
400

700

Isotherms in the cutting tool, chip
and workpiece obtained by the finite
element analysis. Note, that the
maximum temperature is at some
distance away from the cutting edge

600 500
300
200
100

V
Workpiece

Cutting temperature determination
Cutting temperature is either
v
v

measured in the real machining process, or
predicted in the machining process design.

The mean temperature along the tool face is measured directly by means of different thermocouple
techniques, or indirectly by measuring the infrared radiation, or examination of change in the tool
material microstructure or microhardness induced by temperature. Some recent indirect methods are
based on the examination of the temper colour of a chip, and on the use of thermosensitive paints.
There are no simple reliable methods of measuring the temperature field. Therefore, predictive
approaches must be relied on to obtain the mean cutting temperature and temperature field in the
chip, tool and workpiece.
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For cutting temperature prediction, several approaches are used:


Analytical methods: there are several analytical methods to predict the mean temperature.
The interested readers are encouraged to read more specific texts, which present in
detail these methods. Due to the complex nature of the metal cutting process, the
analytical methods are typically restricted to the case of orthogonal cutting.



Numerical methods: These methods are usually based on the finite element modelling
of metal cutting. The numerical methods, even though more complex than the analytical
approaches, allow for prediction not only of the mean cutting temperature along the tool
face but also the temperature field in orthogonal and oblique cutting.

Cutting temperature control
The temperature in metal cutting can be reduced by:
v
v
v

application of cutting fluids (coolants). The problem is further discussed in Section 5.6;
change in the cutting conditions by reduction of cutting speed and/or feed;
selection of proper cutting tool geometry (positive tool orthogonal rake angle).

Apart from application of coolants, the simplest way to reduce the cutting temperature is to reduce
the cutting speed and/or feed. The next diagrams show the dependencies between the mean cutting
temperature and cutting conditions:
o
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Cutting temperature T as a function of cutting speed V, feed f, and depth of cut d

From this figure is obvious, that any reduction of the cutting temperature will require substantial reduction in either the cutting speed or cutting feed, or both (the effect of depth of cut can be neglected). As
a negative result, cutting time and therefore production rate will also decrease. To avoid the problem, the
best solution to the problem of cutting temperature is the application of coolants.
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5.5 TOOL WEAR AND TOOL LIFE
Introduction
The life of a cutting tool can be terminated by a number of means, although they fall broadly into
two main categories:



gradual wearing of certain regions of the face and flank of the cutting tool, and
abrupt tool failure.

Considering the more desirable case  the life of a cutting tool is therefore determined by the
amount of wear that has occurred on the tool profile and which reduces the efficiency of cutting to an
unacceptable level, or eventually causes tool failure (case ).
When the tool wear reaches an initially accepted amount, there are two options,



to resharpen the tool on a tool grinder, or
to replace the tool with a new one. This second possibility applies in two cases,
(i) when the resource for tool resharpening is exhausted. or (ii) the tool does not allow
for resharpening, e.g. in case of the indexable carbide inserts discussed in Section 5.8.

Wear zones
Gradual wear occurs at three principal location on a cutting tool. Accordingly, three main types of tool
wear can be distinguished,




crater wear
flank wear
corner wear

These three wear types are illustrated in the figure:

Tool cutting part
Chip contact area
Crater wear
Corner wear
Major cutting edge
perfectly sharp at the beginning of cutting
worn after cutting for some period of time

VB

Flank wear

Types of wear observed in cutting tools
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v

Crater wear: consists of a concave section on the tool face formed by the action of
the chip sliding on the surface. Crater wear affects the mechanics of the process
increasing the actual rake angle of the cutting tool and consequently, making cutting
easier. At the same time, the crater wear weakens the tool wedge and increases the
possibility for tool breakage. In general, crater wear is of a relatively small concern.

v

Flank wear:
occurs on the tool flank as a result of friction between the machined
surface of the workpiece and the tool flank. Flank wear appears in the form of so-called
wear land and is measured by the width of this wear land, VB, Flank wear affects to
the great extend the mechanics of cutting. Cutting forces increase significantly with flank
wear. If the amount of flank wear exceeds some critical value (VB > 0.5~0.6 mm), the
excessive cutting force may cause tool failure.
actual rake angle
nominal rake angle

chip

tool
crater wear
flank wear land

sharp tool profile

VB

workpiece

Cross-section perpendicular to the major cutting
edge of a worn cutting tool showing the effect of
crater wear on the tool rake angle and the flank
wear land

v

Corner wear: occurs on the tool corner. Can be considered as a part of the wear land
and respectively flank wear since there is no distinguished boundary between the corner
wear and flank wear land. We consider corner wear as a separate wear type because
of its importance for the precision of machining. Corner wear actually shortens the
cutting tool thus increasing gradually the dimension of machined surface and introduc
ing a significant dimensional error in machining, which can reach values of about
0.03~0.05 mm.
work surface

actual part shape
theoretical part shape
if no corner wear

V

corner wear reduces
tool length

Dimensional error
caused by tool
corner wear

feed

Sharp cutting tool

Top view showing the effect of tool corner wear on the dimensional
precision in turning
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Tool life
Tool wear is a time dependent process. As cutting proceeds, the amount of tool wear increases gradually.
But tool wear must not be allowed to go beyond a certain limit in order to avoid tool failure. The most
important wear type from the process point of view is the flank wear, therefore the parameter which has
to be controlled is the width of flank wear land, VB. This parameter must not exceed an initially set safe
limit, which is about 0.4 mm for carbide cutting tools. The safe limit is referred to as allowable wear
land (wear criterion), VBk. The cutting time required for the cutting tool to develop a flank wear land of
width VBk is called tool life, T, a fundamental parameter in machining.
The general relationship of VB versus cutting time is shown in the figure (so-called wear curve).
Although the wear curve shown is for flank wear, a similar relationship occur for other wear types. The
figure shows also how to define the tool life T for a given wear criterion VBk.
VB, mm

break-in
period

steady-state wear region

failure region

tool
failure

VBk

T

cutting time, min

Flank wear as a function of cutting time. Tool life T is defined as the cutting time
required for flank wear to reach the value of VBk

The slope of the wear curve (that is the intensity of tool wear) depends on the same parameters, which
affect the cutting temperature as the wear of cutting tool materials is a process extremely temperature
dependent.
Parameters, which affect the rate of tool wear are
v
v
v

cutting conditions (cutting speed V, feed f, depth of cut d)
cutting tool geometry (tool orthogonal rake angle)
properties of work material

From these parameters, cutting speed is the most important one. As cutting speed is increased, wear rate
increases, so the same wear criterion is reached in less time, i.e., tool life decreases with cutting speed:
VB, mm

log T

cutting speed increases
V1

V2

V3

T3

n

VT = C

T2
VBk

T1

T1

T2

T3

cutting time, min

V3

V2

V1

log V

(Left) Effect of cutting speed on wear land width and tool life for three cutting speeds. (Right) Natural log-log plot of
cutting speed versus tool life.
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If the tool life values for the three wear curves are plotted on a natural log-log graph of cutting speed
versus tool life as shown in the right figure, the resulting relationship is a straight line expressed in
equation form called the Taylor tool life equation:
VTn = C
where n and C are constants, whose values depend on cutting conditions, work and tool material
properties, and tool geometry. These constants are well tabulated and easily available.
An expanded version of Taylor equation can be formulated to include the effect of feed, depth of cut
and even work material properties.

Wear control
As it was discussed earlier, the rate of tool wear strongly depends on the cutting temperature, therefore,
any measures which could be applied to reduce the cutting temperature would reduce the tool wear as
well. The figure shows the process parameters that influence the rate of tool wear:

Cutting tool wear as a function of basic process
parameters

Additional measures to reduce the tool wear include the application of advanced cutting tool materials,
such as coated carbides, ceramics, etc., problem which is discussed in Section 5.8.
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5.6 CUTTING FLUIDS
Introduction
Cutting fluid (coolant†) is any liquid or gas that is applied to the chip and/or cutting tool to improve
cutting performance. A very few cutting operations are performed dry, i.e., without the application of
cutting fluids. Generally, it is essential that cutting fluids be applied to all machining operations.
Cutting fluids serve three principle functions:

to remove heat in cutting:
the effective cooling action of the cutting fluid depends
on the method of application, type of the cutting fluid, the fluid flow rate and pressure. The
most effective cooling is provided by mist application combined with flooding. Application of
fluids to the tool flank, especially under pressure, ensures better cooling that typical application
to the chip but is less convenient.

to lubricate the chip-tool interface: cutting fluids penetrate the tool-chip interface
improving lubrication between the chip and tool and reducing the friction forces and tempera
tures.

to wash away chips: this action is applicable to small, discontinuous chips only. Spe
cial devices are subsequently needed to separate chips from cutting fluids.

Methods of application
Manual application
Application of a fluid from a can manually by the operator. It is not acceptable even in job-shop
situations except for tapping and some other operations where cutting speeds are very low and friction is
a problem. In this case, cutting fluids are used as lubricants.
Flooding
In flooding, a steady stream of fluid is directed at the chip or tool-workpiece interface. Most machine
tools are equipped with a recirculating system that incorporates filters for cleaning of cutting fluids.
Cutting fluids are applied to the chip although better cooling is obtained by applying it to the flank
face under pressure:
tap

nozzle
pump

filter

settlement reservoir

tool

tool

cutting fluid

Cutting fluid application, (Left) Rake face
flooding by means of a recirculating system,
(Right) Flank face application of the cutting fluid
†

the term coolant is more traditional but does not correctly account for all
functions of the cutting fluid such as lubrication and chip removal action.

Application of flooding in milling
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Coolant-fed tooling
Some tools, especially drills for deep drilling, are provided with axial holes through the body of the tool
so that the cutting fluid can be pumped directly to the tool cutting edge.
workpiece
deep hole drill

cutting fluid supplied
under high pressure
cutting fluid mixed
with chips is collected
for reclaiming

Internal cutting fluid application in deep hole drilling

Mist applications
Fluid droplets suspended in air provide effective cooling by evaporation of the fluid. Mist application
in general is not as effective as flooding, but can deliver cutting fluid to inaccessible areas that cannot
be reached by conventional flooding.

Types of cutting fluid
Cutting Oils
Cutting oils are cutting fluids based on mineral or fatty oil mixtures. Chemical additives like sulphur
improve oil lubricant capabilities. Areas of application depend on the properties of the particular oil but
commonly, cutting oils are used for heavy cutting operations on tough steels.
Soluble Oils
The most common, cheap and effective form of cutting fluids consisting of oil droplets suspended in
water in a typical ratio water to oil 30:1. Emulsifying agents are also added to promote stability of
emulsion. For heavy-duty work, extreme pressure additives are used. Oil emulsions are typically used
for aluminum and cooper alloys.
Chemical fluids
These cutting fluids consists of chemical diluted in water. They possess good flushing and cooling
abilities. Tend to form more stable emulsions but may have harmful effects to the skin.

Environmental issues
Cutting fluids become contaminated with garbage, small chips, bacteria, etc., over time. Alternative
ways of dealing with the problem of contamination are:
v
v
v

replace the cutting fluid at least twice per month,
machine without cutting fluids (dry cutting),
use a filtration system to continuously clean the cutting fluid.

Disposed cutting fluids must be collected and reclaimed. There are a number of methods of reclaiming
cutting fluids removed from working area. Systems used range from simple settlement tanks to complex
filtration and purification systems. Chips are emptied from the skips into a pulverizer and progress
to centrifugal separators to become a scrap material. Neat oil after separation can be processed and
returned, after cleaning and sterilizing to destroy bacteria.
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5.7 SURFACE FINISH
Introduction
The machining processes generate a wide variety of surface textures. Surface texture consists of the
repetitive and/or random deviations from the ideal smooth surface. These deviations are
v
v
v

roughness:
waviness:
lay:

small, finely spaced surface irregularities (micro irregularities)
surface irregularities of grater spacing (macro irregularities)
predominant direction of surface texture
Lay direction
Waviness spacing

Waviness heigth

Roughness height

Roughness width

Elements of the machined surface texture

Three main factors make the surface roughness the most important of these parameters:




Fatigue life:
the service life of a component under cyclic stress (fatigue life) is much
shorter if the surface roughness is high
Bearing properties:
a perfectly smooth surface is not a good bearing because it cannot
maintain a lubricating film.
Wear: high surface roughness will result in more intensive surface wear in friction.

Surface finish is evaluated quantitatively by the average roughness height, Ra.

Roughness control
Factors, influencing surface roughness in machining are
v
v
v

tool geometry (major cutting edge angle and tool corner radius),
cutting conditions (cutting velocity and feed), and
work material properties (hardness).
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Feed marks
During cutting with a single point cutting tool (e.g. turning), the tool leaves a spiral profile on the
machined surface as it moves across the workpiece, so called feed marks. The height of the feed marks is
nothing but the surface roughness height and can be assumed equal to Ra. From the figure, it is evident
that the feed and the geometry of the cutting tool determine the value of Ra:
feed
V

Ra

r

d

r

tool position after
one full revolution
of the workpiece

r

feed

Ra
r

Direction of feed motion
tool initial position

Definition of the average surface roughness height Ra

From geometrical considerations, the theoretical surface roughness R`a is approximately defined by
R`a = f2/32r∈
where f is the feed, and r∈ is the tool corner radius.
In case of machining with multi-point cutting tools or abrasive tools, the geometrical considerations are
much more complex but the general tendency is the same.
From the above equation, it follows that feed is the primary machining parameter to change in order
to control the surface roughness as far as changing the tool corner radius is much less convenient. The
other process parameters - cutting speed, rake angle, and work material hardness, also influence the
surface finish although not to the same extend as feed. The relationships between surface roughness and
cutting conditions are shown in the figures:
Ra

materials, which
form built-up edge

materials, which
do not form built-up edge

feed, f

cutting speed, V

Surface roughness versus cutting speed and feed

For very low feeds, surface roughness worsens. The reason is a change in the nature of metal cutting
process. The influence of cutting speed is more complex for materials, which tend to form built-up edge
at low speeds. The influence of built-up edge on surface finish is discussed in Section 5.2 Mechanics of
Machining. Depth of cut has secondary effect on surface finish.
One major conclusion could be drawn from the above figures - best surface finish is achieved when
cutting at high speed with low feed, a combination typical for finishing machining.
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The influence of the other process parameters is outlined below:
v
v
v
v

Increasing the tool rake angle generally improves surface finish
Higher work material hardness results in better surface finish
Tool material has minor effect on surface finish.
Cutting fluids affect the surface finish changing cutting temperature and as a result the
built-up edge formation.

The cumulative effect of these and other process parameters can be taken into account by an empirical
correction coefficient rai defined from the next figure:
rai
ductile materials

1.75
1.50

cast iron

1.25
1.00

free machining alloys

40

60

80

100

120 cutting speed, m/min

Correction coefficient to account for the influence of work material and cutting speed
on surface finish

The corrected value of Ra is calculated as

Ra = raiR`a

where the theoretical surface roughness R`a is defined as shown before.
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5.8 CUTTING TOOL MATERIALS
Requirements
The cutting tool materials must possess a number of important properties to avoid excessive wear,
fracture failure and high temperatures in cutting, The following characteristics are essencial for cutting
materials to withstand the heavy conditions of the cutting process and to produce high quality and
economical parts:
v

hardness at elevated temperatures (so-called hot hardness) so that hardness and
strength of the tool edge are maintained in high cutting temperatures:

Hot hardness for different tool materials

v
v

toughness:
ability of the material to absorb energy without failing. Cutting if often
accompanied by impact forces especially if cutting is interrupted, and cutting tool
may fail very soon if it is not strong enough.
wear resistance: although there is a strong correlation between hot hardness and wear
resistance, later depends on more than just hot hardness. Other important characteristics
include surface finish on the tool, chemical inertness of the tool material with respect to
the work material, and thermal conductivity of the tool material, which affects the
maximum value of the cutting temperature at tool-chip interface.

Cutting tool materials
Carbon Steels
It is the oldest of tool material. The carbon content is 0.6~1.5% with small quantities of silicon,
chromium, manganese, and vanadium to refine grain size. Maximum hardness is about HRC 62.
This material has low wear resistance and low hot hardness. The use of these materials now is very
limited.
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High-speed steel (HSS)
First produced in 1900s. They are highly alloyed with vanadium, cobalt, molybdenum, tungsten and
chromium added to increase hot hardness and wear resistance. Can be hardened to various depths by
appropriate heat treating up to cold hardness in the range of HRC 63-65. The cobalt component give
the material a hot hardness value much greater than carbon steels. The high toughness and good wear
resistance make HSS suitable for all type of cutting tools with complex shapes for relatively low to
medium cutting speeds. The most widely used tool material today for taps, drills, reamers, gear tools,
end cutters, slitting, broaches, etc.

