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Preface to the Third Edition

The main object in writing this book is to provide a concise treatment of
production engineering technology for Degree and Higher National
Diploma students.

Although the many aspects of the subject have been separately covered
in much greater detail in various books and papers, the authors believe
that this is the first time that an attempt has been made to contain the
necessary work at this level in one volume.

The third edition has enabled us to include new material and to bring
cutting tool nomenclature into line with BS 1296. The chapter ‘Polymer
Processing’ has been contributed by our colleague, Mr R. S. G. Elkin,
M.I.Mech.E.;, M.R.Ae.S.

We should like to thank those who, by their suggestions and advice, have
assisted in the preparation of the book, and also Miss Grace Vine, who typed
the manuscript.

J. D. Rabrorp
D. B. RicHARDSON



1 Introduction

The shaping of materials before they are incorporated into a product
usually occurs in a number of stages. Specific examples of the shaping
processes used to produce five different parts are illustrated in Fig. 1.1 (a)
and an outline of the main groups of shaping processes is shown in
Fig. 1.1 (). It will be seen that some parts which have been cast, sintered
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Fig. 1.1 (a) Typical shaping process



PRODUCTION ENGINEERING TECHNOLOGY

RAW

MATERIAL

rr

FACTORY |
lsrankive amp
FORMING

ASSEMBLY

PRIMARY FORMING
| [

!
CAS
!

OoF

PRODUCT

SINTERING

v—

[
T/ING

Fig. 1.1 (§) Main subdivisions in metal shaping

Information

Forming technigues

Moachining lvchniques:

DES/IGN

Casting technigques
Moulding techniques

Sintering techniguesy

Shape
material

to/erances

Finishing techniques

PRODUCT ! ON
| ENGINEERING

-

Process
Specified

available > SALES
Previous designs
~
R Y N\
CU"/,"I’.I/;"" Function | More )
gesig target cost { information, |
Material properties estimated sales | changes |
y

/
| Specia/

\materio/s
\

Y
[

New

‘technigques
new

Fig. 1.2 Stages in specification of process



INTRODUCTION 3

or moulded can be incorporated directly into assemblies without further
processes, although usually machining is required. Primary forming
operations produce a range of products such as forgings, bar, plate and
strip, which is either machined or further formed in the factory. Some
factory formed parts, however, still have to be machined before they are
assembled.

Within the broad groupings shown in Fig. 1.1 (b) lie a very large
number of different processes. Some have origins which can be traced
back to ancient times, while others are in a very early stage of develop-
ment. Some are basic techniques which demand considerable experience
and skill from those who perform them, while at the other end of the
scale there are highly sophisticated processes, often ~automatically
controlled.

The material specified for a part will of course influence the choice of
process. Most materials can be shaped by a range of processes, some by a
very limited range and others by a range wide enough to embrace most
of the known processes. In any particular instance however, there is an
optimum sequence of shaping processes. The main factors influencing this
choice are the desired shape and size, the dimensional tolerances, the
surface finish and the quantity required. The choice must not only be
made on the grounds of technical suitability: cost is an important and
frequently a paramount consideration. A diagram showing the interaction
of factors affecting the choice of process for factory made parts is shown
in Fig. 1.2.

Not only must the production engineer know a great deal about methods
of materials shaping, but this knowledge must be shared by the designer.
New shaping processes are being introduced and existing ones are being
developed at such a rapid rate that no book of this type can claim to be
completely up to date, nor can any engineer have knowledge in real
depth other than in selected fields. A qualitative and partly quantitative
account of as many shaping processes as possible has been included so that
students entering industry will be able to see current practice as an
integrated whole.



2 Manufacturing Properties of
Metals

2.1 METAL FORMING PROCESSES

Methods of plastic deformation are used extensively to force metal into
a required shape. The processes used are diverse in scale, varying from
forging and rolling of ingots weighing several tons to drawing of wire less
than o0-025 mm (o-0o1 in) in diameter. Most large-scale deformation
processes are performed hot, so that a minimum of force is needed and the
consequent recrystallization! refines the metallic structure. Cold working
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Fig. 2.1 Major metal forming processes: cold operations shown in double frame
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is used when smooth surface finish and high dimensional accuracy are
required. Although a growing number of components is manufactured
completely from a series of deformation processes, metal forming is
primarily used to produce such material as bar and sheet which is subse-
quently machined or pressed into its final shape. A chart showing the
major metal-forming processes can be seen in Fig. 2.1.

2.2 YIELDING

To achieve permanent deformation, metal must be stressed beyond its
elastic limit. A typical relationship between true stress and logarithmic
strain for steel is shown in Fig. 2.2 and the initial yield stress is shown by
point A,

Stress
o

Initial yield stress

Yield stress after
straining to €,

Fracture

o €, Log strain €

Fig. 2.2 Stress/strain curve for steel

Due to the considerable changes in shape occurring when metal is
formed the logarithmic, true or natural strain {d//l is preferred to the
conventional strain (I — lo)/lp. The relationship between conventional
and logarithmic strains is considered in Chapter 3.2.

The stress system in most metal forming operations is a complex one;
hence a knowledge of the stress at which the metal fails in simple tension
or compression is of little direct use. The analysis of three-dimensional
stresses involves the consideration of three direct stresses and six pairs of
shear stresses. In the simple treatment used in this book the stresses are
resolved whenever possible into a system containing only three principal
stresses. To determine the combination of direct stresses which produces
yielding some generally applicable criterion is needed. Two criteria of
yielding are commonly used, one proposed by Tresca and the other by
von Mises; both are discussed in the next chapter.

2.3 FRACTURE

When metals are deformed below their recrystallization temperature
they will work harden due to progressive deformation of the metallic
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structure making further deformation more difficult. This effect can be
observed from the inclination of the stress/strain curve shown in Fig. 2.2.
Apart from increasing the yield stress of a material, work hardening
reduces its ductility and makes fracture more likely.

Most deforming operations are compressive; this enables the metal to
withstand considerably larger strains before fracture than would be
possible with tensile deformation. In fact, brittle materials such as cast
iron, can be extruded like ductile ones if differential hydrostatic extrusion
is used (see Section 6.5.6).

2.4 EFFECT OF TEMPERATURE IN METAL WORKING

Most large-scale processes of ingot and billet reduction and forming are
performed at temperatures well above those at which recrystallization
occurs. Hot working greatly reduces the yield strength during deformation,
but to produce a satisfactory surface finish the product often has to be
finished either by descaling and cold working, or by machining. Due to
recrystallization, hot working is normally characterized by an absence of
strain hardening; however, since the rate of recrystallization is tempera-
ture dependent, the working temperature should be sufficiently above the
minimum necessary for recrystallization. The rate of straining is also
important, for if it is too fast there will be insufficient time for the annealing
effect of recrystallization; in fact, when hot worked metal is rapidly
strained and then quickly cooled, it will strain harden. On the other hand
if the rate of deformation is too slow there will be an undesirable weakening
caused by grain growth.

2.5 CONCEPT OF RIGID-PLASTIC MATERIAL

It is convenient in metal working to consider that the material behaves
in a rigid-plastic manner (Fig. 2.3). This concept neglects elastic strains
as they are very small compared with the total plastic strain which occurs

in metal working. The metal is there-

Stress fore considered rigid up to the stress
at which it yields; after yielding it
is assumed that no additional stress is
needed to increase strain, i.e. no work
hardening occurs. This assumption of
plastic behaviour is reasonable for hot
o Log strain € working processes and it is a fair
Fig. 2.3 Stress/strain relationship ~approximation for cold working when
for rigid-plastic material the material has already undergone




MANUFACTURING PROPERTIES OF METALS 7

considerable work hardening and the slope of the stress/strain curve has
flattened, (zone XY, Fig. 2.2).

2.6 EFFECT OF FRICTION BETWEEN WORK AND TOOL

In most cold working processes, the coefficient of friction between the
plastically deforming material and its constraints is low and Coulomb
friction applies. i.e. the frictional force is proportional to the normal force.
However, in hot working, the coefficient of friction is high and the yield
stress of the material is lower than that for cold working. In consequence
the shear flow stress is often reached at the surface of the material and a
thin layer of metal adheres to the container or tool. Under these conditions
the frictional force is independent of the normal force but depends on the
shear flow stress of the metal being formed (see Section 3.10.4).

2.7 EFFECT OF STRAIN RATE

The effect of rapid deformation on yield is as yet imperfectly understood.
Strain rate effects in manufacture are inseparable from those due to
temperature; in machining and high velocity forming processes 'there is
little heat transfer due to conduction, and the increase in yield stress due to
high strain rate is at least partly balanced by thermal softening.

With steel the net effect of strain rate and temperature appears to
produce a large increase in the initial yield stress, but at high strains the
dynamic increase in yield stress is much less. The resulting stress/strain
curve thus indicates a lower rate of strain hardening and approaches that of
a rigid plastic material.

Unfortunately, the strain rate and temperature dependence of metals
makes accurate quantification of cutting forces from material data
impossible.

2.8 HIGH VELOCITY DEFORMATION

Considerable development has occurred in high velocity processes for
forming and blanking. Deformation speeds are in the order of 6-300 ms™!
(201000 ftfs), compared with conventional speeds of up to 2 ms™1 (6 ft/s).
The main areas of development have been (a) billet forming, (b) blanking
and cropping and (c) sheet forming.

The yield stress of steel falls appreciably when preheated above 300°C,
thus permitting lower capacity, less expensive forming equipment to be
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used. However, at very high strain rates the preheat temperatures have to
be substantially increased to achieve a similar reduction in yield point.
Almost all of the work in high velocity forming reappears as heat in the
workpiece and the resultant temperature rise can cause deterioration in
metals with a narrow range of working temperatures, such as some of the
high strength alloys. Other changes in material properties when subject to
rapid deformation will be discussed when the processes are themselves
described in later chapters.

2.0 CALCULATION OF DEFORMING LOADS

In the design of machines and tools it is important that the forces
necessary to produce a given deformation are known. Most formulae used
are derived from a consideration of stresses, work done or metal flow.
Where these formulae do not agree with experimental results they often
provide a basis for more accurate semi-empirical expressions.

In the uniaxial tensile test, deformation can be assumed to be homo-
geneous until necking commences. In homogeneous deformation each
element keeps its geometrical form: plane sections remain plane and
rectangular elements remain rectangular. For homogeneous deformation
the applied load F is easily obtained from the expression F = 4. Y where
4 is the cross-sectional area and Y is the yield stress. The load required to
produce plastic flow will vary as deformation proceeds, as both 4 and ¥
will change in value. Apart from the work necessary to produce homo-
geneous deformation, work is also needed to overcome friction and per-
form redundant work. Friction occurs between the flowing metal and a
constraint: this constraint will be the die in wire drawing and extrusion,

the rolls in rolling, the dies in forging, or the cutting tool in machining.

[ —————————— - -.: |
P P
A/ — t——I A,
1
L _______ - .Jl i.
]
" I
b l, -
Fig. 2.4 Changes in direction of Fig. 2.5 Homogeneous deformation

metal flow in drawing (compressive)
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Redundant work is done whenever distortion departs from homogeneous
deformation. In practice these departures almost invariably do occur,
although their magnitude varies considerably. If wire drawing is con-
sidered (Fig. 2.4) it will be seen that, because of changes in direction of
flow, the metal shears twice, once at the entry to the die and then again
at the die exit. In this example the redundant work done on an element
of unit volume is the product of the shear strain and the shear flow stress
at the entry and exit of the die.

Summarizing, we may say that the work done in producing deformation
is the work necessary to produce homogeneous deformation, plus the work
done against friction, plus the redundant work.

2.10 WORK FORMULA METHOD

A specimen homogeneously deformed trom length /o to length [; is
shown in Fig. 2.5. At any point in the deformation, F = Y4, where Y is
the yield stress and A the cross-sectional area.

// lo
Work done = f 0Fdl = YAdl
51 1/

But volume V = Al
Work done/unit volume for homogeneous deformation
b dl
Y —
[} l

For a work hardening material, ¥ increases with. the amount of strain
undergone, but for a non work hardening material Y is constant and can
be taken outside the integral sign.

Hence work donefunit volume for homogeneous deformation

lo g A
= Yf dr_ YIn (l—") =Y (2;-1) since Ayly = Aolo  (2.1)
1

11 11 0

Assuming that deformation is produced by a force F acting on an area 4
moving through a distance [, then the deforming pressure p = F/A.
Work done = Fl = pAl,
and work done/unit volume = p.
Therefore the term p is numerically equal to the work done/unit volume.
Semi-empirical methods of finding deforming forces often employ the
work formula for homogeneous deformation with allowances for friction
and redundant work being made by constants and efficiency factors.
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2.11 STRESS EVALUATION METHOD

An alternative method of calculating deforming forces is to consider the
equilibrium of forces acting on a small element of the deforming metal.
By integrating the resulting expression between limits appropriate to the
extent of the deformation, the applied stress can be obtained. Friction can
be taken into account in this method but not redundant work.

2.12 METAL FLOW METHOD

The third and most comprehensive method of calculating deforming
forces is by considering the metal flow in the deformation zone. If there is
no metal flow in one of the three principal directions, i.e. plane strain
conditions apply, then the behaviour of the plastic metal can be indicated
by a slip-line field. Slip-line fields are patterns of orthogonal lines which
indicate the direction of maximum shear stress in the deforming metal.
Starting from a point at which the stress conditions are known, it is
possible by means of the slip-line field to find stresses elsewhere in the
plastic zone, and hence the deforming force. Although this method is a
tedious one and normally applies only to non work hardening materials
the results obtained agree fairly well with experiment. A simplification of
the slip-line approach, known as the upper bound method, uses a less
complex field and enables deforming forces to be estimated graphically.



3 Basic Plasticity

3.1 It is intended that this chapter should indicate how metal behaves
when plastically deformed and so provide a quantitative basis for dealing
with metal cutting and forming in the rest of the book. A rigorous mathe-
matical treatment would be inappropriate and space does not permit a
complete discussion of this interesting subject. Those seeking a more
comprehensive treatment are referred to the bibliography.

3.2 PLASTIC STRAINS

When working below the elastic limit the conventional strain is used,
where e = (I — lo)/lo, lo is the original length being considered, and [ is
the strained length. The much larger strains found in plastic deformation
can be more realistically expressed using the logarithmic strain ¢ = {d///.
The greater realism of the logarithmic strain may be appreciated if
consideration is given to specimens which are either stretched to double
their length or compressed to half their length. Although opposite in
direction these strains can be considered to be equivalent deforma-
tions. However, only the values of the logarithmic strain indicate this
to be so; in fact, to obtain the equivalent conventional compressive
strain to a 2/ extension, the specimen would have to be compressed to

zero thickness.

Deformation of specimen of length [ Conventional Logarithmic

strain e strain &
Extension to 2/ 1 0693
Compression to }/ —1 —o0-693
Compression to zero thickness —1 —o

II
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The relationship between the conventional and logarithmic strains can
be obtained by considering the definitions of each.

I—bh ! 1 : e+ 1
€ = —— = - — . -_——=—
lo lo lo
tdl (1)
= —=In{-
ol lo
Hence, ¢ =1n (e 4 1) (3.1)

Because it is frequently easier to measure conventional strain, the
logarithmic strain is often derived from it. Apart from being more realistic,
logarithmic strains can be added, an operation which is not possible with
conventional strains.

l [/ l
cos=¢con+ e12+ sz =In{=) +In(2) +1n(=
lo 4 lo
go3 = In ls
o3=In|p

It is normal in metalworking to ignore the comparatively small elastic
strains and to assume that the volume of the material remains unchanged
when subjected to plastic strain.

3.3 YIELDING

If the mechanism of metal forming and machining is to be understood,
it is necessary to try to predict the stresses and strains occurring at any
point in the material. Since both forming and machining produce plastic
flow of the material, the stress relationship causing flow is required.

Normally the stress system producing yielding is a complex three-
dimensional one containing direct and shear stresses. Consequently a
yielding criterion which is of general application and will hold irrespective
of the way in which the stresses act is needed. With such a criterion it is
possible to associate a complex stress system with an equivalent uniaxial
tensile or compressive stress. Two criteria which provide reasonable results
for ductile materials have been proposed, one by Tresca, the other by
von Mises. They are also sometimes attributed to Guest and Maxwell
respectively.

3.3.1 Tresca’s criterion of yielding. Tresca proposed that yielding
occurs at a point in a material when the maximum shear stress at that
point reaches a critical value measurable as the shear stress at which
yielding occurs in a uniaxial tensile test.
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The tensile stress ¥ (Fig. 3.1 (a)) is called the equivalent or effective
stress and is the value in simple tension which causes yielding. Considering
the three-dimensional case shown in Fig. 3.1 (b), the maximum shear stress
is caused by the difference between o, and o3, the largest and smallest
direct stresses acting on the principal planes. The effective stress is then
equal to o; — o3. It will be noted that, according to Tresca, the inter-
mediate principal stress oz does not affect the maximum shear stress.

g1 — 03

Y
Hence, 7 = — =
2 2

Y =01 — 03 (3.2)

As this criterion ignores the effect of the intermediate principal stress
there is some consequent loss of accuracy. However, it is mathematically

S Qu— o
T T max | . o o
Ll‘ l 2 i

y T( U/ , (72)
o I 1'% Gl o o, ‘ (o
i "(0/-03)
y 7(0,.07) A | %
Fig. 3.1 (a) Mohr stress circle Fig. 3.1 (b)) Mohr stress for 3-dimensional
for simple tension at yield tensile stress system at yield

simple and is frequently used in its original form or in a modified form as
discussed later.

3.3.2 Von Mises’ criterion of yielding. This criterion states that
when yielding occurs,

(01 — 02)2 4+ (02 — 03)2 + (03 — 01)2 = constant.

It can be shown that this is proportional to the shear stress on the
octahedral planes (Fig. 3.2), where

Toct = 3[(01 — 02)%2 + (02 — 03)2 + (03 — 01)2]!

A more useful interpretation for metal working calculations is that it is
proportional to the shear strain energy, where shear strain energy/unit
volume = 1/12G[(01 — 02)2 + (02 — 03)2 + (03 — 01)2]* and G is the
modulus of rigidity.
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Substituting for Y in the case of uniaxial tension, where
Y=01and0’2=0'3=0,
I

Y = e (o1 — 02)% + (02 — 03)% + (03 — 01)?])} (3-3)
Von Mises’ criterion, which takes account of all three principal stresses,
gives closer agreement with experimental results than that of Tresca.
Fig. 3.1 (b) shows that the terms (o1 — 03), (062 — 03) and (03 — 01) are
each equal to twice the maximum shear stresses in the three Mohr circles.

r
9,
2] 9 %
4
o
3
9
Fig. 3.2 Octahedral . .
plane shown shaded Fig. 3.3 Mohr stress circle for pure shear

From this it is possible to conclude that the mean or hydrostatic stress p
does not affect yielding behaviour. In other words, the essential point
governing yielding is stress difference and not the absolute value of the
stresses.

3.4 COMPARISON OF TRESCA AND VON MISES CRITERIA

3.4.1 Yielding in simple tension. It can be shown that ¥ = o1
irrespective of the criterion which is used. This is done by simply sub-
stituting zero for o3 and o3 in the equivalent stress formulae.

3.4.2 Yielding in pure shear. The Mohr stress circle for pure shear
is shown in Fig. 3.3. The shear stress at which the metal yields is known
as the shear flow stress and is denoted by k. In pure shear, 62 = o and
g1 = —03.

Using the Tresca criterion,

Y = 0y — 03 = 20,

and as 0 = £,

Y = 2k (3-4)
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Using the von Mises’ criterion,

1

=7

(60}t = v/(3)on
and as o1 =k,

Y = +/(3)k (3-5)

In pure shear it will be seen that the Tresca criterion predicts a higher
yield stress than that of von Mises by a factor of 2/4/3, i.e. 1559, greater.

3.5 EQUIVALENT STRAIN

Because of the large strains common in plastic deformation and the
non-linearity of the stress/strain curve, small strain increments (&) or
strain rates (£) are used in analysis rather than absolute strains. The
equivalent strain increment & can be defined in terms of the principal
strain increments for the two criteria of yielding. It can be shown that,
using Tresca’s criterion,

08 = (0e; — de3) (3.6)

and using von Mises’ criterion,

08 = +/[2/9][(0e1 — de2)? + (g2 — de3)? + (de3 — de1)?]t (3.7)

3.5.1 Equivalent strain in simple tension. If it is assumed that
there is no change in volume when metal is plastically deformed,

061 + 0eg 4+ deg =o0

and de1 = —(de2 + des),
but in simple tension

de2 = des

861 = —20e9 = —20¢3

If, in the Tresca and von Mises equations for equivalent strain incre-
ment, dgz and des are replaced by the appropriate value of d¢;, both
equations show that 6& = d¢;.

3.5.2 Equivalent strain in pure shear. In pure shear it will be seen
from Fig. 3.4 that e3 = —d¢; and ez = o, i.e. the Mohr strain circle is
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centred on zero. Substitution for dez and des in the equivalent strain
ncrement equations gives,

for Tresca 0 = 4 de1

. _ 2
for von Mises 6§ = — d¢€;

V3
Thus the equivalent stress and the equivalent strain increment obtained
using the Tresca equations are both greater than those obtained using

von Mises’ equations by a factor of 2/4/3 for
pure shear.

[+

4
2

3.6 WORK DONE IN PURE SHEAR

The work done in a small increment of plastic
flow can be expressed as

0w = 0161 + o20¢2 + 030e3 Fig. 3.4 Mohr strain
but in pure shear circle for pure shear
010€; = o3de3 and g20e2 = O
dw = 2010¢;
Also, in terms of equivalent values,
ow = Y&

Substituting the values of equivalent stress and strain obtained from the
Tresca equations,

dw = 201 X $de1 = §010¢e1

and from the von Mises’ equations,

2
ow = \/30‘1 X — 681 = 20’1681
&
Von Mises’ criterion accurately predicts the work done, whereas
Tresca’s values for both stress and strain are too great by a factor of 2/+/3
(15'5%) and in consequence the work done is over-estimated by a factor

of 4/3 (33°3%)-

3.6.1 Modified Tresca criterion. When convenience demands the
use of the Tresca equations it is usual to divide the resultant stresses and
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strains by a factor m, where 1 <{ m < 1-155. This makes the results obtained
from the Tresca equations closer to those obtained when using those of
von Mises.

3.7 PLANE STRAIN

Fortunately many processes of deformation, such as rolling, forging
between flat platens and orthogonal machining, involve negligible strain
in one direction, reducing them to two-dimensional problems. This
enables a simplified approach to be adopted and allows a field theory to

<7
k
i

5 0o b "Jac,

=
o

°Y
z

Hyd,“;,s'}g;;'* (6)MOHR STRAIN CIRCLE

stress FOR PLANE STRAIN
(0)MOHR STRESS CIRCLE
FOR PLANE STRAIN

Fig. 3.5

be developed which will account for variations in stress and strain through-
out the plastic zone in the metal. Before developing the theory, a number
of simplifying assumptions must be made. Elastic strains and work
hardening are ignored, i.e. the material is assumed to be rigid-plastic.
The material is also assumed to be homogeneous and isotropic, that is, the
properties are the same at all points and in all directions.

If the change in shape of an element subjected to plane strain conditions
is considered, then by definition of plane strain, there will be no strain in
the direction of one of the principal stresses. Assuming constant volume,
the change in dimensions in the other two principal stress directions will
be equal in magnitude but opposite in sign. That is, if de2 = 0o and
de1 + 0ez + dez = o, then de; = —bes.

The Mohr strain circle for plane strain (Fig. 3.5) is thus identical to
that for pure shear, both being centred on zero. It follows that plane strain
deformation is caused by pure shear stress, and metal flow will occur
when the maximum shear stress reaches a magnitude k, the shear flow
stress. In plane strain, however, a hydrostatic stress p exists, so the centre
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of the Mohr stress circle is displaced from the origin by an amount equal
to p. The hydrostatic stress is the mean of the principal stresses, i.e.
p = (01 + 02 + 03)/3. Physically, this means that the stress acting in
the direction of zero strain g3 and on the planes of maximum shear stress
is equal to p in each case.

3.8 SLIP-LINE FIELDS

The variations of stress and strain at points in the plastic zone of
material subjected to plane strain conditions can be found by the con-
struction of slip-line fields. The slip lines are lines of maximum shear stress
and, since one of these is always accompanied by
another at go° to it, the slip-line field forms a net-
work of straight or curved lines crossing each other
at right angles.

One set of slip lines is referred to as « lines and
those crossing them as § lines. If the tangent to an
o slip line at a point of intersection is considered
as an X axis and that to the § line a Y axis, then by . )
convention the direction of the algebraically greatest f’g' 3.6 Convention

.. . K . or representing slip
principal stress ¢, acting at the intersection should lines
pass through the first and third quadrants (Fig. 3.6).

The principal planes are of course at 45° to the planes of maximum shear,
and the direction of the principal stresses at the intersection will be 45°
to the tangents to the slip lines.

3.9 HENGKY’S EQUATIONS

Although with a rigid-plastic material the shear stress remains constant
along a slip line at its flow value £, the hydrostatic stress, and hence the
total traction at any point, can vary considerably. Hencky derived
equations for calculating the variation of hydrostatic stress at points along
a slip line.

Consider a small curvilinear element bounded by slip lines, as shown
in Fig. 3.7. The normal stresses, which are also hydrostatic, increase as
shown by amounts (9p/da)dx and (9p/9f)df. The two curved « lines
can be assumed, for a small element, to be concentric circular arcs of
radii 7, and (r, — 88). If the slip lines turn through an angle d¢

oo = 1,0



BASIC PLASTICITY 19

| £  _a
g e
[ da,
7
da a
¢
Fig. 3.7 Curvilinear element in slip-line field
Similarly, doy = (r, — 0p)0¢
Substituting for d¢,

day = 60((1 -—f—ﬂ)

Taking moments about the centre of curvature,

rakéoc _+__p <ra — éé) 6/3 = (ra bt dﬂ)kéa (I - 67@) + (P + 'éaé 61)

2 (3

Ignoring products of infinitesimals,
0 2k
P =0

da 1y
Substituting da/d¢ for r, and integrating,
p — 2ké = constant along an « line (3.8)
Using a similar approach for the g lines, we obtain the equation,
p + 2k¢ = constant along a f line (3.9)

Knowing the angle through which the slip lines have turned, the
change in p can be found. It should be noted that p is considered positive
in tension. In the more usual case of a compressive hydrostatic stress, p
will be a negative quantity. The slip-line rotation is considered positive
when the angle increases in an anti-clockwise direction.
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3.9.1 Modified Hencky equations. A modified set of equations was
derived by Christopherson, Oxley and Palmer! to allow for the effect of
work hardening as material passes through the slip-line field. These
equations can be derived by considering a diagram similar to Fig. 3.7,
but allowing for an increase in shear flow stress as well as hydrostatic
stress. The modified equations are

b — 2k + J-g-; da = constant along an « line (3.10)

b+ 2kd + fgl—c df = constant along a § line (3.11)
o

Although the modified equations allow a greater freedom in plotting a
slip-line field by permitting lines of the same family to curve in opposing
directions, so far their only application has been to the machining problem.

3.10 SLIP LINES AT METAL SURFACES

3.10.1 Free surfaces. In some forming operations and in machining
operations the plastic zone extends to a free surface. As there is no normal

T
>y tk
R Free syrfoce
,,7'09/ A A i
_/./_/’J, “. L" J ¢4
- \ /U’:o
-k

Fig. 3.8 Slip lines at free surface

force on the free surface, this surface is a principal plane, and slip lines
must meet it at 45° (Fig. 3.8). The o and f slip lines comply with the
convention already described.

3.10.2 Frictionless interface with tool or comstraint. If the
surface of the tool or constraint is well lubricated there can be no shearing
force at the tool surface, and hence this interface is one of the principal
planes. From Fig. 3.9 it is seen that k is not now equal to the hydrostatic
stress, as the principal stress g1 is no longer zero. The slip lines again
meet the interface at 45°.
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3.10.3 Coulomb friction at interface. In this instance it is assumed
that there is a normal stress ¢ exerted by the tool or container on the
work, and that the frictional stress at the interface is ug (Fig. 3.10). This
frictional stress is balanced by rotating the slip lines from their 45°
positions so that the resultant forces on the slip lines oppose the friction

b— p e

Fig. 3.10 Slip lines at tool surface with Coulomb friction

force. If the plane of the interface YY is inclined at an angle 6 to the f8
slip line, then the shear stress on this plane is found by setting off a radius
at angle 20 from the vertical in the Mohr stress circle.

Tyz = k cos 20
But for equilibrium,

ug = k cos 20

0 = % cos

aM
p (3.12)

3.10.4 Sticking friction at interface. During hot working, and in
some metal cutting and cold working processes, the friction between work
and tool is often so high that the metal sticks to the tool and yielding
occurs in the metal just below the interface. For the metal to yield, the
tangential stress at the interface must reach the shear flow stress k. The
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slip lines now rotate so that they are tangential and normal to the interface
(Fig. 3.11). In the general case,

Tyz = k cos 20
But for yielding
Tyx — k

cos 20 = 1 i.e. 8 = o° when sticking occurs.

k
/I\ T
~k
Fig. .11 Slip lines at tool surface with sticking friction

It is of interest to note that in metal forming operations with metals
observing the von Mises’ yield criteria, the value of p is limited to 0-577 in
the plastic zone. With a lubricant present it can be assumed that for almost
all metal working operations the tangential stress = at the interface is pro-
portional to the normal stress ¢. The value of 7, however, cannot exceed the
shear flow stress (k) of the work piece material itself. The normal stress
which causes plastic flow is Y, the unaxial yield stress.
Hence for full sticking friction

Pmax= kY
But Y = 4/3k von Mises (equation 3.5)

Fmax™ 1/4/3 = 0'577

3.10.5 Singular points. These are points at the surface of the de-
forming metal where the normal to the surface cannot be specified; they
occur, for example at the tip of an extrusion die such as point P in Fig.
g.12. Slip lines can emanate from singular points in any direction into
the metal, and these are frequently the centre of a fan of slip lines.

3.10.6 Plane of symmetry. Where a symmetrical operation such as
rolling or symmetrical strip extrusion is considered, the slip-line field
is identical on each side of the centre line.
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The reflexion of the slip lines at the plane of
symmetry and the fact that they cross each

other at go° means that they must meet a Eillet
lane of symmetry at 45° (Fig. 3.12). Centre Extruded
P Y y at 45° (Fig. 3.12) tine x__|, section
4507 N%50
3.11 VELOCITY DISCONTINUITIES Fig. 3.12 Fan of slip lines
. emanating from singular
Metal deformation occurs either as a pro- point

gressive flow or by block slippages which are

produced by velocity discontinuities. At these discontinuities shearing
occurs along the slip line, the metal on either side of the slip line having
a different velocity. In practice, such discontinuities are mechanically
impossible and they consist of very narrow bands of intense shear strain.
In some types of deformation the resultant block slippages can be clearly
observed, the metal either side of the velocity discontinuity moving as a
rigid body.

Unless the metal is to pile up or voids are to occur, the velocity of the
metal at any point normal to the slip line must be constant on both sides
of the line, so the change in velocity can only be along the slip line. Since
shearing does not cause any change of dimension, a velocity discontinuity
must be of constant value along a slip line. Where a slip line which is a
velocity discontinuity meets an axis of symmetry, the velocity discontinuity
will be reflected.

3.11.1 Metal flow inside a slip-line field. Consider two adjacent
points A and B along a curved slip line (Fig. 3.13 (a)). In order that there
shall be no change in length between A and B, this short length can be

- ,
(o) “ ()

A

Fig. 3.13 Variation of velocity along a slip line

considered as a rigid link. Then the velocity of B relative to A must be
at right angles to AB. Extending this approach to a large number of small
steps, it follows that the locus of the end points of the velocities between
A and C will be represented by the line in Fig. 3.13 (b) which is drawn
normal to AC in Fig. 3.13 (a).
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It is thus possible to construct a velocity diagram or hodograph for any
slip-line field, and from the hodograph it is possible to ascertain whether
the velocities implied are compatible with the boundary conditions.

3.12 CONSTRUCTION OF SLIP-LINE FIELDS

There is seldom a unique slip-line field solution to any problem, but it is
first necessary to propose a field which satisfies the stress conditions at the
boundaries. This is then checked by means of a hodograph to see if the
velocity conditions at the boundaries are also satisfied. The best field from
the boundary conditions can then be selected.

Frequently it is possible to specify some part of a slip-line field, such as
a fan of slip lines, and then it is necessary to extend the field so as to meet
a boundary. A useful device for doing this employs Hencky’s first theorem,
which states that any two slip lines of the same family will turn through
the same angle when measured from their intersections with two slip lines
of the other family.

This is simply proved by applying the Hencky equations to the four
points A, B, C and D in Fig. 3.14.

Along a lines ps — 2kdpa = pB — 2kdB
pc — 2kdc = pp — 2kép
Along B lines pc + 2kdc = pa + 2kda
o + 2kdp = pB + 2kéB

Substituting for pa,

Fig. 3.14 Rotation of
B+ 2k(¢a —éB) = pc + 2k(dc —pa) slip lines

Substituting for pp

pc + 2k(¢p —dc) = pB + 2k(¢B — ¢D)

Subtracting,
éar —¢B =dc —ép.

3.12.1 2:1 plane extrusion. Theslip-line field for a perfectly lubricated
2:1 extrusion of flat wide strip is shown in Fig. 3.15. The field consists of
two 9o° fans radiating from the mouth of the die; one half of the field only
has been shown as it is symmetrical about the horizontal centre line. The
triangular portion at the top right of the field is a dead metal zone of
stationary metal.
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Fig. 3.15 Slip-line field of 2:1 plane perfectly lubricated extrusion

Firstly it is necessary to decide which are the « and which are the g slip
lines. This is done by finding a field boundary where the magnitudes of the
principal stresses are known. In this instance we consider the principal
stresses acting at exitslip line OA. Line OA is at 45°, therefore one principal
stress is horizontal and the other vertical; it can be assumed that the
extrusion isstress free in the horizontal direction butin the vertical direction
there is a compressive stress. Hence o0}, the algebraically greatest principal
stress, acts horizontally and o3, the algebraically least principal stress, acts
vertically. Applying the convention for deciding which are « and 8 lines
to point C on OA we find that the circular slip line CD is an « line and the
radial slip line OA is a 8 line.

The appropriate Hencky equation can now be selected to find the
variation in hydrostatic stress along CD. The Mobhr stress circle for slip line
OCA is shown in Fig. 3.16 and it will be seen that the value of hydrostatic
stress at C (p c) is equal to —k. For an « slip line

p — 2k$ = constant
At C, putting¢ = O
pc= —k
As slip line OCA is a straight line, the hydrostatic stress at any point along
it is equal to —k.
The rotation of the slip line CD from C to D is #/2 clockwise, clockwise

rotation is by convention negative, hence the value of pp,can now be found.

pp— 2k[—mj2] = —k
pp= —k(1 +7) = —414k

I
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Fig. 3.16 Mohr stress circle for slip line OCA

4

Po

Fig. 3.17 Mobhr stress circle for slip line ODB

The Mohr stress circle for point D, and the whole of slip line ODB, is
shown in Fig. 3.17. Due to the go° rotation of the slip-line field o3 is now
acting horizontally at slip line ODB and o, is acting vertically. The Mohr
stress circle is now centred at 0 = —4-14 k and as its radius is £ the value of
o3is —514k.

The horizontal stress (—5-14 k) is transmitted to the end of the die,

through the dead metal zone, producing a force equal to 5-14 k£ x (pro-
jected area of die wall).
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Fig. 3.18 Free body diagram for 2:1 plane extrusion

The stress g exerted by the ram on the billet can be found by considering
the free body diagram in Fig. 3.18 and resolving forces horizontally.

g x 24 = 2(514 k x A/2)
g =257k

The hodograph for a 2:1 plane extrusion can be drawn as follows. All
metal to the left of AEFGB, Fig. 3.15, moves horizontally as a rigid body
with velocity u, the speed of the ram. It then crosses the velocity dis-
continuity associated with boundary slip line AEFGB. Consider a particle
of metal near the container wall and just below B. First it undergoes
sudden shearing in a direction tangential to the curved slip line, i.e. at 45°
to the horizontal. It is then constrained to move parallel to the dead metal
zone and its absolute velocity can be represented by vector XBg, Fig. 3.19

Ar

Fig. 3.19 Hodograph for 2:1 planc extrusion

(suffix B indicates metal just below point B). The velocity discontinuity
AEFGB is of constant magnitude u/4/2, however its dircction will depend
on the tangent to the discontinuity at the point of crossing. By considering
metal at the points just to the right of G, F and E and just above A the
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hodograph can be extended by adding poirits Gr, Fr, Er and As. The
hodograph is completed by considering metal emerging from the plastic
zone just above A and crossing the velocity discontinuity AO. This dis-
continuity is inclined at 45° to the horizontal and the velocity of the rigid
metal after leaving AO is horizontal. Point Ay on the hodograph can now
be found and XAg = 24, showing that the slip-line field chosen is com-
patible with a 2:1 extrusion ratio.

3.12.2 4:1 plane extrusion. The application of a slip-line field to lub-
ricated strip extrusion with square-ended dies giving an extrusion ratio of
4:1 will be considered. This is illustrated in Fig. 3.20. As O is a singular
point, it is permitted to draw a fan of slip lines centred on O. For clarity
the angle between the radial lines has been made 224°, although this leads
to considerable inaccuracy and a 5° fan would normally be used. At the
centre line, being an axis of symmetry, the slip lines will make angles of 45°.
To extend the fan, we can consider the point at which the continuation of
line OG meets the centre line at 45°. This line will have then turned through
223°, as will the slip line of the other family at this point. From Hencky’s

Fig. 3.20 First attempt at slip-line field for
4:1 extrusion ratio

first theorem, the other radial lines will have also turned through the
same angle at their point of intersection with the slip line of the other
family.

The point A is selected so that GG! = AG!, and the point B is similarly
selected so that AAl = AlB, and HH! = BHX. In this way the field can
be extended as far as the point E. In this case E does not exactly coincide
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with the container wall, so a slightly
45 N\E/45 © smaller fan angle should be chosen
until E does coincide. Since perfect
lubrication is assumed, the slip lines
meet the container at E at 45°. Having
satisfactorily plotted the points of inter-
section, smooth curves are then drawn
through the point to give the field
shown in Fig. 3.21 (a).
Tig. 3.21 (a) Slip-line field for 4:1 Considering the exit slip line OF,
extrusion ratio since the extruded strip is assumed to
be stress free, the horizontal stress on
this slip line is zero. Intuitively, we would expect the vertical stress on
this line to be compressive. The Mohr circle is shown in Fig. 3.21 () for
the line OF, where p = —k. By definition the circular slip line FK must
be an « line, since the zero horizontal stress is algebraically greater than
the compressive vertical stress.

C B N
R

Stress circle Stress circle Stress circle
along OK along O along OF

Fig. 3.21 (b) Mohr stress circles for radial lines around fan OFK

The Hencky cquation for an « line is p — 2k¢ == constant. In this case
the rotation ¢ of the slip line is clockwise (i.e. negative); p therefore
becomes more compressive by an amount 2k¢ as we move from F to K.
At any point between O and K the total stress T is equal in magnitude
to [(k + 2k¢)2 + k2%

Proceeding along the f line KE, ¢ increases (anticlockwise) by an
amount (m/4) — 0. Since p 4 2k¢ = constant along a f§ line, p decreases
in value (it becomes more compressive) as we approach E. From a know-
ledge of the angle turned through, the hydrostatic stress and hence the
total stress can be evaluated at each point. Since we are interested in the
horizontal force on the end of the die, it is necessary to find the horizontal
components of these stresses and integrate them along the total length of
the slip line (Fig. 3.22) as described by Alexander.?
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Fig. 3.22 Representation of stresses and forces acting on end of die

To find the total extrusion force it is necessary to double this value,
since the other side of the extrusion die must also be considered. Where
friction occurs between the surface of the metal and the container the
extrusion force will, of course, be increased by an amount equal to the
friction force.

The hodograph can be constructed as follows. All metal to the left of
line AE in Fig. 3.21 (a) moves as a rigid body at a constant speed u, the
speed of the ram. Shearing occurs along EO, leaving a stationary wedge
of ‘dead metal’ in the corner of the die. Immediately beneath the point E,
because of the constraint offered by the dead metal zone in the corner of
the die, the metal will flow in the direction of the boundary line. The
continuity requirement demands that the normal velocity either side of
the a boundary slip line is constant, at this point equal to u4/2 at 45° to
the horizontal. The velocity discontinuity is therefore also z4/2 and the
point Eg, (Fig. 3.23) can be found. The discontinuity is constant in
magnitude along the slip line, but it will turn through 9o°® between E and
A. Hence the velocities immediately to the right of D, C, B and above A
will be represented by the discontinuity vectors Dgr, Cr, Br and Aax.

Next the velocity of the metal at points along the « slip line joining F
and K will be considered. The velocity discontinuity along the slip line

ORIGIN u Ap ~

Fig. 3.23 Hodograph for 4 : 1 extrusion
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EKO is represented by the narrow fan OEg Ki of magnitude u/+/2,
OKj, representing the velocity of the metal just to the left of K. Velocities
of points J, I, H and G, along slip line EKO can be found because the
corresponding parts of the slip-line field and the hodograph are normal
to one another. A third velocity discontinuity, also of magnitude u/+/2
occurs along the slip line AGO. This discontinuity is represented on the
hodograph by the fan bounded by Ay — Ag and Gp — Ggr. It now re-
mains to locate the velocity of F, which is found by drawing the hodograph
from Ggr normal to GF in the slip-line field.