Thread tap and die made of
high-speed steel

Cemented Carbides
Introduced in the 1930s. These are the most important tool materials today because of their high hot
hardness and wear resistance. The main disadvantage of cemented carbides is their low toughness. These
materials are produced by powder metallurgy methods, sintering grains of tungsten carbide (WC) in a
cobalt (Co) matrix (it provides toughness). There may be other carbides in the mixture, such as titanium
carbide (TiC) and/or tantalum carbide (TaC) in addition to WC.
WC/TiC/TaC
grains

Co matrix

Microstructure of cemented
carbides
Assortment of cemented carbide inserts
for use by different cutting tools. Some
of the inserts are coated with a very thin
layer of wear-resistant material.

In spite of more traditional tool materials, cemented carbides are available as inserts produced by powder
metalurgy process. Inserts are available in various shapes, and are usually mechanically attached by means
of clamps to the tool holder, or brazed to the tool holder (see the figure in the next page). The clamping
is preferred because after an cutting edge gets worn, the insert is indexed (rotated in the holder) for
another cutting edge. When all cutting edges are worn, the insert is thrown away. The indexable carbide
inserts are never reground. If the carbide insert is brazed to the tool holder, indexing is not available, and
after reaching the wear criterion, the carbide insert is reground on a tool grinder.
carbide insert
carbide insert

clamp

lockpin

carbide insert

seat

seat
tool holder

(a)

tool holder

(b)

braze

(c)

Methods of attaching carbide
inserts to tool holder:
(a) clamping; (b) wing lockpins;
and (c) brazing
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ISO specifies three basic grades for cemented carbides according to use:
SYMBOL

COMPOSITION

WORK MATERIAL

P
M

WC + TiC
WC + TiC + TaC

K

WC

Low-carbon, stainless and other steels
For all types of materials, especially
difficult-to-cut materials
Cast iron, non-ferrous metals, nonmetallic materials

†

COLOUR† DESIGNATION
Blue
Yellow

P01, P10, ... P50
M10, M20, ... M40

Red

K01, K10, ... K40

Colour of the tool holder for brazed cutting tools

One advance in cutting tool materials involves the application of a very thin coating (~ 10 µm) to a
K-grade substrate, which is the toughest of all carbide grades. Coating may consists of one or more
thin layers of wear-resistant material, such as titanium carbide (TiC), titanium nitride (TiN), aluminum
oxide (Al2O3), and/or other, more advanced materials. Coating allows to increase significantly the cutting
speed for the same tool life.

Structure of a multi-layer coated carbide insert

Ceramics
Ceramic materials are composed primarily of fine-grained, high-purity aluminum oxide (Al2O3), pressed
and sintered with no binder. Two types are available:



white, or cold-pressed ceramics, which consists of only Al2O3 cold pressed into inserts and
sintered at high temperature.
black, or hot-pressed ceramics, commonly known as cermet (from ceramics and metal).
This material consists of 70% Al2O3 and 30% TiC.

Both materials have very high wear resistance but low toughness, therefore they are suitable only for
continuous operations such as finishing turning of cast iron and steel at very high speeds. There is no
occurrence of built-up edge, and coolants are not required.
Cubic boron nitride (CBN) and synthetic diamonds
Diamond is the hardest substance ever known of all materials. It is used as a coating material in its
polycrystalline form, or as a single-crystal diamond tool for special applications, such as mirror finishing
of non-ferrous materials. Next to diamond, CBN is the hardest tool material. CBN is used mainly
as coating material because it is very brittle. In spite of diamond, CBN is suitable for cutting ferrous
materials.

Polycrystalline cubic boron nitride or synthetic
diamond layer on a tungsten carbide insert
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5.9 MACHINABILITY
Introduction
Machinability is a term indicating how the work material responds to the cutting process. In the most
general case good machinability means that material is cut with good surface finish, long tool life, low
force and power requirements, and low cost.
A closer definition of machinability requires that some quantitative judgements be made. Several possibilities are available, but in practice so called machinability index is often quoted. The machinability
index KM is defined by
KM = V60/V60R
where V60 is the cutting speed for the target material that ensures tool life of 60 min, V60R is the same
for the reference material. Reference materials are selected for each group of work materials (ferrous and
non-ferrous) among the most popular and widely used brands.
If KM > 1, the machinability of the target material is better that this of the reference material, and vice
versa. Note that this system can be misleading because the index is different for different machining
processes.
Example: Machinability rating
The reference material for steels, AISI 1112 steel has an index of 1. Machining of this steel at cutting speed of 0.5 m/s gives
tool life of 60 min. Therefore, V60R = 0.5 m/s.
For the austenitic 302 SS steel, the machinability index is KM = 0.23/0.5 = 0.46 (tool life of 60 min for 302 SS is reached
for cutting at 0.23 m/s).
For a tool life of 60 min, the AISI 1045 steel should be machined at 0.36 m/s. Hence, the machinability index for this
steel is KM = 0.36/0.5 = 0.72. This index is smaller than 1, therefore, AISI 1045 steel has a worse workability than AISI
1112, but better than 302 SS.
So, we can rate these steels in a descending order of machinability:

AISI 1112àAISI 1045à302 SS

Machinability of different materials
Steels
v
v
v
Other metals
v
v
v

Leaded steels: lead acts as a solid lubricant in cutting to improve considerably machina
bility.
Resulphurized steels:
sulphur forms inclusions that act as stress raisers in the chip
formation zone thus increasing machinability.
Difficult-to-cut steels: a group of steels of low machinability, such as stainless steels,
high manganese steels, precipitation-hardening steels.
Aluminum:
easy-to-cut material except for some cast aluminum alloys with silicon
content that may be abrasive.
Cast iron:
gray cast iron is generally easy-to-cut material, but some modifications
and alloys are abrasive or very hard and may cause various problems in cutting.
Cooper-based alloys:
easy to machine metals. Bronzes are more difficult to machine
than brass.
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Methods for improvement of machinability
Adding some elements
Adding lead and sulphur to obtain so-called free-machining steels.
Thermally assisted machining
To relieve machining of difficult-to-cut materials, some heat can be added to the cutting zone to lower
shear strength of work material. The heat source is a oxyfuel torch, laser beam or plasma arc, focused
on an area just ahead of the cutting tool:

heat device

chip

energy beam

tool

heated area

workpiece
V

Oxyfuel torch used for thermally-assisted machining

Although effective, thermally-assisted machining has a limited practical application because of the high
cost and difficult process control.
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5.10 SELECTION OF CUTTING CONDITIONS
For each machining operation, a proper set of cutting conditions must be selected during the process
planning. Decision must be made about all three elements of cutting conditions,




depth of cut
feed
cutting speed

There are two types of machining operations:


roughing operations:
the primary objective of any roughing operation is to remove as
much as possible material from the workpiece for as short as possible machining time.
In roughing operation, quality of machining is of a minor concern.



finishing operations:
the purpose of a finishing operation is to achieve the final shape,
dimensional precision, and surface finish of the machined part. Here, the quality is
of major importance.

Selection of cutting conditions is made with respect to the type of machining operation. Cutting
conditions should be decided in the order depth of cut - feed - cutting speed.

Selecting depth of cut
Depth of cut is predetermined by workpiece geometry and final part shape.
In roughing operations, depth of cut is made as large as possible (max depths are in the range of 6~10
mm) with respect to available machine tool, cutting tool strength, and other factors. Often, a series of
roughing passes is required. Roughing operations must leave a thin layer of material (~0.5 mm on a side)
required for the subsequent finishing operation.
1st pass
2nd pass
3 pass
final part shape
shape after roughing operation
workpiece

Example of selection of roughing passes
in a turning operation.

In the finishing cut, depth is set to achieve the final dimensions with a single pass removing the excessive
material left after roughing.
finishing pass
final part shape
shape after roughing operation

Finishing pass in a turning operation.
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Selecting feed
In roughing operations, feed is made as large as possible to maximize metal removal rate. Upper limits on
feed are imposed by cutting forces and setup rigidity. Feeds in roughing can be as big as 0.5 mm tr-1.
If the operation is finishing, feed should be small to ensure good surface finish. Computations like those
in Section 5.7 Surface Finish can be used to estimate the feed that will produced a desired surface finish.
Typical feeds in finishing are in the range of 0.05~0.15 mm tr-1.

Optimizing cutting speed
As with most engineering problems, in machining we want to minimize costs, while increasing
productivity. Efficiency is the key term - it suggests that good quality parts are produced at reasonable
cost and at high production rate. Unfortunately, it is almost impossible to combine these contradictable
requirements - cutting at high speed increases productivity but reduces tool life, therefore increases the
production cost as more cutting tools will be necessary to finish the job. Hence, the optimal cutting
speed has to be calculated for two objectives:



cutting speed for maximum production rate, Vmax, and
cutting speed for minimum unit cost, Vmin.

Both objectives seek to achieve a balance between material removal rate and tool life.
Maximizing production rate
Fox maximum production rate, the speed that minimizes machining time per unit part is determined.
Minimizing cutting time is equivalent to maximizing productivity. It can be shown, that the cutting
time for one part Tc is minimized at a certain value of cutting speed denoted as Vmax.
Minimizing cost per unit
For minimum cost per unit, the cutting speed that minimizes production cost per part is determined.
Again, the total cost of producing one part is minimized at a value of cutting speed denoted as Vmin. In
all cases, Vmax is always greater than Vmin. Since it is difficult to precisely calculate either values, a general
recommendation is to operate within these two values, an interval known as the high-efficiency range:

Total cost per part and total time per part
versus cutting speed. Both parameters are
minimized at certain values of cutting speed.
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6.1

TURNING

Introduction
Turning is a machining process to produce parts round in shape by a single point tool on lathes. The tool
is fed either linearly in the direction parallel or perpendicular to the axis of rotation of the workpiece, or
along a specified path to produce complex rotational shapes. The primary motion of cutting in turning is
the rotation of the workpiece, and the secondary motion of cutting is the feed motion.
work surface

transient surface
d

machined surface
Df

Do

f
direction of primary motion

workpiece
chip
tool

direction of feed motion

Turning operation

Cutting conditions in turning
Cutting speed in turning V in m/s is related to the rotational speed of the workpiece by the equation:
V = πDN
where D is the diameter of the workpiece, m; N is the rotational speed of the workpiece, rev/s.

93

94

Turning

Valery Marinov, Manufacturing Technology

One should remember that cutting speed V is always a linear vector. In the process planning of a
turning operation, cutting speed V is first selected from appropriate reference sources or calculated
as discussed in Section 5.10 Selection of Cutting Conditions, and the rotational speed N is calculated
taking into account the workpiece diameter D. Rotational speed, not cutting speed, is then used to
adjust lathe setting levers.
Feed in turning is generally expressed in mm tr-1 (millimetres per revolution).
The turning operation reduces the diameter of the workpiece from the initial diameter Do to the final
diameter Df. The change in diameter is actually two times depth of cut, d:
2d = Do - Df
The volumetric rate of material removal (so-called material removal rate, mrr) is defined by
mrr = Vfd
When using this equation, care must be exercised to assure that the units for V are consistent with
those for f and d.

Operations in turning
Turning is not a single process but class of many and different operations performed on a lathe.
Turning of cylindrical surfaces
The lathe can be used to reduce the diameter of a part to a desired dimension. The resulting machined
surface is cylindrical.
V

V

f

f

plunge turning

straight turning

Turning of flat surfaces
A lathe can be used to create a smooth, flat face very accurately perpendicular to the axis of a cylindrical
part. Tool is fed radially or axially to create a flat machined surface.
V

V

f

facing

V

f

tube turning

f

parting (cutting-off)

Threading
Different possibilities are available to produce a thread on a lathe. Threads are cut using lathes by
advancing the cutting tool at a feed exactly equal to the thread pitch. The single-point cutting tool cuts
in a helical band, which is actually a thread. The procedure calls for correct settings of the machine,
and also that the helix be restarted at the same location each time if multiple passes are required to
cut the entire depth of thread. The tool point must be ground so that it has the same profile as the
thread to be cut.
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Another possibility is to cut threads by means of a thread die (external threads), or a tap (internal
threads). These operations are generally performed manually for smal thread diameters.

V

f

threading

die threading

tap threading

Form turning
Cutting tool has a shape that is imparted to the workpiece by plunging the tool into the workpiece.
In form turning, cutting tool is complex and expensive but feed is linear and does not require special
machine tools or devices.
V

V

V

f

f
f

plunge grooving

forming

face grooving

Contour turning (profiling)
Cutting tool has a simple shape, but the feed motion is complex; cutting tool is fed along a contour thus
creating a contoured shape on the workpiece. For profiling, special lathes or devices are required.
V

V

f
f

contour turning (profiling)

taper turning

Producing tapers on a lathe is a specific task and contour turning is just one of the possible solutions.
Some other methods for turning tapers are discussed later.
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Miscellaneous operations
Some other operations, which do not use the single-point cutting tool can be performed on a lathe,
making turning one of the most versatile machining processes.
V

V

V

drilling

f

f

f

internal grooving

boring

Knurling
This is not a machining operation at all, because it does not involve material removal. Instead, it is a
metal forming operation used to produce a regular crosshatched pattern in the work surface.

(Left) Knurling operation; (Right) Knurling tool and knurling
wheel. Wheels with different patterns are easily available.

Lathes
A lathe is a machine tool that rotates the workpiece against a tool whose position it controls. The spindle
(see picture in the next page) is the part of the lathe that rotates. Various work holding attachments
such as three jaw chucks, collets, and centers can be held in the spindle. The spindle is driven by an
electric motor through a system of belt drives and gear trains. Spindle rotational speed is controlled by
varying the geometry of the drive train.
The tailstock can be used to support the end of the workpiece with a center, or to hold tools for drilling,
reaming, threading, or cutting tapers. It can be adjusted in position along the ways to accommodate
different length workpieces. The tailstock barrel can be fed along the axis of rotation with the tailstock
hand wheel.
The carriage controls and supports the cutting tool. It consists of:
v
v
v
v
v

a saddle that slides along the ways;
an apron that controls the feed mechanisms;
a cross slide that controls transverse motion of the tool (toward or away from the
operator);
a tool compound that adjusts to permit angular tool movement;
a tool post that holds the cutting tools.

There are a number of different lathe designs, and some of the most popular are discussed here.
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Engine lathes
The basic, simplest and most versatile lathe. This machine tool is manually operated that is why it
requires skilled operators. Suitable for low and medium production, and for repair works.

The principal components of an engine lathe

There are two tool feed mechanism in the engine lathes. These cause the cutting tool to move when
engaged.



The lead screw will cause the apron and cutting tool to advance quickly. This is used for
cutting threads, and for moving the tool quickly.
The feed rod will move the apron and cutting tool slowly forward. This is largely used
for most of the turning operations.

Work is held in the lathe with a number of methods,
v
v
v
v

Between two centres. The workpiece is driven by a device called a dog; The method is
suitable for parts with high length-to-diameter ratio.
A 3 jaw self-centering chuck is used for most operations on cylindrical workparts. For
parts with high length-to-diameter ratio the part is supported by center on the other end.
Collet consists of tubular bushing with longitudinal slits. Collets are used to grasp and
hold barstock. A collet of exact diameter is required to match any barstock diameter.
A face plate is a device used to grasp parts with irregular shapes:

Four work holding methods used in lathes: (a) mounting the work between centers using a dog, (b) three-jaw chuck, (c)
collet, and (d) face plate for noncylindrical workparts.
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Turning tapers on engine lathes
A taper is a conical shape. Tapers can be cut with lathes quite easily. There are some common methods
for turning tapers on an engine lathe,
v
v
v

Using a form tool:
This type of tool is specifically designed for one cut, at a certain
taper angle. The tool is plunged at one location, and never moved along the lathe slides.
Compound Slide Method:
The compound slide is set to travel at half of the taper
angle. The tool is then fed across the work by hand, cutting the taper as it goes.
Off-Set Tail Stock:
In this method the normal rotating part of the lathe still drives
the workpiece (mounted between centres), but the centre at the tailstock is offset
towards/away from the cutting tool. Then, as the cutting tool passes over, the part is
cut in a conical shape. This method is limited to small tapers over long lengths.
The tailstock offset h is defined by
h = Lsinα
where L is the length of workpiece, and α is the half of the taper angle.

(a)

(b)

(c)

Three methods for turning tapers on an engine lathe: (a) using a form tool, (b) the
compound slide method, and (c) offsetting tailstock.

Turret lathes
These machines are capable of carrying out multiple cutting operations on the same workpiece. Several
cutting tools are mounted on a tetra-, penta-, or hexagonal turret, which replaces the tailstock. These
tools can be rapidly brought into action against the workpiece one by one by indexing the turret. In
some machines four additional tools are mounted in a square turret on the cross slide, or two or three
more tools are mounted in tool posts on several cross slides. Turret lathes are used for high-production
work. The up-to-date lathes are numerically controlled as discussed later.

(Left) Turret lathe; (Right) Close-up view of a turret lathe showing a set of three octagonal turrets with a
total number of 24 different cutting tools, and the bar workpiece held in a collet.
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Single-spindle and multi-spindle bar machines
In these machines, instead of a chuck, a collet is used, which permits long bar stock to be fed through
the headstock into position. At the end of each machining cycle, a cutoff operation separates the new
part. Owing to the high level of automation, the term automatic bar machine is often used for these
machines. Bar machines can be classified as single spindle or multiple spindle. The single-spindle bar
machine is sometimes referred to as swiss automatics.

Schematics showing the principal components of a single-spindle
bar machine with two cross slides, one horizontal cross slide and a
hexagonal turret (cutting tools are only shown on the upper cross
slides)

The single-spindle bar machine has up to six upper cross slides and two horizontal cross slides with cutting tools, which move radially inwards. All operations on the machine are controlled by appropriately
shaped cams. The machine is usually equipped with three-spindle drilling/threading turret, or with a
multi-position turret. More recent machines are numerically but not cam controlled.

A close-up view of a single spindle bar machine.

Typical parts produced on a single spindle bar
machine.
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To increase production rate, multiple-spindle bar machines are available. A spindle carrier in which four
to eight spindles feed and rotate as many bars replaces the headstock of the lathe. A tetra-, hexa-, or
octagonal axial tool slide on which tool holders are mounted replaces the tailstock. Additional tools
are engaged radially, mounted on lower cross slides. So, multiple parts are machined simultaneously by
multiple tools. At the end of each machining cycle, the spindles are indexed to the next set of cutting
tools. A single part is completed at each indexing of the spindle carrier.

The principle components of a six-spindle bar machine

CNC controlled multiple-spindle bar machine

Computer-controlled lathes (CNC lathes)
Computer-controlled (numerically controlled, NC, CNC) lathes incorporate a computer system to control
the movements of machine components by directly inserted coded instructions in the form of numerical
data. A CNC lathe is especially useful in contour turning operations and precise machining. There are
also not chuck but bar modifications. A CNC lathe is essentially a turret lathe. The major advantage
of these machines is in their versatility - to adjust the CNC lathe for a different part to be machined
requires a simple change in the computer program and, in some cases, a new set of cutting tools.

CNC chuck lathe

Ten-position turret of a CNC lathe
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Cutting tools
The geometry and nomenclature of cutting tools used in turning is standardized by ISO 3002/1-1982:

Cutting edges, surfaces and angles on the cutting part of a turning tool

The figure shows only the most important geometrical features of a turning cutting tool. Recommendations for proper selection of the cutting tool geometry are available in the reference materials.
Cutting tool are available in different brazed or clamped designs for different operations. Some of the
clamped tools are shown in the figures:

Cutting tool for straigth turning

Cutting tool for profiling

Cutting tool for grooving

Cutting tool for threading
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Process capabilities and process planning in turning
The general steps when turning external workpart hold in a chuck should follow the next sequence,






First rough cuts are applied on all surfaces, starting with the cylindrical surfaces (largest
diameters first) and then proceeding with all faces;
Special operations such as knurling and grooving (if any) are applied;
Diameters are finished first, then the faces. The maximum surface finish if turning steel
is Ra ~ 1.6 µm. If higher surface finish is required, grinding should follow machining.
Grinding and other finishing operations are discussed in Chapter 7;
External threads (if any) are cut;
Deburring is applied, if necessary.

If the part is to be mounted between centres, plan should precede by,





The workpiece is hold in a chuck, and the face is squired;
A centre hole is drilled using a center drill (Section 6.3);
The workpiece is reversed in the chuck. Steps  and  are repeated for the other face;
The workpiece is mounted between centres and the general plan is followed.

If the workpart has a central hole, the hole is drilled starting with a centre drill, and increasing drill
diameters gradually. Finally, boring is applied (Section 6.5) to achieve the final diameter of the hole.
Machining of the internal features is scheduled after rough cuts and before special operations (after
step  in the general plan).
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MILLING

Introduction
Milling is a process of producing flat and complex shapes with the use of multi-tooth cutting tool,
which is called a milling cutter and the cutting edges are called teeth. The axis of rotation of the cutting
tool is perpendicular to the direction of feed, either parallel or perpendicular to the machined surface.
The machine tool that traditionally performs this operation is a milling machine.
Milling is an interrupted cutting operation: the teeth of the milling cutter enter and exit the work
during each revolution. This interrupted cutting action subjects the teeth to a cycle of impact force and
thermal shock on every rotation. The tool material and cutter geometry must be designed to withstand
these conditions. Cutting fluids are essential for most milling operations.

Milling operation. The cutter is lifted to
show the chips, and the work, transient,
and machined surfaces.

Cutting conditions in milling
In milling, each tooth on a tool removes part of the stock in the form of a chip. The basic interface
between tool and workpart is pictured below. This shows a only a few teeth of a peripheral milling
cutter:

Basics of a peripheral (slab) milling operation.

104

Milling

Valery Marinov, Manufacturing Technology

Cutting velocity V is the peripheral speed of the cutter is defined by
V = πDN
where D is the cutter outer diameter, and N is the rotational speed of the cutter.
As in the case of turning, cutting speed V is first calculated or selected from appropriate reference
sources (see Section 5.10 Selection of Cutting Conditions), and then the rotational speed of the cutter N,
which is used to adjust milling machine controls is calculated. Cutting speeds are usually in the range of
0.1~4 m/s, lower for difficult-to-cut materials and for rough cuts, and higher for non-ferrous easy-to-cut
materials like aluminum and for finishing cuts.
Three types of feed in milling can be identified:






feed per tooth fz:
the basic parameter in milling equivalent to the feed in turning.
Feed per tooth is selected with regard to the surface finish and dimensional accuracy
required (see Section 5.10 Selection of Cutting Conditions). Feeds per tooth are in the
range of 0.05~0.5 mm/tooth, lower feeds are for finishing cuts;
feed per revolution fr: it determines the amount of material cut per one full revolution
of the milling cutter. Feed per revolution is calculated as
fr = fzz
z being the number of the cutter’s teeth;
feed per minute fm:
Feed per minute is calculated taking into account the rotational
speed N and number of the cutter’s teeth z,
fm = fzzN = frN
Feed per minute is used to adjust the feed change gears.

Types of milling
There are two basic types of milling, as shown in the figure:



down (climb) milling, when the cutter rotation is in the same direction as the motion
of the workpiece being fed, and
up (conventional) milling, in which the workpiece is moving towards the cutter, opposing the cutter direction of rotation:

Two types of peripheral milling. Note the change in the cutting force direction.

In down milling, the cutting force is directed into the work table, which allows thinner workparts to
be machined. Better surface finish is obtained but the stress load on the teeth is abrupt, which may
damage the cutter.
In up milling, the cutting force tends to lift the workpiece. The work conditions for the cutter are
more favourable. Because the cutter does not start to cut when it makes contact (cutting at zero cut is
impossible), the surface has a natural waviness.
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Milling Operations
Owing to the variety of shapes possible and its high production rates, milling is one of the most
versatile and widely used machining operations. The geometric form created by milling fall into three
major groups:




Plane surfaces: the surface is linear in all three dimensions. The simplest and most
convenient type of surface;
Two-dimensional surfaces:
the shape of the surface changes in the direction of two
of the axes and is linear along the third axis. Examples include cams;
Three-dimensional surfaces:
the shape of the surface changes in all three directions
Examples include die cavities, gas turbine blades, propellers, casting patterns, etc.

Peripheral Milling

MILLING OF FLAT SURFACES

In peripheral milling, also called plain milling, the axis of the cutter is parallel to the surface being
machined, and the operation is performed by cutting edges on the outside periphery of the cutter. The
primary motion is the rotation of the cutter. The feed is imparted to the workpiece.
Several types of peripheral milling are shown in the figure,
v
v

v
v

slab milling, the basic form of peripheral milling in which the cutter width extends
beyond the workpiece on both sides;
slotting, also called slot milling, in which the width of the cutter, usually called slotter,
is less than the workpiece width, creating a slot in the workpiece. The slotter has
teeth on the periphery and over the both end faces. When only the one-side face teeth
are engaged, the operations is known as the side milling, in which the cutter machines
the side of the workpiece;
straddle milling, which is the same as side milling, only cutting takes place on both
sides of the work. In straddle milling, two slotters mounted on an arbor work together;
when the slotter is very thin, the operation called slitting can be used to mill narrow
slots (slits) or to cut a workpart in two. The slitting cutter (slitter) is narrower than the
slotter and has teeth only on the periphery.

(a)
Peripheral slab milling operation.

(b)

Peripheral milling operations with narrow cutters: (a) slotting, (b)
straddle milling, and (c) slitting.

Some of the advantages of peripheral milling include,
v
v
v

(c)

More stable holding of the cutter. There is less variation in the arbor torque;
Lower power requirements;
Better work surface finish.
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Face milling
In face milling, cutter is perpendicular to the machined surface. The cutter axis is vertical, but in the
newer CNC machines it often is horizontal. In face milling, machining is performed by teeth on both
the end and periphery of the face-milling cutter. Again up and down types of milling are available,
depending on directions of the cutter rotation and feed.

Partial face milling operation. The facemilling cutter machines only one side of
the workpiece.

Conventional face milling operation. The face-milling cutter
machines the entire surface. The cutter diameter is greater
than the workpart width.

Face milling is usually applied for rough machining of large surfaces. Surface finish is worse than
in peripheral milling, and feed marks are inevitable. One advantage of the face milling is the high
production rate because the cutter diameter is large and as a result the material removal rate is high. Face
milling with large diameter cutters requires significant machine power.
End milling
In end milling, the cutter, called end mill, has a diameter less than the workpiece width. The end mill has
helical cutting edges carried over onto the cylindrical cutter surface. End mills with flat ends (so called
squire-end mills) are used to produce pockets, closed or end key slots, etc.:

End milling operation used to cut a pocket in
an aluminum workpart.
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MILLING OF COMPLEX SURFACES
Milling is one of the few machining operations, which are capable of machining complex two- and
three-dimensional surfaces, typical for dies, molds, cams, etc. Complex surfaces can be machined either by
means of the cutter path (profile milling and surface contouring), or the cutter shape (form milling).
Form milling
In form milling, the cutting edges of the peripheral cutter (called form cutter) have a special profile that
is imparted to the workpiece. Cutters with various profiles are available to cut different two-dimensional
surfaces. One important application of form milling is in gear manufacturing (Section 6.6).

Form milling of twodimensional surface.

(Left) Profile milling of a cam, and (Right) Surface contouring
of a complex three-dimensional surface.

Profile milling
In profile milling, the conventional end mill is used to cut the outside or inside periphery of a flat
part. The end mill works with its peripheral teeth and is fed along a curvilinear path equidistant from
the surface profile.
Surface contouring
The end mill, which is used in surface contouring has a hemispherical end and is called ball-end mill.
The ball-end mill is fed back and forth across the workpiece along a curvilinear path at close intervals
to produce complex three-dimensional surfaces. Similar to profile milling, surface contouring require
relatively simple cutting tool but advanced, usually computer-controlled feed control system.

Close-up view of a hemispherical ball-end
mill with indexed carbide inserts used
for rough cutting of a three-dimensional
surface.

Surface contouring of die cavity. The cutter used is a high-speed
steel ball-end mill.
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Milling machines
The conventional milling machines provide a primary rotating motion for the cutter held in the spindle,
and a linear feed motion for the workpiece, which is fastened onto the worktable. Milling machines
for machining of complex shapes usually provide both a rotating primary motion and a curvilinear
feed motion for the cutter in the spindle with a stationary workpiece. Various machine designs are
available for various milling operations. In this section we discuss only the most popular ones, classified
into the following types:
v
v
v

Column-and-knee milling machines;
Bed type milling machines;
Machining centers.

Column-and-knee milling machines
The column-and-knee milling machines are the basic machine tool for milling. The name comes from
the fact that this machine has two principal components, a column that supports the spindle, and a
knee that supports the work table. There are two different types of column-and-knee milling machines
according to position of the spindle axis:



horizontal, and
vertical.

Two basic types of column-and-knee milling machines, (Left) horizontal, and (Right) vertical.

The column-and-knee milling machine is one of the most
versatile machine tool suitable for most of the milling operations. There are many modifications of the basic type, some
of them allow for worktable and/or head swivelling at an
angular orientation to machine angular shapes on workparts.
Many of modern column-and-knee milling machines are
CNC type used to machine complex shapes.

CNC vertical column-and-knee
milling machine.
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Bed type machines
In bed type milling machines, the worktable is mounted directly on the bed that replaces the knee.
This ensures greater rigidity, thus permitting heavier cutting conditions and higher productivity. This
machines are designed for mass production.
Single-spindle bed machines are called simplex mills and are available in either horizontal or vertical
models. Duplex mills have two spindle heads, and triplex mills add a third spindle mounted vertically
over the bed to further increase machining capability.

CNC vertical bed type simplex milling machine.

One modification of bed type milling machines are the planer-type mills. They are the largest category of
milling machine. Planer mills are designed to machine very large parts. The spindle carrier or carriers if
more than one, is supported by a bridge structure (portal) that spans across the table.

Portal planer mill for heavy machining of large workparts.
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Machining centers
A machining center is a highly automated machine tool capable of performing multiple machining
operations under CNC control. The features that make a machining center unique include the
following:
v
v
v

Tool storage unit called tool magazine that can hold up to 120 different cutting tools.
Automatic tool changer, which is used to exchange cutting tools between the tool
magazine and machining center spindle when required. The tool changer is controlled
by the CNC program.
Automatic workpart positioning. Many of machining centers are equipped with a rotary
worktable, which precisely position the part at some angle relative to the spindle. It
permits the cutter to perform machining on four sides of the part.

Universal machining center.

Milling cutters
Classification of milling cutters according to their design include the following:
v
HSS cutters. Many cutters like end mills, slitting cutters, slab cutters, angular cutters, form cutters,
etc., are made from high-speed steel (HSS).

Assortment of high-speed steel milling cutters. Highspeed steel is the cutting tool material that is used to
produce cutting tools of complex designs for low to
medium cutting speeds.

Valery Marinov, Manufacturing Technology

v
v

Milling

111

Brazed cutters: Very limited number of cutters (mainly face mills) are made with
brazed carbide inserts. This design is largely replaced by mechanically attached cutters.
Mechanically attached cutters: The vast majority of cutters are in this category. Carbide
inserts are either clamped or pin locked to the body of the milling cutter.

Classification of milling cutters may also be associated with the various milling operations. The figures
below illustrate two of the most important types of milling cutters, end mills and ball-end mills.

Two of the most widely used types of milling cutters with mechanically attached carbide inserts, (Left) end
mills, and (Right) ball-end mills.

Process capabilities and process planning in milling operations
The surface quality and dimensional accuracy achieved in different types of milling depend on the
type of milling operation. For rough cuts, the best surface finish is Ra 100~50 µm, while for finishing
cuts much better surface finish of Ra 6.3~3.2 µm could be achieved. These values are approximate
and for machining of steel. When cutting gray cast iron or non-ferrous materials, the surface finish
is a grade higher.
The process plan for milling of a single prismatic part includes the following basic steps:









Cut off the stock slightly larger than required;
Cut the basic outside dimensions to size using a milling machine;
Lay out the basic features of the parts (in manual setups, this involves coating the surface
with a blue stain, this is then cut and marked);
Rough cut steps, radii, angles, grooves, etc.;
Lay out the holes to be drilled, and then drill them starting with a center drill and
gradually increasing the drill diameter;
Finish cut part features;
Make internal threads and ream holes if required;
Deburr the finished part.

For mass production, the process plan is significantly changed.
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DRILLING AND REAMING
Introduction
Drilling is a process of producing round holes in a solid
material or enlarging existing holes with the use of multitooth cutting tools called drills or drill bits. Various cutting
tools are available for drilling, but the most common is the
twist drill.

Drilling operation.

Reaming is a process of improving the quality of already drilled holes by means of cutting tools called
reamers. Drilling and reaming are performed on a drilling press, although other machine tools can also
perform this operation, for instance lathes, milling machines, machining centers.
In drilling and reaming, the primary motion is the rotation of the cutting tool held in the spindle. Drills
and reamers execute also the secondary feed motion. Some finishing reaming operations are manual.

Cutting conditions in drilling
The twist drill is a cutting tool with two symmetrical opposite cutting edges, each removing part of
the material in the form of chip.