For the velocities to be compatible, it is necessary to show that OF is
in fact four times u, since for plane strain extrusion with a reduction ratio
of 4:1 it follows that from constant volume considerations the velocities
must also be in this. ratio.

3.13 UPPER BOUND SOLUTIONS

Slip-line field solutions are usually laborious to obtain, so simplified
approaches giving solutions which are greater than or equal to the actual
load (upper bound) or less or equal to the actual load (lower bound) have
been developed. The upper bound solution is of greater interest in metal
forming. This method is particularly useful in plane strain problems where
the solution can be obtained graphically. As might be expected with an
upper bound solution there is some overestimation of load compared with
the more exact slip-line field approach; this error need not, however, be
serious and an overestimate is anyway preferable to an underestimate.

3.13.1 Use of upper bound solution for plane strain condition.
Consider a piece of metal flowing plastically across a slip line of length
s which has a velocity discontinuity of u. Work done/unit time in shearing
along this slip line is the product of the force acting along the slip line
and the velocity discontinuity. The force to produce shearing assuming
unit depth, is the shear flow stress £ times the length of the slip line.

work done/unit time = dw/d¢ = kus along a velocity discontinuity.

When applying upper bound solutions to plane strain problems the
slip lines are approximated by straight lines. The plastic zone is divided
into triangular areas and the magnitudes of velocity discontinuities are
found by constructing a hodograph for the selected configuration. It is
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then possible to find the rate of working by summing the products of
u and s at each velocity discontinuity and multiplying the sum by £,

i.e. dw/dt = kZus (3.13)

3.13.2 Calculation of indentation force using upper bound
method. The indentation of a very thick block of metal by a smooth platen
under plane strain conditions will be considered. Before the straight line
velocity discontinuities are drawn, it is useful to look at the slip-line field
(Fig. 3.24 (a)). The approximate field used for the upper bound solution is
represented by six equilateral triangles shown in Fig. .24 (4). Due to
symmetry about the centre line, the right-hand half of the deformation
only need be examined.

-0
/ (A c_£
A
’ 60° 8 D
' ()

(@)

604
Unit
speed
Use  (c)
Fig. 3.24

The punch is assumed to move downwards with unit velocity. As the
metal below ABDE remains rigid, shearing must occur along AB, BC,
BD, CD and DE as the punch penetrates. The metal within triangle ABC
moves downward in a direction parallel to AB and the second constraint
applied by the base of the punch AC enables the first velocity triangle
to be completed. On reaching discontinuity BG the metal is sheared and
moves horizontally; shearing again occurs when CD is crossed. The
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direction of flow is now parallel to DE. Fig. 3.24 (¢) shows the hodograph
for the metal to the right of the centre line.

Applying the formula for rate of working, dw/dt = kXZus and assuming
a punch of unit thickness and punch pressure p,

p.a.1. =k(AB.uap + BC.upc + BD.ugp + CD. ucp
-+ DE.uDE)

The lengths of the velocity discontinuities s can be obtained from Fig.
3.24 () in terms of the half punch width g, and the sizes of the velocity
changes u from the hodograph in terms of the punch velocity. In this
example, all values of s are the same and equal to 4, and the values of u are

p.a=(10/+/3)a.k
Hence p = (10/4/3)k

It is of interest to note that the slip-line field solution provides an answer
119, smaller than that obtained by the upper bound method. A closer
approximation could be obtained by varying the proportions of the
triangles.

3.13.3 Upper bound solutions for plane extrusion problem.
Considering the plane extrusion preblem previously discussed, it is easily
shown that the extrusion pressure calculated from the slip-line field
solution is approximately 3-8 £ N m~2 (Ibf/in2) of ram area.

Two upper bound solutions, both giving kinematically admissible
velocity fields, are now discussed. Fig. 3.25 shows the simplest imaginable
solution where the velocity discontinuities form a triangle bounded by the
billet, the dead metal zone and the extruded section. The extrusion
pressure

= kZu.s

= kZ(AB .1Ve + AC . 3Ve + BC. Vs

= kZ(1-01 X 1-50) + (0-95 X 1-88) + (053 X 3-23)

= 50k

Fig. 3.26 shows a more complicated configuration involving two

triangles. In this case the extrusion pressure is found to be approximately
4'9k. Although the upper bound solutions do not give very good agree-
ment with the slip-line solution it would be possible to produce a configura-
tion which agreed more closely. Bearing in mind the work hardening
properties of metal, the upper bound solution may well be more accurate

in many cases than the slip-line solution which is based on a rigid-plastic
material concept.
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(9) VELOCITY DISCONTINUITIES

SR

(6) HODOGRAPH

Fig. 3.25 Upper bound solution for plane extrusion

4
v 45
Tig. 3.26 Upper bound solution for plane extrusion
For the same problem, a solution based on the work formula dw = Yé¢

gives an extrusion pressure of 2:4k. This ignores the redundant work
performed which, with a large reduction of this type, is considerable.
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3.14 RECENT DEVELOPMENTS IN METAL FORMING ANALYSIS

Most of the recent developments have hinged on the use of large
computers for performing arithmetic and algebraic operations. Provided
the general form of a slip-line field is known, it is possible to write a
computer program which calculates the co-ordinates of the slip-line
intersections using a step-by-step approach, and hence the nodal points
of the hodograph can be computed. A particular advantage of this method
is that it enables a range of slip-line fields to be plotted to depict changing
deformation patterns, such as occur when metal is being forged. Simi-
larly, variation in tool geometry or frictional conditions can be readily
accommodated.

Finite element methods. These methods, which are already well established
in the study of elasticity, are being extended into plasticity. It is claimed
that they can predict accurately stress, strain, strain rate and temperature
distributions during metal deformation, and that mechanical and
metallurgical properties such as hardness, ductility and grain homo-
geneity can be deduced. Their application, however, requires a level of
specialist knowledge which will probably limit their use in the foreseeable
future.

Visioplasticity. This is the name given to a number of non-predictive
techniques which rely on the analysis of displacements on a plane surface
after deformation has occurred, to plot slip-line fields and distributions
of strain, strain rate and stress. Visioplasticity has applications in both
plane strain and axi-symmetrical deformation. Before processing, the
workpiece is suitably prepared and an orthogonal grid orientated in the
direction of flow, or an orthogonal pattern of touching circles, is etched
or dyed on the surface, usually by photo-resist techniques. For most
applications, the workpiece is cut into two plane parts which are re-
assembled after one part has had the grid applied to its inner face. How-
ever, for some applications, such as metal cutting, the grid can be on the
outside of a large tube.

If a circular configuration is used, the circles deform after relatively
small deformation to ellipses. The major axes of these ellipses provide a
measure of the principal strains, while lines drawn at 45° to these axes
give the slip-line directions at the centre of the ellipse. If a square grid
approaches the deformation zone at a known velocity, the distance moved
between adjacent grid intersections, in the x and y directions, is a measure
of the respective velocity components u and v. When the deformation
process is suddenly stopped the resulting grid provides a map from which
the velocity field can be calculated.
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Fig. 3.27 Strain rate diagram for plane strain

For plane strain extrusion
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Let 6 be the inclination of the slip lines to the x and y axes at this point.

Then from Fig. 3.27
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If & is integrated along the streamlines it is then possible to construct a

™)

strain distribution.
By making suitable assumptions concerning the values of effective

stress it is possible, using an involved mathematical procedure, to evaluate



BASIC PLASTICITY 37

stress distributions. This approach can be adapted to axi-symmetrical
operations. Subsequent comparison of forces calculated from the proposed
stress distributions can be compared with values obtained from experiment
to give a measure of the confidence which can be ascribed to the analysis.



4 Hot Forging and Rolling

4.1 FORGING PROCESSES

Forging is made up of a diverse group of hot and cold shaping processes
and produces parts varying in weight from several tons to a few ounces.
In this chapter hot forging has been grouped with hot and cold rolling,
as both can be considered primary forming operations which are largely
confined to the forge or steelworks. Cold forging is normally a factory
forming operation and in consequence has been included with other
factory formirig processes in Chapter 6.

Hot forging can be split into three subdivisions: smith forging, closed
die forging, and upset forging. Smith forging is the traditional art which
uses simple tools, often for one-off or short batch work. The deforming
force is either a squeeze from a press or the blow of a machine hammer.
The second subdivision is closed die forgings, in which the part is produced
between an upper and lower die, each of which has been machined with a
half impression of the component shape. If the metal is deformed between
closed dies by a series of hammer blows rather than by a press, the process
is called drop forging. Thirdly, there is upset forging, in which the bar
stock is thickened by pressure from a die to form a larger diameter, or is
forced into another shape such as the hexagon head of a bolt.

Apart from shaping the metal, forging improves its structure and hence
its mechanical properties. When ingots are used in heavy forging the force
from the press penetrates to the centre of the material, breaking down and
making more uniform the as-cast structure. For smaller forgings, billets
and bars are used; these have been hot rolled and, duc to the segregation
of impurities, have acquired a fibre in the direction of rolling. This fibre
may be considered similar to the grain in wood and gives the metal
enhanced strength when stressed normal to the direction in which the
fibre is running. Forging distorts the previously unidirectional fibre in
such a way as to strengthen the component compared with a similar part
manufactured by machining from the bar (Fig. 4.1).

38
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4.2 SMITH FORGING

Smith forging is one of the oldest metal working arts. Although hand
forging has been almost entirely replaced by machine forging, skill is still
needed to decide when the work should be turned or when reheating is
necessary. The metal is shaped by comparatively simple tools and larger
forgings are handled mechanically by an overhead crane. The tools, which

Forged Machined

Fig. 4.1 Effect of forging on fibre structure

are often a pair of flat dies, are mounted either in a mechanical or hy-
draulic press or in a steam or mechanical hammer. Presses rather than
hammers are used for heavy forgings as they provide deeper penetration
into the metallic structure of the ingot.

Large forgings are produced for the heavy engineering and ship-
building industry. For instance, flanged shafts for ships’ propellors are
made by forging first the flanges and then the shaft (Fig. 4.2 (a)). Open-
ended cylinders, such as those used for pressure vessels, are also forged.
Initially the cooled ingot is trepanned to remove a central core; after
machining it is reheated, when the diameter can be increased and the
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Fig. 4.2(a) Forging ship’s propeller shaft
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walls thinned by becking, as shown in Fig. 4.2 (). After final shaping,
forgings are heat treated to stress relieve them and to improve their
mechanical properties.

In recent years automatic and semi-automatic, open-die, press forging
machines have been introduced; the work is held in rail-mounted manipu-
lators which feed it forward to match the high operating speeds of the
forging press. An interesting new development is the swing forging machine
Fig. 4.2 (¢), which combines squeezing
with axial feeding of the work. It can be ., ‘
used as an adjunct to bar and rod mills e
with two pairs of forging tools mounted )

. Supporting
at right angles to each other. shaft

4.2.1 Hot bar forging. The object
of this operation, shown diagram-
matically in Fig. 4.3, is to reduce  Fig. 4.2(b) Becking a cylinder
an ingot into a bar by squeezing it
between two flat dies. If a bar of square cross section is required, the work
should be turned 9o° between passes. Bar forging, although a slower
operation than rolling, is used when good penetration to the centre of the
metal is required. For equivalent penetration by rolling, a massive and
uneconomic rolling mill would be needed.

(E’\ ( ©

Work

]
Movement

Fig. 4.2(c) Swing forging

Although the initial forging temperature of steel is around 1300°C the
metal cools during shaping and must be returned to the furnace for
reheating when its temperature has fallen to 750°C.
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4.2.2 Product faults in bar forging. The size reduction obtainable
at each pass is limited by the risk of forming laps, which introduce scale
into the forging and produce serious weakness in the finished product
(Fig. 4.4).

It is recommended that the squeeze ratio fp/¢; should not exceed 1-3 if
laps are to be avoided; larger reductions are, however, possible if the
edges of the dies are chamfered as shown in Fig. 4.3. If the material which

N ;
Y— i
i Z

e —
Direction
of pass
Fig. 4.3 Bar forging
Lop

Fig. 4.4 Formation of laps

is being forged is too thick relative to the platen breadth b, deformation
will not penetrate sufficiently to improve the properties of the metal near
the centre of the forging. To obtain satisfactory working at the centre, the
unforged thickness £y should not exceed three times the platen breadth .
A fault liable to occur in forging presses with poor guide alignment is
rhombic distortion (Fig. 4.5). If the ratio ty/wq
is kept below 15 this fault is unlikely to occur.

4.2.3 Analysis of stress in bar forging.
It is assumed that, owing to the metal on each
side of the plastic zone remaining elastic, there
is negligible side spread under the platens
and plane strain conditions apply. It is also
Fig. 4.5 Rhombsic assumed that no redundant work occurs,

distortion i.e. plane sections remain plane. Due to the
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impossibility of lubricating dies at forging temperatures, sticking friction
occurs between work and platen, and the shear stress in the metal at the
tool/metal interface reaches its shear flow stress k.

Considering the equilibrium of the small element of material being
forged (Fig. 4.6 (a)),

tqw = t(q + dq)w + 2k dx w
O =1tdg + 2kdx

As p and ¢ are principal stresses causing yielding (this assumption being
reasonably true in the body of the material).

2k=p—g¢

Differentiating O = dp — dg, the term 2k can be assumed constant in
hot forging as there is no work hardening.

(g) STRESSES

|

b X
peae(r b )
s
—2
(b) STRESS D/STR/BUT/ION

Fig. 4.6 Bar forging
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It is now possible to substitute dp for dg and integrate the resulting
expression dp/dx = —(2k/t) to find the distribution of pressure under the

platen.
O

p— —(ff)[xuc

To find C, the boundary conditions at x = b2 are considered; here

p=2kasqg=o.
t J\2
C=2k(1 +£)
2f

b x
Hence p = 2k<l + py ——)

It will be seen from the above expression that the pressure distribution
under the platen rises linearly from 2k at x = b/2 to a maximum of
2k[1 + (b/2t)] at x = o as shown in Fig. 4.6 (b). The triangular roof to
the stress distribution is known as a friction hill and this type of stress
distribution is common to forging and rolling operations. In this instance
the average pressure under the platens p = 2k[1 4 (b/4¢)]. The forging
force is therefore

bwak (1 + 4—2) (4-1)

Readers seeking further information on large-scale hot forging are
recommended to read an analysis of this process by Wistreich and
Shutt.3

4.3 CLOSED DIE FORGING

By the use of closed dies, greater accuracy can be achieved and the rate
of production increased beyond that obtainable with the open dies used
in smith forging. A piece of heated metal is placed on the lower die block
and then forced into the shape made by the upper and lower dies by
blows from a machine hammer or by pressure from a mechanical or
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hydraulic press (Fig. 4.7). The amount of metal used is slightly in excess
of that required by the component, the excess appearing as a flashing
around the part. Usually a forging is brought to its final shape by taking
it through a series of impressions, often within a single pair of die blocks.

Drop hammers are widely used for drop forging and are mechanical
versions of the hammer and anvil of the blacksmith. The forging blow
is obtained by the action of gravity on a heavy weight called a tup. The
tup, to which the upper die is attached, is lifted to an appropriate height
and then released (Fig. 4.8).

Upper die

Lower die

\ Flash /lend \-Forging

Flash guttes -

Fig. 4.7 Closed die forging

Fig. 4.8 Drop hammer

Drop hammers are relatively inexpensive and versatile machines but
when large quantities of forgings are required press forging is preferable.
Presses provide a faster rate of production as the die is filled in a single
stroke. They can be readily automated and enable smaller draft angles to
be used on the component due to mechanical ejection. In addition working
conditions are improved as noise and vibration are reduced. Forgings can
be pressed with cored holes in both vertical and horizontal axes.

High-velocity (high energy rate) machines can also be used for closed
die forging. These machines are operated by compressed gases which
complete the forging operation in a few milliseconds. The equipment is
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more compact and the cost of unit quantity of energy is less than with
conventional forging equipment. A particular advantage is that the
process is suitable for automation, provided the forging operation can be
completed in a single blow. In addition, high energy processes can producc
close tolerance forgings and thin webs. A major difficulty is short die life,
which can result in high tool costs and poor machine utilization; it is
however possible that, with improved die materials and lubricants, this
disadvantage may be overcome. The operating principle of a high velocity
forming machine is shown in Fig. 4.9: the piston is accelerated downwards
when the high pressure acting on the top of the piston overbalances the
low pressure acting on the underside.

High pressure
‘ (to operate)

|- Seo/

AN
NN SN

f Low pressure
(to raise)

Fig. 4.9 High velocity forging machine (operating principle)

4.4 WOBBLE FORGING

This type of forging, which is also known as rotary forging, is illus-
trated in Fig. 4.10. The upper die rotates about an inclined axis, which
itself rotates, while the die moves upwards. As a small proportion of the
part only is being deformed at any particular time, the forces are reduced
to between 5%, to 109, of those required for the closed die forging of a
similar part. The process was heralded in a patent filed in 1929 by H. F.
Massey, but only recently has rotary forging equipment become com-
mercially available.
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Plan view of
partly finished
forging showing
plastic zone

Fig. 4.10 Wobble forging

The following advantages are claimed over closed die forging:

(a) Lower capital costs resulting from the smaller forming forces.

() The possibility of scale-free forgings, as preheat temperatures need
not be as high as for conventional forging processes.

(c) Very thin flanges may be forged.

(d) Closer thickness tolerances can be achieved.

Unlike closed die forging the products must be circular in form.

4.5 UPSET FORGING

This process, sometimes called machine forging, uses bar stock which is
heated at the end to be forged. The bar is gripped in the fixed half of the
die so that the requisite length projects. The forging blow is delivered by
a moving die; simple shapes are produced in a single stage but more
complicated shapes require several stages. An example of a simple upset
forging operation and a part produced by multi-stage upset forging are
shown in Fig. 4. 11.
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4.6 HOT ROLLING

Rolling is one of the most important metal working processes and can
be performed on either hot or cold metal. Material is passed between the
cast or forged steel rolls of a rolling mill which compress it and move it
forward. Rolling is a more economical method of deformation than
forging if metal is required in long lengths of uniform cross section.

Fixed drie f

Headed bor
(0) SINGLE BLOW FORGING (b6) PART PRODUCED by
OPERAT/ION MULTI-STAGE FORGING

Fig. 4.11 Upset forging

4.6.1 Slabs and blooms. The ingot is first rolled into either slabs or
blooms, which have no end use but are an intermediate stage in the
rolling process. Slabs are rectangular and blooms square in cross section

®6e 0 ®

ﬂﬂﬁﬁﬁﬂvﬂ N——)

U

VUV N~— | ~ Adjustable
height to

dedndn —— N suit pass

U~ ~—\

Fig. 4.12 Cogging mill rolls (the pass sequence is numbered)
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and are produced by slabbing and cogging mills respectively. These large
rolling machines have two rolls; slabbing mills have plain cylindrical
rolls but those of cogging mills are more elaborate; the form of these is
shown in Fig. 4.12. The direction of roll rotation is reversible, so that after
the metal has been passed through the mill the rolls are reversed and the
metal is passed back with the roll gap reduced. This passing backward
and forward between the rolls continues until the desired change in shape
has been achieved. If blooms are required, the work is turned mechanic-
ally by manipulators to maintain a square cross section.

4.6.2 Plates, strips and sections. Final products from hot rolling
include plates, as used in shipbuilding, and a wide variety of bars and
sections such as rolled steel joists. Plate and strip are normally rolled
between two plain cylindrical rolls, but
occasionally the rolls are arranged as
a four-high mill (Fig. 4.13). This
arrangement minimizes the tendency
of the rolls to bow and produce stock
which is thicker at the centre. The
rolling of special section cannot be
dealt with analytically and the design
of the rolls is essentially empirical. It
will be seen from Fig. 4.14 that the
rolls are designed so that the cross
section is brought, pass by pass, to its ‘
final shape. Fig. 4.13 Four high roll

When large quantities of similar arrangement
sized strip and rod are required,
several mills are often arranged for continuous rolling. Here the metal is
passed from one mill to the next, until it emerges at the correct size. The
speed of each rolling mill must be carefully adjusted so that the length of
material between mills is kept constant.

Adjusteble
centre herght

Upper roll

!’}'020101"@!

First poss An intermediate poss Final pass

Fig. 4.14 Rolling of channel section from square section bar
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4.6.3 Planetary rolling mills. Small diameter rolls are more effective
than large ones in conveying rolling force to the deforming metal. This
is due to the reduced area of contact which produces higher rolling
pressures. Use is made of this principle in planetary mills, the roll arrange-
ment being shown in Fig. 4.15. Serrated feed rolls force the strip forward
to the planetary rolls, which consist of two heavy backing rolls surrounded
by small diameter rolls mounted in cages. The two upper and lower cages
are geared together so that corresponding small upper and lower rolls
are brought into contact with the metal in synchronism. Each pair of
rolls bites into the red hot metal along the arcs of contact and successively
extends the strip. Maximum thick-
ness reductions of 25:1 are possible
with planetary mills compared with
2:1 ratios for conventional rolling.
Planetary rolling mills have been used
in conjunction with continuous casting,
where their large reduction ratio en-
ables one mill to produce continuous
lengths of hot rolled strip.

Fig. 4.15 Planetary rolling mill 4.6.4 Calculation of hot rolling
forces. Approximate theories are avail-
able for calculating forces in rolling. Assuming that there is no elastic
deformation of the rolls, the process can be represented schematically as
in Fig. 4.16 (a).
Considering the forces acting on an elemental slice of material (Fig.
4-16 (b)),

(p + dp)h + 2kRd¢ cos ¢ = ph + 25sRd¢ sing
d(ph) = 25Rd¢ sind — 2kRd¢ cos ¢ (4-2)

The surface velocity of the rolls will vary between the velocity of the
material at entry ¥, and its velocity at exit V3. At some point along the
deformation zone the velocity of the material will equal that of the rolls:
this is called the neutral point. On the entry side of the neutral point the
frictional force of the rolls on the material acts in the same direction as the
material movement, but reverses on the exit side of the neutral point
(Fig. 4.17). As with hot forging, the friction stress is £ because the shear
flow stress of the material is reached at the roll/work interface. To account
for the change in direction of the frictional force, equation (4.2) for d(ph)
becomes
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d(ph) = 2R(ssin¢ 4 k cos¢p)d¢é

d(ph)

——— = 2R(ssin¢ 4 k cos ) +

d¢

+ exit side
— entry side

exit side
entry side

(4.3)

To obtain an expression for the deforming force it is necessary that the
above expression be integrated between the limits of ¢, and o. A solution
cannot be obtained analytically and a step-by-step method of integration

R
/

= rodius of rolls

= ongle measured from /ine
Joinng roll! centres

= entry speed
= exit speed
A, = thickness at entry
h2= thickness at exit
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(@) MODEL OF PROCESS

) SRd P
— . kR dP
l s roll pressure
P horizontal pressure
| e G4 k shear flow stress
A - - of materia/
ptdp P
|
|
r;, kRd &
¢ /\'sR Jdé

(L) STRESSES ON ELEMENTAL SL/CE

Fig. 4.16 Hot rolling
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Frictional forces
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;/onc of exit
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Fig. 4.17 Frictional forces of roll on material

has to be used. Some simplification can, however, be obtained by con-
sidering that the metal is deformed between flat platens (Fig. 4.18 (a)).

The angle ¢ now becomes zero and the thickness % is constant at he. The
elemental slice Rd¢ is replaced by dx and hence d¢ = (dx/R).

d:\'._ X J

(@) SIMPLIFIED MODEL
(2 k) g
‘ 'R Lt
X ‘-—-‘
Entry plone Exit plane
(b) STRESS DISTRIBUTION

1
H
f
08
t

Fig. 4.18 Hot rolling
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Equation (4.3) now simplifies to

d it sid
Rhs dp — 2R(+K) - exit si 'e
dx — entry side
dp " 2k\ - exit side
dx hy )] — entry side
Assuming that yielding is in plane strain
s —p =2k

Differentiating and assuming £ is constant
ds —dp=o0
ds =dp
Substituting for dp

ds _ <2k) 4 exit side

dx hy) — entry side

2k + exit side

s=+ ha g entry side
2k —+ exit side
s=+ Iz_ [x] .. +C
2 — entry side

The constant C is evaluated by considering the exit plane and assuming
that s equals sp at x = 0

C=fg
k
J=i—2(x)+f3

As there is no horizontal force p at the exit plane, the yield criterion in
plane strain, s — p = 2k, becomes s = 2k. Orowan and Pascoe? found
a better value for 53 to be 08 (2k). Hence

5= -Qh—k; (x) + 0-8 (2k)

§ =2k (}—j— + o-8) (4-4)

2
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The gradient of the pressure distribution is given by

ds 2k

dx ke
It was also found that there was little loss of accuracy if the neutral point
was assumed to be half-way along the arc of contact.

Using this assumption, the distribution of pressure under the rolls is
shown in Fig. 4.18 (). With the neutral point at L/2,

L
H = —tan o.
2
h ¢ ds 2k
n = —=
where an o &
Lk
Hence H=—
hg

Roll force = average radial stress X area of contact under roll
H
F = [0-8(2,1:) + ;:I Lb

F=1Lb [o-8(2k) + {ik-]

2/12

L
F = 2kLb| 08 4+ — (4.
[ + 2hn, (4.5)

It will be seen from Fig. 4.19 that A, = h, + 2R(1 — cos ¢,).

T
¢l
R L R cos ¢’

2
f - R-Rcos ¢,
h F ( —-Lz
;_ — T .

L

Fig. 4.19 Arc of contact in rolling
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As 1 — cos ¢ == ¢12/2 for the small values of ¢; found in rolling,

hy = ha + Rdy?

#= ()

Arc of contact = R =L

L—R \/("1 ;"2) — VIR(b — k)]

hy — hs is often referred to as the draft

Substituting & for Ay — Ag
L = +/(R9) (4.6)

The torque per roll can be found by assuming that the roll force acts
half-way along the arc of contact (Fig. 4.19).

L
i.e. T=FX2*

4.6.5 Narrow stock rolling. The analytical work so far on hot
rolling is only relevant to wide strip, where it is assumed that there
is no side spread and plane strain conditions apply. Orowan and
Pascoe have suggested that the stress
distribution when rolling narrow
strip is as shown in Fig. g.20. It
will be seen that there is now a
transverse friction hill caused by
the side spread of the material under
the rolls.

4.7 COLD ROLLING

Fig. 4.20 Stress distribution in
narrow strip rolling

4.7.1 Cold rolling process. A
large proportion of hot rolled steel
is subsequently cold rolled into strip or sheet from which a multitude of
pressed parts is manufactured. The hot rolled steel is first pickled to
remove the scale from its surface; this is done by immersing in dilute
sulphuric acid. After washing and drying it is rolled between ground rolls
which give accurate control over thickness and impart a smooth surface
finish to the metal. Two- and four-high roll arrangements, as used with
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hot rolling, can be employed. Two designs which make use of small
diameter rolls are the Sendzimir mill, with its elaborate system of backing
rolls (Fig. 4.21), and the recently introduced Sax! pendulum mill (Fig.
4.22). The pendulum mill is similar in principle to the planetary mill
already described, but instead of a succession of peripheral rolls, a small
freely rotating roll is mounted at the end of an arm which is forced to
reciprocate at high speed over the deforming metal in the manner of a
pendulum. In a particular operation the roll surface speed may be
2 m sl (400 ft/min) with an ingoing strip speed of o-o1 m s1 (2 ft/min)
and an outgoing speed of o-1 m s~ (20 ft/min).5 Because of the very large
reduction in thickness achieved by pendulum mills the temperature rise
is significantly greater than that of conventional rolling and the tendency
of the material to work harden is reduced.

!/ Work roll
2 First intermediate rolls
3 Second intermediate ro/ls

3o " " "
(driven)

<4 Final back up rolls

Fig. 4.21 Roll arrangement in Sendzimir mill

The ductility of work hardened material can be increased by annealing.
Heating and cooling of the coils is carried out in a controlled atmosphere
in order to protect the material from surface oxidization.
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Over. ' Feed
run Pen du/um rolls
rolls
Ef Y —
+ - —'
I 7)

/

Fig. 4.22 Pendulum rolling mill

4.7.2 Calculation of cold rolling forces. A model similar to that
used for hot rolling (Fig. 4.16 (a)) can be used for cold rolling. There are,
however, some differences: the frictional force is us not £, and the rolls
are deformed in the contact zone from R to a larger radius R’. The yield
stress of the metal is of course much higher than with hot rolling and work
hardening occurs during deformation.

Equation (4.3) for horizontal equilibrium of the metal between the rolls
now becomes

+ exit side

d L
— (ph) = 2R's(sing £ pcos¢) entry side

dé

The cold rolling theory of Bland and Ford® makes the additional
assumptions that the roll pressure s acts vertically and sin¢ = ¢. These
simplifying assumptions are reasonable for the small arcs of contact
normal in cold rolling. Due to work hardening, the yield stress of the
metal increases as it passes through the rolls, and when applying the yield
criterion in plane strain, s — p = 2k, k must be treated as a variable.
Hence
+ exit side

d
— 2k)h = 2R
(s — 2k)h = 2R's(¢ + u )—entryside

dé

d <i — x) 2kh = 2R's(¢ + u)

§ '
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For most rolling conditions p is small compared with s, so that s == 2k.
Hence the first term in the above equation can be neglected, leaving

d(s/2k)

2kh = 2R's(¢ + p)

d(s/2k)[d$ _ 2R'($ £ p)

s/2k h

As h = hy 4 2R'(1 — cos¢) and 1 — cos ¢ =¢2/2 when ¢ is small,

= hs + R'¢?
d(s/2k)d$ _ 2R'($ + p)
s|l2k  hy + R'$?
d(sf2k)[dé 2¢ n 24

sj2k (he[R') + 2 T (hoR) + ¢2

Integrating both sides of the equation

s _ hg I _ ¢
In (-2-75) =In (1? + ¢2) + 2u Vel ) tan~1 W) + constant

If H = 24/(R'[h2) tan™1 4/(R’[hs)¢ and since b = hy + R'$2,

In (ﬁ) = In <I%) + wuH + constant

s h -+ exit
o ) atuH .
2k ¢ (R') € — entry (47)

where C is the constant of integration.
No roll tension. The first condition to be considered will be that when

there is no tension applied to the strip at entry or exit, i.e. p; and ps = o.

At entry
_i]_'_ = ﬂ e-—[l}l 1
2k1 R

but from the yield criterion in plane strain, 51 — p1 = 24,

51 = 2k1
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_2& — /il_ e—llHJ
2k1 R’

R’
hence C=—eth
hy
At exit
S92 /lz
2 —=cl= 1Ho
ka <R'> €
As sg — ps = 2kz and ps = o0
S2 = 2k2
Also ¢2=0

R’ R
hence Hy=2 [[— Jtan™! [[— ])d2=0
ho ho

RI

and = 71—2

Now that the values of C have been found for entry and exit conditions,
the roll pressure equations can be rewritten and the friction hill plotted.

On entry side of neutral plane s— = g}ll_c_{l eMH1—H) (4.8)
1
. 2kh

On exit side of neutral plane s+ = + et (4-9)
2

Where £ is the value of shear flow stress at the reduction considered.

With roll tension. It is usual to apply tension to the strip in cold rolling
as this reduces the amount of roll pressure and keeps thin strip flatter. If
tensions of #; and ¢; are applied at entry and exit planes respectively the
constants can again be evaluated by considering the yield criterion in
plane strain to give roll pressure equations as follows:
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t1 \ 2kh

On entry side of neutral plane s— = (I — —1—> 202 euttti—m) (4.10)
2k1 h1
ty \ 2kh

On exit side of neutral plane s* = (1 — 22 )22 e (4.11)
ka hz

At the neutral point the roll pressures as given by the above equations
are equal, and by equating them Hy, the value of H at the neutral point,
can be found. From Hjy the position of the neutral point ¢, can be

determined
and since H=2 \/ (%) tan~1 \/ (%>¢
b JEmEE) e

A typical distribution of stress under the rolls showing the effect of
forward and backward tension in reducing roll pressure is shown in
Fig. 4.23. The effect of other factors on the distribution of roll pressure
can be seen in Fig. 4.24 (a), (b) and (c).

Without tension

. i .
Friction With tensions

hilf

4 t = App/ied tension
\\_f at entry plane

_ 1
¢ -
[ 1 |I 2k U2= Applied tension
{ ,2 at exit plane
2k, : ;
' 1
L H 1
¢I ¢l7 cﬁnz °
t ¥ {
Entry Neutral/ Exit
plane planes plane

Fig. 4.23 Distribution of stress in cold rolling with
and without strip tension
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Fig. 4.24 Factors affecting stress distribution in cold rolling

Roll force. From Fig. 4.16 (a) it will be seen that
dx = R'd¢ cos¢ = R'dd[1 — (¢2/2)].

For cold rolling ¢ is small and ¢2/2 can be neglected ; therefore dx = R’ d¢.
The force per unit width of the roll F, can be found by integrating the roll
pressure over the contact area

bn ¢1
F=FR [L sag+ [ o dqs] (4.14)

F = R' X area under pressure distribution diagram.

Roll torque. The roll torque can be found by assuming that the roll force
acts through the centre of the area of stress distribution. This centre may
be assumed to be approximately 0-45L from the roll centre line.

torque per roll T == o0-45FL

Flattened roll Radius R'. Hitchcock’s formula,? which assumes an elliptical
distribution of roll pressure over the arc of contact, can be used to calculate
the flattened roll radius. The formula is

R =R (1 + 2—?) (4.15)

where R = unloaded roll radius, mm (in.)

¢ =108 X 10°5mm2N-1 (1-67 X 10~%in2 per tonf), for steel
rolls

F = force per unit width of roll, N mm-1 (tonf per in)
0 = the draft (k1 — k3), mm (in)
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4.7.3 Simple assessment of roll load. By considering the metal to
be homogeneously compressed between two well-lubricated platens the
deformation model is greatly simplified. A similar simplification was
assumed for hot rolling, Fig. 4.18 (a).

Projected area of contact = Lb
where L = projected length of arc of contact

b = width of strip being rolled

If homogeneous deformation is assumed, the load P required to
compress the material between platens is given by the expression

P=1IbY (4.16)
where ¥ = mean value of yield stress at entry and exit planes

It has been shown, towards the end of section 4.6.4, that the projected
length of arc of roll contact L can be represented by

L = v/(RS)
where R = the roll radius

8 = the draft, i.e. thickness reduction per pass

Hence substituting for L in equation (4.16)

P =bY 1/(RS)

Normally the strip thickness is very much less than the strip width,
therefore plane strain deformation can be assumed and ¥ = 2k, where
k= (Kentry + kexie)[2- Friction can be taken into account by the use
of a constant C; 1.2 is a frequently used value of C.

Hence

P = C b2k +/(RS) (4-17)

Although this formula is simple it nevertheless can be used to calculate
roll flattening, by means of Hitchcock’s formula, and to determine the
safe thickness reduction per pass for a given mill.

4-7-4 Effect of mill stiffness on roll gap. Although in most
metal working operations the elastic deformation of the apparatus
is negligible compared with the plastic deformation of the work, this
is not so in cold rolling. Because of elastic

deformation under load of the various mill Increasing
stiffness
28

parts, the thickness of metal rolled is often
considerably in excess of the initial roll setting,
ho. The effect of load on roll gap is shown in
Fig. 4.25; the stiffer the mill the steeper the
‘elastic line.” Although an infinitely stiff mill is
desirable, this cannot be achieved owing to the
ever present elasticity of the rolls and roll necks.

Roll force
™
~
Q
2
3

Thickress

Fig. 4.25 Elastic deforma-
4.7.5 Effect of roll force on strip thick- tion of mill

ness. It has already been shown that the
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greater the draft A; — hp the larger the required roll force. The
variation of thickness with roll force is called the ‘plastic line.” Ideally
this line should be as near horizontal as possible; factors reducing
the slope of the ‘plastic line’ are low yield strength material, low friction
between work and rolls, and increased applied tension. A typical ‘plastic
line’ is shown in Fig. 4.26.

4.7.6 Gauge control. The intersection of the elastic and plastic lines
determines the thickness of the rolled strip k, (Fig. 4.27). When rolling
strip, the thickness must be controlled to within close limits. Many factors
can cause the thickness of the strip to change. These include variation in
thickness of the ingoing stock, and changes in material hardness, roll
speed or lubrication. Rolling conditions must be rapidly changed to

i
N/ Plgstic |
~ . A
b N /line © |
| More N S !
L eosily deformed = !
| moteriol \ - |
3 N 3 !
0
s \ x :
]
Thickness h, hy A h, Thickness
Fig. 4.26 Plastic deforma- Fig. 4.27 Determination of strip
tion of work thickness

maintain the correct gauge thickness. Perhaps the most obvious method
is to adjust the roll gap, another is to change the tension applied to the
strip. The effect of these two methods of gauge control is shown graphically
in Figs. 4.28 (a) and (5).

7
Thinner
ingoing
stock
[ LY
¢ !For’/_\ Thicker N N\ Reduced
S| gop T ingoing A \opplied
~ rec/uced/ stock \\ 7ensson
= N
€ €
/
/
7
ha h . hz h/h,’ ho hz h,’hl
Thickness Thickness
(0) By adjustment of () By adjustment of
roll gap ro/l tension

Fig. 4.28 Gauge control
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Variation of applied tension is the more sensitive method of adjusting
strip thickness and can be used with automatic control systems. The rolled
strip passes a thickness sensing device, the signal from which is compared
with another representing the desired thickness. Any resulting error signal
is amplified and used to adjust tension and hence strip thickness.

48 TRANSVERSE WEDGE ROLL FORMING

This process hot rolls steel components having circular section from bar
stock; Fig. 4.29 shows the principle of transverse wedge rolling. The rolls

/Wedge

A - =

Q = ———F s FH==0

Typical components
— ——  —1— Roll

_6 — _ Early stage
of forming
c = .\\\\\\\\\““V Later stage
) l= l= of forming
AN

NS

Fig. 4.29 Transverse wedge roll forming

progressively squeeze the component fromits centre, elongating and shaping
it into its final form; when completed it is parted off by the roll. The whole
process lasts for only a few seconds and can be arranged for automatic
operation. The standard of surface finish is comparable with that of hot
rolling, with tolerances of around + 1 mm (0-04 in). A diameter reduction
ratio of 2 to 1 is possible and tool lives in excess of 50 000 parts are claimed.

4.9 COLD ROLLING OF ANNULAR PARTS

This process is also called flow forming and has been developed to
produce annular parts, such as bearing races, in large quantities.
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A blank, parted off from tube which has been machined on both its
outside and inside diameters, is formed by rolling between appropriately
shaped dies. The rolling of the inner races is shown in Figs. 4.30 (a) and
(b). A method of rolling outer races is shown in Fig. 4.30 (¢) ; this method
is suitable only for light forming—heavier forming of outer races requires
a mandrel and forming rolls, having a similar arrangement to that shown

in Fig. 4.30 (6).

Auxiliary Work
roll

Formed Formi
Mandrel Y = — section oroled

roll\l

Original section

Forming
roll

(a) Forming an inner race (b) Roll arrangement for inner race
Formed Forming rol Original
section section
S
7
—Split die
N\
/

(c) Forming an outer race

Fig. 4.30 Rolling of races

Compared with machining parts from tube, flow forming gives higher
production rates with more consistent quality; there is also greater com-
ponent strength and less distortion after heat treatment. In addition
change-over times are less, thereby facilitating small batch production.

A considerable capital investment in rolling machines is, however,
required, which can be justified only if machine utilization is sufficiently
high.



5 Extrusion, Tube-making and
Cold Drawing

5.1 EXTRUSION

The process of extrusion consists of forcing a billet of metal through a
die to produce a continuous length of constant cross section corresponding
to the shape of the die orifice. A simple analogy of the process is the
squeezing of toothpaste from a tube. Hot extrusion only will be described
in this chapter: cold extrusion will be dealt with in Chapter 6 with cold
forging processes.

Although extrusion is commercially a comparatively recent metal
forming process its conception can be traced back to a patent granted in
1797 to Joseph Bramah, a famous British engineer, for a machine to
manufacture pipe from lead and other soft metals. There is no evidence
that Bramah’s machine ever produced pipes, but during the 1gth century
the extrusion of lead was successfully developed, first to make pipes and
then to sheath electric cables. Copper alloys were first extruded in 1894
by A. G. Dick, a founder of the Delta Metal Co. The extrusion of copper
alloys was the turning point in the development of the process and made
extrusion one of the major methods of metal working.

The two basic methods are shown in Figs. 5.1 (¢) and (b). Direct
extrusion is the more popular method, the extrusion press being mechani-
cally simpler. Indirect or inverted extrusion does, however, require less
force and provides a better quality product, as it minimizes the amount
of scale from the outside of the billet flowing into the extrusion. With both
types the container can move or remain stationary. The more usual
arrangement is that shown in Figs. 5.1 (a) and (b), where the container is
stationary in direct extrusion, and moves in inverted extrusion.

5.1.1 Extruded products. Although copper and aluminium alloys
are the most common metals to be extruded, the extrusion of steel and its
alloys is now possible. Dick put forward the idea of extruding steel in
1893, but it was made commercially possible by the Ugine Séjournet

65
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process,8 in which molten glass is used to lubricate the die and minimize
the heat loss from the billet.

Extrusions can be either solid or hollow, the latter being produced from
pierced or bored billets which are extruded around a mandrel (Fig. 5.2).
Tapered holes can be produced by using long tapered mandrels which
are fed forward at the same speed as the extruded metal.