Basics of a drilling operation.
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Cutting velocity V in drilling is not a constant along the major cutting edge as opposed to the other
machining operations. It is zero at the center of the twist drill, and has a maximum value at the drill
corner. The maximum cutting speed is given by
V = πDN
where D is the drill diameter, and N is the rotational speed of the drill.
As in the case of turning and milling, cutting speed V is first calculated or selected from appropriate
reference sources (see Section 5.10 Selection of Cutting Conditions), and then the rotational speed of the
drill N, which is used to adjust drill press controls is calculated.
Two types of feed in drilling can be identified:



feed per tooth fz:
has the same meaning as in the other multi-tooth cutting tools.
Feeds per tooth are roughly proportional to drill diameter, higher feeds for larger
diameter drills.
feed per minute fm:
feed per minute is calculated taking into account the rotational
speed N,
fm = 2fzN
Feed per minute is used to adjust the feed change gears.

In drilling, depth of cut d is equal to the half of drill diameter,
d = 1⁄2 D
where D is the drill diameter. In core drilling, a drilling operation used to enlarge an existing hole of
diameter Dhole, depth of cut is given by
d = 1⁄2 (Ddrill - Dhole)
where Ddrill is the drill diameter, and Dhole is the diameter of the hole being enlarged.

Drilling and reaming operations
Several operation are related to drilling, most of them illustrated in the figure:

Drilling and reaming operations.
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Drilling is used to drill a round blind or through hole in a solid material. If the hole is
larger than ~30 mm, its a good idea to drill a smaller pilot hole before core drilling the
final one. For holes larger than ~50 mm, three-step drilling is recomended;
Core drilling is used to increase the diameter of an existing hole;
Step drilling is used to drill a stepped (multi-diameter) hole in a solid material;
Counterboring provides a stepped hole again but with flat and perpendicular relative to
hole axis face. The hole is used to seat internal hexagonal bolt heads;
Countersinking is similar to counterboring, except that the step is conical for flat head
screws:
Reaming provides a better tolerance and surface finish to an initially drilled hole.
Reaming slightly increases the hole diameter. The tool is called reamer;
Center drilling is used to drill a starting hole to precisely define the location for
subsequent drilling. The tool is called center drill. A center drill has a thick shaft and very
short flutes. It is therefore very stiff and will not walk as the hole is getting started;
Gun drilling is a specific operation to drill holes with very large length-to-diameter ratio
up to L/D ~300. There are several modifications of this operation but in all cases cutting
fluid is delivered directly to the cutting zone internally through the drill to cool and
lubricate the cutting edges, and to remove the chips (see Section 5.6 Cutting Fluids);

Drilling machines
Drill press
Although a hand drill is commonly used for drilling of small holes, a drill press is preferable when the
location and orientation of the hole must be controlled accurately. A drill press is composed of a base
that supports a column, the column in turn supports a table. Work can be supported on the table with a
vise or hold down clamps, or the table can be swivelled out of the way to allow tall work to be supported
directly on the base. Height of the table can be adjusted with a table lift crank than locked in place with
a table lock. The column also supports a power head containing a motor. The motor turns the spindle
at a speed controlled by a variable speed control dial. The spindle holds a drill chuck to hold the cutting
tools (drill bits, center drills, reamers, etc.).The machine tool described is a typical upright drill press. The
smaller modifications, mounted on a table rather than the floor are known as bench drills.

Upright drill press.

Bench drill press.
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Radial drill
This is the largest drill press designed to drill up to 100-mm diameter holes in large workparts. It has a
radial arm along which the drilling head can be moved and clamped.

Radial drill press.

Other drilling machines
The gang drill is a drill press consisting of a series of drill presses connected together in an in-line
arrangement so that a series of drilling operations can be done in sequence.
In the multiple-spindle drill, several drill spindles are connected together to drill multiple holes simultaneously into the workpart.
Numerical control drill presses are available to control the positioning of the holes in the workparts.
These drill presses are often equipped with turrets to hold multiple tools that can be indexed under
control of the NC program. The term CNC turret drill is used for these machine tools.
Workholding equpment
Workholding on a drill press is accomplished by clamping the part in a vise, fixture, or jig.
A vise is a general-purpose workholding device possessing two jaws that grasp the work in position.
A fixture is a workholding device that is usually custom designed for the particular workpart. The fixture
can be designed to achieve higher accuracy in positioning the part relative to the machining operation,
faster production rates, and greater operator convenience in use.
A jig is a workholding device that is also specially designed for the workpart. The distinguishing feature
between a jig and a fixture is that the jig provides a means of guiding the tool during the drilling
operation. A fixture does not provide this tool guidance feature. A jig used for drilling is called a
drill jig.
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Drills and reamers
Twist drill
The twist drill does most of the cutting with the tip of the bit. It has two flutes to carry the chips
up from the cutting edges to the top of the hole where they are cast off. The standard drill geometry
is shown in the figure:

Standard geometry of a twist drill.

The typical helix angle of a general purpose twist drill is 18~30o while the point angle (which equals two
times the major cutting edge angle, see page 101) for the same drill is 118o.
Some standard drill types are,
v
v

straight shank:
taper shank:

this type has a cylindrical shank and is held in a chuck;
his type is held directly in the drilling machine spindle.

Drills are normally made of HSS but carbide-tipped drills, and drills with mechanically attached carbide
inserts are commonly used in many operations, especially on CNC drilling machines:

Coated HSS twist drills.

Carbide-tipped twist drills.

Indexable inserts twist drills.

Reamers
The reamer has similar geometry. The difference in geometry between a reamer and a twist drill are:
v
v

The reamer contains four to eight straight or helical flutes, respectively cutting edges.
The tip is very short and does not contain any cutting edges.

Straight-flute reamer with taper shank.

Helical-flute reamer with taper shank.
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PLANING, SHAPING AND BROACHING

This section covers several machining operations that are used to machine straight and open external
or internal surfaces:
v
v

Planing and shaping: these operations are used to machine straight open mainly external surfaces with a single-point cutting tool;
Broaching is used to machine straight and open basically internal surface of complex
cross-section shapes by means of a special tool called a broach.

PLANING AND SHAPING
Planing and shaping are similar operations, which differ in the kinematics of the process. Planing is
a machining operation in which the primary cutting motion is performed by the workpiece and feed
motion is imparted to the cutting tool. In shaping, the primary motion is performed by the tool, and
feed by the workpiece:

Kinematics of shaping and planing.

The cutting conditions in planing and shaping are illustrated in the figure. Only the shaping operation is
portrayed but the cutting conditions are essentially the same and for planing:

Cutting conditions in orthogonal (Left) and oblique (Right) shaping.
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Cutting velocity V in planing is linear and constant along the cutting path.
In shaping, the picture is more complicated. The cutting tool is held in the tool post mounted in
the ram, which reciprocates over the work with a forward stroke, cutting at velocity V and a quick
return stroke at higher velocity. The cutting velocity is therefore not constant along the cutting path. It
increases from zero to maximum in the beginning of the stroke and gradually decreases to zero at the
end of the stroke. The cutting speed V is assumed to be twice the average forwarded ram velocity.
Feed f in planing and shaping is in mm per stroke and is at right angles to the cutting direction.
Depth of cut d is defined as usual as the distance between the work and machined surfaces.

Machine tools for shaping and planing
Shapers
Shaping is performed on a machine tool called a shaper. The major components of a shaper are the
ram, which has the toolpost with cutting tool mounted on its face, and a worktable, which holds the
part and accomplishes the feed motion.

Components of a shaper

Components of an open-side planer.

Planers
The machine tool for planing is a planer. Cutting speed is achieved by a reciprocating worktable that
moves the part past the single-point cutting tool. Construction and motion capability of a planer permit
much larger parts to be machined than on a shaper. Planers can be classified as either open side planers
or double-column planers.
The open side planer, also known as a single-column planer has a single column supporting the crossrail
on which a toolhead is mounted. The configuration of the open side planer permits very wide workparts
to be machined.
A double-column planer has two columns, one on either side of the bed and worktable. The columns
support the crossrail on which one or more toolheads are mounted. The two columns provide a more
rigid structure for the operation but limit the width of the work that can be handled.

Cutting tools for shaping and planing
Cutting tool for shaping or planing is essentially the same single-point cutting tool that is used in
turning. The only difference is that the cutting tool for planing and shaping must be more rigid to
withstand the higher impact cutting forces. The clearance angle must be bigger to avoid plunging of the
cutting tool into the machined surface during the quick return of the ram over the workpiece.
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BROACHING
Broaching is a machining operation that involves the use of a multiple-tooth cutting tool moved linearly
relative to the workpiece in the direction of the tool axis:

The broaching operation.

The cutting tool is called a broach, and the machine tool is called a broaching machine. The shape of the
machined surface is determined by the contour of the cutting edges on the broach, particularly the shape
of final cutting teeth. Broaching is a highly productive method of machining. Advantages include good
surface finish, close tolerances, and the variety of possible machined surface shapes, some of them can
be produced only by broaching. Owing to the complicated geometry of the broach, tooling is expensive.
Broaching is a typical mass production operation.
Productivity improvement to ten times or even more is not uncommon, as the metal removal rate by
broaching is vastly greater. Roughing, semi finishing and finishing of the component is done just in one
pass by broaching, and this pass is generally accomplished in seconds.
Broaching can be used for machining of various integrate shapes which can not be otherwise machined
with other operations. Some of the typical examples of shapes produced by internal broaching are:

Various shapes produced by internal broaching operation.

Cutting conditions in broaching
The cutting speed motion is accomplished by the linear travel of the broach past the work surface.
Feed in broaching is unique among machining operations, since is accomplished by the increased step
between successive teeth on the broach. This step is actually the feed per tooth, fz. The feed per tooth is
not a constant for all the teeth. The total material removed in a single pass of the broach or the total
feed f is the cumulative result of all the steps in the tool. Since not all of the broach teeth are engaged
simultaneously in cutting but only a part of them, the term active cumulative feed can be introduced,
defined as the sum of all the steps only of the active teeth.
Depth of cut in broaching is defined as the length of the active cutting edge. In internal broaching, which
is the most common type of broaching, the entire length of a single broach tooth is engaged in cutting
and the depth of cut is actually the tooth circumference.
From the definitions of feed and depth of cut it follows that the total area of cut and respectively the
cutting force in broaching will be substantial.
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Cutting tools for broaching
The terminology of the broach is shown in the figure:

Typical broach for internal broaching.

Most broaches are made of high-speed steel, although broaches with carbide inserts either brazed or
mechanically attached are also available.

Broaching machines
There is no relative feed motion that is carried out by either the tool or the work. It makes the
kinematics of the broaching machine quite simple.

Major components of a broaching machine.

Horizontal (Left) and vertical (Right) broaching machine.

The basic function of a broaching machine is to provide a precise linear motion of the tool past a
stationary work position. There are two principal modifications of the broaching machines, horizontal,
and vertical. The former are suitable for broaching of relatively long and small diameter holes, while the
later are used for short lengths and large diameters.
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BORING

Introduction
Boring is a process of producing circular internal profiles on a hole made by drilling or another process.
It uses single point cutting tool called a boring bar. In boring, the boring bar can be rotated, or the
workpart can be rotated. Machine tools which rotate the boring bar against a stationary workpiece are
called boring machines (also boring mills). Boring can be accomplished on a turning machine with a
stationary boring bar positioned in the tool post and rotating workpiece held in the lathe chuck as
illustrated in the figure. In this section, we will consider only boring on boring machines.

Boring operation on a lathe.

Cutting conditions in boring
Since boring is an operation quite similar to turning, the same type of cutting conditions could be
considered.

Set-up of the boring operation
on a boring machine.
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Boring machines
Boring machines can be horizontal or vertical according to the orientation of the axis of rotation of
the machine spindle.
In horizontal boring operation, boring bar is mounted in a tool slide, which position is adjusted relative
to the spindle face plate to machine different diameters. The boring bar must be supported on the other
end when boring long and small-diameter holes.

Horizontal boring machine (Left) and vertical boring mill (Right).

A vertical boring mill is used for large, heavy workparts with diameters up to 12 m. The typical boring
mill can position and feed several cutting tools simultaneously. The workpart is mounted on a rotating
worktable.

Cutting tool for boring
The typical boring bar is shown in the figure. When boring with a rotating tool, size is controlled by
changing the radial position of the tool slide, which hold the boring bar, with respect to the spindle
axis of rotation. For finishing machining, the boring bar is additionally mounted in an adjustable boring
head for more precise control of the bar radial position.

Boring bar with indexable carbide insert (Left), and adjustable boring head
with accessories (Right).
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GEAR MANUFACTURING

Introduction
Because of their capability for transmitting motion and power, gears are among the most important
of all machine elements. Special attention is paid to gear manufacturing because of the specific requirements to the gears. The gear tooth flanks have a complex and precise shape with high requirements
to the surface finish.
Gears can be manufactured by most of manufacturing processes discussed so far (casting, forging,
extrusion, powder metallurgy, blanking). But as a rule, machining is applied to achieve the final
dimensions, shape and surface finish in the gear. The initial operations that produce a semifinishing part
ready for gear machining as referred to as blanking operations; the starting product in gear machining
is called a gear blank.
Two principal methods of gear manufacturing include



gear forming, and
gear generation.

Each method includes a number of machining processes, the major of them included in this section.

Gear forming
In gear form cutting, the cutting edge of the cutting tool has a shape identical with the shape of the
space between the gear teeth.

The principle of gear
forming.

Two machining operations, milling and broaching can be employed to form cut gear teeth.
Form milling
In form milling, the cutter called a form cutter travels axially along the length of the gear tooth at
the appropriate depth to produce the gear tooth. After each tooth is cut, the cutter is withdrawn, the
gear blank is rotated (indexed), and the cutter proceeds to cut another tooth. The process continues
until all teeth are cut.

Setup of form milling.

Form milling of a helical gear.
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Each cutter is designed to cut a range of tooth numbers. The precision of the form-cut tooth profile
depends on the accuracy of the cutter and the machine and its stiffness.

Form cutters for finishing cutting (Left) and
for rough cuts (Right).

Dividing head (Left), and footstock (Right) used to
index the gear blank in form milling.

In form milling, indexing of the gear blank is required to cut all the teeth. Indexing is the process of
evenly dividing the circumference of a gear blank into equally spaced divisions. The index head of the
indexing fixture is used for this purpose.
The index fixture consists of an index head (also dividing head, gear cutting attachment) and footstock,
which is similar to the tailstock of a lathe. The index head and footstock attach to the worktable of
the milling machine. An index plate containing graduations is used to control the rotation of the index
head spindle. Gear blanks are held between centers by the index head spindle and footstock. Workpieces
may also be held in a chuck mounted to the index head spindle or may be fitted directly into the taper
spindle recess of some indexing fixtures.
Broaching
Broaching can also be used to produce gear teeth and is particularly applicable to internal teeth. The
process is rapid and produces fine surface finish with high dimensional accuracy. However, because
broaches are expensive-and a separate broach is required for each size of gear-this method is suitable
mainly for high-quantity production.

Broaching the teeth of a gear segment by horizontal external broaching in one pass.
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Gear generation
In gear generating, the tooth flanks are obtained (generated) as an outline of the subsequent positions of
the cutter, which resembles in shape the mating gear in the gear pair:

Generating action of a gear-shaper cutter; (Bottom) series of photographs
showing various stages in generating one tooth in a gear by means of
a gear shaper, action taking place from right to left, corresponding to a
diagram above. One tooth of the cutter was painted white.

In gear generating, two machining processes are employed, shaping and milling. There are several
modifications of these processes for different cutting tool used,
v
v
v

milling with a hob (gear hobbing),
gear shaping with a pinion-shaped cutter, or
gear shaping with a rack-shaped cutter.

Cutters and blanks rotate in a timed relationship: a proportional feed rate between them is maintained.
Gear generating is used for high production runs and for finishing cuts.
Gear hobbing
Gear hobbing is a machining process in which
gear teeth are progressively generated by a series of
cuts with a helical cutting tool (hob).
All motions in hobbing are rotary, and the hob
and gear blank rotate continuously as in two gears
meshing until all teeth are cut.

Setup of gear hobbing opeartion.
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When bobbing a spur gear, the angle between the hob and gear blank axes is 90° minus the lead angle
at the hob threads. For helical gears, the hob is set so that the helix angle of the hob is parallel with
the tooth direction of the gear being cut. Additional movement along the tooth length is necessary in
order to cut the whole tooth length:

Kinematics of the gear hobbing opeartion for
cutting of a helical gear.

The action of the hobbing machine (also gear hobber) is shown in the figures. The cutting of a gear by
means of a hob is a continuous operation. The hob and the gear blank are connected by a proper gearing
so that they rotate in mesh. To start cutting a gear, the rotating hob is fed inward until the proper setting
for tooth depth is achieved, then cutting continues until the entire gear is finished.
Machines for cutting precise gears are generally CNC-type and often are housed in temperature
controlled rooms to avoid dimensional deformations.