7

// . .
/ "(Con(a/ner (fixed)

~—— }—Ram

(g) Direct extrusion

Closure plate

e

-1

Die stand
(fixed)

(b) Indirect extrusion

Fig. 5.1

Although large tonnages of simple shapes, such as tubes and hexagonal
bars, are extruded, great economic advantages come from the production
of complicated cross sections which otherwise could be produced only by
expensive machining operations. Frequently extrusions are not required as
bars, but are cut into pieces and machined to make components such as the
bolt plates for doors shown in Fig. 5.3.

Stepped extrusions can be pro-
duced by using a two-piece die. The
process is halted when a sufficient
length of the smaller cross section has
been extruded; the minor die is then
removed and the extrusion completed
using the larger aperture of the major
die (Fig. 5.4).

Fig. 5.2 Hollow extrusion A combination of forging and extru-

sion can also be used to manufacture

some stepped parts. Poppet valves for internal combustion engines are
produced by this method from heated steel slugs, as shown in Fig. 5.5.

Ram

i =B Mondre/
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5.1.2 Extrusion equipment. Extrusion presses are usually hydraulic-
ally operated, although mechanical presses are occasionally used. Capaci-
ties vary up to 200 MN (20000 tonf), larger machines being used for
heavier extrusions or stiffer metals such as steel or titanium. In most
presses the container is placed horizontally, although some machines,
particularly those of smaller capacity, have vertical cylinders.

-y

(@]

I

k 5
:L -
o) 5] [©

Fig. 5.3 Extruded bolt plates

As the type of extrusion described in this chapter is a hot working
process, the inside of the container, the die and the mandrel have to
withstand elevated temperatures as well as high pressures. The container
is designed with a replaceable liner, which is shrunk into position. This
arrangement reduces the bursting stress during extrusion and hence the
chance of mechanical failure. When extrusion temperatures are below

l /org ed head
Minor.”
dre

s

Locking P
plote 1 y /
/
Mojor die
! Container Extruded stem

Fig. 5.5 Production of

Fig. 5.4 Two piece die for
poppet valve

stepped extrusions

800°C nickel-chrome-molybdenum steels can be used for containers, but
at higher temperatures an alloy steel which includes about 109, tungsten
has to be employed. When heat treated the liner steels have an ultimate
tensile strength of about 1400 N mm~2 (go tonf/in2).

Dies are produced either from heat resistant steels or tungsten carbide,
the latter having a much longer die life.

Mandrels are subjected to particularly hard service, especially if they
have to pierce the billet in the containers before extrusion. If small in
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diameter they heat up very quickly and may require cooling after each
extrusion.

5.1.3 Heating of billets and containers. Billets should be uniformly
preheated before extrusion. The preheat temperatures depend on the
metal being extruded, reaching 1200°C for steel. Heating can be in
specially designed .furnaces or by low-frequency.induction heaters. In-
duction heating is particularly useful when a temperature gradient is
required to offset the rise in temperature which occurs at the ram end
of a billet in direct extrusion. Temperature rises of 60°C during extrusion
have been recorded with aluminium billets at high rates of deformation,
and these can cause cracking of the extruded product.

Many extrusion presses are fitted with means of heating the container
to prevent cooling during slow extrusion. Container heating is of particular
importance when high-strength aluminium or magnesium alloys are being
extruded, as these materials have to be extruded at low speeds.

5.1.4 Pressure variation during extrusion. Typical pressure
variations during direct and indirect extrusion are shown in Fig. 5.6.
Initially the pressure rises rapidly from zero as the billet is being expanded
to fill the container completely. Extrusion
then commences; a higher pressure is

i needed for direct extrusion, the additional
o [ T == force being required to overcome friction
2 Indirect between the billet and the container wall.
¢ Pressure decreases in direct extrusion as
the ram moves along the container and
— the total frictional force is reduced. To-

reve

wards the end of the travel, the pressure

Fig. 5.6 Extrusion pressures for the direct method falls to the same

value as that needed for inverted extrusion.

The pressure rises in both graphs at the very end of the travel, due to the

difficulty of making the thin plate of metal left in the container flow out
of the die aperture.

In practice, the whole of the billet is not extruded and a stub end, called
the discard, is left in the container. If the discard were extruded the
quality of the extrusion would be adversely affected due to oxide inclu-
sions. When extruding brass billets it is usual to employ a ram sufficiently
small in diameter to leave a thin tube of metal, called a skull, in the
container. Most of the oxide layer and surface imperfections at the outside
diameter of the billet are thereby left behind in the container. When
aluminium alloys are extruded, turned billets are used to remove surface
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imperfections and preheating is performed in controlled atmosphere
furnaces to minimize the formation of oxide.

5.1.5 Effect of extrusion speed and pressure. The faster the speed
of extrusion, the closer the process comes to adiabatic conditions, due to
lower heat loss, and the greater the temperature rise in the billet. Although
extrusion pressure reduces as the billet temperature increases, a limit is
set to the preheat temperature and extrusion speed by the onset of hot
shortness. This appears as a cracking of the extrusion as it leaves the die,
caused by the melting of the alloy constituent which has the lowest

Extrusion <
Ratio (R)|Bitlet too L 2\ Mera/
Stiff to 0’,-\0 3 starts
\
extrude '}\f‘ %—‘%’, melt
b* g\) XY
28 (¢ a*
?o“ 4 B4
& %,
A S
v c
@,
o
2
/ — -
Initiol temp. of billet (T) Lower

melting point

Fig. 5.7 Limitations imposed by given extrusion pressure
and speed (after Hirst and Ursell)

melting temperature. At very slow extrusion speeds in an unheated
container the billet becomes stiffer, requiring a higher extrusion pressure,
and in extreme cases may become a ‘sticker’ which cannot be further
extruded.

A diagram showing the interaction of billet temperature, extrusion
speed and extrusion ratio from Hirst and Ursell? is shown in Fig. 5.7. The
extrusion ratio R is used to indicate the degree of deformation and is
A1]/Ag, where A4; is the cross-sectional area of the billet and 4y that of the
extrusion. The effect of varying the extrusion pressure and extrusion speed
is indicated in Fig. 5.8.

5.1.6 Determination of extrusion pressure. An early approach
was based on the work done in homogeneous deformation with friction
and redundant work being allowed for by an efficiency factor.

The work done per unit volume W/V in homogeneous deformation is

given by
w 2 dl
= Yf — = Ylnl—2
5% l ll
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where Y is the yield strength of the material,
{1 is the original length
and l3 the extruded length.

Assuming constancy of volume i.e. Aily = Asl> and substituting the
extrusion pressure p for W|V(W[V = pAljAl)
Al
= YIln-—
)4 n A
An efficiency factor f is used to take account of the additional work
needed to overcome friction and to allow for redundant work. The value

Specd
increasing

Pressure
I/ncreosing

7 Wower
me/ting point

I'ig. 5.8 Effect of varying extrusion pressure and speed
(after Hirst and Ursell)

of B can be obtained experimentally for a range of values of 4;/42 and in
its final form the expression for extrusion pressure becomes

A

b= ﬂYlnA2

A second approach, applicable to lubricated extrusion, combines a stress
evaluation method to find the effect of friction and a semi-empirical
formula for frictionless extrusion pressure.

Consider a thin rigid slice of billet, width dx, being extruded by the
direct method (Fig. 5.9). Since this part of the billet is rigid it can be
assumed to be subject to a hydrostatic pressure p.

Resolving horizontally

TD2dp = mDup dx
4



EXTRUSION, TUBE-MAKING AND COLD DRAWING 71

where D is the billet diameter

u coefficient of friction between billet and container wall,
p horizontal pressure on the slice

% . dx
» ~DF
Integrating between limits of O and L,
£ = eWrL/D)
bo
b = po D (5-1)

where po is the frictionless extrusion pressure.

a7 777

7. pIr—ptdp o ‘S
o= dx |

E/‘?“V///A

'

Fig. 5.9

A formula developed by Johnsonl? for the extrusion of short billets can
be used to calculate the frictionless extrusion pressure po

A4
po=7Y <0-47 + 1:2ln —1)
4

where Y is the yield stress applicable to the mean extrusion temperature
4, is the cross-sectional area of the billet
A3 is the cross-sectional area of the extrusion.

By substituting for pg in equation (5.1) the extrusion pressure p can be
found.

p= Y(o-47 + 1-2ln —2) e“rLiD) (5-2)

Hirst and Ursell suggested a method of finding the coefficient of fric-
tion at the container wall. This is done by extruding, under the same
conditions, two billets of similar material but of different length and
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measuring the ram pressures, p; and pz at the commencement of each
extrusion:
fn o e(4nLl1/D)

From equation (5.1) = —
b2 po e(4uLz/ D)

P _ ewDxI- L

b2

D n
d =" In(E
an # 4(Ly — Lg) " (1)2>

Hence

5.2 TUBE MAKING

There are two basic types of tube, seamless and fabricated. Fabricated
tube is formed from strip or plate and either welded along its joint or, for
much electric conduit tubing, left unsecured. Non-ferrous tubes are
usually extruded (Fig. 5.2), but are often finished by drawing.

5.2.1 Rotary forging. Most ferrous seamless tube is first rotary
forged. This consists of two hot working processes of which the first is
rotary piercing.

Billet . Pointed

maondre/

Fig. 5.10 Mannesmann mill

In rotary piercing a specially designed rolling mill is used. The two
rolls of the mill are set at an angle to each other, so that the metal is not
only deformed and fed forward, but is also rotated. Because of the small
diameter of the rolls, the outside of the billet is deformed and a tensile
stress produced at its centre. As a result, a cavity is induced at the centre
of the billet; the formation of the cavity is assisted and controlled by a
carefully profiled point, mounted on a mandrel. There are several mills
used for rotary piercing; one of these, the Mannesmann mill, is illustrated
in Fig. 5.10. The severe deformation produced by rotary piercing demands
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a steel free from faults and, due to the variation of temperature during
piercing, one which remains ductile over a range of temperatures.

A three-roll method of tube piercing has been developed by Tube
Investments Ltd. The billet is rotated between three shaped rolls which
are orientated at 120° and have their axes inclined at a feed angle, so that
the work is moved forward as well as rotated. In the three-roll method
there is no tensile stress ahead of the piercer and the tendency of the billet

Mondre/ moves forward Rolls bite into tube

/

Pierced
billet

Mandre/

Fig. 5.11 Pilger mill

to open up and produce tears is avoided. This is particularly important if
good quality hollow blooms are to be produced from continuously cast
metal, as this process creates a central weakness which makes it unsuitable
for piercing by the Mannesmann process. The use of three-roll piercing
for continuously cast low carbon steel is described in an article by Metcalfe
and Holden.11

The second stage in seamless tube production is to put the roughly
formed tube on a mandrel and roll it to reduce its wall thickness. A Pilger
mill is one which can be used for this operation, and the roll arrangement
and operation sequence are shown in Fig. 5.11. The heated tube recipro-
cates under cam-shaped rolls, the profiles of which are shaped so that they
first bite into the tube wall and then forge down the bite against the
mandrel. During forging, the mandrel is pushed backwards against
pneumatic pressure until the relieved portion of the roll profile is reached.
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The tube is then moved forward so that the next bite can be taken. No
theoretical analysis of rotary forging is available.

5.2.2 Tube drawing. If seamless tubes are required with either small
diameters, thin walls or a smooth surface finish, they are completed by
cold drawing. To remove the scale left by rotary forging the tube is first
pickled in heated dilute sulphuric acid.

A draw bench is used to pull the tube through the drawing die. The die
is mounted at one end of the bench and an end of the tube is collapsed so
that it can be taken through the die and clamped to a carriage. The draw

‘ Z van%
m -

(o) Tube 6)Mano’re/
sinking drawing

'

[ -
o L—%

(c) Frxed plug drawing (o) Floating p/ug drawing

Fig. 5.12 Methods of tube drawing

bench can be operated either mechanically or hydraulically; often several
tubes are drawn simultaneously through multiple dies to increase
productivity.

As with wire and bar drawing (to be described later), adequate lubrica-
tion of the die surface must be maintained. Poor lubrication is undesirable
as drawing forces are increased and, more seriously, metal transfer can
occur in both directions between work and die. Metal transfer spoils the
surface of the work and reduces die life, sometimes catastrophically.
Lubrication is by means of soaps; the prior application of a phosphate
coating is also of considerable benefit when drawing steel.

Dies are made from alloy steel or tungsten carbide. Tungsten carbide
dies have a longer life and are not as liable to metal transfer as those made
from alloy steel.

The simple drawing of tube through a die is called ‘sinking’, however,
if an accurate internal diameter is required the tube is drawn on a mandrel
or with a plug in position. The various methods of tube drawing are
illustrated in Fig. 5.12.
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5.2.3 Analysis of tube sinking. This analysis is similar to that first
proposed by Sachs and Baldwin.12 It is assumed that the wall thickness
is small compared with the tube diameter, that the tube thickness remains
constant during drawing, and that the normal stress acting on the
transverse section is uniformly distributed.

Fig. 5.13 Stresses in tube sinking

Under steady drawing conditions the forces acting on the elemental
ring (Fig. 5.13) are in equilibrium.

Resolving horizontally
cos 0[(o1 + do1) (4 4 d4) — 014] + psin 0 Ed—xéwD +
0s

dx
6 — 7D =
up cos cosB” o

Ignoring the products of infinitesimals
cos 0(Ado1 + 01d4) + pdxwD(tan 6 -+ u) = o (5.3)
Using the relationships

D = 2xtan 0 dD = 2dxtan

A = wtD d4 = #tdD = 2ntdx tan
Substituting in equation (5.3)
0
mt cos 6(Ddoy 4+ 01dD) + 3wDdDp (%) =o0
an
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Using B for (tan 0 + u)/tan 0
art cos 6(Ddoy + 61dD) + 4wDdD p B = o (5-4)

Considering the forces perpendicular to the die surface acting on a small
element of the tube wall

D dx T o dx -0
p2cost9acose 0'320050-
203t cos 0

p=——%

Substituting for p in equation (5.4) gives the general differential equation

for tube sinking
Ddoy 4+ 61dD = Bo3dD (5-5)

Using Tresca’s modified criterion for yielding o1 — o3 = Yo, where
Y < Yo < (2/v/3)Y
Substituting in equation (5.5) for o3
Ddo1 + 01dD = BdD(o1 — Yo)
Differentiating
dor o1 BY,
— +-=(1—B)= — —.
ap tp P D

This is a linear differential equation of the form (dy/dx) + Py = @ the
solution to which is

y = e——j'Pd..v erIsz dx
B D B-—-1
o5 -]
, B D\ B-1
01 —B—-IYO[I —(5;) ] (5.6)

where ¢," is the value of drawing stress at the throat of the die for a
non-work-hardening metal.

Hence

an

5.3 WIRE DRAWING

Wire drawing is an old craft, the first drawing equipment having been
introduced into this country from Germany in the 16th century. Today
coiled hot-rolled rod, from which the scale has been removed, is drawn
through a die and coiled on a motor driven block. Dies are normally
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manufactured from tungsten carbide, although diamonds are used for
drawing very small diameter wire. Soaps are used as lubricants and are
picked up by passing the undrawn wire through a container. Dry soap is
used for slower drawing speeds and produces a dull finish; an aqueous
solution of soap is used for faster drawing speeds and leaves a bright
surface. The lubrication of steel wire can be greatly improved by
phosphating.

1

1

lArea aBCO
}=Arca AB/co
1
i
]

(o)

o info Log strain
A
(6) !

Fig. 5.14 Wire drawing

Several blocks and dies can be arranged one after the other so that
progressive reductions are obtained within a single machine. Drawing
speeds must be carefully matched so that the length of wire between
blocks remains constant. Final speeds on some multiple die machines can
be as high as several thousand feet per minute.

Ultrasonic vibrations have been applied to the die in the direction of
drawing, the drawing stress is thereby reduced and in consequence a larger
reduction is possible.

5.3.1 Forces in wire drawing. When wire is drawn, the work done
can be considered to be the sum of the useful work, the work done against
friction and the redundant work.

If it is assumed that the work material deforms homogeneously and
there is no friction between the wire and the die, the work formula as
described in Chapter 2.9 can be used:

" ,d4
useful work/unit volume = J 1’7
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The yield stress Y increases with strain due to work hardening but to
simplify the equation an average value ¥ is assumed (Fig. 5.14 (b)).
Ao
useful work per unit volume = ¥ dd = ¥ln 4o (5.%7)
F: P A Al
It has been shown in Section 2.10 that work done/unit volume is equal
to the deforming pressure F/4 which, in this instance, is the drawing stress.
If the values of drawing stress for various strains are plotted, the curve
will cross the stress/strain curve for the material. The point of intersection
A (Fig. 5.15) indicates the maximum reduction possible without breaking
the drawn wire. Both friction and redundant work increase the drawing
stress and, as will be seen in Fig. 5.15, reduce the maximum permissible
reduction.

Drowing
straesses { Y )

] /1
A o/
< .
% 7 Yield stress (Y )
[ 6 A
€ {
3 //
N /,’ \ —— Without friction or
3 // ' redundont work
“ L0 === With friction
: // | —— With [friction end
H 5’ | redundant work
® /’
|
~ 4
kY 7, |
Ny / :
| _Mox. possible | Stroin (ln ﬁl\)
reduction Ay

Fig. 5.15 Stresses in wire drawing

5.3.2 Analysis of wire drawing. The theory of wire drawing to be
described is that proposed by Siebel.13 A diagram of the process is shown
in Fig. 5.16, where

¢m is mean die pressure on work,
u is coefficient of friction between die and work,
F is the drawing force,
Q is the total force on die,
p is the angle of friction = tan “1u
6 is 1 die angle,
[ is length of contact between work and die.

Assuming equilibrium under steady drawing conditions and resolving
forces horizontally

F = Qsin (6 + p) (58)
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dy q, 6——*-/"(‘,)
l

Fig. 5.16 Forces in wire drawing

As the die angle 0 and the angle of friction p are small, it will be seen from
equation (5.8) that Q is considerably greater than I and the process is
basically one of compression.

The area of contact between work and die can be found by reference
to Fig. 5.16,

| Mo — )
sin 6
. do + di
Average circumference = rundi

(do + dh)(do — d1) Ao — A

Area of contact == 7 - = —
4sin 0 sin 0

Siebel assumed that the mean die pressure gm reaches the mean yield
stress of the material ¥, and as the area of contact between work and die
is approximately (4o — A;)/sin 6, a second expression for @ can be
obtained

Q= )./Ao—Al

sin 0
Substituting for @ in equation (5.8)

sin (6 + p)

F=Y(do — 4) sin 0

By expandingsin (0 4 p) and assuming the following relationships (which
are approximately true for small angles)

tan 6 =0 and p =sin p =

F== F(dy — 4) (x + g)
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As work done per unit volume equals drawing stress, ¢’

_F_ T 1
t—A-—l (Ao )(I+0>

The useful work per unit volume has been found in equation (5.7) to be
Y In (4o/41) and by consideration of conventional and logarithmic strains

4
Yin2l = (Ao — 4)
A4 A

Hence ¢’ = Y(x + %) ln%g (5-9)

By subtracting useful work, ¥ln (4¢/4;1) from (5.9) the remainder,
Yu/01n Ao/A1 represents the frictional work per unit volume. If an
expression for the redundant work could be found and added to equation
(5.9) a complete expression for the drawing tension would be obtained.

Fig. 5.17 Redundant work in wire drawing

Redundant work may be evaluated by considering Fig. 5.17. Almost
all of it may be assumed to occur from shearing of the metal at the entry
and exit arcs. When material crosses the entry arc at radius 7, the work
done per unit volume = ka = k(r[rg)0, where k is the shear flow stress of
the material.

When an elemental ring of material radius r, thickness dr and length dx
passes the entry arc:

redundant work on elemental ring = 2nrdrdx k <r£) 0
0

0 ro
redundant work at die entry = 27 k£ —dx f r2dr
70 0

redundant work at die entry = §m k0 dx r¢®
volume of material at die entry == 7ro2 dx

redundant work/unit volume at die entry = k6.
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Using Tresca’s criterion of yielding Yo = 2k

. . Yo
redundant work/unit volume at die entry = —
3

The redundant work at exit from the die is given by a similar expression,
Y10/3. It will be appreciated that ¥; > ¥, because of work hardening
of the material.

Assuming an average value of yield stress ¥, where ¥ = (Y, + Y})/2:
Total redundant work/unit volume = %6 ¥ (5.10)

The total drawing tension ¢ can now be obtained by combining
equations (5.9) and (5.10)

t:)_’l:(l-}—-g)ln%—f-?;e:l (5.11)

‘The maximum reduction in area which is possible without breaking the
wire can be found by equating the total drawing stress (f) to the yield
stress of the material (¥7).

5.4 BAR DRAWING

Large quantities of bars are finished by cold drawing. This process
improves the strength of work hardening materials and imparts a smooth
bright surface. The surface finish is frequently good enough to be incor-
porated unmachined in a component; for example, the hexagon heads of
turned bolts. Drawing also accurately sizes the bar to within a few
thousandths of an inch, an essential requirement for some types of machine
tool collets.

As in tube drawing, a draw bench is normally used to pull the pickled
hot rolled bars through rigidly mounted tungsten carbide or alloy steel
dies. Sizes less than about 12 mm (} in) in diameter are not produced on
a draw bench but continuously round a drum. The coil is subsequently
cut and straightened.

5.4.1 Analysis of flat strip drawing through wedge-shaped dies.
The process is shown in Fig. 5.18 and it is assumed that the material is
wide enough for plane strain to apply. In Fig. 5.18

t is drawing tension

p is normal pressure of die on material
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u is coeflicient of friction between work and die
h is thickness of strip
0 is } angle of the die.

Under steady drawing conditions, the forces on an elemental strip of
material having unit width are in equilibrium.
Resolving horizontally

cos0+2p sin § = th

i dx
(t+ )+ d) + 2up —

Ignoring products of differentials
tdh + kdt 4+ 2up dx + 2pdxtan 6 = o
Using the relationship d4 = 2 dx tan
tdh 4 hdt + upcotdh + pdh=o0
hdt + [t +p(1 + ucot)] dh = o (5.12)

To integrate the above expression, a relationship between ¢ and p must
be obtained. This can be done by assuming that p acts vertically and

74
ﬁ{% ok
==

{ trot=d =t

|
N |
|
U |
[5 / |
t
B //2dh:; HP ‘

p

d.

Fig. 5.18 Stresses in wide strip drawing

ignoring the component of up. Stresses ¢ and —p now become principal
stresses ¢, and o3 respectively. As plane strain conditions apply,

0p —o3=2kand ¢+ p =2k
Substituting for p
ds
t + (2k —t)(1 4 p cot 6)
ds
- tu cot O — 2k(1 4 u cot 6)

dh
o

(5-13)
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If the dies are straight, the coefficient of friction constant and the
material non-work-hardening, 0, 4 and k are constant.

Integrating equation (5.13)

1

Inh+C= ,ucot01n [tu cot  — 2k(1 + p cot 6)]
or Cih***® = tu cot § — 2k(1 + u cot 6)
where Cp = eCreotd

at entry, ¢ = o and 4 = k. Hence evaluating C;

_ 2k(1 4 p cot B)

Cl = houcoto

Substituting for Gy

h peoto
—2k(1 + p cot 0) (;l—) = tu cot 6 — 2k(1 + u cot )
0

p1cotd
and ¢ = ——-——2k(1 + pcoth) I — i (5.14)
ot )

The tension needed to draw the strip can be found by substituting #; for A
in the above equation.

An allowance for work hardening can be made by using a value &
where £ = (ko + k1) /2.

3
o)

Fig. 5.19 Die pressure in wide strip drawing

The average die pressure § can be found by considering Fig. 5.19 and
resolving forces horizontally over unit width of the strip.

tihy = 2ulp cos 0 + 21p sin 0
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but = ho _ h
2 sin 6
fHh = ("“ h_ h’) (1 + ucot 6)
1

h
[(ho/h1) — 1][1 + p cot 6]

(5.15)

5.4.2 Upper bound solutions for flat strip drawing. A slip-line
field for frictionless drawing of flat wide strip with a thickness reduction
of 1-25:1 appears in Fig. 5.20. Slip lines meet the die/material interface
at 45° and are contained in a 45° isosceles triangle with its hypoteneuse
along AB and A'B’. The field is completed by fans centred at A, B, A’

Fig. 5.20 Slip-line field for frictionless wide strip drawing

and B’ which are extended to meet at a point on the centre line. The
graphical construction described in Chapter 3 can be used to extend the

fans.

An estimate of the drawing tension can be obtained by the upper bound
method. The simplified field and hodograph appear in Figs. 5.21 (a) and

(b) respectively.

Taking unit strip width, and assuming k4 and .V} are unity

dw
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tshazVa = k[1V2 AC + 2V3 CB 4- 1V3 CD 4 3V4 BD]
141 X 1-25 = k[1-02]
t4 == 082k

If there is friction along the die/metal interface, it is necessary to know
both the value of 4 and of the normal stress on the interface before the

(speed)

f xY |

3Va

2%
(b) Hodograph
Fig. 5.21 Wide strip drawing

drawing tension can be found. The value of the normal stress cannot
exceed 2k, and if u is o-1 the frictional stress is equal to o1 X 2k.

Hence, tahsaVs = k[2u 2V2 AB + 1-02]
ty = 092k

If ¢4 is calculated from equation 5.14 for similar drawing conditions

te — 2k(1 + o1 cot 25) 1 1 \01lcot2s
= 01 cot 25 1-25

ta = 054k

The work formula gives

k
ta = +/3k In =
hy

ty = 0°39k
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It will be seen that the second and third methods produce a lower
drawing tension than the upper bound solution. Equation 5.14 does not
account for redundant work and the work formula neither accounts for
redundant work nor friction.



6 Sheet Metal Forming and
Cold Forging

6.1 This chapter is concerned with the factory forming processes which
produce components that are subsequently assembled into finished
products. It is distinct from Chapters 4 and 5, which dealt with primary
forming operations for the manufacture of bars, sheets, tubes and forgings
—the raw material for factory machining and forming.

Sheet metal blanking and conventional forming methods are discussed,
followed by a description of the newer techniques of sheet metal forming.
The last section is concerned with cold forging.

6.2 BLANKING

Before a component is formed from sheet metal, it usually has to be cut
from a roll, strip or sheet. Sometimes, as in certain car body pressings, the
cutting is done after forming. The term blanking is used when the outside
profile of a part is cut, and piercing denotes the cutting of a shape from
within a profile. Some parts, such as washers, can be manufactured in two
stages within a single tool by piercing and blanking.

F\O ) Punch
a1 A stripper
§ Strip

Blank

Fig. 6.1 Blanking of circular shape

The process of blanking consists of shearing between a hardened steel
or tungsten carbide punch and die (Fig. 6.1). The punch, which is fitted
to the ram of the press, first penetrates the metal causing plastic deforma-
tion; it then shears it and pushes the cut piece from the sheet. A stripper

8y
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plate, mounted above the material, forces it from the punch on the return
stroke of the press ram.

The depth of penetration before failure occurs is within the range
20-409, of the thickness for most engineering materials. For a given
material the punch penetration at failure will also be affected by the
clearance between punch and die. When failure occurs, cracks are usually
propagated from both sides of the material.

Punch

enetration

”””””” f

Clearonce 10%t C/eorance

25% ¢t

Fig. 6.2 Effect of punch and die clearance on blanked edge

The clearance between each side of the punch and the die is normally
stated as a percentage of the material thickness. Very small clearances
should be used for most non-ferrous materials but a clearance of 109, is
usually suitable for mild steel. The effect of clearance in blanking mild
steel is shown in Fig. 6.2. In service the sharp corners of punch and die
will wear to a curved profile; this has the effect of increasing clearance
and the surfaces of both have to be periodically reground to maintain the
quality of the work.

6.2.1 Improvement of the blanked edge. The somewhat rough edge
left by blanking will be unacceptable for certain applications. It can be
improved by a subsequent shaving operation in which the periphery is
sized by a sharp die about 0-4 mm (0015 in) smaller than the original part.
If a pierced hole is too rough it can be improved by a reaming operation.
Two processes however, fine blanking and finish blanking, will provide a
smooth square edge at the original blanking or piercing operation.

Fine blanking. This process was originally used in the manufacture of
watch parts but it is now widely used for office machinery and automobile
components. Surface finishes of 12 u in CLA on the shear edge are possible
with dimensional consistency of 0-005 mm (0-0002 in) between batches.
The material being blanked is held firmly between a grip ring and the top
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of the die (Fig. 6.3), the knife-edge on the grip ring prevents metal flow at
the top of the blank. Fracture cof metal under the punch is inhibited and
separation is achieved under conditions of pure shear. An ejector operates
from beneath the press to push the blank out of the die and to support it
during blanking. The total clearance between punch and die is less than
0-012 mm (00005 in) and accurate tool setting is essential to prevent the
tool entering the die. A triple action hydraulic press is usually used for fine
blanking, these presses are considerably more expensive than conventional
mechanical presses and have significantly slower production rates.

a5°_ <39
Detail of
Grip ring
projection Punch

Grip ring

n
S VA Material
4

/)

Die

< Ejector

Fig. 6.3 Fine blanking (component partly blanked)

Finish blanking. In this process the clearance between punch and die is
also low. The workpiece is not constrained, as in fine blanking, but the
corner of the punch is radiused; if a clean pierced hole is required the die
rather than the punch is radiused.

High wvelocity blanking. When punch speeds are increased to 10 ms™1
(30 ft/s) from those generally used in blanking, 0-6 m 571 (2 ft/s), a cleaner
fracture surface and less doming of the blank is achieved. In fine and finish
blanking early fracture of the workpiece is inhibited; in high velocity
blanking, however, fracture should occur as a straight crack between
corners of the punch and die at low punch penetration. High velocity
blanking is therefore effective with materials, such as mild steel, which are
sensitive to strain-rate. Large punch/die clearances, in the order of
0-225 mm (0°009 in), are possible, thus simplifying tool making and tool
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setting. Peak blanking loads are, however, 3 times greater than in con-
ventional blanking and in consequence of the high shock loading it is
difficult to design tools with commercially viable lives.

6.2.2 Blanking forces. There is poor correlation between the blanking
and yield stresses in tensile and shearing tests. However some idea of
blanking forces may be obtained by multiplying the area being sheared
by 1°5 X the ultimate shear stress of the material.

ie. F = 1-57utlt 6.1)

-where 7yt is the ultimate shear stress of the material,
{ is the perimeter of the punch,
t is the thickness of the metal.

Due to the complex compressive stress system existing in blanking, it is
probable that fracture occurs at shear strains of the order of 300-400%,
i.e. at a stress considerably greater than the ultimate tensile stress found

Diagonal shear equals metal thickness.
Fallure ot 40% penetrotion

< 40%0 penetration 40\1100% 100 -140%0
penetration penetration

Fig. 6.4 (a) Stages in the production of a square blank

by a uniaxial tensile test. Hence, although it is a fair approximation to
assume pure shear, the failure stress should be taken as approximately
1'5 times the ultimate shear stress, (1-50ut/4/3).

To reduce blanking force, the bottom of the punch or die may be
ground at a small angle. This application of ‘shear’ to the punch means
that the metal fails progressively rather than almost instantaneously.
‘Shear’ is sometimes applied to the die rather than to the punch, to
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minimize blank distortion which occurs with a ‘sheared’ punch. The
stages in producing a square blank using a punch with diagonal ‘shear’
equal to the metal thickness are shown in Fig. 6.4 (), it being assumed
that the blank fractures at 409, penetration. In this example the blanking
force increases until the punch has penetrated to 40%, of the metal thick-
ness and shearing begins. The force remains at its maximum value as
shearing proceeds across the blank; at 1009, penetration the area being
sheared starts to decrease and with it the shearing force. The shearing
force has fallen to zero at 1409, penetration. The approximate magnitude
of the blanking force at any instant can be found from the formula
F = 1-57unlt by substituting the appropriate value of /. It is of interest to
note that, in this example, the maximum blanking force with ‘shear’ is
well under half that which would be required for conventional blanking.
The variation in punch force with penetration for a rigid-plastic and for

. ? Rigid —plestic material ° ‘ 7™\ Experimental
B/anking | resuits

force |=——= / H

(p) | No sheor ,' ‘\//Vo shear
. ;oo
| Shear equa/ 1 k Shear

to t ! \ equa/
: AN tol
1] \\
1 i e handl =3
o <40 /100 140 <40 o/OO 140
%o Penetration /o Penetration

Fig. 6.4 (b) Variation of force in blanking—failure at
40 per cent penetration

an actual material are shown in Fig. 6.4 (b). The shearing of metal bars
and circular blanks has been investigated by Chang and Swift,14 and by
Chang?5 respectively.

6.2.3 Bar cropping. The preparation of billets from bar for hot and
cold forming is an important industrial operation. It can be done by
sawing, abrasive cut-off or parting-off in a lathe. All these processes
involve a material loss which can be economically significant with high
value materials. Cropping, however, is a rapid method of billet production
which avoids any material loss; open blade cropping is shown in Fig. 6.5.
This process has the disadvantage of producing distorted billet ends which
may be unsatisfactory for cold forging without a preforming operation.

Two recently introduced methods of bar cropping produce billets
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—
—=t— Moving
blade
Bar
stock
-=}—— Stationary
blade
)

Fig. 6.5 Open blade cropping

having ends of greatly improved squareness. High speed cropping with a
blade speed of about 10 ms™1 (30 ft/s) greatly reduces distortion. Satis-
factory cropping is only possible if the offcut is supported or has sufficient
inertia to prevent it from bending during shearing. With a blade speed of
10 m s~1 a length/diameter ratio of 5:1 is needed if inertial support is to be
used, compared with a 1:1 ratio for cropping at conventional speeds.

The second method of bar cropping is the Hungarian Veres process in
which an axial thrust greater than the yield stress of the material is applied
before and during cropping (Fig. 6.6). The result is a square end and a
clean cut, even on billets having a length/diameter ratio of around 4. The
Veres cropping machine is necessarily more expensive than equipment
used in competitive methods of billet preparation, it is, however, likely to
show considerable savings when used to crop high cost (non-ferrous)
materials, particularly with low length/diameter ratios.

ik
P \\ﬂ\

. — Bar stock
jf Axial thrust
( \'}
\‘—\‘ 3 \ /_/’Z - Split gripping die
Ao A
E- r‘-_d q,lcc \ )wlh-i:"‘__/—h..}

ejector Mov ﬂCI} |
die Stationary
die

Fig. 6.6 Cropping under high axial thrust
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6.3 PRESSING, DEEP DRAWING, BENDING AND STRETCH
FORMING

This is an important group of manufacturing operations in which sheet
metal is shaped by plastic deformation. The distinction between pressing
and drawing is not clear-cut, although there is little inward flow of the
metal in pressing because of constraint at the blank periphery, whereas
with deep drawing the inward flow is considerable. Simple bending is the
most straightforward of the operations and consists of forming in one plane
only. Stretch forming is more complex and produces a shape by extending
and thinning the metal over a profile. Pressing and drawing operations
are a combination of stretching and bending.

Punches and dies may be single or multi-stage. Multi-stage tooling can
be designed so that various piercing, forming and blanking operations:
are performed by a single tool. This reduces production time and is more
economical where the quantity of parts justifies the higher cost of multi-
stage tooling. Tools used for the above operations are mounted in nrachine
tools called presses, which are either mechanically or hydraulically
operated.

6.3.1 Bending. Bending is a comparatively simple operation involving
plastic deformation. Two typical bending operations are shown in Fig.
6.7. The material being bent is raised to its yield point ¥ on both sides of
the neutral axis: on one side the deformation is in tension while on the
other it is in compression (Fig. 6.8). The magnitude of the bending

(o) Single bend (b) Double bend and
bottom forming

Fig. 6.7 Bending tools

moment can be found by equating it to the moment of resistance offered
by the metal about its neutral axis

ie. M= Y[(bf)f + <1, 5) i]
2/ 4 2/4
M= Yb—t—2 (6.2)

4
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The force to initiate bending can be found in simple cases by con-
sidering the geometry of the tool and equating the bending moment
produced by the tool force to that required to bend the material. For the
single bend shown in Fig. 6.7 (a), tool
force F = Y (bt%2[2a) where a is the
distance between the nose of the tool
and the point where the material is

e

supported. o ‘ v Eopresiig g
Bent material will recover elastically ey 7\

when the deforming force is removed. ! -t--17<44 ///71“& ~Neutral

This spring-back can be overcome by f—,g,,,q,-,:g 4 ,;n’;,f,',

bending the metal a few degrees more gxis

than the desired angle or by setting the Fig. 6.8 Plastic bending

punch travel so that it compresses the
bent metal beyond its yield stress. This latter operation is known as
planishing and is analysed in Section 6.5.1.

In bending it is desirable that the metal be bent at right angles to its
‘fibre’. Fibre results from the redistribution and elongation of impurities,
grains and second phases during previous working operations. The sheet
is more liable to fail with the fibre, i.e. along the length of impurities and
elongated grains, than across them.

6.3.2 Stretch forming. A piece of sheet metal can be formed by
stretching it over a profile. This process is best performed on a stretch-
forming machine; presses may however be used, providing there is suffi-
cient clamping force at the edge of the blank to prevent inward flow of
the metal. Two examples of stretch forming are shown in Fig. 6.q.

Heavily
clamped ring

Punch

(o) Shallow cup forming on a press

(6) Profile forming on
stretch forming machine

Fig. 6.9 Stretch forming operations
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Good quality steel should be used for stretch forming. Stresses must be
kept below those which cause failure by plastic instability, a type of failure
which occurs in standard tensile tests. At first extension is uniform, and
the load has to be gradually increased to maintain plastic extension as the
metal work hardens. Eventually, further extension can be obtained without
increasing the load: this is because the increasing level of stress in the
shrinking cross-sectional area can no longer be contained by the work
hardening of the metal. Instability is said to occur at this point and is
indicated by necking of the material.

If A4 is the cross-sectional area at any instant and F is the uniaxial
stretching force, then o, the direct stress in the material, is given by
¢ = F/A.

The load sustained by the metal reaches a maximum value at the point
of instability

ie. dF =o0
As F = Ao,
dF =0d4d + Ado =0
do d4
and }—:——E

Assuming constancy of volumc

Hence instability in uniaxial stressing occurs when the subtangent Z to
the stress/strain curve (Fig. 6.10) equals unity.

ie. do/de = ofx

It is possible to represent the stress/strain curve by the equation
o = A(B + ¢)*® where B = o for an annealed material and n represents
the liability of the material to strain harden.

do (B + &)n no
— -1 = =
P nA(B + ¢)» nA B 1 Bre

but dov_g___ no
u de Z B+e
Z=B+s
n

and e=2n —B
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Hence the larger the value of # and the smaller the value of B, the greater
the strain at which instability occurs. Therefore an annealed material
which has a high strain hardening rate is best suited to stretch forming.

If the metal is subjected to equal biaxial tension, the stress at which
instability occurs will be greater and the subtangent under these conditions
is 2 (Fig. 6.10).

o unioxial,
stress

equa/ biaxial

stress ~.-~
///

-

Fig. 6.10 Plastic instability

6.3.3 Deep drawing. The essential features of deep drawing are
illustrated in Fig. 6.11 which shows a partly drawn flat-bottomed cup being
produced from a flat blank. The pressure ring which bears on the upper
surface of the blank prevents wrinkling of the metal while it is being
drawn radially over the surface of the die. Pressure may also be applied
to the base of the cup by means of a pressure pad.

The drawing of cylindrical cups has been analysed by Chung and
Swift,16 but despite the comparative simplicity of the final shape, the

Punch

Pressure
ring

Pressure pod (optional)

Fig. 6.11 Deep drawing of flat bottomed cylindrical cup
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analysis is very complex and here it will be treated descriptively. Unlike
other metal working operations analysed elsewhere in this book, in which
consistent deformation has been assumed, the type of deformation under-
gone by various portions of the blank in deep drawing varies considerably.
Stages in the drawing of a flat-bottomed cylindrical cup are shown in
Fig. 6.12. It will be seen that zone o-1, the central circular portion of the

(6)

LA
m

[ \—

Fig. 6.12 Stages in cup drawing

blank, is stretched over the base of the punch. The rest of the blank is
drawn radially inwards across the top of the die and, owing to the
continually shrinking diameter, will thicken towards its outer edge. As the
blank is pulled over the die radius, it is bent and unbent in tension and
then drawn vertically downwards under tension to form the wall of the
cup.

The distribution of tensile and compressive strains caused by bending
and unbending in tension over the die radius is shown in Fig. 6.13. It will
be seen that the strains, and hence work hardening, are greatest at the
outer fibres. It should also be noted that the neutral plane is shifted from
the central surface because of the presence of the tensile stress. When the
blank undergoes plastic bending or unbending under tension there is an
instantaneous thinning of the metal. This thinning can be serious at the
start of drawing, since the blank is still at its original thickness: later it
progressively thickens as the blank diameter is reduced by radial drawing.
The variation in thickness of a partly drawn blank is shown in Fig. 6.14.
Near the base of the cup wall, thinning caused by bending and unbending
under tension produces two necks, separated by a narrow band of thicker
material which has escaped bending and has been subjected only to pure
tension (zone AA, Fig. 6.12 (a)). If the cup ruptures, it is likely to fail in
tension at one of the necks, for here not only is the metal thin but the level
of stress is highest.
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Change Change Strain in cup
of of wall due to
stroin strain bending and

unbending
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t Blonk thickness
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Fig. 6.14 Variations in thickness of partly drawn blank

A simple formula which can be used to find the punch force needed to
perform a given drawing operation is

Fp = Kourdt (6.3)

where F is the drawing load
K is a constant (== 0-8)
oult is the ultimate tensile stress of material
mrdt is the cross-sectional area of the cup wall.

The press chosen must be at least able to maintain the drawing load
throughout its working stroke.

Various methods are used to increase the depth of cup which can be
drawn. One is to roughen the end of the punch head to reduce thinning
of the metal at the base of the cup and to lubricate the die radius to reduce
drawing friction. Another is to use tractrix curves instcad of radii on the
die to provide a more gradual unbending of the material. Apart from
modifying the tool, differential annealing can be employed to soften the
metal towards the edge of the blank. With a harder central zone, thinning
of metal around the bottom of the punch is reduced and a cup of more
uniform thickness is produced.
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Other factors which affect the magnitude of the drawing ratio are the
ductility of the blank material, its thickness, and thc magnitude of the
punch and die radii.

6.3.4 Redrawing. If a sufficiently deep draw cannot be obtained in a
single operation, one or more redrawing operations will be necessary:
work hardening will also occur, and interstage bright annealing may be

/ndirect

needed to restore ductility. Two types of redrawing are possible and these
are shown in Fig. 6.15. The inverted method has an advant:ige over the
direct as a second bending is avoided, although with the inverted method
the radius of the first draw is limited to what can be accommodated by the
redrawing tool.

6.3.5 Ironing. It can be seen from Fig. 6.14 that the thicknesses of drawn
cups vary along their walls. The ironing process consists of pushing a cup
through a die, which reduces the wall thickness to a constant value as well
as increasing the depth of the cup. The KMTE process, which has been
developed from the Keller process can produce a very deep cylindrical cup
in a single punch movement by combining drawing with a series of ironing
operations (Fig. 6.16).

Ironing dies Drawing die
% Punch
( ! ]———— Hydraulic
. | thrust
% % % — Punch gquide
Drawn cylinder Initial position of blank

Fig. 6.16 Diagram of tooling for KMTE process
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6.3.6 Forming limits in sheet metal. The amount of deformation
which sheet metal will undergo before it fractures depends chiefly on the
drawing quality of the material, on the design of the tooling and on the
frictional conditions between the tool and workpiece. Although fracture
and usually necking must be avoided it is economically desirable to use a
metal having a drawing potential just sufficient for the job, as material
costs tend to increase with drawability. Tooling design is dictated by the
component shape, although this shape may have to be reached in a number
of stages, often with interstage bright annealing. Manufacturing cost
increases with the number of stages, hence if maximum deformation is
achieved at each stage of shaping cost will be minimized.

1O -

0

80 X/ Fracture

\‘\F _- Onset of
necking

40 -

30

Major principal strain €, (%)

20 |-

1 ] 1 1 1 1
-30 -20 -10 0 10 20 30

Minor principal strain €, (%)

Fig. 6.17 A typical forming limit diagram
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Forming limit diagrams are useful in determining how much deforma-
tion can be incurred without causing (a) necking, or (b) failure. They are
produced in the laboratory, from similar material to that used for the
pressing, by analysing the principal strains which occur at the onset of
necking and at fracture. These strains are then plotted on a forming limit
diagram, an example of which is illustrated in Fig. 6.17. In most pressings
necking is to be avoided and the “onset of necking” line on the forming
limit diagram is of greater interest than the “fracture’ line. The construc-
tion of forming limit diagrams is discussed by Veerman, Hartman, Peels
and Neve.17 Principal strains are detected by marking the material to be
pressed in a pattern of small etched circles which distort into ellipses as the
metal is formed. A suitable pattern and the effects of forming on the grid
circles are shown in Fig. 6.18. After the component has been formed the
grid pattern deformation can be measured in the critical areas, thus
enabling actual strains to be compared with those on the forming limit
diagram.

QOIOO]
00Ce

Typical grid pattern
(O-2in. circles in 0-25in.
squares)

Unstrained
circle

(a) (b)

Effect of bi- axial stressing
Major principal strain €,=(1;=1g)/ g
Minor principal strain €,=(1,—10)/ g

Fig. 6.18 Grid patterns in sheet metal forming

The effects of lubrication on the formability of pressings are difficult to
predict and are usually evaluated by trial and error. Newsprint can be
placed between the tool and the sheet metal to test the effect of reduced
friction over a large area, whereas localized friction can be introduced by
sticking emery paper at appropriate places on the tool. The effect of
lubrication may or may not be advantageous. In the case of large radii,
e.g. a hemispherical punch, good lubrication is advantageous, allowing a
more even distribution of strain because the material slips easily over the
punch surface. With small radii however, strain becomes highly localized
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and fracture is likely to occur if the metal is allowed to slip away from
highly strained areas due to good lubrication. Formability can also be
affected by the surface roughness of the work materia!, smooth material
surfaces act as if they had been lubricated but too smooth a surface can
cause seizure of the tool and work. Forming speed and pressure, material
properties and die design can all affect lubrication and a satisfactory
lubricant for one component design may be quite unsuitable for another.
Sheet metal forming is therefore still largely intuitive, although a more
quantified approach is being evolved through techniques such as the
forming limit diagram.

6.3.7 Hydroforming. This is a less common method of deep drawing
(Fig. 6.19), in which the die is replaced by a rubber diaphragm backed
by hydraulic pressure of about 75 N mm-2 (5 tonffin%). As the punch
moves upwards, a hydrostatic pressure is produced which forces the blank
to wrap round the punch. At the same time the displaced oil is pushed out
of a relief valve.

Relief volve
(set ot p)

— Rubber diaphragm

Blank bemng formed
Blonk holding ring (areca,)

Punchlaoreo a, )

Fig. 6.19 Hydroforming

The closing force F. is about 5 MN (500 tonf) for machines able to
draw o0-3 m (1 ft) diameter blanks, and is given by adding the closing force
on the punch to that on the pressure ring

Fe = plap +- ar) (6.4)

where p is the backing pressure,
ap is the area of the punch,
ar is the area of the pressure ring.
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The punch drawing force Fy, can be found by adding the force necessary

to draw the cup to that required to displace the oil through the relief
valve,

Fp = Ko'ult("dl) -+ pay (65)

where K is a constant (frequently == 0-8)
Outt Is the ultimate tensile strength of the metal,
md¢ is the cross-sectional area of the cup wall.

The punch power is the product of F, and the punch penetration rate Vp.

It will be seen by reference to equations (6.3) and (6.5) that the power
needed for hydroforming is greater than that for conventional drawing
by an amount p a, V. This term represents the power needed to force the
displaced oil out of the relief valve and is usually considerably greater than
that needed for the drawing operation itself. Therefore for a given installed
power, faster penetration speeds and consequently higher rates of produc-
tion are possible with conventional drawing. Another disadvantage of
hydraulic forming is that the capital cost of equipment is considerably
greater than that of conventional presses capable of deforming similar

blank diameters. The life of the rubber diaphragms is low but on one type
of press the diaphragm is eliminated and pressurized oil is brought into
direct contact with the workpiece.

On the other hand, hydraulic forming has some distinct advantages.
Tooling is less expensive and can be quickly manufactured. More severe
deformation and greater complexity of deformed shape are possible than
with conventional forming because of the hydrostatic pressure; in conse-
quence a part which might require two or three conventional drawing

operations can often be hydroformed in one. The absence of a pressure ring
means that the component is not scored as in press drawing. Hydraulic
forming is therefore usually limited to small batches of parts with complex
drawn shapes.

6.3.8 Liquid bulge forming. This process has been developed in
Japan,18 where it is used to produce components for the cycle and car
industries. A tube is held in a split die, a hydrostatic pressure is applied
internally and as the tube bulges it is axially compressed (Fig. 6.20 (a)).
The oil pressure in the tube must be maintained below bursting level but
high enough to prevent wrinkling and neck formation at the mouth of the
bulge, the relationship between hydrostatic pressure and axial compression
for successful bulging of a steel tube 40 mm diameter, 2 mm wall thickness
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is shown in Fig. 6.20 (b). Liquid bulge forming has been used to produce up
to four bulges in a tube as well as to manufacture stepped hollow shafts.
A wide range of tube diameters (12 mm to 300 mm) have been employed.

Ciosing pressure

-—— Plunger motion

——————— Qilin

—— Split die
(a) Bulging a tee
Bursting of bulge
W
4
2 FORMABLE
o
Q
© Wrinkling and
‘3‘ neck formation
b7
o
Rl
>
T
0 Axial compression

(b) Formable region for a steel tube

Fig. 6.20 Liquid bulge forming

6.4 HIGH-VELOCITY FORMING

Some unconventional methods of sheet metal forming such as explosive,
electrohydraulic and electromagnetic forming, have created considerable
interest in recent years. An alternative name for this group of processes is
high-energy-rate forming, due to the high rate at which energy is trans-
ferred to the workpiece. The major application of high-velocity forming
lies in the use of chemical explosives to manufacture large sheet metal
components.
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Machine tools which produce a high-velocity blow have also been
developed. As their application is chiefly in the field of forging they were
described in Section 4.3.

6.4.1 Use of chemical explosives. In this process a chemical explo-
sive is detonated near to the blank while both are submerged in water.
The blank is either formed in a female die or free formed over the edge of
a ring-shaped die (Figs. 6.21 (a) and (b)). No punch is required, and if a
shaped die is used it can often be cheaply produced from concrete lined
with epoxy resin. Apart from the low tooling cost, the cost of the explosive
is negligible and the capital expenditure on firing facilities is much less
than that on comparable presses. Explosive forming can therefore be
economic when large components are needed in small quantities.

The mechanics of the process cannot be treated analytically but the
following sequence is thought to occur after the explosion has been
detonated. First, a high-pressure gas bubble is formed almost instan-
taneously. The pressure of this bubble is estimated to be 7000 N mm-—2
(108 1bf/in2) and causes a pressure wave to move out spherically through

High Detonator
Exp/os;ve /// Yocuum line

\é’ A\E\
=TS peii | | DN

Work - 41 ———=. e e

prece |~ ° - v--Steel
= f‘;/\ /iner
o= = |

Die cl== B)E g

/ Tall — 7).~ ’/

A gl |
= =—||'<
PIAIENIE RIS B A A By

(0) Using fe/na/e die

4

ol

/P/a:t/c bag

— }/ Workpiace

— Die

T

!
.:
I

N
4

/ /

(b) Using free forming die

Fig. 6.21 Explosive forming
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the water. Energy from the explosion is transferred to the workpiece by
the pressure wave as well as by cavitation, water hammer and diffraction.

The gas bubble continues to expand but may oscillate in size and send
out secondary pressure waves with further transfer of energy to the
workpiece.

6.4.2 Electrohydraulic forming. This is a method of converting
electrical energy into energy of deformation. Capacitors are employed as
the energy store, and water is used as the medium through which energy is
transferred to the workpiece. There are two methods of presenting the
electrical energy: (a) as a spark across two permanent electrodes, (4) along
a thin wire which is melted by the discharge. A simplified representation
of the process is shown in Fig. 6.22. The discharge of energy through a
wire gives a lower production rate than the sparking plug method as the
wire has to be renewed after each firing, but by shaping the wire a more
efficient utilization of 'the energy is obtained. The electrical discharge
causes pressure waves to be sent through the water and their impact will
stretch a clamped blank or produce more complicated shapes in a female
die.

Electrohydraulic forming is similar in many ways to explosive forming,
but the release of energy can be more closely controlled and, unlike
explosive forming, it is suitable for use within the factory. Due to the high
capital cost of the requisite banks of capacitors the process is limited to
the production of smaller components than those possible with explosive
forming. The cycling time using permanent electrodes is, however, faster
than that for explosive forming, although the handling time is similar.

Diode Switch

BE

—3

Transformer Tcapaciror

Fig. 6.22 Electrohydraulic forming

6.4.3 Electromagnetic forming. If two conductors carrying current
are in close proximity, they are mutually either attracted or repelled.
When a sheet metal component is one of these conductors, the force
produced can be used to deform it. The other conductor, which is not
electrically connected to the component, is in the form of a coil which
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closely conforms to the shape of the component. As in electrohydraulic
forming, energy is stored in high-voltage high-capacity capacitors which
can be charged from the mains via a transformer and a rectifier. When
energy is released to the coil, the high-frequency oscillatory current
induces eddy currents in the workpiece, creating an opposing magnetic
field. This produces stresses at the sur-

Tube bulging face of the work of about 70 N mm-2

9 (10 000 1bffin2), and causes it to acceler-
I N { . ate away from the coil and to be formed

Coil Nrvse against the die.
Die High conductivity materials such as
Fig. 6.23 Electromagnetic copper and aluminium are normally
forming used for magnetic forming, although

non-conducting materials can be formed
if they are first rendered conducting by coating them with copper
foil. At present the amount of work done is limited to low levels of
deformation because of the difficulty of producing work coils which are
strong enough to withstand the large magnetic forces and the high cost of
storing large quantities of electricity in capacitors. Typical work includes
the bulging of aluminium tube and the shrinking of copper bands on
insulators; ‘pancake’ type spirally wound coils can be used to dimple or
bulge flat sheets. The bulging of tube is shown in Fig. 6.23.

Despite the restricted range of operations performed by this process it
has the advantages of not needing a transfer medium, a low noise level
and a high rate of output. Electromagnetic forming is employed in mass
production, particularly for swaging of aluminium tube.

6.5 COLD FORGING PROCESSES

Cold forging is the name given to a group of forming operations in
which the component shape is obtained by causing a solid piece of metal
to flow under the action of a deforming force. The term ‘cold’ is used to
imply that shaping occurs at temperatures below that of recrystallization.

Considerable savings can be obtained in material cost compared with
machining, as with cold forging almost all of the material is utilized in the
finished component. There is no production of swarf as in metal cutting,
and this group of processes is sometimes referred to as chipless machining.
An additional advantage of cold forging is that most metals work harden
when cold worked, giving them enhanced strength and allowing, for
instance, plain carbon steel to be used in place of more expensive alloy
steels. As the metal is being deformed cold rather than hot, considerably
higher deforming forces are needed; these frequently involve the use of
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heavy and expensive capital equipment. Tooling costs are also high, and
in consequence cold forging is normally used when large quantities of
similar components are required. Cold forging is limited to ductile metals
and the range of shapes produced is not as wide as can be obtained by
machining.

Cold forging operations include cold extrusion, a process of great
potential; cold heading, a well-established process used chiefly to produce
small parts from bar and rod; and form rolling which, in the main,
produces thread forms on existing components. Other cold forging pro-
cesses include planishing, embossing and coining. Planishing is a simple
operation which uses smooth dies, frequently to flatten blanks; analytical
treatment of cold forging operations of the planishing type appears in
Section 6.5.1. Embossing raises a pattern on thin sheet metal and is used
to produce some types of military badge and buttons. Coining also pro-
duces a raised pattern but on thicker blanks; different designs on each
side can be obtained if required, as on coins and medals. Greater force is
required for coining than for a comparable embossing operation but, due
to the complicated shapes usually produced, analysis of these operations
is not normally attempted.

6.5.1 Analysis of cold forging between smooth platens. A wide
strip of thickness ¢ is forged with platens of breadth 4 and plane strain
conditions are assumed to apply. -

When bjt = 1. If b = t and there is no friction between the work and the
platen, the slip-line field is as shown in Fig. 6.24 (a). As o1 is zero (there

“5
¥ - 0. (2k] a,Jo
z i
s— sl
L s PR
Fig. 6.24(a) Slip-line Fig. 6.24(5) Mohr stress circle
field when bt = 1 when bft = 1

being no externally applied horizontal stress) the hydrostatic stress p will
equal k at the boundary of the plastic zone.
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Using Hencky’s equation on the « slip line AB
bB —2kp=p=k
but ¢ = o as AB is a straight line

pB=4k
o3 =pB + £k
T
t o3 = 2k
i In simple cases such as this, o3
I/ could be found without the use of
b - a slip-line field. It can in fact be
Fig. 6.25 Slip-line field when bjtis  obtained by considering the Mohr
integral stress circle (Fig. 6.2 4.(5)).

When b[t = whole number > 1. The field shown in Fig. 6.25 is for a
broad platen where b/t = 3. Again o3 = 2k and the deforming force will
be proportional to the platen breadth. Where the ratio of platen breadth
to work thickness is not integral, a slightly higher pressure is needed
because of a more complicated pattern of metal deformation.

Upper bound solution ([t not integral). In this instance a b/t ratio of 1.4 has
been assumed, and the slip-line field shown in Fig. 6.26 (a) has been
approximated to by the straight line velocity discontinuities shown in
Fig. 6.26 (b). From Fig. 6.26 (b) a hodograph can be constructed by
assuming that each platen moves inwards with unit velocity. Metal in
zone ACB moves downward with the platen but is constrained by the
rigid metal to slide parallel to AB; this produces a velocity discontinuity
along AB of magnitude ; V2. The horizontal constraint AC imposed by
the upper platen enables the first velocity triangle A'B'C’ to be drawn.
The metal movement in the other three zones is then considered and
found to follow a similar pattern. The complete hodograph is shown in
Fig. 6.26 (¢). The values of  and s can now be found from Figs. 6.26 (¢)
and (b) respectively and substituted into the formula for rate of work done.
A discussion of the upper bound method appears in Chapter 3.13.

dw
Considering unit width of the platen
4pa = k[(AB X 1V2) 4 (BD X 1V3) + (EB X 4V2) + (BG X 4V3)]
4pa = 4k(a sec 0 cosec 0)
p = ksec 0 cosec 0

In this instance § = 36° and p = 2-1k.
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() Slip-line Ffield
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Fig. 6.26 When 5/t not integral

It will be recalled that when &/t is a whole number, p = 2k. The higher
value of p obtained in this example is due to the overestimation of pressure
inherent in the upper bound method and, to a smaller extent, to the more
complicated pattern of metal deformation if 5/t is not integral.

6.5.2 Cold forging between platens with Coulomb friction.
Lubrication is more effective when metal is forged cold and, unlike hot
forging, the yield stress at the surface of the material is not usually reached.

Referring to Fig. 6.27 (a) and adopting a similar approach to that used
for hot bar forging, it is easily shown that
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b _
dr t
dp  2udx
¢

Integrating, In p = — 2ux +C

t

p= Ae(—2uzit)

At x = b/2 the horizontal stress is zero,

p =2k
2k = Ael—rl)
and A = 2ke(Hbl)

the pressure distribution under the platen is given by

p= okelrit)b—22)

! P
Bp
le—g *+ ¢
. F 3~ T
1_— .
upip
L————Ib———‘

(g) Stresses on narrow strip

ps?k

L | 4(8-2x)
p=2ke

(&) Stress distribution with Coulomb friction only

Fig. 6.27 Cold forging

I11

(6.6)
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Mean pressure

=4 ow f 2 (~2i) g
b 0

_ 2kt

p= _b (e(#h/t) — I)

252
[3:2k—t~4<1+‘gﬁ+ﬂ+. . .—x)
ub ¢

22

b
If u is small § = 2k <I + %) (6.7)

The slope of the sides of the friction hill is an exponential curve, as
shown in Fig. 6.27 ().

6.5.3 Cold forging between platens with sticking and Coulomb
friction. Mixed friction conditions can occur when forging with broad
platens or where the coefficient of friction is high. This produces a friction
hill, as shown in Fig. 6.28. At the centre, in the sticking zone, the slope of
the hill is a straight line, which merges into an exponential curve towards
the edges of the platen, where there is Coulomb friction.

The distance x;, from the centre line of the platens to the point along
them at which the friction conditions change can be found, because at

Zone AB T = k
Zone CA & BD T = up

p =2k

.
(.‘A];D

Fig. 6.28 Stress distribution with Coulomb and sticking friction

this point wp = k. It has already been shown (equation (6.6)) with
Coulomb friction

p=2 kel#iH®—22)
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k
at x, p = — = oke/NO—27) (6.8)
u
e(."/”(”“"‘.’!{) J—
2/
b t
Hence X = - — —In 1 (6.9)
2 20 2u

i.e. sticking friction will not occur for values of In 1/2u > ub/t.

Also if 4 > 05, In 1/2u < o.

Hence for coefficients of friction equal to or greater than o-5, sticking
friction occurs over the whole of the platen area and the friction hill is
made up of straight lines.

The average pressure required to deform the metal can be found by
adding the vertical forces in the slipping and sticking zones and dividing
by the total area over which they act.

Considering unit platen width and measuring from the centre to one
extremity.

Slipping zone. From equation (6.6)
p = 2ke#inO~20)

vertical force in slipping zone
b

2
F, = 2k f U0 =22) gy

zt

F, = i k {e®0=22) _ 1}
2

But from equation (6.8), at x = x;
p = k_. —_ le(u/t)((l-—'.’.:l,‘g)
7
_L = e(#/t)b—2x0)
2u

tk (1
(L)
u\2u

hence
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Sticking zone. From Section 4.2.3

dp 2k
dx t
—2k
b= atC
At x=x;,p=£= —2kx; C
u t
hence C=k<-1—+—2—it)
u ot

Vertical force in sticking zone

£re "
F3=2kf <L+ﬁ _f>dx
0 \2u t t
2
Fy = 2k (ﬂ -+ ﬂ—)
20 2t

The average pressure on the platen, § is given by

. F,+F,
p= b2
- 2 X2 tk
=i G T G
- 2k x¢2 t t
p== { +2 ,,~~}

“m ¢ 2us p

From equation (6.9), substituting (b/2) — (¢/2u) In (1/2u) for x; and
rearranging terms

okl (1 —m t n .t i 2 " b t
= —f({t—In—)———|In— ——{ln—)} —1 - ——
? 20 2u 2bu? 2n 2 " 2u 4t bu

This rather cumbersome formula reduces to something much simpler if a
value of u is assumed, for instance if 4 = o-2; then

- l b
P =2k (0'21 -+ 1-29[—) -+ 0°25 t—>

6.5.4 Cold extrusion. The production of components by the cold
extrusion of steel was first achieved in Germany in 1934. It was kept a
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military secret because of its value in munitions production, and elsewhere
little was known of the process until 1945.

The two basic processes are forward and backward extrusion, as in the
hot extrusion process. In forward extrusion the punch moves vertically
downwards and the metal flows in the same direction as the punch
(Fig. 6.29 (a)). Although this figure shows a shallow cup being extruded,
forward extrusion is equally suitable for extruding solid billets. Backward
extrusion is illustrated in Fig. 6.29 (b), where it will be seen that the metal
flows backwards up the punch in the opposite direction to the punch
movement.

More complicated shapes can be produced in a single operation by a
combination of forward and backward extrusion (Fig. 6.29 (¢)). If, as is
frequently the case, the required shape cannot be obtained in a single
operation, a series of extrusion operations is performed until the desired
shape is obtained.
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N\ \ Die
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~Stripper O'J

Fig. 6.29 Cold extrusion
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Steel for cold extrusion. The choice of steel for use in cold extrusion is
important as this will determine the possible amount of deformation. As
a rough guide, a change of cross-sectional arca of at least 25%, should be
possible with punch stress <<2500 N mm=2 /160 tonf/in2). In a uniaxial
tensile test the steel should have a low yield stress, a slow rate of work
hardening, and a considerable extension before fracture (Fig. 6.30). At
present cold extrusion is limited to low and medium carbon steels,
although no doubt harder steels will be used as advances are made in
tool materials.

True Unsuitable
Stress

Suitob/e

Log strain

Fig. 6.30 Stress strain curve in tensile test

Effect on mechanical properties. After cold extrusion, the grain structure of
the steel becomes severely distorted and subject to internal stresses.
Although ductility is reduced, the yield strength is sometimes doubled
thus enabling plain carbon steels to be used in place of more costly
alternatives such as nickel-chrome steels. The residual stress in the com-
ponent depends on both the degree of deformation and the temperature
attained during deformation. When severe deformation occurs, tempera-
ture rises of 300°C are possible and this will produce some stress relief.
If more than one extrusion is necessary on the same component, the part
is annealed between operations. Recrystallization produced by annealing
will give a fine grain structure in heavily deformed parts but a coarser
structure in parts subjected to light deformation.

Treatment prior to extrusion. The steel slugs, which are subsequently
extruded, undergo a number of treatments before deformation. The most
important are annealing, cleaning, phosphating and lubricating.

Annealing ensures that the material is in a soft state before extrusion.
After annealing, the metal is cleaned and the surface oxide removed by
pickling in heated dilute sulphuric acid. A coating of zinc phosphate is
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then provided by a bonderizing treatment, and finally the part is im-
mersed in a suitable lubricant, usually sodium stearate.

The provision of an effective barrier between work and tool during
extrusion to prevent metal-to-metal contact is essential. This is achieved
by the porous phosphate coating, which not only acts as a vehicle for the
lubricant but remains tenaciously attached to the surface of the part at the
extremely high pressures associated with cold extrusion.

Tooling. Tools have to withstand very severe operating conditions when
extruding steel. A common cause of failure is fatigue caused by the rise
and fall of direct and bending stresses during extrusion. To avoid fatigue
failure, notch stresses must be minimized by rounding corners and
avoiding machining marks perpendicular to the metal flow. Eventually
tools will wear as a result of surface grooving caused by the flow of the
extruding metal. When this occurs, friction increases and the deforming
force rises rapidly.

Tools are expensive, and in consequence tool life has an important
bearing on the economics of the process. Life varies considerably and an
upper limit of 50 000 parts is not unusual, although with smaller deforma-
tions and more stages a tool life of 500 000 pieces is possible. Tool parts
such as the ends of punches, which are subjected to particularly severe
wear, can be designed so that they are easily replaceable. Dies are fre-
quently made in the form of liners shrunk into bolster rings; this compres-
sive prestressing of the die enables it to withstand higher bursting stresses.

Punches and dies are usually manufactured from high-speed steel.

Calculation of deforming forces. A relationship, proposed by Johnson,1? for
extrusion pressure p has given good agreement with experimental results
when extruding mild steel in the lower range of commercial extrusion
ratios.

Thisis p = Ymém
where &m = 1°51n (4o/4,) + 0-8
Y1 is the mean yield stress
Apg is the original cross-sectional area
A, is the extruded cross-sectional area.

The value of ¥, can be found by a plane strain compression test on the
material (see Appendix 2) and by plotting true stress against natural
strain. From this curve Yy, the mean value of stress over the range of
strain from zero to ep is determined (Fig. 6.31). Difficulty is found in
obtaining true stress/strain curves at high values of strain because of the
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Fig. 6.31 Compressive stress strain curve

inadequate lubrication of the interface between the test piece and the
platens. The curve is, however, fairly flat at high strains and can if
necessary be extrapolated with little loss of accuracy.

6.5.5 Warm forming. This process is sometimes referred to as warm
forging or warm extrusion. The billet is pre-heated to below its recrystal-
lisation temperature, thus enabling deforming forces to be reduced to
less than those needed for comparable cold working, but still permitting
some strain hardening to occur. The pre-heat temperatures for steels are
normally around 500°C to 600°C. Warm forming is particularly useful
for hard heat resisting steels which cannot be cold worked and may
contain phases which would melt if shaped at high temperature.

The component shapes are limited to those which do not require a
complex metal flow. If a special shape feature such as an undercut is
required, or if the dimensional tolerances are close, the part will have to
be machined. Mechanical properties of warm formed parts are good and
their surface finish is much better than parts which are hot worked.

It is critically important that there should be adequate lubrication
between tool and workpiece during forming. This is due to the high
stresses at the tool/workpiece interface and to the large increases which
occur in the workpiece area. Lubrication is, however, more difficult
than with cold extrusion because of the elevated working temperatures.
Molybdenum disulphide can be used up to 300°C, but above this tem-
perature a variety of lubricants based on colloidal graphite are employed.

6.5.6 Hydrostatic extrusion. Thisinteresting method of cold working,
illustrated in Fig. 6.32, is one of potential value but as yet little used in
industry. Compared with conventional extrusion it has the advantage that
there is no direct contact between the billet and the container wall. Some
of the oil which is used to apply pressure to the billet leaves with the extru-
sion and greatly improves die lubrication. By using differential extrusion,



SHEET METAL FORMING AND COLD FORGING 119

i.e. extruding into a second pressurized container, brittle materials can be
extruded. Differential extrusion requires that primary container pressures
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Fig. 6.32 Hydrostatic extrusion

Container for
differential extrusion

are increased by about 709, to around 4000 Nmm~2 (250 tonffin2),
which although technically possible, is commercially unattractive. In
simple hydrostatic extrusion there is little control over the rate of extrusion.
Extrusion rate can be controlled if the container pressure is maintained
below expulsion level and the process is assisted by a plunger making
contact with the billet, as with conventional extrusion, or by applying a
drawing force to the extrudate.

Two problems militating against the wider application of hydrostatic
extrusion are the relatively short fatigue life of containers and the difficulty
of ensuring the reliability of high pressure seals under production condi-
tions.

6.5.7 Cold heading. Cold heading consists of forming a head on the
shank of a work piece: the material normally used is low carbon steel
wire. A typical cold heading operation, the manufacture of a rivet, is
shown in Fig. 6.33. Parts with heads too large to produce in a single blow
are formed in two or more stages. Special-purpose machine tools with fast
production rates are used for cold heading. Millions of fasteners such as
rivets and bolts are manufactured by this process, which is usually more
economical than machining when large quantities are required.

6.5.8 Form rolling. Form rolling produces comparatively complex
forms, such as screw threads on machined or formed blanks. Almost all
standard external thread forms can be rolled, with the exception of square
threads; splines, worms, gear teeth and knurled surfaces can also be form
rolled. Rolling dies are made from hardened steel and have an appro-
priate form ground on their surface. The work is rolled between the dies,
which move radially inwards until the full form is obtained on the
component.
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In thread rolling, blanks slightly in excess of the effective diameter of
the thread are used, the profile being achieved by forcing the metal to
flow from the thread roots into the unfilled die form at the crests. The
component is work hardened by rolling, and the burnishing effect of the
dies leaves an excellent surface finish.

Standard machine tools, such as automatic and capstan lathes, can be
fitted with thread rolling attachments; these have one or more roller dies.
Flat and curved dies are used on special purpose thread rolling machines
which are frequently fed from heading machines. Production rates on
special purpose machines can be in excess of 500 parts/min. Three different
die arrangements are shown in Fig. 6.34.

6.5.9 Flow turning. Basically there are two flow turning processes,
one which converts discs of metal into hollow shaped components of
approximately conical form, and one which elongates a preformed tube
by reducing its wall thickness.

When flow turning a cone the process resembles spinning, except that
when spinning the section thickness remains substantially constant,
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Tailstock

@ Spinning b) Flow turning
Fig. 6.35
whereas when flow turning the section is significantly reduced. The

essentials of the two processes are shown in Fig. 6.35. It will be seen that
spinning is essentially a stretching process, the diameter of the disc being
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progressively reduced as the cone is formed. A high radial tensile stress is
induced in the disc causing plastic flow, and the conical deformation is
due mainly to bending and unbending under tension.

Flow turning does not involve a significant decrease in the diameter of
the disc, and the disc is relatively stress free. The process is predominantly
compressive and as an approximation was considered by Kalpakcioglu20
as a case of simple shearing. Fig. 6.36 illustrates the shearing of an element
of the cone, where shear strain y = (dx/dy) = cot , and (' = tsin o.

Work done in shearing/rev

== 277 . F'. r = volume sheared/rev X (y . k)
=om.r.t' . f.y .k

where F = tangential force on roller,
r = instantaneous radius of cone,
f = feed/rev,
k = shear flow stress = Y/4/3,
F=t.sina.f.cota.(Y[/3),

F=t.f.(Y|4/3) cos a.
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Fig. 6.36 Shcaring action when flow turning a cone
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For a strain hardening material, an average yield stress ¥ can be taken,
giving

F=t.f.(Y]V3)cos« (6.10)

This analysis does not allow for redundant work, and for small instan-
taneous cone diameters it underestimates the force by a factor of about 2.
However, for cone diameters over about o'5m (20 in), the agreement
with experiment is reasonable.

Cones can be flow turned to 40-05 mm (40002 in), with surface
finishes of 0-15-0-2 um (6-8 pin). The process can be used for plate thick-
nesses up to rg mm ($in) with stainless steels or nimonics, and up to
38 mm (1} in) with some non-ferrous materials. Although most ductile

metals can be flow turned, cold titanium

W usually requires pre-heating. The apex
angle of the cone is limited by the metal

C used, but given favourable conditions
angles as small as 30° can be achieved

Is 7 without preforming.
The application of flow turning to
Former -— the reduction of tubes is shown in
Fig. 6.37. Therc does not appear

Fig. 6.37 Flow turning a tube to be a reliable analysis of this pro-

cess, although analogies have been

drawn between flow turning and plane extrusion. A variant of this process

which has considerable commercial application is thread rolling, described
in section 6.5.8.

Flow turning does not involve a high investment in tooling and can be
performed on rigid lathes with powerful motors and copying attachments’
to guide the roller. It is used to produce small quantities of simple hollow
components, often of considerable size, where alternative tooling and
equipment would be costly and deformation forces prohibitively large.

6.5.10 Impact extrusion. This process is popular for the manufacture
of large quantities of components from soft, ductile materials such as
aluminium or lead. It is a cold extrusion process, and forward or backward
extrusion is possible; conventional crank presses giving ram speeds of
about 0-6-0-9 m s~1 (2-3 ft/s) are used.

Complex forms can be produced, the particular advantage being where
thin-walled cylinders and tubes, possibly with a flange or heavy base are
required. The resulting mechanical properties are good.

Recent work?! using high-velocity machines with ram speeds of 15-
90 m s~1 (50—300 ft/s), has resulted in products from impact extrusion with
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better finish and improved straightness. Also, a wider range of materials,
including stecl and titanium, has been successfully extruded.

Maximum extrusion pressures increase with velocity, but where the
pressure reaches very high values the effect can be offset by preheating
the blanks. In practice, ram speed is generally limited to 25 m s=1 (8o {t/s),
particularly in forward extrusion, due to break-off caused by thermal or
inertial effects. Rapid deceleration causes high tensile stresses in extrusions,
and failure may occur due to necking. Thermal break-off occurs particu-
larly in metals of low thermal conductivity, and appears to be due to the
localized near-adiabatic temperature rise in the deformation zone, which
may cause thermoplastic instability and result in what appears to be a
brittle fracture.

6.6 SUPERPLASTIC ALLOYS

These materials, which are expensive, specially prepared fine grain
alloys, can be shaped from pre-heated sheet at very low loads using
inexpensive tooling. Although many metals can be produced in super-
plastic form, aluminium and zinc based alloys have shown the best
commercial promise.

The two basic methods of shaping are female and male forming. In
female forming a pre-heated sheet is placed over a die cavity and air
pressure or a vacuum is used to induce the sheet to assume the die shape.
This process is suitable only for shallow parts, due to thinning at the
corners of the formed parts. Male forming uses a shaped punch which is
pushed into the clamped pre-heated sheet. In addition compressed air
is normally used to ensure that the sheet conforms to the tool profile.
Non-uniform thicknesses also result from this process, unless the sheet is
blown first into a bubble of correct size and then collapsed on to the tool.

As only one die has to be manufacturered, from relatively inexpensive
and easily modified cast iron or cast aluminium, tooling costs are very
much lower than for a pair of conventional drawing dies. The most
favourable production range quoted?? for superplastic aluminium is for
a total order quantity of between 100 to 5000 parts. Forming times are
much longer than for conventional drawing: exceptionally up to 3o
minutes are required for some deep drawn parts.

After forming, the parts are heat treated to strengthen them; super-
plastic aluminium alloy can be converted to a strength approximating
to that of mild steel. Typical parts manufactured from superplastic
alloys are covers, panels and housings. Older superplastic alloys had
poor mechanical properties and little commercial application. However,
considerable growth in demand is now expected, particularly for parts
made from superplastic aluminium alloys.



7 Cutting Tool Geometry and
Tool Materials

7.1 In this chapter some loosely connected aspects of metal cutting are
discussed. Tool nomenclature has been dealt with first so that the various
tool angles can be defined for use in the other sections. The direction of
chip flow across the tool is next considered, to allow a concept of ‘effective’
rake to be established.

In practice the steady state conditions on which cutting theories are
based are often disrupted by the formation of discontinuous chips, and tool
geometry is altered by the presence of a built-up edge. The last section
considers the influence of different cutting tool materials on cutting speeds
and tool geometry.

7.2 TOOL NOMENCLATURE

British Standard 1296 : 19722 defines the angles on single point
cutting tools in terms of the normal rake system. This defines two rake
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Fig. 7.1 Normal rake system
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angles, as shown in Fig. 7.1. The angle A is the back rake or cutting edge
inclination, which is measured parallel to the cutting edge in the vertical
plane; y, is the normal rake, measured in a plane perpendicular to the
cutting edge. . is the tool approach angle and K,. is the tool minor cutting
edge angle.

The normal rake system relates the important cutting angles directly
to the cutting edge and not to some geometrical feature of the shank of
the tool; it is therefore a more realistic method of nomenclature for
studying chip formation. For multi-point tools the normal rake system
again gives a realistic idea of tool geometry and is generally preferable
to other systems.

7.3 DIRECTION OF CHIP FLOW

For most practical machining operations the cutting edge is presented
obliquely to the cutting direction (Fig. 7.2). When designing cutting tools,

Plane in which

/ Y, is measured

Fig. 7.2 Oblique machining
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it is desirable to know the direction in which the chip will flow up the rake
face. Experimental work by Stabler?* has shown the direction to conform
fairly closely to a simple law, which states that

y =X (71)

The angle A; was referred to by Stabler as the angle of obliquity and
corresponds to the cutting edge inclination, and v is the angle made by
the chip with the normal to the cutting edge along the tool rake face.
The normal rake is denoted by the angle y,. The example shown in Fig. 7.2
has been simplified by assuming a tool approach angle of zero, but
the result is equally applicable when the tool approach angle is not
zero.

In oblique cutting, neither of the principal rake angles, Ag and y,, is of
much value in describing the chip geometry, since they do not lie in the
plane of the chip flow. Stabler specified an effective rake angle measured
in a plane containing both the cutting speed and chip flow vectors, fe in

Fig. 7.3

Plane perpendicular to
cutting speed vector

Cutting edge

Direction of
chip flow

Fig. 7.3 Angular relationships for oblique cutting
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Assuming the truth of the flow law, A, = y,
sin fe = cos? A sin y, + sin2) (7.2)

This relationship enables the effective rake angle to be calculated from the
principal rake angles. The nomogram, Fig. 7.4, enables this calculation to
be performed.

7-4 CHIP FORMATION

Three types of chip are usually classified; they are: (a) discontinuous,
(b) continuous, (¢) continuous with a built-up edge. Unfortunately it is
not possible to differentiate clearly between these groups because of the
existence of semi-discontinuous chips and of discontinuous chips which
produce a noticeable built-up edge. However, experience shows that
certain combinations of cutting materials and cutting conditions are more
likely to produce one sort of chip than another.

Discontinuous chips (Fig. 7.5) occur when the amount of deformation
which the chips undergo is limited by repeated fracturing. As would be
expected, brittle materials such as cast iron are most likely to give a
discontinuous chip, although they may also be produced by ductile
materials, particularly if the hydrostatic pressure near the cutting edge
becomes tensile or the shear strain energy reaches a critical value, as
demonstrated by Enahoro and Oxley,? and by Luk and Brewer.2¢ The
conditions under which discontinuous chips are likely to occur are low
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Fig. 7.4 Effective rake angle nomogram

cutting speeds, low rake angles, heavy feeds and high friction forces at the
chip tool interface.

Continuous chips without built-up edge are most likely to be obtained
when using ductile work materials, and under conditions the reverse of
those causing discontinuous chips. Conditions leading to built-up edge
formation are described in the next section.

Workpiece

Fig. 7.5 Discontinuous chip formation
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7.5 BUILT-UP EDGE

Over a large range of cutting speeds a built-up edge or nose exists on
the cutting edge of the tool; this has the effect of changing the effective
geometry of cutting. The form and size of such an edge depends largely
on the cutting speed, and disappears almost entirely at very low and very
high speeds. Since cutting speed directly affects the temperatures attained
in the shear zone, it is reasonable to suppose there may be some relation-
ship between temperature and build-up. Bisacre and Bisacre?? suggested
the idea of a dimensionless ‘thermal number’ which they considered
should bear a relationship to all the cutting factors associated with the
chip tool interface for a given tool. The thermal number Vf/A2 is the
product of cutting speed V and feed f divided by the thermal diffusivity
k2. Tt is, in fact, the coefficient of the first order term in the heat conduction
equation (see Appendix 1).

Chao and Bisacre?® assessed the size of the built-up edge by measuring
its projected area 4, while Heginbotham and Gogia?® measured the length
of the built-up edge L along the rake face of the tool. Graphs of 4/f2 and
L/f plotted against thermal number for readings taken at different speeds
and feeds showed that a unique relationship appeared to exist, although
Heginbotham and Gogia found a better correlation by plotting against
VFL5/he,

Two different theories exist to explain the initial formation of a built-up
edge. The one most usually accepted is that the high friction forces
existing on the rake face cause the material to reach its shear flow stress
along a line inclined to the rake face; a velocity discontinuity occurs and
wedge-shaped particles are left on the rake surface. The other theory, that
of Palmer and Yeo,?® assumes that the built-up edge is initiated by
bluntness of the tool edge rather than by the high friction on the rake face.

By adopting a crystal-plotting technique, they constructed a slip-line
field around an artificially blunted tool. This had a dead metal zone ABC
(see Fig. 7.6). They predicted that the hydrostatic stress at A was more

8 _~Tool point
C

Fig. 7.6 Slip-line field around blunt tool
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compressive than at B and C. The compression at A inhibits separation at
this point, causing the dead metal zone to grow by advancing away from
the tool cutting edge to form a built-up edge.