Gear hobbing of a spur gear (Left), and an operator adjusting a CNC gear hobber (Right).
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The gear hob is a formed tooth milling cutter with helical teeth arranged like the thread on a screw.
These teeth are fluted to produce the required cutting edges.

Coated HSS gear hob.

Shaping with a pinion-shaped cutter
This modification of the gear shaping process is defined as a process for generating gear teeth by a
rotating and reciprocating pinion-shaped cutter:

Setup of gear shaping opeartion with a pinion-shaped cutter.

Coated HSS pinion-shaped
gear cutter.

The cutter axis is parallel to the gear axis. The cutter rotates slowly in timed relationship with the
gear blank at the same pitch-cycle velocity, with an axial primary reciprocating motion, to produce
the gear teeth.
A train of gears provides the required relative motion between the cutter shaft and the gear-blank shaft.
Cutting may take place either at the downstroke or upstroke of the machine. Because the clearance
required for cutter travel is small, gear shaping is suitable for gears that are located close to obstructing
surfaces such as flanges.
The tool is called gear cutter and resembles in shape the mating gear from the conjugate gear pair,
the other gear being the blank.
Gear shaping is one of the most versatile of all gear cutting operations used to produce internal gears,
external gears, and integral gear-pinion arrangements. Advantages of gear shaping with pinion-shaped
cutter are the high dimensional accuracy achieved and the not too expensive tool. The process is applied
for finishing operation in all types of production rates.

128

Gear Manufacturing

Valery Marinov, Manufacturing Technology

Shaping with a rack-shaped cutter
In the gear shaping with arack-shaped cutter, gear teeth are generated by a cutting tool called a rack
shaper. The rack shaper reciprocates parallel to the axis of the gear axis. It moves slowly linearly with the
gear blank rotation at the same pitch-cycle velocity:

Setup of gear shaping opeartion with a rack-shaped cutter.

The rack shaper is actually a segment of a rack. Because it is not practical to have more than 6-12 teeth
on a rack cutter, the cutter must be disengaged at suitable intervals and returned to the starting point,
the gear blank meanwhile remaining fixed.
Advantages of this method involve a very high dimensional accuracy and cheap cutting tool (the rack
shaper’s teeth blanks are straight, which makes sharpening of the tool easy). The process can be used for
low-quantity as well as high-quantity production of spur and helix external gears.

Finishing operations
As produced by any of the process described, the surface finish and dimensional accuracy may not
be accurate enough for certain applications. Several finishing operations are available, including the
conventional process of shaving, and a number of abrasive operations, including grinding, honing, and
lapping.
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7.1 GRINDING
Definitions
Abrasive machining is a material removal process that involves the use of abrasive cutting tools.
There are three principle types of abrasive cutting tools according to the degree to which abrasive
grains are constrained,




bonded abrasive tools: abrasive grains are closely packed into different shapes, the most
common is the abrasive wheel. Grains are held together by bonding material. Abrasive
machining process that use bonded abrasives include grinding, honing, superfinishing;
coated abrasive tools: abrasive grains are glued onto a flexible cloth, paper or resin
backing. Coated abrasives are available in sheets, rolls, endless belts. Processes include
abrasive belt grinding, abrasive wire cutting;
free abrasives: abrasive grains are not bonded or glued. Instead, they are introduced
either in oil-based fluids (lapping, ultrasonic machining), or in water (abrasive water jet
cutting) or air (abrasive jet machining), or contained in a semisoft binder (buffing).

Regardless the form of the abrasive tool and machining operation considered, all abrasive operations
can be considered as material removal processes with geometrically undefined cutting edges, a concept
illustrated in the figure:

The concept of undefined cutting edge in abrasive machining.
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Abrasive machining can be likened to the other machining operations with multipoint cutting tools.
Each abrasive grain acts like a small single cutting tool with undefined geometry but usually with high
negative rake angle.
Abrasive machining involves a number of operations, used to achieve ultimate dimensional precision
and surface finish. From the principal abrasive operations, grinding is covered in the present section, and
some other operations are discussed in the next two sections.
Grinding is a material removal process in which abrasive particles arc contained in a bonded grinding
wheel that operates at very high surface speeds. The grinding wheel is usually disk shaped and is
precisely balanced for high rotational speeds.

Cutting conditions in grinding
The geometry of grinding is shown in the figure:

The geometry of surface grinding showing the cutting
conditions.

The cutting velocity V in grinding is very high. It is related to the rotational speed of the wheel by
V = πDN
where d is the wheel diameter, and N is the rotational speed of the grinding wheel.
Depth of cut d is called infeed and is defined as the distance between the machined and work surfaces.
As the operation proceeds, the grinding wheel is fed laterally across the work surface on each pass by the
workpart. The distance at which the wheel is fed is called a crossfeed. The crossfeed is actually the width
of cut w. The crossfeed multiplied by infeed determines the cross-sectional area of cut, CSA:
CSA = crossfeed×infeed = wd
The cross-sectional area in grinding is relatively small compared to other traditional machining operations.
The workpart moves past the wheel at a certain linear or rotational velocity called a feed Vw.
The material removal rate, mrr, is defined by
mrr = VwCSA
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Wheel Wear
Three mechanisms are recognized as the principal causes of wear in grinding wheels:




grain fracture,
attritious wear, and
bond fracture.

Grain fracture occurs when a portion of the grain breaks off but the rest of the grain remains bonded in
the wheel. The edges of the fractured area become new sharp cutting edges on the grinding wheel. This
makes the grinding wheel self-sharpening, a unique property of a cutting tool.
Attritious wear involves dulling of the individual grains, resulting in flat spots and rounded edges.
Attritious wear is analogous to tool wear in a conventional cutting tool.
Bond fracture occurs when the individual grains are pulled out of the bonding material. Bond fracture
usually occurs because the grain has become dull due to attritious wear and the resulting cutting force
is excessive. Sharp grains cut more efficiently with lower cutting forces; hence, they remain attached
in the bond structure.

Surface finish and effects of cutting temperature
Abrasive operations are performed to achieve a surface finish, which cannot be achieved by conventional
machining processes. From the concept of composite cutting edge, it can be concluded that the surface
finish is basically affected by the following process and tool parameters,
v
v
v

Abrasive grain size:
smaller grit size will produce lower surface roughness;
Structure:
more dense structure of the grinding will, i.e., more abrasive grains per
cubic millimetre will increase the number of active grains in contact with the work
surface thus improving the surface finish;
Cutting velocity:
The surface finish will be improved by increasing the number of
abrasive grains per unit time, therefore by increasing the cutting speed.

The ultimate surface finish in grinding with fine grit size is about 0.2 µm.
The influence of these parameters is deducted from simple geometrical considerations. But in a
discussion on surface finish in grinding, the influence of the cutting temperature cannot be omitted.
Temperature rise in grinding can significantly affect surface properties. Furthermore, the heat generated
and conducted into the workpiece expands the workpart and causes dimensional errors.
v

Tempering:
excessive temperatures can temper and soften the material on the
surfaces, which is often ground in the hardened state.

v

Burning:
if the temperature is excessive the surface may burn. Burning produces a
bluish color on steels, which indicates high temperature oxidation with all the negative
changes in the surface material properties.

v

Thermal cracks: high temperatures may also lead to thermal cracking of the
surface of the workpiece. Cracks are usually perpendicular to the grinding direction;
however, under severe grinding conditions, parallel cracks may also develop.

v

Residual stresses: temperature change and gradients within the workpiece are mainly
responsible for residual stresses in grinding.

Excessive temperature has a negative effect on the work surface. Grinding process parameters must
therefore be chosen carefully to avoid excessive temperature rise. The use of grinding fluids can
effectively control cutting temperatures.
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Grinding wheel
A grinding wheel consists of abrasive particles and bonding material. The bonding material holds the
particles in place and establishes the shape and structure of the wheel.

(Right) The structure of a grinding wheel showing the cutting action of abrasive grains. (Left)
The rake angle of a single grain can be zero or positive but usually is highly negative.

The way the abrasive grains, bonding material, and the air gaps are structured, determines the
parameters of the grinding wheel, which are
v
v
v
v
v

abrasive material,
grain size,
bonding material,
wheel grade, and
wheel structure.

To achieve the desired performance in a given application, each parameter must be carefully selected.
Abrasive materials
The abrasive materials of greatest commercial importance today are listed in the table:
Abrasive material

Work material

Color

Aluminum oxide
97-99% Al2O3
87-96% Al2O3

hardened steels, HSS
steels, cast iron

white
pink to brown

Silicon carbide
96-99% SiC
<96% SiC

HSS, cemented carbides
aluminum, brass, brittle materials

green
black

Cubic boron nitride (CBN)

tool steels, aerospace alloys

Synthetic diamond

ceramics, cemented carbides

Grain size
The grain size of the abrasive particle is an important parameter in determining surface finish and
material removal rate. Small grit sizes produce better finishes while larger grain sizes permit larger
material removal rates.
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The abrasive grains are classified in a screen mesh procedure, as explained in Section 3.2. In this
procedure smaller grit sizes have larger numbers and vice versa.
Grain sizes used in grinding wheels typically range between 6 and 600. Grit size 6 is very coarse and size
600 is very fine. Finer grit sizes up to 1000 are used in some finishing operations (Section 7.2).
Bonding Materials
The bonding material holds the abrasive grains and establishes the shape and structural integrity of the
grinding wheel. Desirable properties of the bond material include strength, toughness, hardness, and
temperature resistance.
Bonding materials commonly used in grinding wheels include the following:
v
v
v
v
v

vitrified bond: vitrified bonding material consists chiefly of ceramic materials. Most
grinding wheels in common use are vitrified bonded wheels. They are strong and rigid,
resistant to elevated temperatures, and relatively unaffected by cutting fluids;
rubber bond: rubber is the most flexible of the bonding materials. It is used as a
bonding material in cutoff wheels;
resinoid bond: this bond is made of various thermosetting resin materials. They have
very high strength and are used for rough grinding and cutoff operations;
shellac bond: shellac-bonded grinding wheels are relatively strong but not rigid. They
are often used in applications requiring a good finish;
metallic bond: metal bonds, usually bronze, are the common bond material for dia
mond and CBN grinding wheels. Diamond and CBN abrasive grains are bond material
to only the outside periphery of the wheel, thus conserving the costly abrasive materials.

Wheel grade
Wheel grades indicates the wheel bond strength. It is measured on a scale ranging from soft to hard. Soft
wheels loose grains easily and are used for low material removal rates and grinding of hard materials.
Harder grades are preferred for high productivity and grinding of relatively soft materials,
Structure
The wheel structure indicates spacing of the abrasive grains in the wheel. It is measured on a scale that
ranges from open to dense. Open structure means more pores and fewer grains per unit wheel volume,
and vice versa. Open structure is recommended for work materials that tend to produce continuous
chips, while denser structure is used for better surface finish and dimensional precision.
Grinding wheel specification
Grinding wheels are marked with a standardized system of letters and numbers, which specifies the
parameters of the grinding wheel.
Grinding wheels are available in a variety of shapes and sizes the most popular shown in the figure:

Some common types of grinding wheels; (From left to right) straight, cylinder, straight cup, flaring cup,
mounted.
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Grinding operations
Grinding operations are carried out with a variety of wheel-workpart configurations. The basic type
of grinding are
v
v
v

surface grinding,
cylindrical grinding, and
centerless grinding.

Each basic operation has a number of variations some of them discussed in this section.
Surface grinding
Surface grinding is an abrasive machining process in which the grinding wheel removes material from
the plain flat surfaces of the workpiece.

abrasive primary
wheel
motion
chips

work

tion
mo
d
e
fe

Surface grinding.

In surface grinding, the spindle position is either horizontal or vertical, and the relative motion of the
workpiece is achieved either by reciprocating the workpiece past the wheel or by rotating it. The possible
combinations of spindle orientations and workpiece motions yield four types of surface grinding
processes illustrated in the figure:

Four types of surface grinding with horizontal or vertical spindles, and
with reciprocating linear motion or rotating motion of the workpiece.
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Of the four types, the horizontal spindle machine with reciprocating worktable is the most common:

Surface grinder with horizontal spindle and reciprocating worktable.

Cylindrical grinding
In this operation, the external or internal cylindrical surface of a workpiece are ground. In external
cylindrical grinding (also center-type grinding) the workpiece rotates and reciprocates along its axis,
although for large and long workparts the grinding wheel reciprocates.
In internal cylindrical grinding, a small wheel grinds the inside diameter of the part. The workpiece is
held in a rotating chuck in the headstock and the wheel rotates at very high rotational speed. In this
operation, the workpiece rotates and the grinding wheel reciprocates.

Cylindrical grinding.

Two types of surface grinding, (Left) external, and (Right) internal.
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Three types of feed motion are possible according to the direction of feed motion,




traverse feed grinding (also through feed grinding, cross-feeding) in which the relative feed
motion is parallel to the spindle axis of rotation,
plunge grinding in which the grinding wheel is fed radially into the workpiece, and
a combination of traverse and plunge grinding in which the grinding wheel is fed at 45o to
grind simultaneously the cylindrical part of the workpiece and the adjacent face. This
methods provides a precise perpendicular mutual position of both surfaces.

Three types of cylindrical grinding: (From left to right) traverse feed grinding, plunge grinding, a combination of both
previous types.

In universal cylindrical grinders, both the workpiece and the grinding wheel axis can be swivelled around
a horizontal plane, permitting all these types of cylindrical grinding.

Universal cylindrical grinder.

Centerless grinding
Centerless grinding is a process for continuously grinding cylindrical surfaces in which the workpiece is
supported not by centers or chucks but by a rest blade. The workpiece is ground between two wheels.
The larger grinding wheel does grinding, while the smaller regulating wheel, which is tilted at an angle i,
regulates the velocity Vf of the axial movement of the workpiece.
Centerless grinding can also be external or internal, traverse feed or plunge grinding. The most common
type of centerless grinding is the external traverse feed grinding, illustrated in the figure:
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External traverse feed centerless grinding. The regulating wheel is tilted at an angle i to control the
velocity of through feed.

The centerless grinding is ideal for mass production. It requires special machines that can do no other
type of work:

External centerless grinder.

Typical parts made by centerless grinding are roller bearings, piston pins, shafts, and similar components. Parts with variable diameters, such as bolts, valve tappets, and distributor shafts, can be ground by
plunge centerless grinding. Sleeve-shaped parts and rings can be ground by the internal centerless grinding,
in which the workpiece is supported between three rolls and is internally ground.
Creep-feed grinding
Grinding has traditionally been associated with small rates of material removal and finishing operations.
However, grinding can also be used for large-scale metal removal operations similar to milling, shaping,
and planing. In creep-feed grinding, the depth of cut d is as much as 6mm, and the workpiece speed
is low. The wheels are mostly softer grade resin bonded with open structure to keep temperatures low.
Creep-feed grinding can be economical for specific applications, such as grinding cavities, grooves, etc.
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7.2 FINISHING OPERATIONS
Introduction
As the name of this group of abrasive operations suggests, their objective is to achieve superior surface
finish up to mirror-like finishing and very close dimensional precision. The finishing operations are
assigned as the last operations in the single part production cycle usually after the conventional or
abrasive machining operations, but also after net shape processes such as powder metallurgy, cold
flashless forging, etc.
The finishing processes discussed in this section include honing, lapping, superfinishing, polishing, and
buffing. The typical surface finishes for these operations are presented in the figure. Also presented for
comparison are surface roughness values for fine grit size grinding.

Honing
Honing is a finishing process performed by a honing tool, which contains a set of three to a dozen and
more bonded abrasive sticks. The sticks are equally spaced about the periphery of the honing tool. They
are held against the work surface with controlled light pressure, usually exercised by small springs. The
honing tool is given a complex rotational and oscillatory axial motion, which combine to produce a
crosshatched lay pattern of very low surface roughness:

Schematics of honing process showing the honing tool, how the abrasive sticks are
pressed against the work surface by springs, and the resulting surface pattern.
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In addition to the surface finish of about 0.1 µm, honing produces a characteristic crosshatched surface
that tends to retain lubrication during operation of the component, thus contributing to its function
and service life. A cutting fluid must be used in honing to cool and lubricate the tool and to help
remove the chips.
A common application of honing is to finish the holes. Typical examples include bores of internal
combustion engines, bearings, hydraulic cylinders, and gun barrels.