Qualitative experiments have demonstrated that the shape of the built-
up edge depends mainly on cutting speed; typical built-up edges for three
different cutting speeds are shown in Fig. 7.7. This variation in shape is
explained by thermal softening, assuming the temperature to rise near
the tip of the build-up as cutting speed increases. At speeds >1-5 m s1
(300 ft/min) Heginbotham and Gogia claim to have identified a very thin
parallel built-up edge which persisted at much higher speeds. However,

- —
Too/ Too/ Too/
Cutting speed O3ms™’ 06ms™ 1ems™!

Fig. 7.7 Typical built-up edge formation for steel

other investigators are of the opinion that the built-up edge does not exist
at high speeds.

The present state of knowledge of the built-up edge may be summarized
as follows.

(a)

(6)

()

It can be initiated in one of two ways. Wear at the point of the tool
may result in the formation of a dead metal zone, and the subse-
quent growth in size of the build-up at any given speed depends on
the work hardening properties of the material. Alternatively, a high
friction force at the chip tool interface may cause adhesion to occur.
Adhesion may be inhibited by using a polished tool, or under
certain conditions by the application of a cutting lubricant.

The shape of the built-up edge is a function of temperature, which
is in turn determined by cutting speed.

The built-up edge is apparently continuous with the chip and
workpiece. Although a certain amount of diffusion welding occurs
at the chip tool interface, the built-up edge on a tool will normally
remain with the chip when the cut is frozen’ by quick stopping.
Positive rake angles on the tool lead to a.decrease in the amount of
build-up at low cutting speeds, but negative rakes result in a decrease
in build-up at high cutting speeds.
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(¢) Increase in feed causes an increase in the dimensions of the built-up
edge at low cutting speeds, but at higher speeds a value of feed is
reached where maximum build-up occurs, and at higher feeds the
build-up then decreases.

(f) A unique relationship appears to exist between the size of the
built-up edge and the thermal number.

() The built-up edge appears always to exhibit a blunt form.

(h) Surface finish on the workpiece is dependent on the type of built-up
edge and generally improves at higher speeds.

7.6 CUTTING TOOL MATERIALS

A large number of cutting tool materials has been developed to meet
the demands of high metal-removal rates. The situation at the moment is
that the latest developments, such as the use of refractory oxides, cannot
be fully exploited because of the inadequacy of existing machine tools.
The most important of these materials and their influence on cutter design,
are described below.

7.6.1 High carbon steel. Historically, high carbon steel was the earliest
cutting material used industrially, but it has now been almost entirely
superseded since it starts to temper at about 220°C and this irreversible
softening process continues as temperature increases (Fig. 7.8). Cutting
speeds with carbon steel tools are therefore limited to about o-15 m s-1
(30 ft/min) when cutting mild steel, and
even at these speeds a copious supply of #o
coolant is required. 2000}

7.6.2 High-speed steel. To over- 1500;
come the low cutting speed restriction
imposed by plain carbon steels, a range
of alloy steels, known as high-speed

steels, began to be introduced during Jigh spred

Carbides

1-Corbon

100
° steels

the early years of this century. The *°°

chemical composition of these steels varies

greatly, but they basically contain about O s60 o050 or
0-7% carbon and 49, chromium, with 400 800 /200
additions of tungsten, vanadium, molyb- Fig. 7.8 Variation of tool hard-
denum and cobalt in varying percent- ness with temperature

ages. They maintain their hardness at
temperatures up to about 600°C, but soften rapidly at higher tempera-
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tures. Experience shows that high-speed steels fail in a short time if used
on mild steel at cutting speeds in excess of 1-8 m s~1 (350 ft/min), and many
cannot successfully cut mild steel faster than o-75 m s™1 (150 ft/min).

7.6.3 Sintered carbides. Carbide cutting tools, which were developed
in Germany in the late 1920s, usually consist of tungsten carbide or
mixtures of tungsten carbide and titanium or tantalum carbide in powder
form, sintered in a matrix of cobalt or nickel. Because of the comparatively
high cost of this tool material and its low rupture strength, it is normally
produced in the form of tips which are either brazed to a steel shank or
mechanically clamped in a specially designed holder. Mechanically
clamped tool tips are frequently made as throw-away inserts. When
all the cutting edges have been used the inserts are discarded, as regrinding
would cost more than a new tip.

The high hardness of carbide tools at elevated temperatures enables
them to be used at much faster cutting speeds than high-speed steel (of
3—4 m s~1 (600-800 ft/min) when cutting mild steel). They are manufac-
tured in several grades, enabling them to be used for most machining
applications. Their earlier brittleness has been largely overcome by the
introduction of tougher grades, which are frequently used for interrupted
cuts including many arduous face-milling operations.

Recently, improvements have been claimed by using tungsten carbide
tools coated with titanium carbide or titanium nitride (about 0-0005 mm
coating thickness). These tools are more resistant to wear than conventional
tungsten carbide tools, and the reduction in interface fricticn using
titanium nitride results in a reduction in cutting forces and in tool tem-
peratures. Hence, higher metal removal rates are possible without detri-
ment to tool life or alternatively longer tool lives could be achieved at
unchanged metal removal rates.

The uses of other forms of coating with aluminium oxide and poly-
crystalline cubic boron nitride are still in an experimental stage, but it is
likely that they will have important applications when machining cast
iron, hardened steels and high melting point alloys.

7.6.4 Ceramics. The so-called ceramic group of cutting tools repre-
sents the most recent development in cutting tool materials. They consist
mainly of sintered oxides, usually aluminium oxide, and are almost
invariably in the form of clamped tips. Because of the comparative
cheapness of ceramic tips and the difficulty of grinding them without
causing thermal cracking, they are made as throw-away inserts.



134 PRODUCTION ENGINEERING TECHNOLOGY

Ceramic tools are a post-war introduction and are not yet in general
factory use. Their most likely application is in cutting metal at very high
speeds, beyond the limits possible with carbide tools. Ceramics resist the
formation of a built-up edge and in consequence produce good surface
finishes. Since the present generation of machine tools is designed with
only sufficient power to exploit carbide tooling, it is likely that, for the
time being, ceramics will be restricted to high-speed finish machining
where there is sufficient power available for the light cuts taken. The
extreme brittleness of ceramic tools has largely limited their use to
continuous cuts, although their use in milling is now possible.

As they are poorer conductors of heat than carbides, temperatures at
the rake face are higher than in carbide tools, although the friction force
is usually lower. To strengthen the cutting edge, and consequently im-
prove the life of the ceramic tool, a small chamfer or radius is often stoned
on the cutting edge, although this increases the power consumption. Tool
life is greatest for tools with negative rakes of about 15-20°. This is about
twice the size of the largest negative rakes commonly used on carbide tools
and except at very high speeds, where thermal softening of the work
material predominates, results in noticeably higher power consumption.

7.6.5 Non-ferrous alloys. Several non-ferrous alloys containing
varying percentages of cobalt, chromium, tungsten and carbon are some-
times used for machining hard metals at speeds slightly in excess of those
used with high-speed steel tools. Their cutting properties are roughly
intermediate between those of high-speed steel and tungsten carbide. The
most important application of these alloys is in the drilling operation.

7.6.6 Diamonds. For producing very fine finishes of 0:05-0-08 um
(2-3 pin) on non-ferrous metals such as copper and aluminium, diamond
tools are often used. The diamond is brazed to a steel shank. Diamond
turning and boring are essentially finishing operations, as the forces
imposed by any but the smallest cuts cause the diamond to fracture or be
torn from its mounting. Under suitable conditions diamonds have
exceptionally long cutting lives.

Synthetic polycrystalline diamonds are now available as mechanically
clamped cutting tips. Due to their high cost they have very limited
applications, but are sometimes used for machining abrasive aluminium-
silicon alloys, fused silica and reinforced plastics. The random orientation
of their crystals gives them improved impact resistance, making them
suitable for interrupted cutting.
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7.7 EFFECT OF CUTTING MATERIAL ON CUTTING ANGLES

The major consideration when determining the size of the angles
ground on cutting tools is the ability of the tool material to withstand the
cutting forces. The advent of hard sintered compounds with low tensilc
and impact strengths as cutting materials has demanded a more robust
cutting edge than was necessary with the tougher carbon steel or high-
speed steel tools. Hence the tendency has been to design sintered tools
with smaller positive rake angles and lower clearance angles.

Chapter 8 shows the effect of rake angle on cutting force, and it is
demonstrated that at low speeds the cutting forces associated with high
rake angles are less than those associated with low positive rakes or
negative rakes. However, at high speeds, thermal softening of the chip
results in an increase in chip thickness ratio for negative rakes and a
corresponding decrease in cutting force. Apart from the additional
strength conferred upon the cutting edge, negative rakes cause the cutting
force to be rotated so that the tool bits are held more effectively against
their mountings.



8 Metal Cutting

8.1 ORTHOGONAL CUTTING

It is not yet possible to predict with any great accuracy the forces
involved in metal cutting, in spite of a large number of theories which
have been developed. This is largely due to the extreme complexity and
the lack of geometrical constraint which is characteristic of metal cutting.
Before explaining the effects of the many variables which are encountered,
a description of the simplified theories based on orthogonal machining
will be attempted.

In orthogonal machining, the tool approaches the workpiece with its
cutting edge parallel to the uncut surface and at right angles to the
direction of cutting. To prevent end effects, the tool is wider than the
workpiece. Fig. 8.1 shows how a chip is removed under orthogonal condi-
tions. All the theories of orthogonal machining imply or assume plane
strain conditions, in that the width of the chip remains equal to the width
of the workpiece.

Fig. 8.1 Orthogonal cutting

136
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If it is assumed that shearing in the primary deformation zone occurs
across a narrow band (Fig. 8.2), the shear strain y is dependent on the
rake angle B, and the shear angle ¢. A particle entering the shear zone
at A4 is deflected by the shearing action so that it leaves the shear zone
at C.

y = BC|AD
= (BD + CD)|AD
= cot ¢ + tan (¢ — f)

Workpiece

Fig. 8.2 Idealised chip formation

It follows that shear strain, and hence the energy of primary deforma-
tion, is reduced if B, and ¢ are large. These angles determine the chip
thickness ratio r; which is the ratio of the uncut chip thickness ¢ divided
by the actual chip thickness ¢’. A large value of r; therefore indicates a
high efficiency in chip removal.

8.2 MERCHANT’S THEORY

This theory is usually attributed to Merchant,3 although other investi-

Fig. 8.3 Forces in orthogonal machining
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gators have independently arrived at a similar conclusion.

The chip is assumed to shear continuously across a plane AO (Fig.
8.3 (a)), on which the shear stress reaches the value of the shear flow stress
k. Alternatively the assumption that minimum work is done in shearing
can be used.

From Fig. 8.3 (b),

R=F;.scc (B — B.)

Fs=R.cos(¢+ f —Bc) = F,.sec (B —fe) . cos (¢ + B — fe)
Fo=R.sin(¢+ f —Be) =F,.sec (B — Be) -sin (¢ + B — Be)

Given a chip width w, and uncut chip thickness ¢, shear stress on shear
plane

T=Fx.sec(,3—/3e).cos(¢+ﬁ—ﬁe).sin¢

t.w.

_ T.L.w.
sec (B — Be) . cos (¢ + B — Be) .sin ¢

Using Merchant’s hypothesis that the shear angle adjusts itself to give
minimum work, we can either seek to maximize 7 or minimize F; to find
an equation for ¢. The uncut chip thickness ¢, the tool rake angle 8., and
the width of the chip w are all constants for a given set of cutting condi-
tions, and Merchant assumed that the angle of friction 8 was independent
of ¢. In the expressions for r and F, above, the term cos (¢ + B — Be) . sin ¢
contains one variable, ¢, the shear angle, and to maximize 7 or minimize
F, then cos (¢ + B — Be) . sin ¢ must itself be maximized.

Ify =cos (¢ + B — Be) .sin ¢

d
d—i — —sin (¢ + B-—Be) . sin ¢ + cos (¢ + B — Bo) . cos ¢.

For maximum value of ,

sin (¢ + B — ) . sin ¢ = cos (4 + B — Be) - cos §.

Fy

tan (¢ + B — Be) = cot = tan(% —¢>

$°=45° — }(B —B.)°
(8.1)

If ¢ is plotted against B — B, it gives a linear relationship (as shown in
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Fig. 8.4) which has an intercept value of 45° and a slope of —}. Experi-
ments on a number of materials have shown that in most cases a linear

|
s 1
e = i50- (s o) : ;=T tK
- o
L
]
2
(B ’ﬂo) - %—,-
Fig. 8.4 Graphical repre- Fig. 8.5 Merchant’s
sentation of Merchant’s assumed relationship
relationship between shear flow
stress and normal
stress

relationship is obtained, but the slopes and intercept values have varied
considerably according to the type of metal used. To explain these
differences, Merchant called on the work of Bridgman3? concerning the
effect of hydrostatic pressure on the ultimate strength of a metal. He
reasoned that if hydrostatic pressure increased the ultimate stress, it would
also increase the yield stress. Merchant’s assumed relationship between

shear flow stress and normal stress is shown in Fig. 8.5.

= 79 + K. on where K is the slope.
Normal stress on shear plane

Fy

Fy
an=j=z.tan(¢+ﬂ_ﬁe)

=T'tan(¢+ﬂ'—ﬂe)

where 4 = area of shear plane.
Substituting for r in the equation for F,

F o= T0.0. W
¥ sec (B —Bo) . cos ($+ B —Be) .sing. [1 —K.tan (¢ 1 p — fo)]

Minimizing this equation,

cot™l K

¢ =

— 3(B — B (8.2)

2
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The modified expression for ¢ enables the line for the graph of ¢ against
B — « to be moved vertically but does not alter its slope. For mild steel,
the slope is fairly close to experimental results and the intercept value is
about 32°. However, other materials such as aluminium have widely
differing slopes from that predicted by Merchant’s equation. Merchant’s
extension of Bridgman’s theory has since been disproved, but this treat-
ment has been included for historical completeness.

If the shear plane theory is considered from the point of view of time
it will be realized that an infinite shear strain rate is implied. Much of the
work published subsequent to Merchant’s has assumed that instead of a
plane, shearing takes place in a narrow plastic zone, where it is necessary
to allow for work hardening.

8.3 LEE AND SHAFFER’S THEORY

Before leaving the shear plane theory the analysis of Lee and Shaffer33
should be mentioned. They assumed, as did Merchant, that shearing
occurred along a single plane, but took account of how the tool force is
transmitted through the root of the chip to the shear plane.

The metal bounded by OAB in Fig. 8.6, is assumed to be rigid-plastic,
and to have been stressed throughout to its yield point. The chip above
OB is assumed to be stress-free and hence the slip lines meet OB at 45°.
Shearing occurs along the entry slip line OA, which is a velocity dis-
continuity. Since the chip is assumed to be stress-free, the normal stress at
a along the stress-free interface is zero and the Mobhr stress circle is shown
in Fig. 8.7.

The friction angle § = tan—1 (74/0q). Therefore the angle subtended at
the centre of the circle between d and the horizontal axis is 2.

2B + 2(¢ — Be) = 90°
¢ =45 — (B —Be) ° (8.3)

From the above expression for ¢ it can be seen that the Lee and Shaffer
solution can be represented by a line on the graph of ¢ against § —8,,
having an intercept of 45° and a slope of —1. For most metals this solution
is even less accurate than the Merchant prediction, but to overcome its
inadequacy an alternative field was proposed which allowed for the
existence of. a small built-up edge on the tool. This field is shown in
Fig. 8.8, and progressive distortion of the metal occurs as the chip passes
through the fan-shaped part of the field.
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Fig. 8.6 Lee and Shaffer’s slip-line Fig. 8.7 Mohr stress circle
field for machining for Lee and Shaffer’s solu-
“tion

From the Hencky equations it is possible to find the changes in com-
pressive hydrostatic stress by tracing backwards from OC along the « lines
to the entry slip line. No change occurs
in hydrostatic stress until slip line OB is
reached, as the lines are straight in this
part of the field. In the zone OBA the
compressive stress increases as the o lines
here are curved.

Along an « line, p — 2k¢d = constant.

Fig. 8.8 Lee and Shaffer’s If the angle between OB and OA is 0

built-up edge solution the increase in compressive stress is 20,

and the hydrostatic stress at the entry slip

line is k(20 + 1), the stress along OB being k. The angle § between

the line of action of the resultant force and the entry slip line

is tan—1 (Fg/Fpn) = tan! k/[k(20 4 1)] = tan~1 [1/(20 + 1)] and passes
through the centre point of the entry slip line OA.

The built-up edge, in practice, is frequently of much greater size than
is considered by this theory and in addition the work hardening of the
deforming metal has been neglected.

8.4 CHRISTOPHERSON, OXLEY AND PALMER’S THEORY

Probably the most important recent development in the theory of metal
cutting is the contribution by Christopherson, Oxley and Palmer!, which
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allows for strain hardening by introducing an

integral term to the modified Hencky equations Chip
(3.10/11). This means that, whereas with a rigid-

plastic material the slip lines of one family must Too/
either be straight lines or all curve in the same

direction, opposing curvature is now possible. Fig. 8.9 Slip-line field
Experimental work, generally conducted at for work hardening
low cutting speeds, has shown that the deforma- material

tion zone has slip lines of this sort. A typical

field for orthogonal machining with a sharp, smooth tool is shown in
Fig. 8.9.

Unfortunately, a field of this type does away with a useful concept, the
shear angle ¢, and the curved boundary of the deformation zone causes
considerable difficulty in predicting the forces involved. It has been
suggested in a number of papers that at realistic cutting speeds the shear
zone decreases in width and approximates to a narrow, rectangular band.
Subsequent experimental work on the cutting of strain-hardening materials
does not suggest that this is so, but more recent work by Oxley3®* uses this
assumption as a starting point from which to estimate cutting forces.

Considering equilibrium of forces parallel to the deformation zone in
the small element in Fig. 8.10.

(b+ 0p) . w + kés = paw + (k + OKk) . 05
where p is a compressive stress.
0p = (6k|w) . s = constant . ds

since (0k/w) will be constant at any point along a slip line for a parallel
sided shear zone. Therefore the hydrostatic stress varies linearly along the
entry slip line, AB.

Total shear force on entry slip line, Fs = k. (¢/sin ¢} assuming unit
chip width.
t
Total normal force, Fy = M . —
2 sin ¢

If the resultant of Fs and Fx makes an angle y with the shear lines,

Fx  pa+ps
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It should be noted that the hydrostatic stress becomes progressively less
compressive as point B is approached, and in fact frequently becomes

tensile near B.

(o)

Fig. 8.10 Work hardening material with narrow
rectangular shear zone

The idea of a rectangular zone must be modified slightly to allow for
the fact that slip lines reach the free surface at 45°. In moving from the
free surface to the point A in Fig. 8.11, the slip line turns through (7/4) —¢

radians.
Using the modified Hencky equations,

ok
b+ 2kd + fa— . dB = constant along a £ line
(+4

(where p 1s positive if tensile).

Free surface

Be

Fig. 8.12 Angular relationship

Fig. 8.11 Rotation
of resultant force

of slip line at free
surface
Since the distance from the free surface to A is very small, the integral

term can be ignored.
Compressive hydrostatic stress at A,

i)

ok
Since — . ds = dp, and pB = pa + increase in hydrostatic compressive

stress along a slip line,
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ok
PB=[’A——-—‘.t (8.4)
w sing
From Fig. 8.12, y=¢ + 8 —Be (8.5)

Experiments show that for a large range of cutting conditions using a
variety of materials the width of the shear zone increases in direct propor-
tion to its length, and therefore the main factor affecting the variation of
hydrostatic stress and the angle y is the increase in shear flow stress due
to work hardening. From this it follows that the greater the work hardening
rate, the smaller becomes the angle y, and the resultant force cuts the
entry slip line nearer to the point A. Further, small values of y lead to
small values of ¢ for rapidly work hardening materials, a fact which is
observed in practice.

This analysis does not provide a quantitative method of deducing the
variables, but at least produces a qualitative basis for predicting trends
in cutting force. Several attempts have been made to discover a dimen-
sionless number for each material which would be of use in making
predictions in metal cutting. One such number, suggested by Oxley and
Welsh,?® was derived from a static stress/strain curve. They began by
assuming that, although a stress/strain curve at high strain rates was
obviously different from one obtained at low strain rates, a material which
exhibited a more rapid rate of work hardening at low strain rates than
another would continue to do so at high strain rates. Therefore, a para-
meter derived from static stress/strain curves would be equally valid at
high strain rates as a measure of comparison.

The parameter they used was m/k, where m is the average slope do/de
of the stress/strain curve (Fig. 8.13) above a strain of 0-2, and £ is the shear
flow stress corresponding to the yield stress at ¢ = 0-5; i.e. £ = Yo.5//3.
The higher the value of m/k, the lower the value of ¢ for a given value of
}3 - Be'

It is known from experiment that the value of ¢ increases with increase
in cutting speed. This is in accordance with Oxley’s theory, from the
knowledge that as strain rate is increased m tends to decrease and %
increases.

85 FRICTION IN METAL CUTTING

When cutting without a built-up edge, several investigators have found,
on examining the underside of a ‘frozen’ chip obtained by quick stopping
methods, that a short length of chip measured from the cutting.edge bears
unmistakable impressions left by the grinding marks on the tool. This
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indicates that the normal stress on the interface due to the cutting force
reaches such a magnitude that yielding occurs and the chip material flows

4 Underside
So of chip
8¢ s
) 2 -5 o7 ko
€— )

Fig. 8.13 True stress/strain Fig. 8.14 Shear stress and
curve for work-hardening normal pressure distribution

material along rake face (after Zorev)

into the asperities on the ground face of the tool. The frictional force on
the rake face over the area where yielding occurs is then equal to the force
necessary to cause shearing of either the body of the chip or the surface
contaminants. Increase in normal stress over this area will therefore have
no further effect, and Coulomb’s laws no longer apply.

Zorev3® assumed that the normal stress at a distance x from the end of
contact obeyed the law p = Axb. The shear-stress is then as shown in
Fig. 8.14, so that for part of the length of contact it obeys the Coulomb
laws and then at C, having reached the shear flow stress, it remains
constant for the remainder of the distance to the cutting edge.

The forces measured with a tool force dynamometer give poor agree-
ment with Zorev’s model, and in some cases the normal stress may actually
decrease in the secondary deformation zone near the tool point. The
model implies that shearing occurs parallel to the rake face, but if the slip
lines meet the rake face at an angle greater than zero, the shear stress
parallel to the rake face can fall considerably below the value of the shear
flow stress.

If the contact length between the tool and the chip is artificially res-
tricted by relieving the rake face, the shear flow stress of the material
may be reached across the entire contact area, and the whole interface
is subject to secondary deformation. The shear force on the interface is
less than that experienced with conventional flat-top tools and the
compressive force is also reduced.

To balance the rake face forces, the shear angle increases with the
amount of contact length restriction, resulting in a larger chip thickness
ratio and reduced primary shear strain. It follows that the specific
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cutting energy is reduced, resulting in a cooler chip and improved tool
life when operated under suitable conditions. The reduced cutting forces
enable the metal removal rate to be increased if spindle power is a
limiting factor.

8.6 CUTTING FLUIDS

When cutting metals at speeds below about 07 ms™! (140 ft/min)
cutting forces can be considerably reduced and the formation of a built-up
edge can often be inhibited by the use of suitable cutting lubricants. For
lubrication a mineral oil containing sulphur or chlorine additives is
generally believed to be most effective. This is popularly believed to be
because the high interface temperatures which occur in metal cutting
cause a breakdown of the cutting oil which chemically reacts with the
underside of the chip material to produce low shear strength chlorides or
sulphides, thereby reducing the shear stress. Shaw,3” however, suggested
that for good lubricating action a high shear strength film is desirable.

Observations of lubricated and unlubricated cutting within this speed
range indicate that a lubricant improves the cutting action by increasing
the shear angle (and hence the chip thickness ratio), and also induces chip
curl by reducing the rake contact length. Childs38 demonstrated that the
shear stress along the rake face near the cutting edge was unaltered by
lubrication, but that the stress gradient away from the cutting edge was
increased. Thus it appears that there is no effective penetration of lubricant
to the cutting edge, and any reduction in cutting force is effected by
reducing the stresses in the elastic zone.

At higher cutting speeds, fluids are used for cooling purposes, usually
when using carbon steel or high-speed steel cutting tools. Hardened and
tempered carbon steels lose their hardness above about 250°C and high-
speed steels start to soften at about 650°C; it is therefore essential that tool
temperatures should be kept below these figures. Heat in the cutting
process is generated by plastic deformation and by chip/tool friction on
the rake and flank faces. Some of this heat flows into the body of the
workpiece and causes a temperature rise, so that when the tool cuts the
surface on a second or subsequent pass the metal is already heated above
room temperature. It is unrealistic to suppose that a coolant could remove
heat generated by plastic deformation or friction before it flowed into the
tool. However, the workpiece can be effectively cooled by a cutting fluid,
allowing a greater cutting speed to be achieved. If cutting speed is
progressively increased, heating approaches adiabatic conditions: heat
flow by conduction has a smaller effect, and the coolant ceases to be
effective in cooling the tool. With carbon steel or high-speed steel tools,
softening will occur, followed by rapid failure.



METAL CUTTING 147

For efficient cooling, a liquid possessing a high specific heat and good
metal wetting properties is necessary. These requirements are best met
by using water soluble mineral oils. Recently sulphurized and chlorinated
soluble oils have been introduced to give the combined benefits of
lubrication and cooling.

It is well known that when cutting with a lubricant at low speeds the
surface finish obtained is superior to that obtained when cutting dry.
This is due to the inhibition of the built-up edge which is the main factor
in determining variation in accuracy and surface finish. When using
tungsten carbide or ceramic tools, it is customary to machine at high speeds
at which the built-up edge is seldom a problem. Under these conditions
lubricants and coolants are little used, as they have a detrimental effect
on tool life by causing thermal cracking, and anyway the softening
temperatures of these tool materials are much higher than those for steels.

Apart from the lubricating and cooling effects of cutting fluids, they are
also sometimes used to assist the clearance of swarf. A typical example is
deep-hole drilling, where fluid is pumped to the cutting edges at pressures
of about 5-5 N mm~2 (800 lbf/in?).

8.7 FORCES IN METAL CUTTING (LARGE CHIP PROCESSES)

The foregoing sections show that the variability inherent in the metal
cutting operation makes the accurate prediction of cutting forcesimpossible.
Although such accurate predictions are usually unnecessary, some estimate
of cutting force is desirable to enable cutting speeds to be kept within the
available power of the machine tool, or to prevent unacceptable deflexions
of the machine or workpiece. The following paragraphs consider the main
factors affecting cutting forces.

8.7.1 Cutting speed and cutting fluid. At low cutting speeds, due to
the unpredictability of built-up edge formation, the cutting forces vary in a
manner which is seldom repeatable in consecutive tests, giving one or more
maxima and minima before achieving a relatively constant value at high
speeds where built-up edge is insignificant.

The lubricating effect of cutting fluids at low cutting speeds helps to
inhibit built-up edge formation and at speeds below about 0-7 ms™1
(140 ft/min) the resulting forces may be significantly reduced. At higher
speeds with or without lubricant cutting forces are not appreciably differ-
ent. Fortunately, most metal cutting on steel can now be performed at
speeds where the built-up edge is of little consequence, and cutting force
coefficients can be specified which enable the forces to be estimated with
reasonable accuracy.
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8.7.2 Effective rake. As will be shown in subsequent sections of this
chapter one of the factors affecting cutting force is determined by the
effective rake in oblique cutting. This factor C in thecutting force equation
(8.6), can be found from orthogonal cutting tests which enable the rake to
be varied independently of the other parameters.

At cutting speeds used for machining steel with high speed steel tools,
0'4-1-4 ms™! (80-280 ft/min), forces reduce considerably as rake angles
increase in the positive sense (see Fig. 8.15). The reason for this decrease in
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Fig. 8.15 Variation of cutting force constant with effective rake (ENIA)

force at high rakes can be ascribed largely to the greater shear angle at
higher rakes and the consequent reduction in the shear plane area. At these
cutting speeds very high cutting forces result from the use of negative rakes,
and hence high-speed steel tools almost invariably have positive rakes.
Tungsten carbide and ceramic tools are frequently used with negative
rake angles to overcome the inherent brittleness of these materials. Due to
their resistance to thermal softening, they are used at much higher speeds,
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2-6 m s™1 (400-1200 ft/min). At these speeds the chip geometry undergoes
a considerable change, as shown in Fig. 8.16, resulting in a decrease in the
area of the shear plane. Although the change in geometry has never been
fully explained, it is probably mainly caused by the higher strain rates and
by the greater thermal softening effect of the work material due to the closer
approach to adiabatic conditions as heat conduction in the chip and work-
piece isreduced at high speeds. The sensitivity of cutting force to rake angle
is thus less at high speeds than at low speeds, and the cutting forces using
negative rakes are seldom more than 109, greater than with positive rakes
at speeds in excess of about 4 m s™1 (800 ft/min).

Too/
? Too/.

Ims~! Ims—!
Effect of speed on size
of shear plone

Fig. 8.16

Rake angle affects the rate of flank wear, and the high rakes which give
low cutting forces at low cutting speeds also produce rapid tool wear when
used on hard materials. Generally speaking, the harder the work material
the lower the rake selected. Typical rake angles for high speed steel tools are
shown in Table 8.1.

TABLE 8.1
Material Rake
angle
(degrees)
Aluminium and soft alloys 30—40
Free cutting steels 2025
Medium carbon steels 10-15
Hard alloy steels, hard cast iron 0-5

Therefore, although it is known that rake angle has a considerable effect
on force at low speeds, rake is predetermined by considerations of tool life
and cannot generally be regarded as a variable parameter when calculating
cutting forces. Where negative rakes are used they are usually between
—8°and —10°.
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8.7.3 Forces in orthogonal cutting. When machining under ortho-
gonal conditions, i.e. with zero tool approach angle and zero cutting
edge inclination, the cutting force can be reasonably accurately expressed
by the formula:

F = Ct*w (8.6)

where F' = cutting force, N (1bf)

C = a material constant at a given cutting speed and rake angle

(derived from Fig. 8.14)

¢t = uncut chip thickness (or fin the turning operation) mm rev~1
(in/rev)
width of cut (or 4 in the turning operation, mm (in))
x = constant for the material machined.

w

The exponent x is less than unity and varies slightly with rake angle.
When machining mild steel at 1-5 m s™1, x increases from 0-8 at zero rake
to about 0-9 at a positive rake angle of 25°, and decreases again at higher
rakes. For practical purposes it can be taken as 0-85 for all steels over the
usual ranges of rake angle. Observed values when machining cast iron are
rather lower, in the order of 0-7. As feed increases, the shear angle also
increases, giving rise to a non-linear increase in cutting force. This accounts
largely for the non-unity exponent of feed.

The values of C given in Table 8.2 have been proposed by Brewer from
experimental results, based on the normally used positive rake angles.
Where negative rakes are used at high cutting speeds the values of C should
be increased by about 10%,.

TABLE 8.2

Material C (Imperial) C(ST)
Free machining carbon steel 120 HB 70 000 980
180 HB 85 ooo 1190
Carbon steels 125 HB 115 000 1620
225 HB 160 000 2240
Nickel-chrome steels 125 HB 104 000 1460
270 HB 150 000 2100

Nickel molybdenum and chrome
molybdenum steels 150 HB 114 000 1600
280 HB 140 000 1960
Chrome vanadium steels 170 HB 130 000 1820
190 HB 1’70 000 2380
Flake graphite cast iron 100 HB 35 000 635
263 HB 73 000 1330
Nodular cast irons annealed 61 000 1110

as cast 68 ooo 1240
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8.7.4 Forces in oblique cutting. Orthogonal cutting is little used in
practice, and it is necessary to extend the simple formula (8.6) to allow for
the other variables of tool approach angle and cutting edge inclination.

Cutting force in oblique cutting when using a pointed tool is dependent
on the length of the cutting edge in engagement and on the uncut chip

thickness measured in the direction of chip flow (i.e. in the plane of the
effective rake angle).

Equation (8.6) then modifies to:
F = Ct"™*d" 8.7)
where C = cutting force constant associated with the effective rake angle
of the tool
t” = uncut chip thickness measured in the direction of chip flow
d” = length of cutting edge in engagement.
From Fig. 7.3 it can be seen that the plan angle between the normal
to the cutting edge and the chip flow direction is found from
COS Ag COS yp
cos 6 =—— o~
cosf,

Direction of
/ chip flow

Fig. 8.17 Plan view of single point tool
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Also, from Fig. 8.17
v COS Y COS Y, COS Pe 8.8
y e _ f e cos B (8.8)

cosd 7 cos Ag cOS vy,

where f = feed/rev in turning
i, = tool approach angle.

Allowing for the effects of tool approach angle and cutting edge inclina-
tion, the length of the cutting edge in engagement d” is given by

dll = d (8‘9)
Cos i, COs Aq
Equation (8.7), expressed in terms of feed/rev and depth of cut becomes

F = Cf*d(sec’ ™y, cos*Be secl** Ag sec*yy) (8.10)

The range of values assumed by ¢, A; and vy, in the turning operation is
fairly restricted, and taking extreme values of these variables the product
of the trigonometrical terms in equation (8.10) seldom exceeds 1-06. This
implies that for a pointed lathe tool equation (8.6) rarely underestimates
cutting force by more than 69%,.

The nomogram, Fig. 8.18, enables the principal cutting force to be
evaluated provided the value of C is known. The value of cutting force so
obtained may be increased by as much as 25%, when cutting with worn
tools. Most turning tools have a nose radius which increases cutting force
slightly at small depths of cut, but has a negligible effect for deep cuts.

8.7.5 Power consumption of helical roller milling cutters. The
angles describing the geometry of roller milling cutters are the helix angle
and the radial rake, 8’. It can be seen that the helix angle is the cutting edge
inclination A, and the normal rake is found from the radial rake using the
formula

tan y, = tan B’ cos Ag (8.11)

The helix angle of roller milling cutters is frequently large, an angle of
45° not being unusual. For this reason equation (8.6) is not a reasonable
approximation of the instantaneous cutting force on a milling cutter tooth,
and the trigonometrical terms in equation (8.10) must be included, but
are simplified by the fact that ¢, is zero for roller milling.

Section g.1.3 shows how the cutting power Py of a roller milling cutter
with zero helix angle can be calculated. To calculate the power for a roller
milling cutter having helical teeth, the value of Py for a cutter whose radial
rake is equal to the effective rake of the cutter under consideration must
first be found.
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The required cutting power is then found from
P = Pseclt* X cos* B, sec*yy (8.12)
Taking x = 0-85 for steel and putting

X = sec!'85); cos?858.sec? 85y,

P_—_PoX (8'13)

where X is calculated from the nomogram Fig. 8.19.
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Fig. 8.19 Nomogram to evaluate X
8.8 TooL WEAR AND TOOL LIFE

Tool life can be defined as the time a newly sharpened tool will cut
satisfactorily before it becomes necessary to remove it and regrind or
replace. Usually, this is based on the amount of wear which occurs before
the cutting edge becomes so worn that catastrophic failure becomes
imminent, although other considerations, such as dimensional accuracy
or poor surface finish, may occasionally demand earlier replacement.

Tool failure can be due to a variety of reasons. These have been
investigated by Trent,?® who observed six types of deterioration with
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tungsten carbide and tungsten—titanium carbide tools; these are:

(a) cratering wear on rake face of tool;

(b) crumbling of cutting edge due to built-up edge and associated
factors;

(¢) deformation of tool due to high stresses and temperatures;

(d) cracking due to thermal shock;

(e) chipping of tool edge due to mechanical impact;

(f) wear on flank or clearance face.

8.8.1 Cratering at high speeds. This type of wear is a major cause
of failure when using tungsten carbide tools to cut steel, but is less preva-
lent when using high-speed steels or tungsten—titanium carbide. A crater
forms on the rake face of the tool behind the cutting edge and continues
to enlarge until the cutting edge is eventually weakened. It appears that
the high temperatures generated along the chipjtool interface at high
cutting speeds cause the steel to alloy with the tool material and the
resultant alloy is carried on the underside of the chip. This process may
be due to diffusion or to actual fusion.

Cratering occurs with high-speed tools when machining near the
maximum cutting speeds, although it seldom causes them to fail. The
addition of titanium carbide to tungsten carbide greatly reduces cratering
on carbide tools, and it is believed that this is because titanium carbide
less readily alloys with steel at high temperatures.

8.8.2 Crumbling of the cutting edge at low speeds. The speed
dependency of built-up edge formation has been explained earlier. At
low speeds the build-up can reach large proportions and is frequeritly
unstable, breaking away with the underside of the chip. At the interface
temperature, diffusion bonding can occur between the tool and the built-
up edge, and when the particles of built-up edge break away they can
cause particles of tool to break away with them.

This crumbling type of wear occurs especially with brittle tool materials
such as carbides. Flaking can also occur when the tool cools, because the
greater coeflicient of expansion of the built-up edge induces tensile forces
at the surface of the tool. A solution to this sort of wear is to increase the
cutting speed to a point where the built-up edge diminishes in size and
ceases to present a problem.

8.8.3 Deformation of the cutting edge. Generally, this form of
failure manifests itself at high interface temperatures which occur when
cutting under arduous conditions at high speeds. It is really a form of
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creep, causing the geometry of the cutting edge to change. Once deforma-
tion starts, the stresses increase further and failure eventually occurs duc
to the cracking of the cutting edge. Because of the critical nature of the
temperatures inducing creep, this kind of failure is likely to occur rapidly
once a certain speed has been exceeded. Large nose radii result in smaller
stresses at the tool point and correspondingly less creep.

8.8.4 Cracking due to thermal shock and mechanical impact.
Thermal cracking occurs when there is a steep temperature gradient.
It is usually associated with intermittent cutting such as milling, where
rapid heating and cooling recur continuously. Thermal shock in the
cutting process is inseparable from the mechanical shock suffered when
the cutter makes violent contact with the workpiece. For this reason the
cracks which occur are probably due to both thermal and mechanical
shock. Appropriate selection of the eutting parameters can do much

to reduce this form of failure, and the

Wear.. use of tougher tool materials .can also

help.

Too/

8.8.5 Flank wear. The five modes of

(o) failure previously discussed can usually

y be effectively reduced by changing
| Grimaty  Secondary | / speed, feed or depth of cut. The sixth

< Istoge stage X

S. mode, wear on the flank face, is a pro-

] . Ferti ) )

~c . . . . .

53 — ::a'::’v gressive form of deterioration which will

<3 i ultimately result in failure whatever

g ‘ precautions are taken. This sort of
Cutting time T failure was recognized by Taylor#® in

(6) the early years of this century. He

succeeded in specifying an exponential
law relating cutting speed to tool life,
which is still applicable.

If a sharp tool is used to cut at a given speed for a specified period of
time and the wear land on the flank face is measured, a curve similar to
that shown in Fig. 8.20 will be obtained. The primary stage is one of rapid
wear due to the very high stresses at the point of the sharp tool. This is
followed by a secondary stage of relatively linear wear rate, until a third
stage occurs when the wear rate increases rapidly and frequently results
in catastrophic failure. The third stage presumably occurs when the wear
land has reached such proportions that friction on this face of the tool
causes thermal softening.

Fig. 8.20 Increase of flank
wear with time
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Fig. 8.21 (a) shows the effect of increasing the cutting speed from V; to
V4 with four tools of identical geometry operating under identical condi-
tions of feed and depth of cut. In each case the tertiary stage of wear occurs
at approximately the same land size, about 1 mm (0-040 in) for high-
speed steel tools and 0-75 mm (0-030 in) for carbide or ceramic tools.

If tool life corresponding to these wear lands is plotted against cutting
speed, a graph similar to that shown in Fig. 8.21 (b) will be produced,
leading to a tool life equation of the form V7" = constant. When
machining steel, n takes the value of o-125 if high-speed steel tools are
used, o-25 for positive rake carbide tools, o-20 for negative rake carbide
tools, and 038 for ceramic tools.

The equation V7™ = constant is specific to a given tool with a particular
feed and depth of cut. It is not easy to qualify the effects of changes in tool
geometry and cutting conditions. Intuitively, it might be expected that
increase in either feed or depth of cut would decrease tool life, due to the
greater rate of metal removal. Increase in plan approach angle or nose
radius might be expected to improve tool life, as there is an increase in the
effective length of the cutting edge, allowing the cutting force to be
supported along a grcater length. Therefore, a generalized equation of

Ve T4
, Y
VyT
'g Log 33
S %
) —1—1
o | Vo 72
\d
*
Y, I
L 7 7, Time ( Log T
(a) b)

Fig. 8.21 Logarithmic relationship of tool life and cutting speed

the form V. T" . g(f, d, r, ,) = constant could be expected, where g is a
function of feed (f), depth of cut (d), nose radius (r) and tool approach
angle ().

Such an equation would be unwieldy, and Brewer and Rueda*! sought
to simplify it by finding a unique relationship connecting these four
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variables. They reasoned that tool life is
a function of the temperature at the
cutting edge, 0, and the steady state
temperature depends on a balance being
struck between the heat generated and
heat removed, that is, 6 oc (heat generated/
heat removed.)
It was assumed that heat generated
Fig. 8.22 Plan view of tool was proportional to the area of the cut,
f. d, and that heat removed from the
cutting edge was proportional to the length of the cutting edge. Provided
the depth of cut exceeds r (Fig. 8.22) and ignoring the short length DE,
the length of cutting edge

e =a’ —r(1 — sin ;) +90 — o

cos i, 8o
Hence
6 oc : AL =be=f.GC
[d —r(1 — sin ¢y)]/cos ¢ + [(9g0 — )[180] . 7 . r
(8.14)

From dimensional considerations be is a length which is known as the
equivalent chip thickness, and, as has been shown, includes the four
variables f, d, r and ;. This enables a generalized tool life equation to be
written as follows:

V.Tn. bem. = V.Tn. (f.G)m = (8.15)

where A is a constant for the material.

The index m appears to be dependent only on the material being cut.
Brewer suggested a value of 0-45 for cast iron, and more recent work by
PERA,* varying feed only, indicates a value of 0-37 for steel.

The dependence placed on equivalent chip thickness as a valid para-
meter of tool life is based on incomplete experimental results, and the
authors suspect that at extreme values of the variables the results may be
considerably in error.

8.9 SURFACE FINISH

Assuming initially that cutting conditions do not affect the finish
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of the workpiece, it will then be only the plan geometry of the cutting
tool that determines the smoothest surface which can be achieved.
If a smooth finish is required, a pointed tool would not be used, so the
geometry of the cut surface will be as shown in Fig. 8.23.

Provided the surface consists of circular
arcs it can be shown that the centre line f
average height

f2 (8.16) -
Ry~—* .1 \
184/(3)r , ,
) Fig. 8.23 Section through
where R,, f and r are in compatible turned surface

units (for a description of centre line

average see Chapter 17). Thus the ideal surface roughness is directly
dependent on the square of the feed and inversely dependent on the size
of nose radius.

In practice, other factors adversely affect the surface finish produced.
These are mainly associated with the formation of a built-up edge and it
is therefore not surprising that the most important is cutting speed. Fig.
8.23 shows that at high cutting speeds, where the effect of built-up edge is
small, the surface roughness approaches the ideal value. Similarly, rake
angle has a noticeable effect at low speeds, but its effect is small at speeds
used for finish machining. Cutting fluid, in so far as it inhibits build-up,
also has some effect at low cutting speeds. Depth of cut has a very slight
effect, provided it is not sufficiently large to cause chatter.
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Fig. 8.24 Variation of surface roughness with cutting speed

8.10 TORQUE IN DRILLING

There does not appear to be an accurate method of calculating the
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magnitude of forces involved in drilling, but a semi-empirical approach
provides a reasonably satisfactory formula for calculating torque.

It can be assumed that the feed/rev affects the torque in the same
manner as it affects force in the turning operation, i.e. torque ocf* where x
is usually about 0-85. Assuming that a given volume of metal requires an
approximately constant amount of energy to remove it, the torque can be
expected to vary directly as the area of the hole being drilled, i.e. torque
oc D2, where D is the drill diameter. In practice a better approximation
appears to be T = Cf85 D19 where T is the torque, N mm (Ibf in),

f = feed/rev, mm (in), D = drill diameter, mm (in) and C is a constant
which depends on work materials. Average values of (' are as follows:

Milg  Hligh Grey -
carbon cast Aluminium  Brass
steel .
steel iron
C (SI) 240 370 130 75 100
C (non-metric) 15500 24000 8 300 4 800 6 500

One factor not accounted for in the formula is the thickness of web left
between the flutes. Thick webs considerably increase the cutting force.
The web thickness increases as the drill is progressively shortened by
grinding, and hence the forces acting on an old drill are considerably
greater than those acting on a new one unless the web is thinned.

8.11 ACCURACY OF MACHINED SURFACES

The accuracy of machined parts is affected by static, steady state
machining and dynamic machining considerations. Static alignment tests
for most standard machine tools are well documented,®3 and can be
extended to allow for the testing of non-standard and special purpose
machines. These tests enable machines to be levelled within generally
acceptable limits of accuracy and also enable the alignments of slideways
and spindles to be checked.

Steady-state effects are due to the elastic forces set up in the machine
structure and workpiece when cutting. To reduce the effect of these forces
it is necessary to increase the rigidity of the tool-workpiece combination.
This can be achieved by selection and setting of cutting tools to minimize
deflexion due to overhang, and by adequate clamping and support of the
workpiece, e.g. by fitting workpiece support steadies on a centre lathe.
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Dynamic effects in most cases are either due to forced vibrations or to
induced vibrations brought about by the interaction of the structural
response of the machine tool and the cutting process. Forced vibrations are
caused by unbalanced rotating masses or by periodic force vibrations, as
when the teeth of a milling cutter engage the workpiece. These vibrations
are troublesome when the cyclical force variation corresponds with
resonant frequencies of the machine structure, and can usually be reduced
by either an increase or decrease in spindle speed.

Self-induced vibrations are more difficult to cure as they may be due to a
number of imperfectly understood mechanisms of chip removal. These
vibrations, generally referred to as chatter, have been extensively investi-
gated and have yielded much useful information for the machine tool
designer. However, the purpose of this book is not to consider the design of
machine tools, but their uses, and the ensuing remarks are directed towards
the practical methods of chatter elimination.

8.11.1 Cutting tool and workpiece rigidity. The first approach
should aim at achieving the maximum rigidity of both tool and workpiece,
thereby increasing the natural frequencies to values which are unlikely to
cause chatter. Effective clamping and support of the cutting tool and work-
piece can do much to increase rigidity and natural frequencies. On hori-
zontal milling machines a similar effect can be achieved by fitting ties
between the overarm support and the table of the machine.

8.11.2 Cutting tool geometry. A large nose radius on a cutting tool
will improve surface finish and tool life, but is likely to promote chatter.
For this reason cutting tools designed for removing large quantities of metal
seldom have nose radii larger than 1 mm. Large side cutting edge angles
also improve tool life, but they too are likely to encourage chatter, and for
practical purposes seldom exceed 30°. It is frequently observed that blunt
tools are less likely to chatter than sharp ones. This is presumably because
bluntness increases the resistance of the tool to penetration of the work-
piece, and thereby damps vibration normal to the workpiece surface. For
this reason the sharp cutting edge is sometimes deliberately dulled before
use. Very little appears to have been reported concerning the effect of rake
angles on machining stability, but in general high positive rakes increase
the shear angle, giving a more efficient cutting action, and it is likely that
stability is marginally improved by increasing rake.

8.11.3 Width of cut. Steady-state and dynamic cutting forces are
proportional to the width of cut, and hence stable cutting can be achieved
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at the cost of metal removal by reducing the width, which is analogous to
the depth of cut in the turning process.

8.11.4 Cutting speed. When the other parameters are kept constant,
chatter can be frequently overcome by either an increase or decrease in
cutting speed. Since a reduction of speed decreases metal removal rates it
is obviously preferable to attempt to stabilize the process by a speed
increase rather than a decrease.

In general, it is to be expected that the cutting speed is initially selected
either to give a reasonable tool life or to restrict the cutting power to that
available at the spindle. A significant increase in cutting speed without
altering the other cutting parameters would therefore result either in
unacceptably short tool life or in stalling the spindle.

8.11.5 Feed. This is another factor whose influence on chatter is not
well documented. Pearce and Richardson?® showed that, when cutting
at a constant cutting speed and width of cut, it is sometimes possible to
pass from an unstable to a stable condition by increasing the feed.

Unstable operation

Width of cut

Stable operation

Feed

Fig. 8.25 Effect of feed on stable operation

The shape of the stability boundary in Fig. 8.25 shows that the greatest
benefit from increasing feed occurs at relatively low feeds. At higher
feeds the curve becomes flatter and stabilization by this method becomes
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impractical. However, it should be noted that, whereas a large feed may
not give stable machining, a small feed (i.e. reduced metal removal rate)
is always likely to promote chatter.

8.11.6 Tool contact length. If the chip-tool contact length is art-

ificially restricted by relieving the rake face, the shear angle is increased
and the cutting forces decrease.

Heavy feed

Medium feed

Light feed

Feed force

Tool /chip contact length

Fig. 8.26 Effect of contact length on feed force

Fig. 8.26 shows a typical steady state relationship of feed force and
contact length for a zero rake tool. For short contact lengths the force
is invariant over a range of feeds, so that the effect of a surface wave on the
workpiece or of a tool vibration normal to the surface would not produce
a variation in feed force. There is therefore no dynamic cutting force
attributable to steady state effects to help sustain a vibration when using
a restricted contact tool. Richardson and Pearce?> showed that when
applying a controlled vibration to such a tool a small dynamic force does,
in fact, exist but it leads tool displacement and is therefore likely to
contribute a stabilizing effect.

Restricted contact tools have been shown to have a marked stabilizing
effect when machining a range of steels with contact lengths between 1-5
and g-0 times the feed. They also reduce the specific energy of metal
removal, thereby increasing the metal removal capacity of a machine
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tool, and give increased tool life as a consequence of their lower operating
temperatures. 8

8.11.7 Chatter in boring bars. Chatter is frequently encountered
when boring holes where the length/diameter ratio is large. Tlusty?’
showed that such vibration is often due to mode coupling and can some-
times be eliminated by machining flats on opposite sides of the boring bar
so that it has unequal flexibilities about the two principal axes. An alter-
native device for reducing chatter in boring bars incorporates a heavy
metal slug surrounded by a viscous fluid in a cylindrical coaxial cavity
machined in the end of boring bar near the tool. The damping of such
devices has been shown to have a dramatic effect in improving bored
surfaces.

8.11.8 Variable helix roller milling cutters. The cyclical pattern of
force variation in roller milling can be varied by machining the teeth with
varying helix angles. These cutters are very effective in preventing chatter
vibrations.



g9 Milling and Broaching

9.1 MILLING

At first sight milling and broaching may appear to be vastly dissimilar
processes, but this is not so, since surface broaching is somewhat similar
to peripheral milling with a cutter of infinite diameter. In fact, surface
broaching is being used increasingly in place of milling as a cutting process.

Milling processes are diverse and the cutters used cover a wide range of
shapes and sizes. However, only two basic methods of metal removal,
peripheral and face milling, will be considered. As peripheral and face
milling are generally used to remove large volumes of metal, considerable
economies can be achieved in these by optimum selection of machining
parameters. Other applications, such as the milling of slots, forms and
helices, are essentially variants of the basic methods and each is specialized
to such an extent that a detailed treatment would be inappropriate
here.

9.1.1 Peripheral milling. The cutter teeth are machined to give
cutting edges on the periphery. They may be gashed either axially or
spirally. Fig. 9.1 shows a spirally gashed cutter where the spiral angle
As corresponds to the cutting edge in-
clination (see Fig. 7.1). The radial rake
B’ is not the normal rake angle y,, but
from Fig. 7.3 it will be seen that
tan y, = tan B8’ . cos A,where 8/ = AOF.
Also, using the formula derived in Chapter
7 for the effective rake angle, B,

£ Spiral
angle Ag

. B 2 . -
sin = cos? A . sin sin? A
Ige S Yn + s Radial rake p’

It follows from the above equation that Fig. 9.1 Rake angles on

a large effective rake can be produced spirally gashed cutter

on a milling cutter by introducing a high

spiral angle, without unduly weakening the tooth by having a large
radial rake. This is of considerable importance when designing milling

165
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cutters since, as in turning, the cutting force per unit length of cutting edge
reduces rapidly with increase in rake.

Another advantage of a helical cutter is the more even distribution of
cutting force since the cutting edges engage with the workpiece progres-
sively as the cutter rotates. A disadvantage is the end thrust component
of the cutting force, which can sometimes be balanced or reduced by
mounting two cutters of opposing helix angles on the same arbor.

£

X X
Cutter
Rotation/
Feed
R
(@) Upcut c
Cutter Y y
Rotati peut)
wtatige/ N
Feed A 8
Victimsb)
2R
(6) Climb 0
Fig. 9.2 Upcut and Tig. 9.3 Velocity diagrams for
climb milling upcut and climb milling

There are two methods of chip removal, one known as upcut milling
and the other as downcut or climb milling. The essential features of each
are shown in Fig. g.2. Although upcut milling is generally used, downcut
milling is preferable, as will be seen later, provided that the machine is
fitted with an adequate backlash eliminator.

9.1.2 Chip formation in peripheral milling. The relative motion
of the cutting edge and workpiece is the vector sum of the cutter rotation
and the feed. Fig. 9.3 shows the velocity diagrams for upcut and climb
milling with a cutter of radius R and a feed f mm rev-?! (in/rev). Triangles
ABC and AOE are similar;

. OE OA
ence AB ~ AC
ro R
f  2nmR

_f

y = —

27T

ABD and AFO are also similar. The relative velocity in upcut milling, in
direction BC, is perpendicular to AE, and the instantaneous centre is at
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point E. The cutting path is a curve whose instantaneous centre is the
point of tangency of the circle of radius r as it rolls without slipping on
XX. Similarly, the instantaneous centre for climb milling is the point F,
the point of tangency when the circle of radius r rolls without slipping on
the line YY.

X X

Circular
path

Uncut_surface

4 4

Cytting path

Cutting (et

poth(upcut)

Fig. 9.4 Cutter paths in upcut and climb milling

Fig. 9.4 shows how the cutting path for the two methods differs from
the circle swept by the cutter, climb milling giving a shorter cutting path
than upcut milling for the same feed rate. Since the same metal-removal
rate applies in both cases, it follows that climb milling gives a higher
average uncut chip thickness and lower cutting speed. In practice the feed
rate is very small compared with the cutter speed and a circular path may
be assumed in either case with little loss of accuracy.

The depth of cut influences the length of cutting path, assuming a
circular path, in the following manner. Fig. 9.5 shows that

cos = (R —d)JR=1 — (d/R)
Fig. 9.6 shows how the length of cutter path increases at a decreasing rate
as the depth of cut d increases. Since it is reasonable to assume that tool

life is partly dependent on the total length of chip cut per tooth between
regrinds, it is clear that the amount of metal removed between regrinds

Fig. 9.5 Influence of depth of cut on length
of cutter path



168 PRODUCTION ENGINEERING TECHNOLOGY

will be increased if the surplus metal is removed in one cut. The economic
sense of this argument is further reinforced when the additional time
required for making more than one pass is considered.

80t
6 o
6or
<o
20
G L 1 A e 1
0 .2 -4 -6 -8 d 10
R
Fig. 9.6 Influence of depth of cut on Fig. 9.7 Variation of
length of cutter path uncut chip thickness

with angle of rotation

9.1.3 Power required for peripheral milling. It is assumed that
the principal cutting force relationship F = C.f*.d developed in
Chapter 8 for turning also applies to milling. Since f has a different
significance in this chapter it will be preferable to change the symbols
as follows:

F=C.t* . w (9.1)
where ¢ is the uncut chip thickness, mm (in)
w is the width of the chip, mm (in).

Considering a cutter having zero helix angle, Fig. 9.7 shows that ¢
approximately equals f; sin 0, where f; is the feed/tooth.

6
Work done in removing one chip Wigotn = R.w . C. f t* do
o

o1

Wiootn =RwCﬁ‘” (sin 0)‘”(10
0
o 3 5 T
=R.w.c.f,wf (0—0-+0—...> do
(] 3! 5!

bp 63\=
ﬁR.w.C.ft“f (6 ——?) do since 6 is usually <1 rad.
0

SR P e

Op 1tz x0p 31z x(1 — x)0p5+® :|
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The second and subsequent terms can generally be ignored.

WgoomﬁR.w.C.ﬁx.

+ x
0 R —d d
cosbbp = — =1 ——
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Fig. 9.8 (a) Nomogram to evaluate ¥ (Imperial Units)
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Fig. 9.8 (b)) Nomogram to evaluate ¥ (Metric Units)

Where V = cutting speed, m s~ (ft/min)
§ = number of cutting teeth
R = cutter radius, mm (in).

For steel x = 0-85 and for cast iron x == 0-7.

When cutting steel,
£,0-85q0-925

Py= 0164 V'S"‘"C'—Rﬁz—s’“

watt (ft Ibf/min) (9-4)

To facilitate the calculation of Py when cutting steel, two nomograms
(Fig. 9.8 (a) and (b)) have been compiled. These nomograms incorporate
the feed, depth of cut and cutter radius terms to give a value for ¥ such
that Po = VS w CY watts, using either Imperial units (Fig. 9.8 (a)) or
metric units (Fig. 9.8 (4)).

When cutting cast iron,

£i0°7 do-8s

Py = 0169 V.S.w.C.W

watt (ft Ibf/min) (9.5)
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9.1.4 Forces in peripheral milling. Unfortunately the discontinuous
nature of chip formation in milling does not enable a simple assessment
of radial cutting force to be made. This can be most easily understood if
the formation of a chip by the upcut method is considered. Initially the
cutting edge rubs the surface cut by the previous tooth, and only when
the elastic limit of the workpiece has been reached does the cutting edge
penetrate the surface. This causes a peak value of radial force to occur
before it settles down to a fairly steady value.

The variations in tangential and radial forces in upcut milling are
shown in Fig. 9.9 (¢). When machining rapidly work hardening materials,
such as the austenitic stainless steels, the radial force can reach very high
values, which lead to the rapid failure of the cutting edge. The surface
finish produced on these materials is usually poor because of rubbing of
the milling cutter.

Fig. 9.9 (b) shows the tangential and radial forces in climb milling.
The tangential force is similar to that obtained in upcut milling except
that, due to the reverse rotation of the cutter, the force rapidly reaches a
maximum and then decreases; with upcut milling the reverse obtains.
It will be seen that the cut achieves its maximum depth almost immedi-
ately and consequently there is no appreciable rubbing. The radial force

Cutter rotation

; force
madial direction ‘
Cutter ~ A‘ Radra/
- ﬂ ‘ force
rotation N N k

(a) Upeur (61Clims

Fig. 9.9 Cutting forces in peripheral milling

in climb milling does not reach the same high peak value as in upcut
milling, and this enables higher radial rakes to be used without detriment
to tool life. High rakes result in lower tangential forces, as shown in
Chapter 8, and a reduction in the power consumed.

The resultant force in upcut milling opposes the feed force, whereas in
climb milling it assists the feed force. Thus, any backlash in the leadscrew
causes the table to vibrate, leading to rapid wear of the machine and the
cutter. For this reason an efficient backlash eliminator is essential when
climb milling.
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9.1.5 Face milling. When producing a surface by peripheral milling

the smoothness of the surface obtained is dictated by the radius of the
cutter and the feed per tooth. In addition, the resultant surface will be
affected by any eccentricity. of the
arbor holding the cutter.
Inserted Face milling, as its name implies,
uses the face of a multi-point cutter
to produce a smooth finish (Fig. g.10).
H the trail angle on the cutting tooth
was zero, a perfectly flat surface would
result, provided the axis of rotation
was at right angles to the plane of the
slideways.

The geometry of face milling cutters is somewhat complicated. For
simplicity, consider a single cutting tooth (Fig. g9.11). The corner angle
corresponds to the plan approach angle in turning. To give strength to
the cutter and to improve the surface finish it is usual also to have a small
chamfer at the point of the tool, and a finishing land along which the
trail angle is zero. The rake angles may be both positive (as shown) or,

IAxu' of Cutter
jrotation holder

Fig. 9.10 Generation of flat surface
with face milling cutter tooth

Corner Axio/ roke r,
angle
|
| \
] Uncut chip
| thickness
Plan trori angie
Axis of rotation

Cenfra of Radia’ rake rr

| ra!af/on
I

Fig. 9.11 Geometry of face milling cutter tooth

when using carbide tipped tools, one or both of the rake angles may be
negative.

A large corner angle gives improved cutter life, but increases the likeli-
hood of chatter; it also induces a heavy end thrust on the spindle. An
angle of 45° is commonly used.

Fig. g.12 shows the cutting edge of a face mill tooth, where r, is the
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A
CA'A is 90°

\ Plcge containing
f spindle
) of spi
S 7

Fig. 9.12 Rake angles on face milling cutter

axial rake, r; is the radial rake (both being positive), 6 is the corner angle
and A; the cutting edge inclination.

E'E — D'D _ EO tanr, — DO tanr;
D'E D'E’

tan Ay=

tan A;= cos 6 .tanry —sin 6 . tan ¢ (9.6)

The angle §’ is measured in the vertical plane at right angles to the cutting
edge, and corresponds to the side rake in the German (DIN) Standard.

AA’ B'C.tanr, -+ A'B' . tanr,

t; = =
anf' =4 A'C

tan ' =sin 0. tanrg + cos 6 . tan ry (9.7)
To find the normal rake y,, from Fig. 7.3, where B’ = AOF
tan y, = tan B’ . cos A, (9.8)
and to evaluate the effective rake f,
sin B = cos? Ag sin y, + sin? Ag (7.2)

Table g.1 shows how the effective rake is affected by variation in the
axial and radial rakes.
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TABLE g.1
Cutter 7,° re 6° A Ya° f1e°
A +10 “+ 10 45 o +14 +14
B —10 —10 45 o —14 —14
C 4+ 5 —12 45 12 — 5 — 2}
D +5 —18 45 16 -9 — 41

Using tools with geometry similar to C and D it is possible to derive the
benefits of negative rake angles whilst retaining the lower axial thrust
associated with positive rakes.

It is difficult to estimate accurately the forces in face milling because of
the considerable variations in chip geometry which may occur. Fig. 9.13
shows three possible cutter/workpiece arrangements in face milling, each
giving different chip geometry. Under these conditions a fair approxima-
tion of power required can be obtained by making use of the concept of
specific cutting pressure. It is assumed that the energy required to remove
a unit volume of a specific material is a constant. (This is in fact a very
rough approximation since, as we have seen, the variation of cutting
conditions affects cutting forces appreciably.)

Feed

Let volume of metal removed in unit time = X

Workpiece \

If V is the cutting speed,

X
Average area of cut = 7 Chi

Feed

. . cutting force
Specific cutting pressure 4 = ———————
area of cut

FV )
¥ (F is cutting force)

Feed

aVey.
7R

But cutting power = FV
Fig. 9.13 Differing
.". Powerrequired to remove unit volume of chip geometry due
to cutter/workpiece

. . Fv arrangement
metal in unit time = X =u

Values of # have been tabulated for various metals and some of the more
important values are quoted in Table g.2.
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TABLE g.2

Work material hp min in-3 Jmm-3
Steel 100 HB 120 3:30

400 HB 2:00 550
Cast iron 0:70~1°20 1'90—3°30
Aluminium 0°40 110
Magnesium 028 075
Brass 0'55 1-50
Bronze 072 1-g8
Monel 1-70 470

It should be noted that the power needed in cutting is often only a small
percentage of the total power supplied to the machine. The other power is
required to overcome frictional losses. In addition the backlash eliminator
is a source of power loss which detracts slightly from the cutting advantages
of using climb milling.

A recent development in face milling is the PERA face milling cutter?s,
which combines the advantages of a high rate of metal removal, good
surface finish, and rapid indexing of throw-away tool tips. There are
several variants of the cutter, but they all contain a number of hexagonal
roughing tips with radiused corners, together with a single finishing tip
which can be either circular or hexagonal with radiused sides, as shown
in Fig. 9.14. The finishing tip is unconventionally mounted, so that the

Cutting vector
—

\_

Finishing tip

Milled surface S —

Ch/'p: f

Curved sides
of /large
raodius

Fig. 9.14 Mounting for hexagonal finishing tip in
PERA face milling cutter
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side of the tip, and not the flat surface, acts as the rake face. This method
of mounting gives the cutling edge of the finishing tip an almost flat
geometry when presented to the workpiece, and results in a much reduced
cusp height on the machined surface.

9.2 BROACHING

Broaching consists of passing a tool known as a broach across part of
\the surface of a component to give it a desired form. The broach consists
of a series of cutting teeth, the cutting edge of each tooth standing slightly
proud of the preceding tooth.

L Workprece

Fig. g.15 Section of broach cutting work

A small part of a broach is shown in Fig. 9.15; the uncut chip thickness
t is a few thousandths of an inch. The teeth are designed to accommodatc
the chip, which curls like a watch spring.

Most of the early applications of broaching were to produce internal
forms such as splined holes, which would have been difficult or impossible
to produce by other means. The broaches used for these purposes are
generally pulled through a hole drilled in the workpiece, although when
small quantities are required a push-type broach is sometimes used under
the ram of a hydraulic press. Push broaches are limited in length to
prevent buckling. Pull broaches are not limited in this sense and are
sometimes up to 1-5 m (5 ft) long. This allows a large number of teeth to be
used and consequently a large change of internal form is possible.

Surface broaching is becoming increasingly popular as an alternative
to milling. The form is produced on the outside surface of the component
by a translatory motion between the broach profile and the workpiece.
In surface broaching the broach is rigidly located, whereas in internal
broaching the drilled hole acts as its own location. Surface broaching is a
more rapid and accurate method of metal removal than milling, but due
to the high cost of broaches it is economical only when large quantities of
parts are required. Broaches are usually made from high-speed steel, but
for very large runs carbide inserted teeth may be used. The teeth of
surface broaches are usually gashed on an angle to minimize peak loads.
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It is essential for smooth operation that at least two or three teeth are
cutting simultaneously. A suitable rule of thumb is that the tooth spacing
shall be about 1-764/]/ mm or 0-354/! in, where [ is the broached length
(mm or in). The cut per tooth is usually between 0-05-0-09 mm (0-0020—
0'0035 in) and cutting speeds between 0-1-0-4 ms~! (2080 ft/min) are
generally used.

Machines are almost invariably hydraulically operated and may be
either horizontal or vertical. Vertical machines are favoured because of
the smaller space required, but for internal broaching, where the broach
must be disconnected to pass through the workpiece, a horizontal machine
is sometimes easier to operate.

The broaching load per tooth can be evaluated from the formula
F = C.t*.w, where t is the feed/tooth and w is the mean periphery of a
tooth on an internal broach, or the width of the broached surface for
surface broaching.

The speed range in which broaching is performed is likely to produce a
severe built-up edge which spoils the surface finish of the work and
shortens broach life. To minimize the incidence of this a plentiful supply
of cutting lubricant is used. Sulphurized or chlorinated E.P. oils are
normally used for steels, and soluble oils for non-ferrous materials.



10 Economics of Metal Removal

I0.1 OPTIMIZATION OF PARAMETERS IN TURNING

The cost of producing components is made up of the raw material, and
machining costs and factory overheads. In many machining operations
the percentage of raw material utilized in the finished product is extremely
low, and in these cases considerable savings can often be made by adopting
metal forming or casting rather than metal cutting techniques. By using
value analysis, which is an uninhibited approach to reducing product
costs, drastic reductions can sometimes be obtained, by changing either
the design or the manufacturing process, or both.

Despite this, machining may still be the most economical method of
production and it is often necessary to machine away large volumes of
material. It is surprising, therefore, that this is usually done with little
concern for the economic selection of machining parameters. The turning
process has been investigated fairly exhaustively by Brewer and Rueda40
and PERA4, but the other machining processes do not appear to have
received much attention.

Once the process has been selected raw material cost will presumably
be fixed, so in compiling the cost equation the only elements considered
are those relating to machining cost and overhead. These elements are as
follows:

(a) set-up and idle time cost/piece, K;;
(b) machining cost/piece, Kg;
(¢) tool changing cost/piece, K3;
(d) tool re-grinding cost/piece, Ky;
(¢) tool depreciation cost/piece, K.
If throw-away tips are used, tool regrinding can be ignored.
For turning, assume a cylindrical component of length L mm (in)

and diameter D mm (in) is turned, using a feed f mm rev~! (in/rev) and
a cutting speed of ¥ ms-1 (ft/min). The cost/min of labour and overhead

178
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is k1 and cost of regrinding a tool is made up of two components, k3 and
k3, where kg is the setting cost and k3 is the cost per mm (in) of tool ground.

Set-up and idle time cost
K, =k, . t5, where f; is the set-up and idle time/piece.

Machine cost

K2 = k. tm, where ¢t = (L .7 .D)[f. V, the machining time/piece,
assuming the metal is removed in a single cut.

Tool changing cost
K3 =k, . tc X no. of tool changes/component, where ¢ is the time

required to change a tool.

t
The number of tool changes/piece = LT", where T" = tool life.

Using equation (8.15) for a specified amount of tool wear,

VTn(f.Gym = 2 ;—w
L.w.D[V\in e
=ky. le. ——m—| = .GYm!
K3 kl te f.V (},) (f )mn

Tool regrinding cost
Assuming that the permitted size of the wear Fig. 10.1 Flank wear

land on the flank face before regrinding is W, it on cutting tool

is seen from Fig. 10.1 that the minimum amount

reground perpendicular to the clearance face of the tool is AB = W sin 6,

where ¢ is the flank clearance angle.

K4y = (k2 + k3. W.sin §) X tool changes/piece

L.7T.D(V

1/
— (kat ks W sino) ) " (f. Gy

7.v \a

Tool depreciation cost

If the total amount which can be ground off the flank face of a new tool
before it is no longer of use is A4, the permitted number of regrinds is
A/ W sin 4, and hence the total number of tool lives/toolis 1 + (A4/W sin 8).
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The depreciation cost per tool life is N/[1 + (4/ W sin 6)], N being the cost
of a new tool.

. N
K35 = tool changes/piece x Tmmj

T 14 (4/Wsind) " f.V

N L.w.D n
(_;{)1/ (f G)m/n

Total cost

L.a.D L.n.D(V
Total cost K = k; . I5 + &, kil il (

/n
f- V + f- % i) . (G _f)m/n

.. , N
[kl.lc+kg+k3. 14 .smé—,—m] (lO.l)

The terms in the square bracket are a constant for a given tool, denoted
by H, assuming an optimum value for flank wear.

L.w.D L.w.D [V\V
K=rhy.ty k. f"V + f"V (1) (G.f)ymm  H. (10.2)

10.1.1 Optimization of cutting variables. In equation (10.2) the
variables are G, fand V. From equation (8.14),

d

G=
[d — r(1 — sin ¢)]/cos ¢ + [(90 — y)[180] . = . 7

The value of G is minimized by using large nose radius and tool approach
angle, but these factors are both limited by chatter considerations, and
sometimes by the geometry of the workpiece. Depth of cut is determined
by the required reduction in diameter and by the number of passes of the
tool to give the desired size. Although multi-pass machining may be more
economical in some cases, in the vast majority of situations the single-pass
method is likely to give minimum cost and the present analysis is confined
to a single-pass method.

We are then left with the possible variation of feed and cutting speed.
It is found that when partial derivatives of K with respect to f and V
arc equated to zero to find minimum total cost, the results obtained are
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mutally inconsistent. This means that there is no single value of f and V'
which gives minimum cost.

oK __Hk.L.7.D Y (. fmim-1 EW_D ym-2
aI/(f fixed) f. I‘IZ n }.I/n

.Gm/n H

Equating to zero to obtain minimum cost for a specified value of f,

I km A um
=% ([(I/n) —1». V. Hn) (103)
oK —ky.L.7.D  (m L.n.D
of =y — — 1. fmm-2 —______  pa/m-1,
U (v axea) frv + (n I) f 20/
.Gmin | H

Equating to zero to give minimum cost for a specified value of V,

k1. A 1/m I
/= ([(”‘/ﬂ) —1». V. H"> X (10.4)

10.1.2 Factors limiting feed. Fig. 10.2 shows cost/piece plotted
against f and V, with the minimum value of K becoming progressively
smaller as f is increased. In practice fis limited by the maximum feed
available on the lathe, the surface finish obtainable, or the force on
the tool. Also, a very high feed is associated with a very low cutting

\ Locus of minimum
LY S
; cost ( 3y =0 f fixed)

Fig. 10.2 Variation of cost with feed and speed (after Brewer)
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speed, and at low speeds Taylor’s tool life equation no longer appnes
since the tool fails from crumbling of the cutting edge, rather than flank
wear.

Often the maximum practical feed and its associated cutting speed
for minimum cost conditions may require power in excess of that
obtainable from the lathe motor: a lower and less economic speed has
therefore to be selected.

Using equation (8.6)

Cutting force = C . f* . d
Power P = cutting force X cutting speed
Power =C.fx.d. Vp

Maximum cutting speed due to power available

P

= a

(10.5)

Substituting for Vp in the equation for total cost (10.1) it can be shown that
the larger the value of f the smaller the cost per piece.

Fig. 10.3 shows a likely practical situation where over the higher
speed range the minimum cost Jocus, represented by the line 9K/0V = o,
determines the optimum selection of V, whereas at lower speeds the value
of V is limited by the power constraint. When throw-away tips are used
H can be simplified to [£; . t¢ + N/X] where X is the number of cutting
edges on the tip.

Power constraint
P

(Vp= )

cr*d

2K olv fixed)

Optimum
combinations
of Vand f along shaded
tbgundory

hem k.

f
9—’; = ol fixed)

[ ———

o

Fig. 10.3 Effect of power constraint on optimisation
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10.1.3 Use of nomograms to find optimum cutting speed.
Brewer and Rueda, realising that the approach outlined required a con-
siderable amount of tedious arithmetic to find ¥, compiled nomograms

A 60 T
'\ e 1,55 TOO/
\
\- Noautar C.1. — - ——-==Carbide Too/
50 ¥ ‘\\ ------- Ceramic Tool
Ay
\
N \ \
40 ~o N\
~ \
N~ flake gtaphiteCl. \ \
»n . >~ ! \
~- 5~ - \ N
™~ . ~So 4 \ \\
30 ~ S~ N
N~ NS
Flake ghaphite CI ~ N s -
lake gtaphite CI =1~
~— \~'l \\\
\T C—
20 \ N ==
\ ~
. .
NodGlarC.I.
Flake glﬂp/)itt CIL
10 <
’\‘\_
Nodutar C.I.
o
/00 /50 200 250

Brinell hardhess

Fig. 10.4 Variation of hardness for cast iron (metric units)
See Appendix 3 for values of A in Imperial units

from which the optimum values of ¥ can be read. Further, lack of suf-
ficient tool life and cutting force data for machining non-ferrous materials
at present limits the application of this analysis to steels and cast irons.

Fig. 10.4 shows the variation of 1 for cast irons of differing hardness
when using high-speed steel, carbide and ceramic tools. Fig. 10.5 shows
some typical values of A for steel.

When the necessary constants are not available it has been suggested
that, without great loss of accuracy, the following approximation can be
adopted. From Fig. 10.2 it is seen that K is smallest when f is greatest;
therefore the maximum practical feed should be used to give lowest
total cost.
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Steel Hardness A for carbide tools
(HV30) (SI units) (non-metric)
EN3A 118 7°10 425
ENS8 140 478 285
EN16 310 325 195
EN24 280 347 205
EN35B 204 3'95 235
Approximate values of 4 for H.S.S. Tools 0-33 X value for
carbide
Approximate values of 4 for ceramic tools 1-3 X value for
carbide

Fig. 10.5 Values of 4 for steel when using carbide tools

Considering Taylor’s tool life equation and equation (8.15),

V.Tn=C
and V.Tr. (f.G)ym = 2
Then, A=(f.G)m.C.

Also, considering the constant H, this can be simplified to give a com-
ponent of cost due to the time required to change a tool, £, . f, and a
component of cost to allow for tool depreciation, kg, where

] N
kg=k2—|—k3.W.sm6+;—+—(W5

H= [k, .te + kg]
The new total cost equation now becomes

L.#.D L.w.D

K=k1t8+k1' f-V + f.Cl/" 'V(lln)_l{kl-tc+ka]
oK L.7w.D I L.n.D
= S () S vtk

Equating to zero for minimum cost conditions,

k n n \»
V=cC. L )
¢ (kl.tc+k,> (x—n) (10.6)
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The term [k,/(kytc + kg)] is of the order of o-1 for solid or brazed tools,
or o-25 for throw-away tips, and since it is raised to a low power the error
in assuming these values is small. Hence,

o'1n \”»
V = ( ) C = X . C for solid brazed tools.

I —n

I —n

. n
V= <0 25 n) C = X . C for throw-away tips.

Values of X are plotted against n in Fig. 10.6. The value of C can be
obtained from tool life tests where data are unobtainable, or from the
nomograms in Figs. 10.7 and 10.8, where steel or cast iron is machined.

Example. A brazed carbide tool with positive rake is used to turn a
carbon steel component of EN24. The tool approach angle is 15°, nose
radius is 1-00 mm and depth of cut is 4-00 mm. The largest practical feed
is taken as 0-75 mm. Find the cutting speed which gives minimum total
cost. The value of G is found from Fig. 10.7 to be 0-86, and A is found
from Fig. 10.5 to be 3'47. Using these values, Fig. 10.8 gives C as 4-0o0.
The value of X is obtained from Fig. 10.6 as 0-425, using a value of 0-25
for n with positive rake carbide tools, as suggested in Chapter 8.

Optimum cutting speed V = X . C = 1-70 ms~1 (330 ft/min)

If throw-away tips had been used the optimum cutting speed would
have been raised to 2:18 m s~! (430 ft/min).

Experiments show that, when cutting under nominally identical
conditions, the standard deviation of tool life is about 10 per cent of the
expected life. To allow for this variability when cutting, it is therefore
advisable to reduce the computed cutting speed by a factor of about
10 per cent.

An interesting point arising from this analysis is that the optimum
selection of cutting parameters produces shorter tool lives than are
usually considered economic in industry. However, in recent years there
has been a persistent shortage of skilled labour such as setters. This
leads many employers to work on the basis of maximum output/setter
rather than the output giving minimum cost/piece, and has resulted in an
increase in the number of machines looked after by each setter and the
consequent use of low cutting speeds to reduce the amount of resetting.
The analysis shown above has therefore achieved little popularity in the
United Kingdom.

10.1.4 Comparison of cutting speeds giving maximum output
and minimum cost. It is possible to compile an equation to give the
output from a machine for a particular metal cutting operation, and
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hence to find the combination of feed and cutting speed for maximum
production from a machine.

Time to produce one component, M = {5 + tm + ¢ X tool changes/
piece
L.w.D L.w.D[V\l»
=g+ ——— Fte X ——| = . G)ym/n
BT BT (e

Differentiating with respect to V and equating to zero to give minimum
time,

A
V= — .o

From equation (10.3),

n
<:—) for maximum output (10.8)
c

A
V=t (7. G

k\ .. .
y X\ g for minimum cost per piece  (10.9)

From previous work it is seen that 1/t > £;/H. The cutting speed to
give maximum output from a particular machine will thus always be
greater than that to give minimum cost per piece.

10.1.5 Pre-set tooling. To reduce machine down-time during change-
over and to reduce the re-setting time when individual tools are changed, it
is possible to fit tool holders to lathes which allow for pre-setting away from
the machine. A number of advantages can be claimed for this approach to
setting:

(1) By reducing changeover times it is possible to visualize production
of smaller work batches without significantly reducing output.

(2) Operators who lack setting skills could change tools on the machine,
thereby increasing job satisfaction and releasing existing setters for
pre-setting.

(3) Optimum tool lives would be still further reduced, due to the
reduction in tool changing time, and productivity further increased.

10.2 MATERIALS CAUSING DIFFICULTY IN MACHINING

Technical advances have demanded the use of materials which are
increasingly difficult to machine. These include materials developed
to retain their strength at elevated temperatures, titanium alloys used in
the aerospace industries, and radioactive metals associated with nuclear
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power. Detailed analyses of optimum cutting conditions, such as those
described for steel and cast iron, do not exist for these metals, but our
present machining experience enables general recommendations to be
made so that satisfactory cutting conditions may be selected.

The first group includes stainless steels, nimonic alloys and refractory
metals such as molybdenum, tungsten and tantalum. Stainless steels
rapidly work harden, and light cuts must be avoided as the rubbing action
promotes skin hardness. For the same reason climb milling is necessary
with most stainless steels. Although high-speed steel tools and a plentiful
supply of chlorinated or sulphurized cutting fluid can be used to cut
stainless steels, dry cutting with carbide tools is to be preferred. Since
cutting speeds are necessarily low, (abouto-5—2 m s~1 (100-400 ft/min) with
tungsten carbide) positive rake tools are essential.

The nimonic alloys consist basically of nickel and chromium, and are
used in gas turbines because of their resistance to creep at high tempera-
tures. These alloys vary considerably in their machining properties, but
with the more difficult, cutting speeds using carbide tools are frequently
restricted to less than o5 m s™!1 (100 ft/min).

Tungsten is another material which presents problems in machining.
Current practice favours the use of carbide tools operated at feeds of
about 025 mm (o-o10 in), although the feed may need to be reduced to
prevent chipping of the workpiece. Zero or negative rake tools are
recommended, with turning speeds of 1-0 m s™! (200 ft/min) using soluble
oil, and milling speeds of 0-4 m s7! (75 fi/min) using chlorinated cutting
oil.

Molybdenum and TZM molybdenum alloy can be cut satisfactorily
with carbide tools at speeds of 1-8 m s (350 ft/min) using soluble cutting
oil. For turning, 20° positive rake tools can be operated at a feed of
0-25 min (0.010 in) and for face milling zero rake tools are recommended
at reduced feeds.

Tantalum and goTa-10W tantalum alloy can be cut with carbide or
high speed steel tools having 20° positive rake. With either type of tool
soluble oil should be used with cutting speeds of 04 m s (75 ft/min) and
o-25 mm (0-o10 in) feeds.

Titanium alloys cause rapid tool wear, but are best cut with carbide
tools. The reasons for the high rate of wear are the high interface tempera-
tures, resulting from the poor thermal conductivity of titanium and its
chemical affinity for most metals at high temperatures. Cutting speeds of
0-25-0'5 ms~! (50-100 ft/min) are recommended for titanium alloys, with
a preference for large feeds and low speeds.

The use of metals which are difficult to machine has led to several
developments in casting and 1metal forming in order to reduce the amount
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of stock removal necessary. Notably, investment casting is used in the
production of nimonic alloy turbine blades.