Lapping
In lapping, instead of a bonded abrasive tool, oil-based fluid suspension of very small free abrasive grains
(aluminum oxide and silicon carbide, with typical grit sizes between 300 and 600) called a lapping
compound is applied between the workpiece and the lapping tool.
The lapping tool is called a lap, which is made of soft materials like copper, lead or wood. The lap has
the reverse of the desired shape of the workpart. To accomplish the process, the lap is pressed against the
work and moved back and forth over the surface in a figure-eight or other motion pattern, subjecting
all portions of the surface to the same action. Lapping is sometimes performed by hand, but lapping
machines accomplish the process with greater consistency and efficiency.

Schematics of lapping process showing the lap and the cutting action of
suspended abrasive particles.

The cutting mechanism in lapping is that the abrasives become embedded in the lap surface, and the
cutting action is very similar to grinding, but a concurrent cutting action of the free abrasive particles
in the fluid cannot be excluded.
Lapping is used lo produce optical lenses, metallic bearing surfaces, gages, and other parts requiring very
good finishes and extreme accuracy.

Superfinishing
Superfinishing is a finishing operation similar to honing, but it involves the use of a single abrasive stick.
The reciprocating motion of the stick is performed at higher frequency and smaller amplitudes. Also,
the grit size and pressures applied on the abrasive stick are smaller. A cutting fluid is used to cool the
work surface and wash away chips.

Schematics of the superfinishig process.
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In superfinishing, the cutting action terminates by itself when a lubricant film is built up between
the tool and work surface. Thus, superfinishing is capable only of improving the surface finish but
not dimensional accuracy.The result of these operating conditions is mirror like finishes with surface
roughness values around 0.01 µm. Superfinishing can be used to finish flat and external cylindrical
surfaces.

Polishing and buffing
Polishing is a finishing operation to improve the surface finish by means of a polishing wheel made of
fabrics or leather and rotating at high speed. The abrasive grains are glued to the outside periphery of the
polishing wheel. Polishing operations are often accomplished manually.
Buffing is a finishing operation similar to polishing, in which abrasive grains are not glued to the
wheel but are contained in a buffing compound that is pressed into the outside surface of the buffing
wheel while it rotates. As in polishing, the abrasive particles must be periodically replenished. As in
polishing, buffing is usually done manually, although machines have been designed to perform the
process automatically.

Schematics of the buffing operation.

Polishing is used to remove scratches and burrs and to smooth rough surfaces while butting is used to
provide attractive surfaces with high luster.
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7.3 NON-TRADITIONAL PROCESSES
Traditional vs. non-traditional processes
A machining process is called non-traditional if its material removal mechanism is basically different than
those in the traditional processes, i.e. a different form of energy (other than the excessive forces exercised
by a tool, which is in physical contact with the workpiece) is applied to remove the excess material from
the work surface, or to separate the workpiece into smaller parts.
The principal characteristics of traditional machining processes (discussed in the previous sections),
and non-traditional processes (some of them included in this section) is presented to compare their
advantages and limitations:
v

v

v

v
v

The cutting tool and workpiece are always in physical contact, with a relative motion
against each other, which results in friction and a significant tool wear. In non-traditional
processes, there is no physical contact between the tool and workpiece. Although in
some non-traditional processes tool wear exists, it rarely is a significant problem;
Material removal rate of the traditional processes is limited by the mechanical properties
of the work material. Non-traditional processes easily deal with such difficult-to-cut
materials ike ceramics and ceramic based tool materials, fiber reinforced materials,
carbides, titanium-based alloys;
In traditional processes, the relative motion between the tool and workpiece is typically
rotary or reciprocating. Thus, the shape of the work surfaces is limited to circular or flat
shapes. In spite of widely used CNC systems, machining of three-dimensional surfaces
is still a difficult task. Most non-traditional processes were develop just to solve this
problem;
Machining of small cavities, slits, blind or through holes is difficult with traditional
processes, whereas it is a simple work for some non-traditional processes;
Traditional processes are well established, use relatively simple and inexpensive machinery and readily available cutting tools. Non-traditional processes require expensive
equipment and tooling as well as skilled labor, which increases significantly the production cost;

From the above it follows that non-traditional processes generally should be employed when
v
v

there is a need to process some newly developed difficult-to-cut materials, machining of
which is accompanied by excessive cutting forces and tool wear;
there is a need for unusual and complex shapes, which cannot easily be machined or
cannot at all be machined by traditional processes;

The non-traditional processes are often classified according to the principle form of energy used:
v
v
v
v

mechanical processes: the mechanical energy differs from the action of the conventional
cutting tool. Examples include ultrasonic machining and jet machining;
electrochemical processes:
based on electrochemical energy to remove the material.
Examples include electrochemical machining, and electrochemical deburring and grinding;
thermal energy processes: use thermal energy generated by the conversion of electrical energy to shape or cut the workpiece. Examples include electric discharge processes,
electron beam machining, laser beam machining, and plasma arc cutting;
chemical machining: chemicals selectively remove material from portions of the
workpiece, while other portions of the surface are mask protected.
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Ultrasonic Machining
Ultrasonic Machining is a non-traditional process, in which abrasives contained in a slurry are driven
against the work by a tool oscillating at low amplitude (25-100 µm) and high frequency (15-30 KHz):
The process was first developed in 1950s and was
originally used for finishing EDM surfaces.
The basic process is that a ductile and tough tool
is pushed against the work with a constant force.
A constant stream of abrasive slurry passes between
the tool and the work (gap is 25-40 µm) to provide
abrasives and carry away chips. The majority of the
cutting action comes from an ultrasonic (cyclic) force
applied.
The basic components to the cutting action are
believed to be,
v
v
v

Ultrasonic machining.

brittle fracture caused by impact of abrasive grains due to the tool vibration;
cavitation induced erosion;
chemical erosion caused by slurry.

The ultrasonic machining process can be used to cut through and blind holes of round or irregular
cross-sections. The process is best suited to poorly conducting, hard and brittle materials like glass,
ceramics, carbides, and semiconductors. There is a little production of heat and stress in the process, but
work may chip at exit side of the hole. Sometimes glass is used on the backside for brittle materials. The
critical parameters to control the process are the tool frequency, amplitude and material, abrasive grit
size and material, feed force, slurry concentration and viscosity.
Limitations of the ultrasonic machining include very low material removal rate, extensive tool wear,
small depth of holes and cavities.
Basic machine layout is shown in the figure,

Principal components of an ultrasonic machine.

The acoustic head is the most complicated part of the machine. It must provide a static constant force,
as well as the high frequency vibration.
Tools are produced of tough but ductile metals such as soft steel of stainless steel. Aluminum and brass
tools wear near 5 to 10 times faster.
Abrasive slurry consists of a mixture of liquid (water is the most common but oils or glycerol are also
used) and 20% to 60% of abrasives with typical grit sizes of 100 to 800. The common types of abrasive
materials are boron carbide, silicon carbide, diamond, and corundum (Al2O3).
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Jet Machining
In jet machining, high-velocity stream of water (Water Jet Cutting) or water mixed with abrasive
materials (Abrasive Water Jet Cutting) is directed to the workpiece to cut the material. If a mixture of gas
and abrasive particles is used, process is referred to as Abrasive Jet Machining and is used not to cut the
work but for finishing operations like deburring, cleaning, polishing.
Water Jet Cutting
Water Jet Cutting (WJC) uses a fine, high-pressure, high velocity (faster than speed of sound) stream of
water directed at the work surface to cause slotting of the material:

Water Jet Cutting.

Water is the most common fluid used, but additives such as alcohols, oil products and glycerol are
added when they can be dissolved in water to improve the fluid characteristics. The fluid is pressurized
at 150-1000 MPa to produce jet velocities of 540-1400 m/s. The fluid flow rate is typically from 0.5
to 2.5 l/min. The jet have a well behaved central region surrounded by a fine mist.The form of the
exit jet is illustrated in the figure,

The jet structure in Water Jet Cutting.

Typical work materials involve soft metals, paper, cloth, wood, leather, rubber, plastics, and frozen food.
If the work material is brittle it will fracture, if it is ductile, it will cut well:

Water Jet Cutting of ductile material (Left) and brittle materials (Right).

The typical nozzle head is shown below. The orifice is often made of sapphire and its diameter ranges
from 1.2 mm to 0.5 mm:

The principle components of a nozzle head in Water Jet Cutting.
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Abrasive Water Jet Cutting (AWJC)
In Abrasive Water Jet Cutting, a narrow, focused, water jet is mixed with abrasive particles. This jet
is sprayed with very high pressures resulting in high velocities that cut through all materials. The
presence of abrasive particles in the water jet reduces cutting forces and enables cutting of thick and
hard materials (steel plates over 80-mm thick can be cut). The velocity of the stream is up to 90 m/s,
about 2.5 times the speed of sound.

Abrasive Water Jet Cutting.

Abrasive Jet Cutter.

Abrasive Water Jet Cutting process was developed in 1960s to cut materials that cannot stand high
temperatures for stress distortion or metallurgical reasons such as wood and composites, and traditionally difficult-to-cut materials, e.g. ceramics, glass, stones, titanium alloys.
The common types of abrasive materials used are quarz sand, silicon carbide, and corundum (Al2O3), at
gtit sizes ranging between 60 and 120.
Abrasive Jet Machining (AJM)
In Abrasive Jet Machining, fine abrasive particles (typically ~0.025mm) are accelerated in a gas stream
(commonly air) towards the work surface. As the particles impact the work surface, they cause small
fractures, and the gas stream carries both the abrasive particles and the fractured (wear) particles away.

Abrasive Jet Machining.

The jet velocity is in the range of 150-300 m/s and pressure is from two to ten times atmospheric
pressure.
The preferred abrasive materials involve aluminum oxide (corundum) and silicon carbide at small grit
sizes. The grains should have sharp edges and should not be reused as the sharp edges are worn down
and smaller particles can clog nozzle.
Abrasive Jet Machining is used for deburring, etching, and cleaning of hard and brittle metals, alloys,
and nonmetallic materials (e.g., germanium, silicon, glass, ceramics, and mica).
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Electric discharge machining
In electric discharge processes, the work material is removed by a series of sparks that cause localized
melting and evaporation of the material on the work surface.
The two main processes in this category are



electric discharge machining, and
wire electric discharge machining.

These processes can be used only on electrically conducting work materials.
Electric Discharge Machining
Electric discharge machining (EDM) is one of the most widely used nontraditional processes. An EDM
setup and a close-up view of the gap between the tool and the work are illustrated in the figure:

The setup of Electric Discharge Machining
(EDM) process and close-up view of gap,
showing discharge and metal removal.

Electric Discharge Machine.

A formed electrode tool produces the shape of the finished work surface. The sparks occur across a small
gap between tool and work surface. The EDM process must take place in the presence of a dielectric
fluid, which creates a path for each discharge as the fluid becomes ionized in the gap. The fluid, quite
often kerosene-based oil is also used to carry away debris. The discharges are generated by a pulsating
direct-current power supply connected to the work and the tool.
Electrode materials are high temperature, but easy to machine, thus allowing easy manufacture of
complex shapes. Typical electrode materials include copper, tungsten, and graphite.
The process is based on melting temperature, not hardness, so some very hard materials can be
machined this way.
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Wire Electric Discharge Machining
Wire Electric Discharge Machining (Wire EDM) is a special form of EDM that uses a small diameter wire
as the electrode to cut a narrow kerf in the work. Wire EDM is illustrated in the figure:

The setup of Wire Electric Discharge
Machining (WEDM) process.

WEDM Machine.

The workpiece is fed continuously and slowly past the wire in order to achieve the desired cutting
path. Numerical control is used to control the work-part motions during cutting. As it cuts, the wire
is continuously advanced between a supply spool and a take-up spool to present a fresh electrode of
constant diameter to the work. This helps to maintain a constant kerf width during cutting. As in EDM,
wire EDM must be carried out in the presence of a dielectric. This is applied by nozzles directed at the
tool-work interface as in the figure, or the workpart is submerged in a dielectric bath.
Wire diameters range from 0.08 to 0.30 mm, depending on required kerf width. Materials used for
the wire include brass, copper, tungsten, and molybdenum. Dielectric fluids include deionized water or
oil. As in EDM, an overcut in the range from 0.02 to 0.05 mm exists in wire EDM that makes the
kerf larger than the wire diameter.
This process is well suited to production of dies for sheet metalworking, cams, etc. Since the kerf is so
narrow, it is often possible to fabricate punch and die in a single cut, as illustrated in the figure:

Punch and die fabricated in a single cut by WEDM.
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Lasers and other beams
Laser beam machining (LBM)
Laser beam machining (LBM) uses the light energy from a laser to remove material by vaporization and
ablation. The setup for LBM is illustrated in the figure:

The setup of laser beam machining process.

The types of lasers used in LBM are basically the carbon dioxide (CO2) gas lasers. Lasers produce
collimated monochromatic light with constant wavelength. In the laser beam, all of the light rays are
parallel, which allows the light not to diffuse quickly like normal light. The light produced by the laser
has significantly less power than a normal white light, but it can be highly focused, thus delivering a
significantly higher light intensity and respectively temperature in a very localized area.
Lasers are being used for a variety of industrial applications, including heat treatment, welding, and
measurement, as well as a number of cutting operations such as drilling, slitting, slotting, and marking
operations. Drilling small-diameter holes is possible, down to 0.025 mm. For larger holes, the laser
beam is controlled to cut the outline of the hole.
The range of work materials that can be machined by LBM is virtually unlimited including metals with
high hardness and strength, soft metals, ceramics, glass, plastics, rubber, cloth, and wood.
LBM can be used for 2D or 3D workspace. The LBM machines typically have a laser mounted, and
the beam is directed to the end of the arm using mirrors. Mirrors are often cooled (water is common)
because of high laser powers.

Laser cutting.
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Electron beam machining (EBM)
Electron beam machining (EBM) is one of several industrial processes that use electron beams. Electron
beam machining uses a high-velocity stream of electrons focused on the workpiece surface to remove
material by melting and vaporization. A schematic of the EBM process is illustrated in the figure:

The setup of electron beam machining process.

An electron beam gun generates a continuous stream of electrons that are focused through an electromagnetic lens on the work surface. The electrons are accelerated with voltages of approx. 150,000 V to
create velocities over 200,000 km/s. The lens is capable of reducing the area of the beam to a diameter
as small as 0.025 mm. On impinging the surface, the kinetic energy of the electrons is converted into
thermal energy of extremely high density, which vaporizes the material in a very localized area. EBM
must be carried out in a vacuum chamber to eliminate collision of the electrons with gas molecules.
Electron beam machining is used for a variety of high-precision cutting applications on any known
material. Applications include drilling of extremely small diameter holes, down to 0.05 mm diameter,
drilling of holes with very high depth-to-diameter ratios, more than 100:1, and cutting of slots that
are only about 0.025 mm wide. Besides machining, other applications of the technology include heat
treating and welding.
The process is generally limited to thin parts in the range from 0.2 to 6 mm thick. Other limitations
of EBM are the need to perform the process in a vacuum, the high energy required, and the expensive
equipment.
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Introduction
Manufacturing processes discussed so far include operations for producing of a single product, i.e.,
product that consists of a single piece of metal. But in the real life very few of the manufactured
products consist of a single part. Most common situation is when a commercial product is an assembly,
a composition of single parts, or single parts and so called subassemblies, which are groups of single
parts combined to serve certain purpose and forming part of a larger assembly. For example, a simple
ballpoint pen an assembly composed of three single parts, a plastic tube and two caps, and one
subassembly, a cartridge. The cartridge itself can be considered as an assembly of few more single parts,
in which a fine metallic or ceramic ball rotates against a supply of semisolid ink.
Manufacturing processes, in which single parts are combined to form an assembly are referred to as
manufacturing processes for joining and assembling. These processes can be divided into two major classes,



processes for non-permanent combining, which allow for multiple disassembly and
assembly of single parts and/or subassemblies, and
processes for permanent combining of single parts and/or subassemblies. Eventual
disassembly would result in severe damages to the components in the assembly and the
subsequent assembly if attempted would not be possible any more.

Further classification is possible with respect to the operational methods used as follows,
v

v

mechanical assembly, which involves the use of various fastening methods to mechanically attach two (or more) parts and/or subassemblies together. This group includes
processes for permanent (riveting, press or shrink fitting) or non-permanent (assembly
with threaded fasteners) assembly;
joining processes, in which two (or more) parts and/or subassemblies are jointed together
to form a permanent assembly. Examples are welding, adhesive bonding, brazing and
soldering.

Most of these processes are discussed in the present chapter.
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8.1 MECHANICAL ASSEMBLY
For purpose of organization, we divide processes for mechanical assembly into the following categories;
v
v

processes for non-permanent assembly with threaded fasteners - screws, bolts, studs,
and nuts, and
processes for permanent assembly, which include assembly with rivets, and press and
shrink fits.

Processes for non-permanent assembly
Threaded fasteners are components that have external or internal threads for assembly of parts. The
common threaded fastener types are screws, bolts, studs and nuts.
v
v
v
v

bolt is an externally threaded fastener that is inserted through holes in the parts and
screwed into a nut on the opposite side;
screw is an externally threaded fastener that is generally assembled into a blind threaded
hole and no nut is required;
stud is an externally threaded fastener, but without the usual head possessed by a bolt.
Studs can also be used to assemble two parts using a nut. They are available with threads
on one end or both;
nut is an internally threaded fastener having standard threads.

The typical assemblies that result from the use of screws, bolts, studs and nuts are shown in the figure:

(a)
(b)
(c)
Typical assemblies using (a) bolt and nut, (b) screw and (c) stud and nut.

Threaded fasteners come in a variety of sizes, threads, and shapes. Also, numerous head styles are
available on bolts and screws, some of which are illustrated in the figure. The geometries of these heads,
as well as the variety of sizes available, require different hand tools for the operator.

Various head styles available on screws and bolts. There are additional head styles not shown.

In addition to screws, bolts, studs and nuts, other types of threaded fasteners and related hardware are
available. These include screw thread inserts, captive threaded fasteners, and washers.
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Tightening of threaded fasteners
Whether a threaded fastener serves its purpose depends to a large degree of the amount of torque
applied to tighten it. Once the threaded fastener has been rotated until it is seated against the part
surface, additional tightening will increase the amount of tension in the fastener (and simultaneously
the amount of compression in the parts being held together) and an increasing torque will resist the
tightening.
Various methods are employed to apply the required torque, including
v
v
v
v

operator feel, which is not very accurate, but adequate for most assemblies;
torque wrenches;
powered wrenches designed to stall when the required torque is reached, and
torque-turn tightening, in which the fastener is initially tightened to a low torque level
and then rotated a specified additional amount.

One important issue in tightening of multiple threaded joints is to select the proper sequence of
tightening. Some examples are shown in the figure:

Sequence of tightening for multiple threaded joints.

For such joints, tightening is typically done in three steps, initial tightening with 1/3 torque, then
additional tightening to 2/3 of the maximum torque, and finally, tightening to the full amount of
specified torque.

Processes for permanent assembly
Riveting
A rivet is an unthreaded, headed pin used to join two (or more) parts by passing the pin through holes
in the parts and then forming (upsetting) a second head in the pin on the opposite side. The deforming
operation can be performed hot or cold and by hammering or steady pressing. Once the rivet has been
deformed, it cannot be removed except by breaking one of the heads.
Rivet type refers to five basic geometries that affect how the rivet will be upset to form the second
head. The five basic types are illustrated in the figure. In addition, there are special rivets for special
applications not shown in the figure.

Five basic rivet types.
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Riveting is a fastening method that offers high production rates, simplicity, dependability and low cost.
Despite these apparent advantages, its applications have declined in recent decades in favor of threaded
fasteners, welding, and adhesive bonding. Riveting is used as one of the primary fastening processes in
the aircraft and aerospace industries for joining skins to channels and other structural members.
Much of the equipment used in riveting is portable and manually operated. Automatic drilling and
riveting machines are available for drilling the holes and then inserting and upsetting the rivets.
Press and shrink fits
There are several assembly methods that are based on mechanical interference between the two mating
parts being joined. The methods discussed here include press fitting, and shrink fitting.
A press fit assembly is one in which the two components have an interference fit between them. The
typical case is when a pin of a diameter Dp is pressed into a hole of a slightly smaller diameter Dc:

Press fitting.

Applications of press fitting include locating and locking the components such as the assembly of collars,
gears, pulleys, and similar components onto shafts.
The major limitations of press fitting include the necessity of a substantial press force, and the possible
damage to the surfaces of components during the process of press fitting. This limitations are overcomed
in the process of shrink fitting.
To assemble by shrink fitting, the external part is heated to enlarge by thermal expansion, and the
internal part either remains at room temperature or is cooled to contract its size. The parts are then
assembled and brought back to room temperature so that the external part shrinks and, if previously
cooled, the internal part expands to form a strong interference fit.
A modification of the shrink fitting method is so called expansion fit, which occurs when only the
internal part is cooled to contract it for assembly. Once inserted into the mating component, it warms to
room temperature, expanding to create the interference assembly.
Various methods are used to accomplish the heating and/or cooling of the workparts. Heating equipment includes torches, furnaces, electric resistance heaters, and electric induction heaters. Cooling
methods include conventional refrigeration, packing in dry ice, and immersion in cold liquids, including liquid nitrogen.
The change in diameter that results from heating or cooling a cylindrical workpiece depends on the
coefficient of thermal expansion and the temperature difference that is applied to the parts.
The shrink fitting method is used to fit gears, pulleys, sleeves, and other components onto solid and
hollow shafts but the most popular application is to fit bearing onto shafts.
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8.2 FUSION WELDING

Types of welding processes
Welding is a material joining process for a permanent combining of two (or more) parts that involves
melting and subsequent solidification of the material from two parts thus forming a strong joint
between them. The assemblage of parts is called a weldment.
There are two groups of welding processes according to the state of the base material during the
welding process:



Liquid-state welding (fusion welding), and
Solid-state welding.

Fusion welding is by far the more important category. In fusion welding, the base material is heat to melt.
The most important processes in this group fall in the following categories:
v
v
v

Oxyfuel gas welding: an oxyfuel gas produces a flame to melt the base material;
Arc welding: heating and melting of the material is accomplished by an electric arc;
Resistance welding:
the source of heat is the electrical resistance on the interface
between two parts held together under pressure.

In solid-state welding, two parts are jointed together under pressure or a combination of pressure and
heat. If heat is applied, the contact temperature is below the melting point of the base metal. Two
welding processes are the most popular from this group,
v
v

Diffusion welding:
Friction welding:

parts coalesce by solid-state diffusion;
coalescence is achieved by the heat of friction between two parts;

Most of the processes for fusion welding and for solid-state welding are discussed in the present section.

Oxyfuel gas welding
Oxyfuel gas welding is the term used to describe the group
of fusion operations that burn various fuels mixed with
oxygen to perform welding or cutting and separate metal
plates and other parts. The most important oxyfuel gas
welding process is oxyacetylene welding.
Oxyacetylene welding (OAW) is a fusion welding process
performed by a high-temperature flame from combustion
of acetylene and oxygen. The flame is directed by a welding torch and a filler metal in the form of rod is added if
the process is applied to weld. Composition of the filler
must be similar to that of the base metal.
A typical oxyacetylene welding operation is sketched in
the figure.

Oxyfuel gas welding operation.
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Oxyacetylene welding uses equipment that is relatively inexpensive and portable. It is therefore an
economical, versatile process that is well suited to low-quantity production and repair jobs. It is rarely
used on the welding of sheet and plate stock thicker than 6 mm because of the advantages of arc welding
in such applications. Although OAW can be mechanized, it is usually performed manually and is hence
dependent on the skill of the welder to produce a high-quality weld joint.

Arc welding with consumable electrodes
Arc welding (AW) is a fusion welding process in which coalescence of the metals is achieved by the heat
from an electric arc between an electrode and the work. A generic AW process is shown in the figure:

The basic configuration of an arc welding operation.

An electric arc is a discharge of electric current across a gap in a circuit. To initiate the arc in an AW
process, the electrode is brought into contact with the work and then quickly separated from it by
a short distance. The electric energy from the arc thus formed produces temperatures of 5000o C or
higher, sufficiently hot to melt any metal. A pool of molten metal, consisting of base metal(s) and filler
metal (if one is used), is formed near the tip of the electrode. In most arc welding processes, filler metal
is added during the operation to increase the volume and strength of the weld joint. As the electrode is
moved along the joint, the molten weld pool solidifies in its wake.
Movement of the electrode relative to the work is accomplished by either a human welder (manual
welding) or by mechanical means (machine welding, automatic welding, or robotic welding).
In manual arc welding, the quality of the weld joint is very dependent on the skill and experience of the
human welder. The weld quality is much better in the machine, automatic, and robotic welding.
Electrodes in AW process are classified as
v
v

consumable, which melts continuously in the process of arc welding thus providing the
required filler material, and
non-consumable, which resist melting by the arc. The filler material must be supplied
separately.

The same classification is applied to the arc welding processes; some of the most important processes
based on consumable electrodes are discussed in this section, and processes, which use non-consumable
electrodes are included in the next section.
Shielded Metal Arc Welding
Shielded Metal Arc Welding (SMAW) is an arc welding process that uses a consumable electrode
consisting of a filler metal rod coated with chemicals that provide flux and shielding. The process is
illustrated in the figure:
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Shielded metal arc welding operation.

The coated welding stick (SMAW is sometimes called stick welding) is typically 200 to 450 mm long and
1.5 to 9.5 mm in diameter. The heat of the welding process melts the coating to provide a protective
atmosphere and slag for the welding operation.
During operation the bare metal end of the welding stick is clamped in an electrode holder connected
to the power source. The holder has an insulated handle so that it can be held and manipulated by
a human welder. Currents typically used in SMAW range between 30 and 300 A at voltages from
I5 to 45 V depending on the metals being welded, electrode type and length and depth of weld
penetration required.
Shielded metal arc welding is usually performed manually. Common applications include construction,
pipelines, machinery structures, shipbuilding, fabrication job shops, and repair work. It is preferred over
oxyfuel welding for thicker sections above 5 mm because of its higher power density. The equipment is
portable and low cost, making SMAW highly versatile and probably the most widely used of the AW
welding processes. Base metals include steels, stainless steels, cast irons, and certain nonferrous alloys.
Submerged Arc Welding
Submerged arc welding (SAW) is an arc welding process that uses a continuous, consumable bare
wire electrode. The arc shielding is provided by a cover of granular flux. The electrode wire is fed
automatically from a coil into the arc. The flux is introduced into the joint slightly ahead of the weld arc
by gravity from a hopper, as shown in the figure.

Submerged arc welding operation.

The blanket of granular flux completely submerges the arc welding operation, preventing sparks, spatter,
and radiation that are so hazardous in other arc welding processes. The portion of the flux closest to the
arc is melted, mixing with the molten weld metal to remove impurities and then solidifying on top of
the weld joint to form a glasslike slag. The slag and infused flux granules on top provide good protection
from the atmosphere and good thermal insulation for the weld area. This results in relatively slow
cooling and a high-quality weld joint. The infused flux remaining after welding can be recovered and
reused. The solid slag covering the weld must be chipped away usually by manual means.
This process is widely used for automated welding of structural shapes, longitudinal and circumferential
seams for large-diameter pipes, tanks, and pressure vessels. Because of the gravity feed of the granular
flux, the parts must always be in a horizontal orientation.

156

Fusion Welding

Valery Marinov, Manufacturing Technology

Gas Metal Arc Welding
Gas Metal Arc Welding (GMAW) is an arc welding process in which the electrode is a consumable
bare metal wire and shielding is accomplished by flooding the arc with a gas. The bare wire is fed
continuously and automatically from a spool through the welding gun, as illustrated in the figure.

Gas metal arc welding operation.

Wire diameters ranging from 1 to 6 mm are used in GMAW, the size depending on the thickness of the
pats being joined. Gases used for shielding include inert gases such as argon and helium and active gases
such as carbon dioxide. Selection of gases depends mainly on the metal being welded.
Inert gases are used for welding aluminum alloys and stainless steel and in this case the process is often
referred to as MIG/MAG welding (for metal-inert gas/metal-argon welding).
In welding steel, carbon dioxide (CO2), which is less expensive than inert gases, is used. Hence, the
term CO2 welding is applied.

Arc welding with non-consumable electrodes
Several arc welding processes use non-consumable electrodes.
Gas Tungsten Arc Welding
Gas Tungsten Arc Welding (GTAW) is an arc welding process
that uses a non-consumable tungsten electrode and an inert
gas for arc shielding. Shielding gases typically used include
argon, helium or a mixture of these gases. The GTAW process
can be implemented with or without a filler metal. The figure
illustrates the latter case. When thin sheets are welded to close
tolerances, filler metal is usually not added. When a filler metal
is used, it is added to the weld pool from a separate rod or
wire. The term TIG welding (tungsten inert gas welding) is
often applied to this process.
Gas tunsten arc welding operation.

GTAW is applicable to nearly all metals in a wide range of stock thickness. It can also be used for
joining various combinations of dissimilar metals. Its most common applications are for aluminum
and stainless steel.
The process can be performed manually or by machine and automated methods for all joint types.
Advantages of GTAW in the applications to which it is suited include high-quality welds, no weld
spatter because no filler metal is transferred across the arc, and little or no post-weld cleaning because
no flux is used.
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Plasma Arc Welding
Plasma Arc Welding (PAW) is a special form of gas tungsten arc welding in which a plasma arc is
directed at the weld area. The tungsten electrode is contained in a specially designed nozzle that focuses
a high-velocity stream of inert gas (for example, argon or argon-hydrogen mixtures, and helium) into
the region of the arc to produce a high-velocity plasma jet of small diameter and very high-energy
density, as in the figure:

Gas metal arc welding operation.

Temperatures in plasma arc welding reach 30,000o C or greater, hot enough to melt any known metal.
Plasma Arc Welding is used as a substitute for GTAW in applications such as automobile subassemblies,
metal cabinets, door and window frames, and home appliances. The process can be used to weld almost
any metal, including tungsten.

Weld quality in arc welding
The rapid heating and cooling in localized regions of the work during fusion welding, especially arc
welding, result in thermal expansion and contraction, which cause transverse and longitudinal residual
stresses in the weldment. These stresses is likely to cause distortion of the welded assembly:

(Left) transverse and longitudinal residual stress pattern; and (Right) likely distortion in the
welded assembly.

The welding begins at one end and travels to the opposite end of the welded joint. As it proceeds, the
molten metal quickly solidifies behind the moving arc. The portions of the work immediately adjacent
to the weld bead become extremely hot and expand, while portions removed from the weld remain
relatively cool. This results in an additional shrinkage across the width of the weldment, as seen in the
figure. Residual stresses and shrinkage also occur along the length of the weld bead.
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Various techniques can be employed to minimize distortion in a weldment. Some of these techniques
include the following:
v
v
v
v

Welding fixtures that physically restrain movement of the parts during welding;
Tack welding at multiple points along the joint to create a rigid structure prior to
continuous welding;
Preheating the base parts, which reduces the level of thermal stresses experienced by
the parts;
Stress relief heat treatment of the welded assembly.

In addition to residual stresses and distortion in the final assembly, other defects can also occur in
welding,
v

Cracks:
Fracture-type interruptions either in the weld or in the base metal a
djacent to the weld. This type is perhaps the most serious welding defect because it
constitutes a discontinuity in the metal that causes significant reduction in the strength
of the weldment. Generally, this defect can and must be repaired.

v

Cavities:
These include various porosity and shrinkage voids. Porosity consists of
small voids in the weld metal formed by gases entrapped during solidification. Porosity
usually results from inclusion of atmospheric gases, or contaminants on the surfaces.
Shrinkage voids are cavities formed by shrinkage during solidification.

v

Solid inclusions: Solid inclusions are any nonmetallic solid material entrapped in the
weld metal. The most common form is slag inclusions generated during the various
welding processes that use flux.

v

Incomplete fusion: Fusion does not occur throughout the entire cross section of the joint.

Resistance welding
Resistance welding (RW) is a group of fusion welding processes that utilizes a combination of heat and
pressure to accomplish coalescence. The heat required is generated by electrical resistance to current
flow at the interface of two parts to be welded. The resistance welding processes of most commercial
importance are spot and seam welding.
Resistance Spot Welding
Resistance spot welding (RSW) is a resistance welding process in which fusion of the base metal is
achieved at one location by opposing electrodes. The cycle in a spot welding operation consists of the
steps depicted in the figure:

Steps in a spot welding cycle: (1) parts inserted between open electrodes, (2) electrodes close and force
is applied, (3) weld time (current is switched), (4) current is turned off but force is maintained, and (5)
electrodes are opened, and the welded assembly is removed.
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Resistance spot welding is widely used in mass production of automobiles, appliances, metal furniture,
and other products made of sheet metal of thickness 3 mm or less.
Because of its widespread industrial use, various machines and methods are available to perform spot
welding operations. The equipment includes rocker arm and press-type spot welding machines for
larger work.
For large, heavy work, portable spot welding guns are available in various sizes and configurations. They
are widely used in automobile final assembly plants to spot-weld the sheet-metal car bodies. Human
workers operate some of these guns, but industrial robots have become the preferred technology.
Resistance Seam Welding
In Resistance Seam Welding (RSEW), the electrodes are two rotating wheels as shown in the figure:

Gas metal arc welding operation.