When machining some of the hard materials such as nimonic alloys
and Stellite, considerable improvements can be achieved by thermally
softening the material with a plasma torch positioned ahead of the cutter.
The pre-heat temperature is of the order of 600°C and the resulting chip
temperature is correspondingly increased. Carbide tools are generally
unsuitable for turning at these temperatures and ceramic tips are used.
It is possible to machine some of the more intractable nimonic alloys
by this method at cutting speeds of 8:-0 m s™ (1500 ft/min) although
current practice is to use lower speeds and correspondingly higher feeds.

10.3 ECONOMICS OF MILLING

Although the economic aspects of milling do not appear to have been
investigated to the same depth as those of turning, the analysis for
turning, coupled with the remarks in Chapter g on the milling process,
indicate that high feeds per tooth should be used, and cutting speeds
should be adjusted accordingly. When a tooth first starts to cut, the
resulting impact causes a variation of arbor torque. To keep this variation
within reasonable limits the maximum feed per tooth is restricted to a
fairly low value. The recommended feeds for cutters are usually quoted
in the manufacturers’ literature.

In the absence of a more accurate economic analysis it is usual to
adjust the cutting speed, using the recommended feeds, to give a power
consumption near to the maximum available from the drive motor.
Should this procedure result in excessively high cutting speeds which
would cause rapid tooth failure, it will be necessary to limit the speed to a
lower value based on experience of the machine tool and the type of
cutter used. '



11 Abrasive Machining

11.1 Abrasive machining uses hard non-metallic particles to cut the
workpiece. Processes within this group include grinding, honing, super-
finishing, or abrasive belt machining and lapping. The first three use
abrasive particles (often called grits), rigidly held in a wheel, stone or
belt, whereas in lapping the particles are contained in a fluid. Unlike
most other major machining operations this group of processes can
shape workpieces harder than 400 Vickers Hardness Number (HV).
Abrasive machining produces smooth surface finishes and enables close
control to be maintained over the amount of workpiece material removed;
in consequence it is mainly used for finishing operations.

II.2 GRINDING PROCESSES

Grinding is one of the major methods of metal machining, ranking with
turning and milling. Most shapes can be produced by using an appropriate
grinding wheel with either a surface grinder, a cylindrical grinder, or
a special-purpose thread or gear grinder. Examples of some of the more
important grinding operations are shown in Fig. 11.1.

The grinding operation is difficult to analyse because of the random
shape of the abrasive particles, the minute chips produced, and the rapidity
with which they are formed. One of the first papers dealing with the
mechanics of grinding was by Guest*® in 1915, but despite a considerable
amount of subsequent work there is still no generally accepted theory of
grinding.

11.2.1 Grinding wheels. Grinding wheels arc made up of a large
number of abrasive grains held together by a bonding agent. The abrasive
material can be aluminium oxide, silicon carbide or diamond. Diamonds,
which may be natural or synthetic, are the hardest of the materials used
(6500 Knoop) ; they are also the most resistant to wear. However, because
of their high cost, diamond wheels are normally confined to the grinding
of very hard materials, such as tungsten carbide. Silicon carbide (2500

191
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Knoop) is the next hardest, but it is liable to fairly rapid chemical wear
when cutting steels and its use is generally restricted to machining non-
ferrous materials and non-metals. The general purpose abrasive is
aluminium oxide (2000 Knoop). Within these three main abrasive groups
are sub-groups caused by the presence in the abrasive of impurities,
imperfections in the crystal structure, and differences in crystal size. A

‘ | @
.‘
]l

(0)External cylindrical (b) Internal grinding

(plunge if no axial feed
of work)

Whee!
ee o5 l'/,,/
=== Work - Work {
{c) Surface grinding Vertical spindle

horizonta/ spindle

Fig. 11.1 Grinding operations

recently introduced abrasive material is cubic boron nitride (4700 Knoop).
It has excellent wear resistance and despite its present extremely high cost
has proved economical in certain precision grinding applications.

The size of abrasive grains used in a particular wheel is normally
constant, although mixed sizes are sometimes used. Standard sizes of
abrasive grain vary in steps from 8 to 600 (coarsest to finest). The
larger grains are used for rapid metal removal and produce a compara-
tively rough finish, while small grains are used for fine surfaces; a typical
general-purpose size is 46.

A variety of bonding materials is available. By far the most common
is the vitrified bond, which is manufactured from felspar, with refrac-
tories and fluxes added. Wheels with vitrified bonds are produced by
mixing abrasive particles, bonding material and an organic filler, the
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filler being used to adjust the structure of the wheel. Moulds are employed
to obtain the wheel shape, and after drying the wheels are baked in a
furnace for several days at about 1200°C. The bonding material melts and
by surface tension forms bond posts between adjacent grains. The organic
filler is burnt out, with the gases escaping through the network of inter-
connecting voids.

Thermosetting resin (resinoid) bonds enable thin flexible wheels to
be produced, these are suitable for cutting-off operations and the grinding

% Grit
hard

strong bond (— ypees! Weak bond (=398, )
hard O — | soft
Close structure (— 100, ) Open structure (= peq/

Fig. 11.2 Variation of bond and structure

of rough surfaces with hand-held grinders. The high strength of resinoid
bonds enable them to operate at speeds up to 8o ms™! (16000 ft/min),
almost treble those for vitrified bonds. Rubber bonds are widely used for
feed wheels on centreless grinding machines and for very thin cutting-off
wheels. Shellac bonds are rarely used although they are suitable for
fine finishing operations. Diamond wheels employ resinoid, vitrified or
metallic bonds.

The relationship between both bond and structure as it affects wheel
strength is illustrated in Fig. 11.2. Bond strength is graded by a letter
code, the strength increasing alphabetically from A to Z. Weakly
bonded wheels are referred to as soft and those with strong bonds as
hard wheels. Wheel structure is indicated numerically (o-14), close
structures having low numbers and open structures high numbers.

Wheel speeds conventionally used for cylindrical and surface grinding
machines are in the order of 25 ms™1 (5000 ft/min); however, machines
capable of surface speeds in the range of 6oms-! (12000ft/min) to go
ms~1 (18000ft/min) are now being produced. As surface speeds increase
the forces between the wheel and work are correspondingly reduced;
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hence if forces are kept unchanged considerably higher metal removal
rates can be achieved. Specially designed vitrified wheels, capable of
withstanding the greatly increased bursting forces are available. Much
improved wheel guarding must be provided to protect the operator in the
event of a wheel burst.

11.2.2 Geometry of the grinding process. Shaw and his fellow
workers considered grinding as a micro-milling process.3¢7%2 Although
this was an oversimplification it enabled approximate expressions for
depth of cut, length of chip and other parameters to be obtained.

Plunge grinding, an operation in which there is no longitudinal feed
of the work, is shown in Fig. 11.8. It is assumed that the cutting grains are
equally spaced round the periphery of the wheel, analogous to a milling
cutter with a very large number of teeth. The depth of cut ¢ can then be
obtained from the expression

tziffvmm(in) (11.1)

where f is the rate of infeed of work, mm min-1 (in/min)

N is the rev/min of the grinding wheel,
K is the number of grains in line/rev.

The term K can be found from the rela-
tionship

K = =DC¥’ (11.2)

where D is the wheel diameter, mm (in),
C is the number of cutting grains
mm-~2 (/in2)
b’ is the average grain width of cut,
mm (in) .
Fig. 11.3 Plunge grinding
The ratio of width to depth of cut is
represented by 7, where rp = b'[t
The terms C and rp are somewhat difficult to evaluate. The number of
cutting grains mm~2(/in2), C, is found by rolling the wheel over a soot-
blackened glass and counting the points where the soot has been removed.
A taper section of the ground surface (Fig. 11.4) can be used to find the
width:depth ratio. The tapered surface is used to provide a magnifica-
tion of the groove depth ¢.
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If plunge grinding is considered, the chip thickness will equal ¢, the
depth of groove. By substitution for 4’ in equation (11.2) and using the
result to substitute for K in (11.1)

_ S
= F5v) "

Surface grinding on a horizontal spindle machine can be represented
by Fig. 11.5(a) where the depth of cut has been greatly exaggerated,

AN

¢ RN

Polished surface

Shim '_~ﬁ I——Ground surface

Fig. 11.4 Taper sections

(6)

Fig. 11.5 Surface grinding (depth of cut exaggerated)

a typical value being only o0ooor X wheel diameter. The path ABH
traced by the tip of a cutting grain is a trochoid generated by a combina-
tion of the circular movement of the wheel and the horizontal movement of

the work.
The undeformed chip length !/ and the maximum chip thickness ¢
can be found by reference to Fig. 11.5.

[ = ABH = BH (Actually BH > AB).
As 0 is very small when grinding

curve BH == chord BH (Fig. 11.5 (b))

o= (-]

l = +/Dd (11.4)
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Fig. 11.6 Chip thickness

To find maximum chip thickness ¢, the chip is flattened as shown in
Fig. 11.6.

t = EF = HEsin 0
G
sin 0 = D_/ci (Fig. 11.5 (b))

N R
2 2
hence ~ ¢= }ﬁ% V(Dd — d?) = oHE \/ [% - (%)2]

and as d/D is small (d/D)2 can be neglected.

-5 )

HE is work feed per grain. If the grains are equally spaced and there
are K in line/rev,

HE—
K. N

where fis rate of work feed, mm min—! (in/min)

N is rev/min of wheel.

Substituting for HE

t=K2.fN D (11.5)

In surface grinding, unlike the plunge grinding example previously
considered, the chip thickness increases from zero to a maximum . It is
now more convenient to consider the 5[t ratio at ¢/2 instead of at ¢.
This ratio is indicated by 7, not r, as in plunge grinding.

Hence b= 3 (11.6)
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From equation (11.2) K = #DCb’ = nDC~-r
2

Substituting for K in equation (11.5)

,__4f / d
wDCtrN\ D
4f [d]
d | = el )
an [wDNCr D] (11.7)

vinrev/min)

Work

Fig. 11.7 Cylindrical grinding

The geometry of external cylindrical grinding is shown in Fig. 11.7 (a)
and again for clarity the depth of cut has been greatly exaggerated. In
grinding cylindrical shapes longer than the wheel width the work is
reciprocated; if short cylindrical shapes or profiles are required, the
work is plunge ground by feeding the wheel radially into the work. If
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Figs. 11.7 (a), (b) and (c) are considered, expressions can be obtained for
the chip length / and the undeformed chip thickness ¢.

YZ = radial work feed — J:mm rev-l (in/rev)
n

where fis rate of radial work feed, mm min-1 (in/min)
n is rotational speed of work, rev min-1

YZ = WY 4+ WZ

‘—/=WY—(I —}—g)
n wY

f
a1 + (WZ/WY)]

WY =

For small angles of contact normal in grinding

g D

[ e SR, W

« Dy

3§

v S
WY = n(1 + D[Dy)

In triangle OWB WB2 = OB2 — OW?2
WB2 = OBz — (OY — WY)2

Substituting for OB, OY and WY

WB2 = 2 2 D S 2
h (2) a {? Tl (D/Dwn}

Y R
W = i ¥ (DIDw)] {n[x n (D/Dw)]}

—_— Df
Asfin<1 WBZ—m)—]

But WB ==/ and fjn = d (radial feed/rev)

Dd
‘=\/x + D/Dw) s
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Sindﬁa:ﬁzi\/_.ﬂ._ — 4d
Dj2 DN \1 + (D/Dw))  \\D[1 + (D/Dy)]

_A_Doc D

p=22 2 (4
" Dy Ds (D[r + (D/Dwn)

Considering the flattened

t = ssin (a« 4 f)

chip (Fig. 11.7 (¢))

_ {(x + f%)\/ (B[TT_%W])}

since sin (¢ + f) ==« + B and s = v/KN

t =

But from equations (11.2)

v \/(44[1 + (D/Dw)]>
KN D

and (11.6) K = #DC¥’ and b’ = tr/2

K — wDCltr
2
and .. 4d[1 + (D|Dy)]
mDCtrN D
vV
N=—
7D

H
;= [% \/(i[iig,?/g_"ﬂ)] (11.9)

11.2.3 Grinding forces. The rate of metal removal in grinding is low,
and in consequence the cutting forces are of the order of a few pounds,
compared with several hundred pounds usual in milling and turning. In

'

; Work £ 1

Fig. 11,8 Forces on work
in surface grinding

contrast to most other machining operations
the radial force Fy in grinding is larger than
the tangential force Fi; Fig. 11.8 shows the
direction of these forces in surface grinding
where the ratio Fp/Fi==2. As might be
expected from the high radial force, grinding
is an inefficient metal cutting process when
judged on the basis of specific energy (energy
required to remove unit volume of the work-
piece). Specific energy will vary with wheel
and grinding conditions, a typical value for
mild steel being 48 J mm~=3 (7 X 108 in 1bf/in3)
this is about 20 times greater than that



200 PRODUCTION ENGINEERING TECHNOLOGY

required to cut similar material with a single-point tool. Compared with
other metal cutting tools the abrasive grain has an inefficient shape; most
grains have large negative rake and rapidly develop flats where they
contact the workpiece. Often the area of these flats covers such a large
proportion of the wheel surface that it has a glazed appearance, and in
this state cutting frequently becomes impossible.

Section

at ¢
bea Ve cd

€4 0 ; £lostic deformation
Type A elostic Type ‘B’ ploughing

Sect/on at §
ST

L"{*E lastic deformation
Ploughing

Imper/fection
initiating chip.

Type ‘¢’ chip formation

Fig. 11.9 Types of surface deformation (after Hahn)

Depth of
penetration

of gbrasive Zone A Elastic deformation

B8 Ploughing

]
1
]
I
l
: C Chip formation
|
L]
i
)

Cutting pressure

Fig. 11.10 Relationship between depth of abrasive penetration and
cutting pressure (after Hahn)

Hahn?® has examined the effect of different depths of cut on work-
piece deformation (Fig. 11.9). At very small depths there is only elastic
deformation of the metal surface, but as the setting is increased the sur-
face is plastically deformed and metal is pushed up on either side of the
furrows ploughed by the abrasive grains. Eventually as the depth of cut
is further increased a chip is formed, after some initial elastic and plastic
deformation of the work. The transition from ploughing to cutting is
indicated by a diminution in the force increment required to secure an
increase in depth of metal removed (Fig. 11.10). Hahn proposed that chips
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were initiated by minute imperfections in the metallic structure of the
work surface and suggested that this explained the freer grinding pro-
perties of certain steels. He also indicated that the presence of a flat on the
grit inhibited chip formation, as the interference between grit flat and
work reduced the intensity of pressure at the critical chip-forming stage
(Fig. 11.11).

Abrasive particle
with large flot

Meta/ surface
(e/astically deformed)

Fig. 11.11 Worn abrasive unable to cut

‘The magnitude of grinding forces can be related to the specific energy.
Power = F{V = bdvu

bdvu
Ft = —V-

where Fy is tangential force on work,
V is wheel speed,
b is wheel width,
d is depth of cut.
v is workspeed (or rate of work feed f, where appropriate),
u is specific energy of the material.

The specific energy for grinding has been found by Backer, Marshall
and Shaw48 to vary as follows:

when maximum chip thickness ¢ > 1 um (40 X 1078 in), u = £, /198
(11.10)

when maximum chip thickness ¢t << 1 um (40 X 1078 in), u = ks
(r1.11)

The value of u for grinding can be related to the value of specific
energy for turning. For instance, k£, = 00092 u; and k2 = 30 u;, where
u; is the specific energy for turning similar material using a feed of
025 mm rev-! (o-0o10in/rev) and a 15° tool rake angle; for mild steel
the value of u; is 2-27 J mm~3 (0-33 X 108 in 1bf/in3).

11.2.4 Effective wheel hardness. Perhaps the most generally recog-
nized characteristic of wheel hardness is the ability of the wheel to retain
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dulled abrasive grains: the duller the retained grains, the harder the
wheel.

Colwell, Lane and Soderlund® have pointed out that the hardness of
a wheel in service can be different from its graded hardness. When a
wheel is changed to a less rigid machine it appears to cut in a harder
manner as it is now a relatively stiffer component in a system of overall
lower stiffness. Resinoid wheels are harder in use than similar vitrified
wheels, despite their greater elasticity (E for a resinoid wheel is approxi-
mately a quarter that for a vitrified one). This apparent paradox can be
explained when it is realized that the cutting tool is the individual abra-
sive grain, not the wheel. The grain becomes relatively stiffer when setin a
resinoid bond, as it is now operating in a system of lower all-over rigidity
than when part of a stiffer vitrified wheel.

The ability of a wheel to retain its grains is influenced by the magnitude
of the forces acting on it. The mean force F. acting on a chip can be
found from

__ work done/chip
~ chip length

Work done/min uvbd

Work done/chip = _ wbd
ork done/ehip = et of chipsjmin — Vb

uvd
d =— .
an F, Vel (r1.12)

From equations (11.8) and (11.9)

— Dd _[4 [{dlr + DD\ ]!
. \/ (me_)) et [T’C_’r\/ (” ""—D_q)]

4vd

H =
ence T

) ) ) urt2
Substituting for [ in equation (11.12), Fe = —
4

Equations (rr1.10) and (11.11) show that for chip thickness >1 um
(40 X 1078in) u oc (1/t9°8) but for smaller thicknesses, u is unaffected by ¢.

. whent < 1 um (40 X 1076in) F, oc ¢2 (11.13)

t>1um (40 X 1078in) F, oc ¢1-2 (11.14)
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It will be seen from equations (11.13) and (11.14) that the forces on the

grains are considerably influenced by chip thickness. An increase in ¢

will make the wheel act softer since the dislodging and fracturing forces
on grains will be greater. Reference to equation (11.9), i.e.

[ )
VCr D

shows that a wheel can be made to cut softer by:

(a) increasing work speed,

(b) increasing depth of cut,

(¢) reducing wheel speed,

(d) decreasing the number of active cutting grains, i.e. by using a larger
grain size or a wheel of more open structure,

(¢) decreasing the diameter of the workpiece. A given grade of wheel
will appear to be harder in surface grinding than in external
cylindrical grinding and hardest in internal grinding (negative
curvature). For this reason comparatively soft wheels are used for
internal grinding.

11.2.5 Temperature in grinding. The temperature reached by the
tip of the abrasive particle when cutting is extremely high, and is thought
to be in excess of the melting point of steel (1500°C). However, no melting
occurs because of the brief time of contact, often less than 100 x 10785,
There is no serious heating of the wheel, as the temperature gradient in
the cutting grains is very steep and there is ample cooling time between
cuts (ratio of contact to cutting time 1:400 for surface grinding with
200 mm (8 in) wheel and 12-5 um (0-0005 in) depth of cut). The ground
surface can be affected to a depth of 100 um or more by the thermal and
mechanical shock it receives from successive grains. Residual tensile
stresses are developed at the metal surface. If severe, these can cause
grinding cracks in hardened steels, cemented carbide and high-tempera-
ture alloys. The heat from grinding can also change the microstructure of
the material. If the temperature is high enough, a layer of austenite will
be formed. This is rapidly quenched to form martensite by the mass of
cold around it. The thermal and mechanical stresses produced by grinding
can also cause warping of thin workpieces.

The approximate theoretical mean chip/tool interface temperature

04 is given by
t
0t=Ku\/(kl;6> (11.15)
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where K is a constant
u is the specific energy of grinding
V is wheel speed
¢t is grain depth of cut
k is thermal conductivity of the work
pC is volume specific heat of workpiece.

By using values of u from equations (11.10) and (11.11) it can be de-
duced from equation (r11.15) that

6t oc V05¢0'5 when ¢ < 1 um (40 X 1078 in)

pos .

0 oc }-ﬁwhen t> 1 um (40 X 1078in)
Hence for fine grinding, ¢ << 1 um (40 X 10-%1in), the chip/tool tempera-
ture can be reduced by decreasing both wheel speed and chip thickness.
For normal grinding, ¢ > 1 um (40 X 10-%in), temperature can be .
reduced by lowering wheel speed but not by decreasing chip thickness,
in fact thermal damage can result from light finishing cuts.

A fluid is used in most grinding operations, although off-hand grinding
and some surface grinding is done dry. Pahlitzsch® found considerable
advantage in supplying oil radially outwards through the pores of the
grinding wheels and a water-based coolant to the outside of the wheel.
Not only did wheel wear decrease but there was less loading of the wheel
by workpiece material, which substantially reduced the frequency of
wheel dressing.

Fluids will also reduce workpiece temperature but they cannot prevent
surface damage to the workpiece owing to the rapidity with which the
heat generated at the work surface travels inwards.

11.2.6 Surface finish. The surface finish obtained by grinding is
usually considerably better than that resulting from -turning or milling.
Usually the surface finish is between 0-75-01 um (30 and 4 u in) although
smoother finishes are possible. The smoother the finish the more expensive
it is to produce; hence the coarsest acceptable surface finish should be
specified by designers.

The topography of a ground surface will vary with the direction in
which it is measured (Fig. 11.12). The distribution of cutting grains
on the wheel surface will have a major effect on surface finish; with
small abrasive size and dense structure, the spacing will be close and likely
to produce a smoother surface. For a given wheel, the finish can be im-
proved by reducing work speed and increasing wheel speed.
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Apart from geometrical considerations, if a good surface finish is
needed much depends on using a rigid machine, a well designed spindle
bearing, and an accurately balanced wheel. When very low micro-inch
surface finishes are required, effective coolant filtration is necessary to
prevent the recirculation of abrasive fragments, which are liable to be
picked up by the wheel and severely scratch the surface of the work.
Wheel dressing can also affect the roughness of the ground surface.
Slow traversing of the dressing tool, small dressing depths, and a blunt
diamond should be used if a fine surface is required on the workpiece.

Across whee/
/ 2 R 4 5

v/
X2
Grains 1-5 on section (rest of surfoce
produced by preceeding or followirg grains)

Along whee/
b S, —e4S S Sy ~=—S
| / .?T' "T 4 ) s d-‘,S-Spac/ng of
| | | successiye
1 | I grains in line
L ! ' around whee
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Fig. 11.12 Production of ground surfaces

11.2.7 Wheel wear. Grinding wheels wear more rapidly than most
other metal cutting tools, although they normally suffer far greater size
reduction by dressing than by wear in contact with the work. The
generally accepted parameter of wheel wear is the grinding ratio, which
is the ratio of volume of metal removed per unit volume of wheel worn
away. The wheel wear curve (Fig. 11.13) shows three distinct phases. In
the first the newly dressed wheel wears quickly as the sharp edges of the
abrasive grains are rapidly worn away. The second and major phase is
one of steady and slower wear, and in the final phase the rate of wear is
accelerated as whole grains are lost from the wheel. The third stage will
not be reached if the wheel glazes in phase two, as often happens with
hard wheels.

A grinding wheel may wear from a variety of causes, these are bond
fracture, grain fracture and gradual wear. Gradual wear occurs con-
tinuously in grinding and causes flats to develop and grow on the abrasive
grains. These flats reduce the cutting ability of the wheel, and may even-
tually result in grains ceasing to cut. There are likely to be many causes
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of gradual wear. One of those isolated is the chemical reaction occurring
between the tip of the grain and the metal being cut. Although abrasive
and workpiece materials are not reactive at normal temperatures,
Goefert and Williams%® have shown that diffusion occurs when they are
heated to the temperatures reached in grinding. Particularly severe
chemical wear occurs when titanium is ground, but it has been found by
Yang and Shaw®? that this can be reduced considerably by the choice of
a suitable grinding fluid. Bokuchava®® considers that gradual grain wear
is caused by plastic flow of the abrasive and that this type of wear depends
on the temperature at the abrasive/chip interface and the heat penetra-
tion into the body of the grain. The depth of penetration increases con-
siderably with contact time, the contact time being inversely proportional

Vol of
whee/
wear
g
]‘ 5 Grinding ém
| % ratio s,
|
_______________ R
5, —
o Vol. of metal removed

Fig. 11.13 Wheel wear plotted against metal removed

to wheel speed. Due to the higher conductivity of silicon carbide, the heat
penetration is 30%, greater than with aluminium oxide.

Wear also occurs by grain fracture, but unlike gradual wear this pro-
duces new cutting edges and improves the cutting ability of the abrasive
grains. Grain splitting does not occur in any set pattern. Sometimes the
grain splits into several fragments, perhaps leaving only a small propor-
tion of the original grain in the wheel, or at the other extreme only a very
small fragment is lost, leaving the grain shape substantially unaltered.
Apart from the natural tendency of some abrasives to split more readily
than others when subjected to mechanical stresses, splitting is also induced
by thermal shock. It has been reported by Harada and Shinozaki®® that
grain fracture is more likely to occur in wet grinding than in dry, and the
more effective the coolant the greater the likelihood of fracture.

The third type of wheel wear is bond post fracture in which whole
grains are forced from the wheel. Yosikawa®® assumed brittle fracture
in both bond and grain of vitrified wheels and showed that the probability
of both types of failure was approximately proportional to t'ef, where ¢’
is the grain workpiece contact time and f the force on the abrasive.
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11.2.8 Dressing abrasive wheels. Dressing removes the outer layers
of the cutting surface of the wheel, thereby creating a new cutting surface
from a previously blunted or loaded surface. Truing, which is normally
combined with dressing, produces an accurate grinding wheel profile.
Too much dressing unnecessarily increases grinding wheel usage and
lengthens production time; too little dressing is likely to reduce the rate
of metal removal, cause thermal damage to the component and adversely
affect its accuracy. The ideal dressing frequency is affected by the follow-
ing factors:

(a) Wheel hardness—soft wheels rapidly lose their shape and need to
be dressed to re-establish their geometry. Hard wheels are liable to
glaze and to restore their cutting qualities they have to be dressed.

(b) The metal being ground—soft materials can clog the spaces
between- the grits resulting in loading of the wheel. Other metal,
such as nimonic alloys, rapidly blunt the cutting edges of the
grits and cause glazing.

(¢) The force on the grits—if cutting forces produce minor grit fracture
the blunted cutting points are regenerated. However, if whole grits
are forced out of the wheel the surface finish and the geometric
accuracy of the part are adversely affected.

The main methods of dressing are described below.

Diamond point. Here a suitably shaped and set diamond is taken across
the periphery of the revolving wheel, cutting through both grits and bond.
The traverse speed of the diamond is significant. A fast diamond traverse
produces an open wheel structure capable of high rates of metal removal,
a slow traverse speed results in a close structure and a fine surface finish.
It is recommended that a feed rate should be chosen so that each grit is
cut twice by the traversing diamond point.$!

Where a profile has to be generated on the wheel the path of the
diamond is controlled by a template, either directly or by means of a
pantograph system. A chisel-shaped diamond can be used for simple
radii and angles; cone-shaped diamonds are employed for more com-
plicated shapes, such as thread forms.

Diamond clusters. Instead of a single diamond a number of stones are
arranged in a holder in a variety of circular or rectangular patterns.
These are used to dress large plain wheels. Although lacking the dressing
precision of a single point diamond, the use of a diamond cluster does
not require such a high level of skill; it is also economical in use.

Crush dressing. A cylindrical roll is brought into contact with the grind-
ing wheel and both rotate without slip at slow speed. The roll, which is
of the correct profile, is radially fed into the grinding wheel until the full
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profile has been formed. The roll material varies from cast iron for small
batch quantities, through high speed steel to carbide, as batch quan-
tities increase. Where very large production quantities of the same part
justify the cost, diamond coated metal rolls are used. A diamond roll will
perform thousands of dressing operations before it is worn out; the dressing
is completed in a few seconds and is ideal for automatically redressing
profiled wheels.

11.3 HONING

Honing is a finishing operation in which abrasive stones produce surface
finishes of the order of 0-05-0-125 um (2-5 uin). The stones, which
are sometimes called sticks, consist of aluminium oxide or silicon carbide
abrasive grains (size 30-600) joined by a vitrified, resinoid or shellac
bond. Coolants are used to prevent the surface of the stones from being
loaded by minute particles of metal and to cool the workpiece.

The main application of honing is to produce internal cylindrical
bearing surfaces; usually the surface has already been accurately ground
and often only a few ten thousandths of an inch of metal are removed.
For internal honing, three or more stones are held in shoes mounted on a
metal framework. The shoe positions can be adjusted radially to produce
the correct hole diameter. The stone pressure varies between 0-35-0-70
Nmm™2 (50 and 100 1bf/in2) and the framework is rotated to give the
stones a cutting speed of about 1 m s=! (200 ft/min). The framework
reciprocates axially at a speed of about o-25 m s~1 (50 ft/min) and the
machine is set to give a slight overrun and dwell at the end of each
stroke.

II1.4 SUPERFINISHING

This process is closely related to honing, similar stones being used to
produce very smooth surfaces. The stones are, however, given a small
axial oscillation (maximum §mm (0-2 in) at about 40 Hz). Superfinish
is normally used on external cylindrical surfaces, not internal ones as
with honing. Pressures are about 0-07 N m~2 (10 lbf/in%) and the work
is rotated at low speed, so there is little risk of thermal damage to the
workpiece; in fact superfinishing and honing are often used to remove
the thermally damaged surface layer left after grinding. Paraffin and trans-
former oil are used as cutting fluids.
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I1.5 LAPPING

Unlike the abrasive processes previously described, lapping employs
free abrasive particles which are rubbed against the surface to be machined.
Lapping can be used to finish both flat and curved surfaces. The abrasive
particles are carried in a liquid or paste and usually applied to a wood or
soft metal lap of the appropriate shape. Relative motion between the lap
and the work removes minute particles of metal, slowly reducing the size
of the workpiece and improving its surface finish. Aluminium oxide is
used to lap soft metals, silicon carbide for hardened steels, and diamond
powder is used for very hard materials such as tungsten carbide.

Hand lapping is slow and expensive, and where possible is replaced
by machine lapping in which a machine is used to produce relative move-
ment between lap and work.

No lap is needed when close conformity is sought between two mating
surfaces: in this instance one part acts as a lap on the other, e.g., the
pistons and cylinders of fuel pumps for gas turbines and diesel engines.
After lapping, the workpiece must be thoroughly cleaned, otherwise
lapping will continue in service and premature wear will result.

Although lapping is to be avoided if possible, it is still a necessary
process in gauge making and in the production of leakproof metal-to-
metal surfaces.

I1.6 ABRASIVE BELT MACHINING

This method of machining grinds and polishes. The work is usually
hand held against a rotating abrasive belt; it can, however, be mechani-
cally fed and when quantities are large automatic multi-headed machines
can be employed. The cutting speeds used are of the same order as those
in conventional grinding.

A small backstand machine is shown in Fig. 11.14. The abrasive belt
can be tensioned by a simple mechanical adjustment of the idler pulley
or by a variety of devices operated by springs or compressed air. Abrasive
belts can be obtained in a wide variety of grit sizes, varying typically
between extremes of 24 and 320. Small grit sizes produce fine surface
finishes; the larger grits give a more rapid rate of metal removal. Alumi-
nium oxide is the most common abrasive medium—the belts are made
from woven fabric to which the abrasive is secured by a bonding material.
Contact wheels are of two main types. The first is a metal disc rimmed
with compressible material, such as polyurethane or rubber of specified
hardness. The rim can either be solid or serrated: serrations intensify
the grit pressure on the work and produce an aggressive cut. The second
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Fig. 11.14 Simple backstand for abrasive belt machining

type of contact wheel is a cloth mop: this provides a much softer support
and is more suitable for polishing than for high rates of metal removal.
Although flat metal surfaces can be precision ground, abrasive belt
machining does not generally produce a high geometric accuracy.

Machines using abrasive belts are relatively inexpensive; belts do not
wear rapidly and when worn can be quickly replaced.



12 Recently Developed Tech-
niques of Metal Working

12.1 A range of new techniques has recently be¢en developed, mainly to
cope with (a) the growing use of materials which are difficult to machine,
and (b) miniaturization in the electronics industry.

Most of the metal removal techniques to be considered would be
uneconomic for machining conventional engineering materials, but the
use of new materials has in many cases demanded new shaping processes
to supplement grinding, the most usual method of machining hard ma-
terials. The techniques described in this chapter are not exhaustive but
represent the more important of the new processes.

12.2 ULTRASONICS

Vibrations transmitted through solids or liquids at frequencies in
excess of the sonic range can be used for a number of engineering pur-
poses, such as non-destructive testing, cleaning, soldering, welding,
machining and electroplating. The frequencies used are generally in the
range 16 kHz to 35 kHz.

There are four methods by which vibrations of these frequencies can
be produced, using piezoelectric, magnetostrictive or electromagnetic
effects, or jet generators. For engineering applications, the first two only
are of importance.

12.2.1 Piezoelectric transducers. Some crystals, such as quartz,
undergo dimensional changes when subjected to electrostatic fields.
The magnitude of these changes for any given crystal is proportional
to the applied voltage. If, then, an alternating voltage of the required
frequency is applied to the crystal, a vibration will result. The amplitude
of the vibration will depend on the resonant frequency of the crystal,
so in order to produce a high amplitude the length of the crystal must be
matched to the frequency of the generator. To produce resonance the
length of the crystal must be half the wavelength of sound in the material.

211
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For quartz, Young’s modulus E = 52 X 101 N m~2 and the density
p =26 X 103 kg m-3,

E
The velocity of sound ¢ = \/ -
P

= 4480 m s-1 for quartz.

At a frequency of 20 kHz the wavelength of sound produced = ¢/f
= 0-228 m. It follows that a crystal used as a transducer at this frequency
will be about 110 mm (4'5in) long. Usually polycrystalline ceramics
such as barium titanate are used, for which the required length to give
maximum amplitude is 75-100 mm (3—4 in). Practical difficulties preclude
the use of large crystals, so sandwich type transducers have been designed
(Fig. 12.1).

Conservation of momentum demands that the velocity and hence the
amplitude of vibration in the high and low density materials should be
inversely proportional to the density, giving a high amplitude of vibration
at the radiating face.

_—Raodiating face
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Fig. 12.1 Section through Fig. 12.2 Magnetostrictive
sandwich type piezoelectric transducer
transducer

12.2.2 Magnetostrictive transducers. If a piece of ferromagnetic
material, such as nickel, is magnetized, a change in dimension occurs.
This property is used in magnetostrictive transducers. To reduce eddy
current losses, the ferromagnetic material is generally in the form of
insulated laminations assembled into a pack (Fig. 12.2).

Electric current of the desired frequency is fed to the energizing coils.
Heat is generally dissipated by fitting a water jacket to the transducer.

12.2.3 Ultrasonic machining. Machining is performed by the vibra-
tion of a shaped tool tip in an abrasive slurry which forms a cavity of the
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required shape in a workpiece. A light static load, of about 18 N (4 Ibf)
holds the tool tip against the workpiece and material is removed by the
chipping action of the abrasive particles trapped between the tip and the
workpiece. Vibration of the tool tip accelerates the abrasive particles at
very high rates and imparts the force necessary for the cutting action.
Cavitation occurs in the gap and assists the disposal of chips and the
circulation of the abrasive.

Magnetostrictive transducers are usually used, and to increase the
amplitude of vibration a velocity transformer is rigidly attached to the

Transducer

Node
Velocity
tronsformer Vibrotion
omplitude
Too/ cone
Node
Tool/ bit
(o) (56)

Fig. 12.3 Velocity transformer and tool

radiating face of the transducer. Velocity transformers are made of
metals which have high fatigue strength and low energy loss, such as
brass, and are usually exponentially tapered (Fig. 12.3), the ratio of the
increase in amplitude being inversely proportional to the ratio of the
areas of the two ends, as will be apparent from consideration of conserva-
tion of momentum.

The tool cone is attached to the end of the transformer and the tool
bit is attached to the end of the cone. To give minimum damping the
vibrating parts are clamped at the nodes and the various components are
acoustically matched. Generally, the best results are obtained using
tool bits of alloy steel. Tool wear leads to a shortening in the length
of the combined tool cone and tip, so it is usual to make them slightly
longer than half a wavelength to increase their effective life.

The abrasive slurry usually consists of water mixed with an abrasive
which may be boron carbide, silicon carbide or aluminium oxide. Boron
carbide is the hardest and most expensive and is used for machining
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tungsten carbide, die steels and gems. Silicon carbide is difficult to keep in
suspension; aluminium oxide, the softest of the three, wears rapidly
and is mainly used for glass and ceramics.

Soft materials are unsuitable for ultrasonic machining because of their
damping properties, the process being reserved for hard, brittle materials.
Unlike most of the other new metal-removal processes described later,
the work material can be non-conducting.

It is difficult to give an accurate idea of the limitations of the process,
but under ideal conditions penetration rates of 5 mm min-1 (02 in/min)
are claimed. Power units are usually of 50-2000 watt output although
much higher outputs can be used. The specific metal removal rate on
brittle materials is 0-018 mm3 J-1 (0-05in3/hp min). Amplitudes of
vibration of up to 50 um (0-002 in) can be achieved by suitable design.
Normal hole tolerances are about 25 um (0-001 in), although this can be
bettered, and a surface finish of about 0-5-0-7 um (20-30 u in) is common.

A recent development in ultrasonic machining by the Ceramics Division
of the Atomic Energy Research Establishment combines an ultrasonic
axial vibration with a rotation of up to 1500 rev/min. The abrasive
grains have been replaced by a diamond-impregnated or electro-deposited
tool, vibrated by a piezoelectric transducer. A large variety of forms,
including slots, annular grooves and internal and external threads, can be
generated by rotation of the tool. Holes from 0-75-12:5 mm (0030 to
0'500 in) can be sunk to a depth of at least 25 mm (1 in). Cutting speeds
are relatively high, and holes 10 mm (3 in) in diameter and 10 mm (§ in)
long, can be cut in alumina in less than 4 min. This development greatly
extends the range of work for which ultrasonic machining can be used.

12.2.4 Ultrasonic cleaning. Ultrasonic vibration in a liquid causes
rapid alternating pressures, which produce voids in the liquid. These
voids are subject to catastrophic collapse, generating shock waves of
pressure amplitude of about 100 N mm~2 (1000 atmospheres). When
collapse occurs near a soiled surface and the liquid is a suitable cleaning
fluid, any oil film on the surface is emulsified and dirt particles are dis-
lodged. Piezoelectric transducers are generally used, fixed in banks to the
bottom of the cleaning tank.

Cleaning fluids, must have good wetting properties, and can be
trichlorethylene, carbon tetrachloride or water soluble detergents.
Detergents are safer, more effective and less expensive.

12.2.5 Other engineering applications of ultrasonics. Cavitation
effects produced by ultrasonic vibration can be used to disperse the oxide
film on aluminium, enabling it to be soldered. This can be done in a bath
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of molten solder, or alternatively an ultrasonically vibrated soldering
iron can be used.

Welding of dissimilar metals in the form of thin sheet or foil can be
performed by lightly clamping the two pieces to be joined between a
welding tip and an anvil, and ultrasonically vibrating the welding tip
parallel to the metal surface for between o'5 and 2-0s. In this way it is
possible to join such dissimilar metals as aluminium, copper and stainless
steel, although the most important application to date appears to be the
joining of thermoplastics. By suitably arranging the tool, lap, butt, or
tongued and grooved joints can be made between plastic components of
comparatively large cross section, vibrating the tool normal to the
surface of the plastic sheet. ,

It is thought that when applied to metals the welding is brought
about by molecular transfer between the contacting surfaces. Certainly,
the joint does not exhibit either the cast structure of fusion welds or
the deformation pattern of pressure welds. However, when applied to
thermoplastics, the hammering and sliding action is sufficient to cause
fusion.

Vibrations have been applied to a number of metal cutting operations
with interesting results. On lathes, the cutting tool has been experimentally
vibrated in the direction of the cutting vector.®® When cutting creep-
resistant alloys it was found that tool life was improved with low intensity
vibrations of the order of 1 kW output. Higher intensity vibrations led to a
reduction in tool life. Cutting forces were reduced considerably at speeds
of up to 0-25 m s~1 (50 ft/min), but the effect was less marked at higher
speeds. Other advantages claimed were improved surface finish and
increased effectiveness of the cutting fluid.

Cutting forces in end milling and tapping have been considerably
reduced and tool life has been increased by applying ultrasonic vibrations
along the axes of the tool. Apart from some work performed on copper and
stainless steel there is little published information about savings resulting
from axial vibration of multi-point tools. Colwell®® showed that by
vibrating work at 10-18 kHz while grinding a better surface finish was
obtained, although wheel wear was more rapid.

12.3 ELECTROCHEMICAL MACHINING (ECM)

For several years electrolytic baths have been used for de-burring
or polishing metal components. The components are immersed in the
electrolyte as the anode, and the burrs or surface asperities are dissolved
at a rate proportional to the current density and the electrochemical
equivalent of the metal.
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The successful use of electrolytic methods of controlled metal removal
is of much more recent origin. A bath of electrolyte contains the work-
piece, connected as the anode to a d.c. electric supply, and a shaped
tool which is the cathode. As the cathode is advanced towards the work-
piece, erosion of the work surface occurs at a rate which depends on the
feed rate of the cathode. Holes of various shapes can be produced, or die
cavities can be economically sunk into the surface of metals. There is no
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Fig. 12.4 Tool-workpiece gap

tool wear from electrolysis, although the electrolyte may cause some chemi-
cal corrosion. Current density in the gap between the workpiece and
tool is from 0°4-8 A mm~2 (250-5000 amp/in?), and an applied voltage of
not more than 20 volts is used.

Although any conducting liquid could be used as an electrolyte, it
has been found that when using neutral salts the eroded metal particles
are insoluble and cause scavenging problems. Dilute acids are therefore
generally used to dissolve the particles, although in a few cases alkalis
are preferred. A great deal of hydrogen is evolved at the cathode, and
unless a high-pressure flow of electrolyte is maintained across the gap
to dissipate the gas, polarization rapidly occurs.