In the process of welding, a series of overlapping spot welds is made along the lap joint. The process is
capable of producing airtight joints, and its industrial applications include the production of gasoline
tanks, automobile mufflers, and various others fabricated sheet-metal containers.
The spacing between the weld nuggets in resistance seam welding depends on the motion of the
electrode wheels relative to the application of the weld current. In the usual method of operation, called
continuous motion welding, the wheel is rotated continuously at a constant velocity, and current is turned
on at timing intervals consistent with the desired spacing between spot welds along the seam so that
overlapping weld spots are produced. But if the frequency of current switching is reduced sufficiently,
there will be spacing between the weld spots, and this method is termed roll spot welding. In another
variation, the welding current remains on at a constant level so that a truly continuous welding seam is
produced. These variations are depicted in the figure:

Different types of seam welding, (from left to right) conventional seam welding, roll spot
welding, continuous resistance seam welding.

Since the operation is usually carried out continuously, rather than discretely, the seams should be along
a straight or uniformly curved line. Sharp comers and similar discontinuities should be avoided.
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8.3 SOLID-STATE WELDING
The solid-state welding group includes the oldest joining process as well as some of the most modern

Forge Welding
Forge welding is a welding process in which the components to be joined are heated to hot working
temperatures and then forged together by hammer or other means.

Woodcut showing a large ship’s anchor being forged in 18th century France.
The arm and the shaft of the anchor are being forge-welded together in this view.

Considerable skill was required by the craftsmen who practiced it to achieve a good weld. The process
is of historic significance in the development of manufacturing technology; however, it is of minor
commercial importance today.

Cold Roll Welding
Cold roll welding is a solid-state welding process accomplished by applying high pressure by means of
rolls between clean contacting surfaces at room temperature:
Metals to be welded must be very ductile and free of work
hardening. Contact surfaces must be exceptionally clean. Metals
such as soft aluminum, copper, gold and silver can be readily
cold-welded.
For small parts, the forces may be applied by simple handoperated tools. For heavier work, powered presses are required to
exert the necessary force.

Cold welding (also cladding) process

Applications of cold welding include cladding stainless steel to
mild steel for corrosion resistance, making bimetallic strips for
measuring temperature, and producing sandwich strips for coins.
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Diffusion Welding
Diffusion Welding is a solid-state welding process that results from the application of heat and pressure,
usually in a controlled atmosphere, with sufficient time allowed for solid-state diffusion and coalescence
to occur. Temperatures are well below the melting points of the metals, and plastic deformation at the
surfaces is only minimal.
Applications of diffusion welding include the joining of high-strength and refractory metals in the
aerospace and nuclear industries. The process is used to join both similar and dissimilar metals, and
in the latter case a filler layer of a different metal is often sandwiched between the two base metals to
promote diffusion. A limitation of the process can be the time required for diffusion to occur between
the faying surfaces; this time can range from seconds to hours.

Explosion welding
Explosion Welding is a solid-state welding process in which rapid coalescence of two metallic surfaces is
caused by the energy of a detonated explosive. The process for welding one metal plate on another can
be described with reference to the figure:

Explosive welding showing the initial setup and the process of explosive welding with
the propagating shock wave.

In this setup, the two plates are in a parallel configuration, separated by a certain gap distance, with
the explosive charge above the upper plate, called the flyer plate. A buffer layer (for example, rubber or
plastic) is often used between the explosive and the flyer plate to protect its surface. The lower plate,
called the backer metal, rests on an anvil for support. When detonation is initiated, the explosive charge
propagates from one end of the flyer plate to the other. The resulting high-pressure zone propels the flyer
plate to collide with the backer metal progressively at high velocity, so it takes on an angular shape as the
explosion advances, as illustrated in the sketch.
Explosion welding is commonly used to bond two dissimilar metals, in particular to clad one metal
on top of a base metal over large areas. Applications include production of corrosion-resistant sheet
and plate stock for making processing equipment in the chemical and petroleum industries. The term
explosion cladding is used in this context. No filler metal is used in explosion welding, and no external
heat is applied.

Friction welding
Friction welding is a solid-state welding process in which coalescence is achieved by frictional heat
combined with pressure. The heat is generated by the friction between the two components surfaces,
usually by rotation of one part relative to the other. Then the parts are driven toward each other with
sufficient force to form a metallurgical bond. The sequence is portrayed in the figure for the typical
application of this operation, welding of two cylindrical parts.
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Friction welding: (a) no contact, (b) parts brought into contact to generate friction heat, (c) rotation stops and axial
pressure applied, (d) final product showing the flash.

The axial compression force upsets the parts, and the material displaced produces a flash. The flash
must be subsequently trimmed to provide a smooth surface in the weld region. No filler metal, flux,
or shielding gases are required.
Machines used for friction welding have the appearance of an engine lathe. They require a powered
spindle to turn one part at high speed and a means of applying an axial force between the rotating
part and the non-rotating part.
With its short cycle times, the process is suitable for mass production. It is applied in the welding
of various shafts and tubular parts of similar or dissimilar metals. One typical application of friction
welding is to coalesce medium-carbon steel shanks to carbide tips in producing twist drills.
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9.1 FUNDAMENTALS OF NUMERICAL CONTROL
Definitions
Numerical Control (NC) refers to the method of controlling the manufacturing operation by means
of directly inserted coded numerical instructions into the machine tool. It is important to realize that
NC is not a machining method, rather, it is a concept of machine control. Although the most popular
applications of NC are in machining, NC can be applied to many other operations, including welding,
sheet metalworking, riveting, etc.
Because of the introductory character of this chapter, we will restrict our discussion only to twodimensional machining operations (e.g. turning), which are among the most simple applications of
NC. Nevertheless, most of the principles and conclusions here are also valid for more advanced NC
applications.
The major advantages of NC over conventional methods of machine control are as follows:
v
v
v
v
v
v

higher precision:NC machine tool are capable of machining at very close tolerances, in
some operations as small as 0.005 mm;
machining of complex three-dimensional shapes: this is discussed in Section 6.2 in connection with the problem of milling of complex shapes;
better quality: NC systems are capable of maintaining constant working conditions for
all parts in a batch thus ensuring less spread of quality characteristics;
higher productivity:
NC machine tools reduce drastically the non machining time.
Adjusting the machine tool for a different product is as easy as changing the computer
program and tool turret with the new set of cutting tools required for the particular part.
multi-operational machining: some NC machine tools, for example machine centers,
are capable of accomplishing a very high number of machining operations thus reducing
significantly the number of machine tools in the workshops.
low operator qualification: the role of the operation of a NC machine is simply to upload
the workpiece and to download the finished part. In some cases, industrial robots are
employed for material handling, thus eliminating the human operator.
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Types of NC systems
Machine controls are divided into three groups,




traditional numerical control (NC);
computer numerical control (CNC);
distributed numerical control (DNC).

The original numerical control machines were referred to as NC machine tool. They have “hardwired”
control, whereby control is accomplished through the use of punched paper (or plastic) tapes or cards.
Tapes tend to wear, and become dirty, thus causing misreadings. Many other problems arise from the
use of NC tapes, for example the need to manual reload the NC tapes for each new part and the lack
of program editing abilities, which increases the lead time. The end of NC tapes was the result of two
competing developments, CNC and DNC.
CNC refers to a system that has a local computer to store all required numerical data. While CNC
was used to enhance tapes for a while, they eventually allowed the use of other storage media, magnetic
tapes and hard disks. The advantages of CNC systems include but are not limited to the possibility to
store and execute a number of large programs (especially if a three or more dimensional machining of
complex shapes is considered), to allow editing of programs, to execute cycles of machining commands,
etc.
The development of CNC over many years, along with the development of local area networking,
has evolved in the modern concept of DNC. Distributed numerical control is similar to CNC, except
a remote computer is used to control a number of machines. An off-site mainframe host computer
holds programs for all parts to be produced in the DNC facility. Programs are downloaded from the
mainframe computer, and then the local controller feeds instructions to the hardwired NC machine.
The recent developments use a central computer which communicates with local CNC computers (also
called Direct Numerical Control)

Controlled axes
NC system can be classified on the number of directions of motion they are capable to control
simultaneously on a machine tool. Each free body has six degree of freedom, three positive or negative
translations along x, y, and z-axis, and three rotations clockwise or counter clockwise about these axes.
Commercial NC system are capable of controlling simultaneously two, two and half, three, four and five
degrees of freedom, or axes. The NC systems which control three linear translations (3-axis systems), or
three linear translations and one rotation of the worktable (4-axis systems) are the most common.

Five-axis machining center.
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Identification of controlled axes for a lathe (a), vertical spindle milling machine (b),
and horizontal spindle milling machine (c).

Although the directions of axes for a particular machine tool are generally agreed as shown in the figure,
the coordinate system origin is individual for each part to be machined and has to be decided in the very
beginning of the process of CNC part programming (Section 9.2).

Point-to-point vs. continuous systems
The two major types of NC systems are (see the figure):



point-to-point (PTP) system, and
contouring system.

PTP is a NC system, which controls only the position of the components. In this system, the path of the
component motion relative to the workpiece is not controlled. The travelling between different positions
is performed at the traverse speed allowable for the machine tool and following the shortest way.
Contouring NC systems are capable of controlling not only the positions but also the component
motion, i.e., the travelling velocity and the programmed path between the desired positions:

Schematics of point-to-point (Left) and contouring (Right) NC systems.
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9.2 PART PROGRAMMING FOR NC SYSTEMS
NC program
A program fo NC consists of a sequence of directions that causes an NC machine to accomplish a
certain operation. The NC program describes the sequence of actions of the controlled NC machine.
These actions include but are not limited to
v
v
v
v
v

component movements, incl. direction, velocity and positioning;
tool selection, tool change, tool offsets, and tool corner wear compensation;
spindle rotation and spindle rotation speed, incl. possibility to change it to keep constant
cutting speed for different diameters in turning;
application of cutting fluids.

A part program is simply an NC program used to manufacture a part. Part programming for NC may
be performed manually (manual part programming) or by the aid of a computer (Computer-aided part
programming).
Many programming languages have been developed for part programming. The first that used Englishlike statements and one of the most popular languages is called APT (for Automatically Programmed
Tools). Many variations of APT have been developed, including ADAPT (ADaptation of APT), EXAPT
(a European flavor of APT), UNIAPT (APT controller for smaller computer systems), etc.
NC programming for complex parts are generated using advanced computer programs (CAD/CAM
programs), which create automatically the machine code (so called G-code) in a graphic environment.
Machine code is also largely used for manual part programming of simple shapes and is covered in
the present section.

Machine code
The structure of a NC program written in machine code is standardized and for a two-axis NC system
has the following format:

Structure of a NC program.

NC program block consists of a number of program words. The NC program is executed block by block:
each next block is entered in the system and executed only after entirely completing the current block.
Each program word is an ordered set of characteristics, letters and numbers, to specify a single action of
the machine tool. Program words fall into two categories,



modal, which are active in the block in which they are specified and remain active in the
subsequent blocks until another program word overrides them;
non-modal, which are only active in the block in which they are specified.
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Some of the most important program words are as follows
v

v

sequence numbers (N****)
Sequence numbers are a means of identifying program blocks. In some systems they
are not required although sequence numbers are needed in most canned cycles (covered
later in this section);
preparatory functions (also G-codes) (G**)
Preparatory functions are used to set up the mode in which the rest of the operation
is to be executed.
Some of examples of G-codes are given in the table:
G00
G01
G02
G03
G20
G21
G54
G80
G81-89
G90
G91

v

v

v
v
v

v

Positioning (not cutting)
Linear interpolation
Clockwise circular interpolation
Counterclockwise circular interpolation
Inch data input
Metric data input
Workpart coordinate preset
Canned cycle cancel
Canned cycles
Absolute programming
Incremental programming

dimension words (D****.***), where D stands for X, Z, U, or W
Dimension words specify the coordinate positions of the programmed path. X and
Z specify the absolute coordinates, and U and W specify the incremental coordinates
(absolute and incremental programming are explained later in this section);
arc center coordinates (D****.***), where D stands for I, or K
Arc center coordinates specify the incremental coordinate position of the arc center (I in
the direction of X-axis, and K in the direction of Z-axis), measured from the arc starting
point;
feed function (F**.**)
Specifies the velocity of feed motion;
spindle control function (S****)
Specifies spindle rotational speed in revolutions per minute, or cutting velocity in meter
per minute depending on the type of NC system and machine tool;
tool calls (F**.**)
The tool call word is used to access the required tool. It also gives the information for the
radial compensation of tool corner wear for each new run of the program (and each
new part);
miscellaneous functions (M**)
The M-function perform miscellaneous machine actions such as these listed in the
table:
M00
M02
M03
M04
M05
M06
M07
M25
M26

Program stop
Program end
Start spindle CW
Start spindle CCW
Stop spindle
Execute tool change
Turn coolant on
Open chuck
Close chuck
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Absolute vs. incremental programming
Absolute and incremental programming specify the coordinates of points with respect to the work
coordinate system (absolute coordinates), or from the point where the component is located (incremental
coordinates):

Absolute (X and Z) and incremental (U and W) coordinates of point B,
and sections of NC programs showing both types of programming.

Incremental positioning is also called a point-to-point positioning (do not mix with point-to-point NC
systems). Both types of programming can be used for the whole program or just for certain sections
of the program. Which kind of programming to apply generally depends on the type of dimensioning
used in the part drawing. The next figure illustrates some examples of different dimensioning styles
applied to one and the same part configuration, which suggest either absolute, or incremental, or mixed
programming:

The type of part dimensioning defines the type of programming used.

Program points
The NC system must know where the part is positioned in the work space. The procedure for defining
the work coordinate system (WPC) is called workpiece coordinate setting. Two important factors deal with
workpiece coordinate setting,



where the part datum (the origin of the WPC) is situated with respect to the workpiece;
where the part datum is situated with respect to the machine tool.
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The WPC origin may be located at any part of the workpiece, but to avoid dimensional recalculations
and respectively errors, the good programmers will chose the WPC origin at the point, from where
the part features are dimensioned:

Selection of WPC origin.

The methods for locating the positions of the WPC origin with respect to the machine tool varies for
each machine tool. Some systems use a zero-set button to set the WPC origin. On other types of NC
systems, the WPC is set with a G54 or a G92 code followed by X, and Z dimensions.
The G54 code tells the machine where the position of the WPC measured from the machine zero
point is. Machine zero point (machine datum) is a fixed point on the machine tool and cannot be
programmed or altered.

Example of how G54 is used to set the WPC. Note that in
turning X is given as a dimeter, not radius.

Another important point is the program start point (also tool home position). This point is selected by
the programmer at some distance from the workpiece, not too far to save some time when the tool
returns home, and not too close to allow for safe indexing of the tool turret when the cutting tool
is changed. The program, therefore the new part machining, starts and ends with the tool at home
position, but the tool needs also to be returned to home whenever a tool change take place during
the program execution.
Some NC system use a G28 command to return to home position; other systems return to home
authomatically when a tool change (M06) is commanded.
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The use of G-codes for rapid positioning of the tool (G00), linear
feed motion (G01) and rapid home return (G28).

Linear and circular interpolation
A G01 linear interpolation code moves the tool to a position with coordinates defined with program
words in a straight, including angular line at the specified with F-code feed rate. The command is modal
and is active until either a G00, or G02, or G03 overrides it.
NC system are capable of commanding a circular motion. Arc movement is known as circular interpolation and is carried out with a G02 (clockwise circular interpolation) or G03 (counter clockwise circular
interpolation) codes. The arc radius is specified either by the incremental dimensional words I and K,
which defines the position of arc centerpoint with respect to the arc start point, or directly by the radius
R-code. In both methods, the program block, which starts with a G02 or G03 codes must also include
the coordinates of the arc end point. If R-code is used, arcs less than 180o are given a positive radius and
arcs more than 180o are given a negative radius value:

Linear and circular interpolation.
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Cycles
The repetitive program (and machining) sequence is called a cycle. Cycles are classified into two principle
groups,



canned cycles (also fixed cycles), and
user-defined cycles (sub-routines).

Canned cycles are an inbuilt feature of the NC system. The usage of canned cycles makes easier programming for threading, drilling holes and other repetitive machining tasks. The next figure illustrates a
thread cutting canned cycle:

Example of threaded canned cycle.

User sub-routines are useful, when the necessary canned cycle is not available. The user sub-routine is
a NC program, which describes a sequence of operations, which is often repeated when machining
particular part. The sub-routine is called from the main NC program with a M98 command.
A special type of user-defined cycles are so-called macros, which are generic cycles with parametric
variables. The macro is called from the main program with a set of numerical values for these variables.
This allow to use one and the same macro to machine different in size, but similar in shape components.
Programming with macros is often referred to as a parametric programming.