The following is a simplified approach to the evaluation of the process
parameters, assuming a plane parallel gap and constant electrolyte con-
ductivity, (Fig. 12.4). The symbols used are as follows:

o initial gap between tool and workpiece (mm)

z amount of erosion of the workpiece after time ¢ (mm)

f tool feed rate (mm s-1)

p density of work material (kg mm~-3)

E electrochemical equivalent (kg s™1 A1)

J current density in the gap (A mm~2)

y gap after time ¢ (mm)

K conductivity of electrolyte (Q-1 mm-~1)

Je current density in the gap under equilibrium conditions (A mm~2)
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Considering unit area of tool, from the law of electrolysis,

dz

p.'d7=E.J

From Ohm’s law, with applied voltage V,

V.K
J=— 12.1
5 (12.1)
d E.V.K A V.
Z_Z -2 ,whereA—E————————V X
dt Py Y P
dz dy
a?—f-l-a; (12.2)
dy 4
a=t-s (12.3)

Integrating, f dt = f (._.___
wo\Ad —f.y
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Figure 12.5 shows how y varies with time, approaching an equilibrium

value ye asymptotically.
Under equilibrium conditions, dy/d¢ = o.

V.
Hence, from equation (12.3) ye = ; = E ff (12.4)
[
d
Also, from equation (12.2) Ef =f (12.5)
V.K .
and from equation (12.1) Je = p = %f (12.6)
e

Equations (12.4, 5 and 6) show that the equilibrium gap is proportional
to the applied voltage and inversely proportional to the feed rate, and
that the equilibrium current density is proportional to the feed. In
practice, K increases as the electrolyte temperature increases, so the
equilibrium gap will increase as the electrolyte passes through the gap.
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Hence to keep the gap substantially constant the electrolyte velocity
must be kept as high as possible.

The difficulty of pumping the electrolyte through a small gap even-
tually results in polarization or in the electrolyte boiling, and this sets
a lower limit to the gap size. Usually the gap is about 250 ym (0-010 in)
and the electrolyte velocity is between 30-55 m s~1 (100-180 ft/s).

An increase in applied voltage causes an increase in current for a
specified gap. Therefore if the feed rate is kept constant the gap is in-
creased, or alternatively the feed rate can be increased without decreasing
the size of the gap. Unfortunately the larger gaps associated with higher
voltages lead to a decrease in accuracy of the form in the workpiece.

Insulating
/ coating
/
time (t) Workpiece
Fig. 12.5 Approach to equilibrium Fig. 12.6 Hollow tool with insulating
conditions coating

When drilling holes in components the tool is hollow so that the elec-
trolyte can pass along the bore (Fig. 12.6). This method also reduces
the area at the end of the tool where erosion is occurring. To prevent
electrochemical action between the sides of the tool and the hole it is
usual to relieve the tool, as shown, and to cover the relieved portion with
an insulating coating. Typical feed rates are of the order of 40-130 um s1
(0'1-0-3 in/min) and a hole accuracy of about 0-8 um (0-002 in) can be
achieved.

Increase in the applied voltage, higher electrolyte conductivity and
slower feed rates all tend to cause the hole to be oversize. An elegant
analysis of the overcut size in relation to these variables was made by
PERA in their report on ECM®4,

When die-sinking or -shaping by electrochemical means it is possible to
produce a form on the workpiece which is very nearly the inverse of the
form on the tool. Fig. 12.7 shows that the gap at A when using a curved
tool will be greater than that at B, since the gap is inversely proportional
to the feed rate normal to the surface. It is possible to make allowances for
variations of gap if the radius of curvature on the tool is sufficiently large,
but small form features or sharp corners cannot be accurately reproduced.
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A variant of ECM, known as electrochemical turning, has been
developed to permit metal to be removed from solids of revolution as
an alternative to grinding. Essentially, the machine has the motions
of a lathe, but the metal removal tool is a cathode which is separated
from the rotating work surface (anode) by a film of electrolyte. A suitably
shaped tool can produce a desired form on a hard metal by this meansin a
much shorter time than could be achieved by grinding.

Electrolytic grinding is another electrochemical process which is
finding popularity for grinding very hard materials such as tungsten
carbide. A metal wheel which has abrasive grains embedded in the surface

Norma/ feed
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Workpiece

Fig. 12.7 Effect of tool curvature on equilibrium gap

is used. Cutting fluid, which acts as an electrolyte and is usually a cheap
non-corrosive alkaline solution, is pumped into the space between
wheel and workpiece, and the electric circuit is made by connecting the
wheel to the negative terminal and the workpiece to the positive terminal
of a d.c. source.

It is estimated that about 909, of the metal is removed electrolytically
and 109, abrasively. This considerably increases the rate of metal removal
compared with conventional grinding, whilst giving very low wheel wear.
In addition, excellent surface finishes of about o0-05 um (2 uin) are
obtainable.

12.4 ELECTRICAL DISCHARGE MACHINING (EDM)

When a difference of potential is applied between two conductors
immersed in a dielectric fluid the fluid will ionize if the potential difference
reaches a high enough value. A spark will occur between the conductors
which will develop into an arc if the p.d. is maintained. If the p.d.
decreases, however, the fluid will de-ionize and the discharge will cease.
The temperature of the spark is between 5000 and 10 000°C, and results
in local melting of the metals. It is observed that the erosion rate is greater
for the conductor connected to the positive terminal. The reason for this
is not known, but it is suspected that the electron bombardment of the
positive electrode occurs at an earlier moment than the ion bombardment
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of the negative electrode, causing the rise in temperature at the anode to
be greater than at the cathode.

This process is used for producing holes or cavities in hard metal
components. It has become an accepted method for producing press
tools and dies in hardened metals, thereby obviating distortion due to
subsequent heat treatment.

A tool made of the desired form, and the workpiece to be machined, are
immersed in a bath containing dielectric fluid and connected as the cathode
and anode respectively. The fluid is usually paraffin, transformer oil
or white spirit. These all have the essential dielectric properties, they
de-ionize rapidly and do not vaporize excessively. The rate of de-ionization
determines the maximum rate of sparking, which in turn limits the rate
of metal removal.

|7'oo/|
,—\7\&——1
% —c ———lJ=——- —~Dresectric
¥ T —= == fwid
+ i ——1 Work |— —

(¢)Simple reloxation circurt _t
= Vs (/-e¢ RC)

200¢ 4 \
Vo/ts

( %
100 G

O /000 2000 JOOO )
(6) Voltage — time curve Time (us)
for typical/ relaxation circurt

Fig. 12.8

A gap of 25-50 um (0-001-0-002 in) is maintained between tool and
workpiece by a servo-motor, actuated by the difference between a
reference voltage and the gap breakdown voltage, which feeds the tool
downwards towards the workpiece.

The required gap breakdown voltage can be achieved by using either
a d.c. relaxation circuit or a pulse generator. A typical relaxation circuit
is shown in Fig. 12.8 (a), the power source being either a d.c. generator or
a rectified a.c. supply. The capacitor C is charged through the ballast
resistance R, giving a charging curve as shown in Fig. 12.8 (b). When the
voltage across the capacitor reaches the gap breakdown voltage Vg the
capacitor discharges across the gap. The sparking rate is limited by the
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time constant C . R, of the circuit, except for very small values of time
constant, when the limitation is the de-ionization rate of the dielectric
fluid. By suitable arrangement of the parameters, spark rates approaching
10 000/s are possible. Metal-removal rates depend on the power dissi-
pated.
Energy per discharge = 1CV¢?2 joules.
2

Ve ,where ¢ =

Power consumed = 3C'. V2 X frequency of sparking =

charging time.

Vs2.C
Substituting for Vg, power consumed, W = —> . (1 — e(~tRON2
2
2
aw _ |1 (26(~1RO) _ o(~2IRO) _ 1y 4 2 (o(~UIRE) _ o(~24RO) VeC
de t Re 2t

For maximum power, d W/dt = o. This is satisfied when t/(RC) = 12,
and hence Vg = 073 Vs, where Vj is the supply voltage.

Although the discharge current from a relaxation circuit reaches a high
value it is of very short duration, preventing the full erosion effects of
the high temperature from being achieved. A better current-time dis-
tribution is obtained by using a pulse generator. These are of two types,
one having pulse trains independent of machining performance, the
other, known as an isopulse generator, having the pulse time adjusted
by means of a feedback device which monitors the start of the spark and
thereby ensures a constant energy discharge per cycle. When using an
independent pulse generator, delay in the onset of ionisation results in
variation in the length of the current pulse, Fig. 12.9 (a). Isopulse genera-
tors enable the voltage pulse time to be varied so that the current pulse
is of constant duration, Fig. 12.9 (). Their use ensures better control of
electrode wear as well as improved machining rates and well-defined
surface finish.
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Fig. 12.9
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Relaxation generators are now largely superseded by pulse generators
for all applications except the production of fine surface finishes and
special machining operations with small electrodes.

Electrodes can be manufactured from any conducting material such as
brass or copper, but where high accuracy and long electrode life are
required higher melting point materials such as copper—tungsten, graphite
or tungsten carbide are used. To prevent taper on finishing operations due
to sparking at the sides of the electrode when producing holes the sides of
the electrode are usually relieved.

The surface finish produced on components has a matt, non-directional
appearance, similar to that obtained by shot-blasting, and is particularly
suitable for retaining lubricants or for subsequent polishing. The heat
from the discharge affects a zone lying between 20-100 um (0-0008-
0-004 in) below the machined surface.

High metal-removal rates lead to poor surface finish, and the selection
of parameters is usually a compromise between these conflicting require-
ments. Maximum metal-removal rates of 8o mm3s™! (0-3in3/min) can
be achieved, or surface finishes of 0-25 um (10 u in) can be obtained atvery
low cutting rates. High rates of metal removal and a good surface finish
are possible by taking a roughing and then a finishing cut, using two
electrodes. By careful selection of parameters tolerances approaching
0-04 um (00001 in) can be achieved.

A variant of the EDM process makes use of a tensioned travelling wire
electrode passing through a workpiece up to 100 mm (4 in) thick. Travel-
ling wire machines are equipped with numerical control, so that contours
can be programmed. They also have a facility which enables a suitable
off-set to be inserted in a program to allow for the wire radius and over-
cut due to the spark gap. The wire is tensioned on spools which rotate
so that the effect of electrode wear is eliminated. By this means extremely
accurate profiles can be machined, suitable for the production of press
tools for fine blanking.

I2.5 ELECTROFORMING

Electroforming is closely akin to electroplating, and consists of deposit-
ing a thick skin of metal on an electrically conducting former. There is no
practical reason why any metal should not be electroformed although most
applications involve the use of copper or nickel. The low deposition rates,
between 25-100 um h-1 (0-001-0-004 in/h) are a disadvantage, although
the basic equipment is not particularly expensive and can be easily
duplicated.
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Formers may be either metallic or non-metallic. If the former material
is non-conducting it is necessary first to metallize the surface by vacuum
deposition to render it conducting.

The printing industry has used the technique for many years to form
‘electros’, as has the recording industry for the manufacture of gramophone
record masters. More recent applications are found in toolmaking,
and in the electronics and aerospace industries, and many consumer
goods such as car accessories and mirrors are now produced by electro-
forming.

Electroformed components cover a range of sizes, from grids as fine as
30 lines mm~1 (750/in) for use in the electronics industry, to nose cones and
nozzle liners for the aerospace industry which may be up to 3-6 m (12 ft)
long. Nickel moulds for the manufacture of plastics can be economically
produced by electroforming. Another important use of electroforms is for
electrodes used in ECM and EDM.

12.6 CHEMICAL MILLING

This term embraces a variety of techniques whereby material is
selectively removed by etching from the surface of a component. The
surface is first coated with a photosensitive resist film; a photographic
negative, in which the areas to be removed appear black, is placed in
contact with the surface and then exposed to ultraviolet light. When the
resist film on the surface is subsequently developed, the portions which
have been exposed are resistant to most etching solutions, whilst the un-
exposed portions are easily etched.

Chemical milling is used extensively for the production of small
metal components by etching away the portions not required. A more
important application is for printed circuits where the basic connexions
of the circuit consist of thin metal strips attached to an insulating base.
These circuits are produced from insulating board faced with a thin layer
of copper. The copper is coated with photosensitive resist and an image
of the required circuit is printed photographically on the surface. Etching
removes all the unwanted copper, leaving the circuit standing proud
from the insulating base. Line thicknesses can be controlled to less than
0-001 in., and this has led to the development of photo techniques for
the manufacture of strain gauges and micro-miniature circuits. Fre-
quently micro-circuits are etched on silicon wafers of about 1 mm?
area, and without photo-etching these developments would have been
impossible.



19 Fabrication by Welding,
Brazing or Adhesion

13.1 In this chapter it is not proposed to discuss the methods of
temporary or semi-permanent attachment of materials such as bolting or
riveting, but to confine attention to the more permanent joints produced
by welding, brazing or adhesives.

The majority of high-strength joints between metals are made by
welding, which is a term used to cover a wide range of bonding tech-
niques. For convenience the techniques have been grouped under two
main headings, fusion and solid-phase, although, as will be seen, some
techniques such as flash butt welding do not fit exactly into either group.

Fusion welding techniques involve placing together the parts to be
joined and heating them, often with the addition of filler metal, until
they melt. The joint is made by the subsequent solidification of the metal.
Solid-phase welds are produced by bringing the clean faces of the com-
ponents into intimate contact to produce a metallic bond. This may be
performed with or without the addition of heat, although the application
of pressure to induce plastic flow is essential, except for diffusion welding.

Brazing and soldering are processes involving the joining of the com-
ponents by means of a bridging metal or alloy of lower melting point,
melted between the two surfaces to be joined. Almost invariably the
strength of the joint is lower than that of the parent metals. Brazing
or soldering is frequently used if the parts may subsequently have to be
separated, as it is then necessary to melt only the jointing metal.

The widespread use of industrial adhesives has resulted from the
development of plastics as engineering materials and the necessity of
joining them. Adhesives can also be used to join a metal and a non-
metal, or two metals.

I3.2 FUSION WELDING AND METAL CUTTING

The processes in this group are distinguished by the method of supplying
heat. Often a close study of the advantages and disadvantages of each

224
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method is necessary before a decision can be made on the best process
for a particular application. Most of the processes are well established,
but in recent years new techniques have been developed, mainly to join
either very large or very small sections.

13.2.1 Electric arc welding. The heat generated by an electric arc
produces temperatures in excess of 5000°Ci in the immediate area of the
arc. The arc may be struck between two carbon or tungsten electrodes
positioned close to the surfaces to be joined, or alternatively between the
parent metal and an electrode of carbon, tungsten or another metal with
a composition similar to that of the parent metal. The last-mentioned
method is the most popular, the electrode melting and acting as a filler
rod to fill the cavity between the two parts. When carbon electrodes are
used, they burn to give a protective shield of gas round the arc, but
with tungsten or consumable metal electrodes the weld surface must
be protected from corrosion by other means which will be discussed
later. Because of their high melting point, tungsten electrodes are
virtually indestructible. When using carbon or tungsten electrodes it
is necessary in most cases to provide the filler material by means of a
separate rod.

A number of methods is available to protect the weld from oxidation
and nitrogen embrittlement while at an elevated temperature. With
consumable metal electrodes, protection can be obtained by coating
or occasionally coring the electrode with a flux. The flux melts and
partly vaporizes, forming a blanket of reducing gas around the weld.
It also causes the molten metal globules travelling from the electrode to
the weld pool to be smaller than when using bare electrodes, and assists
in stabilizing the arc. When the flux solidifies on cooling, it forms a brittle
slag which covers the weld. Deposition rates of about 1-6 kg h-1 (3-5 1b/h)
can be achieved by this method. Addition of iron powder to the flux
coating enables the weld rate to be increased by up to 809, without
increase in current.

Another method of preventing atmospheric attack is to release an inert
gas which will blanket the weld around the electrode. The shielding gases
are usually argon or carbon dioxide, although in the U.S.A. helium is
frequently used. The electrode may be either a tungsten rod, (tungsten—
inert gas welding), or a consumable metal wire which is continuously fed
from a spool to maintain the arc as the end of the wire melts (metal-inert
gas welding). T.I.G. welding is used mainly for magnesium and other light
alloys or for welding alloy steels and non-ferrous materials up to 12 mm
thick, the gas shield being provided by argon or helium. When used
manually the welding rates are lower than those possible with metal arc
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welding, although the subsequent operation of chipping off the slag is
eliminated.

M.L.G. welding usually has COs shielding and enables welding rates
up to about 6 kgh™1 (14 Ib/h) to be achieved. Most M.1.G. welding uses
the dip transfer technique, where the tip of the wire is allowed to touch the
weld pool. The short circuit current causes a droplet to transfer to the weld
pool, shortening the wire and re-creating the arc at a frequency of about
60-120/second. With this method it is possible to weld material thick-
nesses as low as 6 mm. An alternative method of transfer makes use of a
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Fig. 13.1 Types of welds

pulsed voltage imposed on a steady voltage. This method gives droplet
transfer without the need for short-circuiting. The welding rate is higher
than for dip transfer and thinner sections can be welded. Unfortunately it
requires an argon shield which is more costly than CO;. Hence its main use
is for low alloy steels, stainless steels and non-ferrous metals, the COsq
process being mere economical for carbon steel. The third technique,
spray transfer, projects molten droplets in a continuous stream by electro-
magnetic forces. This enables a high welding rate to be achieved but results
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in a large weld pool which renders it unsuitable for vertical or overhead
work.

The third method of weld protection is by depositing flux in granular
form over the weld area. Heat from the arc causes the flux to melt and
the arc is itself submerged in molten flux. This process is used with
automatic machines and the high currents which can be employed give
correspondingly high deposition rates, of the order of 7 kg h~=1 (15 Ib/h).

Manual arc welding is used mainly for butt and fillet welds (Fig. 13.1),
and a skilled operator can produce strong joints over a wide range of
work. It can be used successfully on large components since the intense
localized heating produces fusion, whereas the heat from other manual
welding methods would be dissipated before the metal melted. However,
for simple repetitive work automatic arc welding machines, which
frequently operate at currents in excess of 2000 amps, are much
faster than manual welding, which is limited to a maximum current of
about 600 amp.

13.2.2 Gas welding and flame cutting. In gas welding, the heat to
produce fusion of the parent metal and filler rod is provided by burning a
suitable gas in oxygen or air. A number of gases can be used but acetylene
is the most popular, since it burns in oxygen
and gives a high flame temperature of 3100—  Torch Outer zone
3200°C. Oxygen and acetylene stored in

cylinders under pressure are.passed through inder  Widdre

flexible tubes to the torch, which is either zone zone
hand-operated or mechanically manipulated.  Fig. 13.2 Oxy-acetylene
By adjusting the proportions of oxygen or flame

acetylene the flame can be neutral, or have

cither reducing or oxidizing properties. For most materials a neutral flame
is used, but for welding high carbon steel, or aluminium and its alloys,
where oxidation is a problem, a reducing flame is used. For brass welding,
an oxidizing flame is used, as by these means the volatilization of the zinc
is suppressed.

The flame can be divided into three roughly conical zones (Fig. 13.2),
the first being where the oxygen combines with acetylene to give a reduc-
ing atmosphere of carbon monoxide and hydrogen in the second zone,
i.e. CgHz -+ 02 = 2C0O - Hz.

This reaction liberates 492 ooo kJ/kg mol, partly due to the exothermic
dissociation of acetylene and partly to the partial combustion to carbon
monoxide. The third zone is where atmospheric oxygen combines with
carbon monoxide and hydrogen, and the following reaction results:

4CO + 2Hj3 + 302 + 11N2 = 4CO2 + 2H30 + 11Ng
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The atmospheric nitrogen is included in this reaction to show that a
large mass of inert gas is also heated at this stage. A further 807 ooo kJ/kg
mol of acetylene is liberated by this second reaction.

The capital cost of oxyacetylene equipment is low compared with
that for arc welding. The equipment is also easily portable and the process
is very versatile. However, its comparative slowness means that it is
more expensive than arc welding if there is a considerable amount of
welding to be done.

Flame cutting using an oxyacetylene flame is a well-known engineering
process. The cutting torch may be manually operated if low accuracy is
permissible, or if higher accuracies are required the torch is mechanically
mounted and controlled either by tracer or numerically. The gas
flame preheats the metal to about 1000°C and is followed by a jet of
oxygen which rapidly oxidizes the red-hot metal, enabling thick sections
to be cut.

Linde welding is a variant of oxyacetylene welding sometimes used for
joining steel. A carburizing flame is used which allows free carbon to be
absorbed by the weld pool, lowering the melting temperature. The
welding rate is thereby increased and the reducing atmosphere precludes
oxygen contamination.

13.2.3 Electroslag welding. Electroslag welding is a recent develop-
ment which enables plates of thick section to be joined in a single run
by the heating effect of an electric current.

The plates are arranged vertically (Fig. 13.3) and the electrodes are

lowered into the gap to strike an arc
against the bottom damming piece.
Flux is poured into the gap, and the
/ arc is eventually shorted. From this

E/ectrodes point the heatis provided by the passage

of the current through the molten flux.

The temperature of the slag pool is

) copper } sufficiently high to melt the parent
dam metal and the electrode, which provides

Molten s/agwf‘.}}a Water the necessary filler; several electrodes
Welrd pool — 1§35 N;‘f”:""“‘ are used for long welds so that the heat
‘ wald metos is more uniformly spread. To prevent

1 the pool of molten metal from escaping,

z“g’;"’c":”””"”’g water-cooled dam plates are fastened

to the sides of the workpiece. These
plates also assist the solidification
process by removing heat, and are

Fig. 13.3 Electroslag weld
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moved up the weld as it progresses. Welding speeds of about 1-5 m h-1
(5 ft/h) are achieved.

A variant of the electroslag process uses fixed damming pieces, and the
electrode is contained in a rigidly positioned steel tube which melts as the
molten slag level rises. By these means vertical butt joints up to 12 m
(4 ft) high have been welded in materials 25~75 mm (1—3 in) thick. The
process is thus made more versatile and the cost is considerably reduced.

One limitation is that the process must be performed in a substantially
upward direction. However, the seams of boilers can be welded by rotating
the boiler with a suitable manipulator.

13.2.4 Welding using exothermic reactions. The heat liberated
by an exothermic reaction can be used to weld or cut metal. One such
process is Thermit welding, in which the heat to produce fusion is provided
by reducing ferric oxide with aluminium, but this is a cumbersome and
expensive process and is used only where there is no practical alternative.

A recently developed process for boring holes in metals and non-
metals is based on the exothermic effect of burning iron in a current of
oxygen. A thermic lance, consisting of a length of steel tube packed with
steel wire, is connected at one end to an oxygen cylinder by means of a
hose. The free end of the lance is heated to incandescence and the oxygen
is then switched on. Once started, the process is self-perpetuating so long
as the oxygen and lance last. The heat generated is sufficient for the blast of
gas to burn rapidly through concrete or other structural materials. The
advantages of this process are its comparative cheapness and high rate of
penetration. It is used largely in structural engineering for piercing con-
crete.

Other exothermic processes in common use do not rely on chemical
combination, but on dissociation or ionization.

Figure 13.4 shows how the energy of a gas varies with temperature.
Considering first the diatomic gases, nitrogen and hydrogen, the curves
steepen in the region of 4000°C and 2000°C respectively. At around these
temperatures the molecules start to dissociate to atomic form. The curves
then flatten out until, at about 10 000°C, ionization begins. Ionization is
also strongly endothermic, causing the curves to become steeper again.

The monatomic gases, argon and helium, have curves which rise
steadily until ionization begins at about 10 000°C and 14 000°C respec-
tively.

Rise in enthalpy due to dissociation is used in atomic hydrogen welding.
Hydrogen is passed through an arc struck between two tungsten electrodes,
and the intense heat of the arc causes dissociation of the gas. The atomic
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hydrogen plays on the weld metal and recombination occurs, accom-
panied by the liberation of heat which raises the metal temperature to
about 3700°C. A strongly reducing atmosphere envelops the weld owing
to the presence of nascent hydrogen. Although atomic hydrogen welding
is expensive, it is frequently used to weld difficult metals such as stainless
steel and heat-resisting alloys.

Plasma torches make use of ionization to transfer heat to the work-
piece. The gas is ionized by passing it through a constricted arc, where the
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Fig. 13.4 Enthalpy-temperaturc relationships

high current density causes a spectacular rise in temperature. The arc
can be struck either between the casing of the torch and a centre electrode
(Fig. 18.5 (a)) when it is known as a non-transferred arc, or between the
centre electrode and the workpiece (Fig. 13.5 (b)), when it is known as a
transferred arc. The power supply is from a d.c. unit of 20-30 kW capa-
city. Flame temperatures are in the order of 20000°C. An auxiliary gas jet,
not shown in Fig. 13.5, passes through a chamber surrounding the nozzle
and supplies a gas shield to the weld.

Non-transferred arcs are used mainly for spraying plastics, refractory
metals and ceramics, while transferred arcs, which operate at higher
temperatures, are used mainly for cutting metals, particularly stainless
steel and non-ferrous alloys, and for welding. When used for metal cutting,
plasma torches are about four times as fast as oxyacetylene, cutting 40 mm
(14 1in) thick mild steel plate at about 20 mm s-1 (50 in/min). Another
advantage is that the thermally disturbed zone is much reduced.

Although the high velocity of the plasma jet, about 1200 m s~1 (4000 ft/s),
creates difficulties if used in welding, a number of processes have been
developed. The usual application is in butt welding, where deposits
6 mm (% in) thick can be laid in a single run. A transferred arc torch
with three gas passages is used. These passages are set in a line along the
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weld pool and leaves an oval hole or keyhole; as the jet is moved the hole is
closed behind it by the surface tension of the molten metal. This technique
gives good penetration, with welding rates up to 1009, faster than other
methods.

‘Keyhole’ welding torches of this sort are essentially for automatic
operation, but a low-powered ‘micro-plasma’ torch, operating between
1-1¢ A, has been developed for manual operation. This does not produce
a ‘keyhole’ and can be used also for brazing and soldering.

- Water. coo/ed
tungsten
cathode

Arc

Water. cooled

copper anode Res/stor
l Arc

(¢)Non_-transferred arc x__r Workpiece |

(6)Transferred arc

Fig. 13.5 Plasma torches

Weld surfacing can also be performed with a transferred arc plasma
torch. This process involves the deposition of a surfacing metal, and is
used in place of metal spraying where the component is subjected to
stress which might cause stripping of the sprayed metal. The essential
requirement is that the parent metal can be metallurgically fused to
the deposit, which has a lower melting point.

A variant of the conventional spraying technique, using a plasma
arc, consists of spraying a molten refractory metal or ceramic onto a
former. When the deposit has hardened the former is removed, leaving
a refractory shell. This process is known as spray forming.

Other applications of plasma torches are in sintering refractory metals,
in gouging grooves in stainless steels and other materials which are diffi-
cult to machine, and in turning. Turning is performed by pointing the
torch tangentially towards the workpiece which is then rotated. When
turning materials which are difficult to machine with conventional tools,
some success has been claimed for preceding the tool by a plasma flame
which thermally softens the workpiece.

13.2.5 Welding using high energy beams. If a beam of high energy
is focused on a small area it is possible to use the energy of the beam to
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heat a workpiece. These beams may consist of elementary particles such as
electrons, or alternatively may be in the form of light rays.

Electron beam welding machines consist essentially of an electron
beam gun and a magnetic focusing lens. In the electron gun, a cathode
of refractory material such as tungsten or tantalum is heated to incan-
descence and emits electrons which are accelerated through a ring-
shaped anode to about 160 000 km s=1 (100 000 miles/s) by a pulsed
voltage of 20—200 kV. The electron beam is focused by means of a coil on
a spot a few ym in diameter. The higher the beam velocity, the more
accurate the focusing, but the high anode potentials necessary to achieve
the velocity give rise to X-rays, and protective shielding has to be fitted.

When the electrons strike the workpiece, their kinetic energy is con-
verted to heat, causing temperature rises up to as high as 6000°C at
the surface of the workpiece.

When welding at atmospheric pressure, the beam efficiency is reduced
due to collisions between electrons and gas molecules. For this reason,
many applications require a hard vacuum which reduces output rates
due to manipulation problems and the need to evacuate the welding
chamber. Partial or non-vacuum systems are also used, but these require
a short beam path, usually less than 120 mm (5 in) and an inert atmos-
phere is desirable to avoid contamination.

Although any material can be heated by these means, the best results
are obtained when welding metals have low thermal conductivities and
high melting points. Electron beam welding is particularly useful for
joining metals with dissimilar thermal characteristics, and where dis-
tortion is unacceptable. Applications vary from joining components
in miniature circuits to welding steel parts 100 mm (4 in) thick using a
machine of 25 kW capacity.

Other uses are for cutting or drilling. Thin films of evaporated metal on
glass can be slit to make miniature resistors, and holes can be drilled in
synthetic sapphire watch jewels at a rate of 600/h.

Lasers are another source of high energy beams, in the form of coherent
monochromatic light. Early attempts at laser welding used ruby lasers
which were pulsed, and had a low energy conversion. More recently COs
lasers, having an efficiency of 15-259%,, have been used, with an output of
several kilowatts. These are continuous in operation and can be focused to
give a power intensity comparable with that of electron beams, around
109 Wem™2, Their application to welding has so far been restricted to
joining polythene sheet, metal foil, wire and thin sheet up to about 2:5 mm
(01 in) thick. Unlike the electron beam process, a vacuum is not necessary
for laser welding. Lasers can also be used for drilling holes and for cutting.
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In drilling applications, holes with a length/diameter ratio exceeding
25:1 have been successfully pierced. For cutting, a CO; laser is mounted
coaxially with an oxygen jet; the laser pre-heats the metal and the oxygen
jet promotes the exothermic reaction necessary to cause melting. By this
means a narrow molten zone is created, and the thermally disturbed region
is small. Steel sheet 5 mm thick can be cut at speeds up to 10 mms™1;
ceramic materials can also be cut.

13.2.6 Resistance fusion welding. These welding processes all use
the heating effect caused by a large current passing across the interface

e_ /oA~ Fuzed zone Water - cooled

N copper e/ectrodes

Fig. 13.6 Section through spot weld

of the two metals to be joined. A high pressure is applied to the metals
at the interface to localize the passage of current. This causes some plastic
deformation, although the fact that melting occurs makes these processes
fusion welding rather than solid-phase welding. The processes considered
are known as spot, projection and seam welding.

Spot welding has found many applications where the rapid joining of
sheet metal is required. The car industry, in particular, makes extensive
use of the technique. The two sheets of metal to be welded are cleaned,
lapped and squeezed at pressures of 70—100 N mm~2 (10 000-15 000 1bf/in2)
between the tips of two electrodes (Fig. 13.6). A current, the intensity
of which is 120-300 A mm~2 (8o 000200 000 Afin2) at the electrode
tips, is passed at low voltage for a specified time, and the high resistance
at interface A leads to a localized rise in temperature, causing fusion.
Efficient welds depend on the correct combination of pressure, current
and cycle time; experience has shown that materials with high thermal
conductivities, such as aluminium, require higher currents for shorter
periods than materials of lower conductivity. Most ductile metals,
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including many dissimilar metals, can be spot welded provided there is
not too great a difference in the conductivities and melting points.

Until recently it was impossible to predict whether spot welds were
good or bad. Even a sampling technique, where a proportion of the welds
is tested to destruction, does not ensure that all the welds are of good
quality, since current may vary from one weld to the next due to:

(a) oxide films on the surfaces to be welded altering resistance;
(b) shunting of current through adjacent welds;
(¢) electrode wear altering the current density.

The BWRA discovered a correlation between the thermal expansion
across the electrodes during welding and the quality of the weld. Figure
13.7 shows the effect of thermal expansion across the electrodes when the
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Fig. 13.7 Expansion-time graph for spot welds

current is too high (4), too low (B) and correct (C). With too high a
current density the weld splashes, and the pressure on the electrodes causes
the weld to collapse at an early stage, producing a poor weld. Too low a
current density results in a slow rate of expansion and the weld is insuf-
ficiently fused.

A spot-welding monitor developed by the BWRAS5 is based on the
rate at which expansion occurs. The monitor, which is fitted to the
electrodes, measures the time taken to achieve a given expansion during
welding, and top and bottom time limits are set. Welds which take
Ionger than the maximum time allowed or shorter than the minimum are
rejected.

To increase productivity multiple spot-welding machines can be
used, with which a large number of welds can be made simultaneously.
A limitation on the number of simultaneous welds is imposed by the heavy
surge of current drawn from the mains.
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A scaled down version of conventional spot welding techniques, known
as microresistance welding, makes use of two parallel mounted electrodes
separated by a layer of insulating material. The bottom surface of the
lower component to be welded rests on an insulating substrate and the
current passes down one electrode and up the other, so that two small
series welds are simultaneously produced. Microresistance welding is
particularly suited to small electrical components as an alternative to
soldering.

Projection welding is similar to spot welding except that projections
are raised by coining or embossing one of the parts to be joined. Projec-
tions can be cheaply produced by adding a part-shear to an existing
press operation. The main advantage of projection welding is that the
areas of the ends of the electrodes are independent of the size of the
weld and the heat generated is almost completely confined to the weld
area. When the welding temperature is attained, the projection collapses
under the applied pressure, and the two parts fuse together.

Projection welding permits a greater variety of metals and sheet
thicknesses to be used than in spot welding. It is customary to form the
projections on the thicker component or on the component having the
higher thermal conductivity, to help equalize the heat losses.

Seam welding is another variant of the spot-welding technique, in which
current is fed either continuously or intermittently to two thin copper
alloy wheel electrodes which replace the stick electrodes used in spot
welding. This process is suitable for producing fluid-tight joints in cans,
but if the intermittent method is used the welds must be at close enough
intervals to overlap.

13.3 SOLID-PHASE WELDING

Solid-phase welds are made by the creation of a metallic bond between
the two surfaces being joined. A bond is created when the surfaces are.
brought into such close contact that the atoms are separated by less than
the relaxation distance over which the inter-atomic forces act. Good
metallic bonds are not easily produced, particularly in cold metal,
because of the difficulty of bringing a sufficiently large area into intimate
contact. This is due to surface asperities on the metals and the oxide
films and impurities on the surfaces, which act as a barrier between the
metals. However, with reasonable care a weld of strength comparable to
the parent metals can often be achieved.

In solid-phase welding it is essential to apply sufficient pressure to cause
plastic flow of the two surfaces, thereby forcing the maximum area into
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contact and fracturing any contaminant surface films. Pressure may also
be applied as a means of friction heating.

Most solid-phase welding processes are performed hot, the application
of heat having the following beneficial effects:

(a) plastic flow occurs at a lower pressure due to the reduction in
yield strength;

(b) surface contaminants are melted or evaporated;

(¢) recrystallization occurs, causing the growth and coalescence of
grains across the interface;

(d) surface diffusion at the interface causes a modification to the shape
and size of voids produced, and volume diffusion can transfer
metal across the interface.

13.3.1 Butt welding. This method, used extensively for butt-joining
parts, is heat-assisted pressure welding. The heat source may be an oxy-
acetylene flame or, more usually, an electric current. Resistance butt
welding is performed by butting together under pressure the ends to be
joined and passing current across the interface. The interface resistance
causes a rise in temperature, and when the welding temperature is
reached the applied pressure causes plastic flow, resulting in a shortening
of the component and thickening in the weld area.

A more popular method is flash butt welding, where the current is
passed before the parts are forced together. An arc is formed across the
contact points on the joint faces, and when the required temperature
is attained the current is switched off and the parts forced together.
This results in a more efficient joint than plain butt welding since the arc
cleans the surface of impurities. Also the thermally disturbed zone is
smaller and the upsetting effect is reduced. Since melting occurs at
the surface from the heat of the arc, this process should more properly
be considered as one of fusion welding.

The correct selection of upsetting pressure is important, as a low
pressure produces a porous weld whereas a high pressure causes brittleness.
It is difficult to butt weld metals with widely differing melting points
and thermal conductivities, although a wide range of metals can be
joined if heating time is reduced and the pressure rapidly applied.

Cold butt welding is possible, although the forces involved are so
high as to render it unattractive except for joining small sections such
as electrical conductors of aluminium and copper.

13.3.2 Friction welding. Friction welding makes use of the heat
generated by rubbing the two surfaces to be joined against each other.
To date the only convenient method of producing relative motion between
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the surfaces has been by rotating one piece of metal against the other.

One component is rotated at constant speed whilst the other is held
rigidly against it. Without making a detailed analysis it will be obvious
that the higher rotational speeds at the periphery will cause a temperature
gradient across the surfaces. When the required welding temperature has
been attained the parts are pressed hard together and rotation is stopped.
The parameters which can be varied to suit the requirements of the metals
are the initial pressure, the heating-up time and the final upsetting pres-
sure.

Bars of dissimilar metals and of varying cross section can be joined
by friction welding, the essential requirement being that the ratio of
thermal conductivities should be in approximately inverse proportion to
the ratio of the melting points.

13.3.3 Indent lap welding. This is a cold process, in which the two
non-ferrous metals to be welded are cleaned, lapped and pressed between
two platens to reduce the thickness. The process is essentially one of
plastic deformation, and it is found that below a certain threshold defor-
mation, the metals do not join.

As the amount of indentation is gradually increased, the failure of
the joint is initially due to shear across the interface; beyond a certain
value of area reduction, failure occurs due to simple tension across the
reduced section. If the platen thickness b is increased (Fig. 13.8), the
area resisting shear also increases and the optimum deformation decreases,
giving an improvement in weld strength (Fig. 13.9).

Indent welding is used for joining foil and thin strip materials; dissimilar
metals may be joined, a typical example being the joining of the metal
foil in capacitors to the aluminium or

copper containers. E f

13.3.4 Diffusion welding. As a pro- °
cess, diffusion welding has little practical J———m——
use. The two parts to be joined are finished 4
to a high standard of flatness and held, or Fig. 13.8 Indent welding
preferably wrung together, under pressure.

Heat is applied to raise the temperature and increase the diffusion rate,
which approximately doubles for a temperature rise of 20°C. The process

is usually performed in an inert atmosphere and takes from about 15 min
to several days at temperatures which seldom exceed 500°C.

13.3.5 High frequency welding. High frequency eddy currents can
be used to raise the temperature of joint surfaces before applying a deforma-
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tion force. The current can either be induced by means of induction coils
or can be fed to the components by means of sliding contacts. Since high
frequency currents travel preferentially along metal surfaces the heating
can be localized near the joining faces. The most usual application of high-
frequency welding is in the manufacture of axially or helically welded tube.

13.3.6 Explosive welding. This process has been developed mainly for
cladding large plates hefore fabrication. The surfaces to be joined are
inclined to each other at a small angle, and are in contact along one edge.
One plate rests on an anvil and the other, known as the flyer plate, is backed
by a rubber spacer, on the outside of which is a layer of explosive. When the
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explosive is fired, the flyer plate comes progressively into contact with the
bottom plate causing rapid deformation. A jet of molten metal travels
ahead of the contact line scrubbing the surfaces of both plates and removing
the oxide layers, resulting in a wave-like weld interface.

13.4 BRAZING AND SOLDERING

These processes, unlike fusion welding operations, involve small
clearances between the mating surfaces. The filler is drawn into the
gap by capillary action, and the bond is produced either by the formation
of solid solutions or intermetallic compounds of the parent metal and one
of the metals in the filler. Essentially the strength of the joint is provided
by metallic bonding, but where solid solutions or intermetallic compounds
are formed there is inevitably some inter-diffusion, which creates a small
transition zone between the filler and the parent metal. This improves the
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chance of effecting a good bond and may allow oxide films to be pene-
trated.

Table 13.1 shows the variations in melting point and shear strength

of various solders and brazing alloys. It will be seen that the strength of
the filler material increases with increase in melting point.

TABLE 13.1

Melzing point ( Joint clearance Shear strength
°C) :

mm) (in. (Nmm=2) (tonf/in2)
Soft solders 70-305 0'05-0'20 0°002-0°008 30~45 2-3
Silver solders 620-870 0°05-0°13 0°002—-0005 150185 10~-12
Brazing bronze 850-g900 0'08-0'25 0°003—~0°010 250-310 16—20
Copper 1083 0-0'05 0'0 -0'002 310380 20~25

A suitable flux is always necessary to remove oxide films on the un-
joined metal, to protect the surface of the finished joint from oxidation,
and to reduce the surface tension of the filler and thereby assist its pene-
tration. For soft soldering, the fluxes used are generally zinc chloride or
resin; for brazing operations, borax is generally used.

Heat may be applied in a number of ways. Soft solders can be melted
by the heated copper tip on a soldering iron, or a molten solder bath
into which the articles are dipped can be used. When soldering the con-
nections on printed circuit boards it is essential that the board itself is not
immersed in solder. For this purpose wave soldering and cascade soldering
have been developed, where standing waves of molten solder are produced
and the boards are passed over them so that only the connections are
immersed.

Gas torches may be used for any of the fillers, or alternatively the com-
ponents can be assembled with the filler metal and heated in a furnace.
A convenient method of heating large quantities of parts is by high fre-
quency induction coil. Copper brazing, being a higher temperature
process than the others, is best performed in a furnace with a controlled
atmosphere to prevent oxidation.

A mis-named process in this group is bronze welding, which is used
for joining metals with high melting points, such as mild steel, cast iron
and copper. As in welding, large clearances are used ; these are filled with
bronze or brass which is melted by an oxyacetylene torch or electric arc.
However, unlike welding, fusion of the parent metal does not occur and
the process is therefore essentially a brazing operation.

13.5 ADHESIVES

The use of adhesives as a method of fastening metal parts together
has gained considerable popularity during recent years, Reasons for
this popularity are listed below:
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(1) Temperatures necessary to cure or solidify the adhesive are
comparatively low, and hence unlikely to affect the metal.

(2) Two dissimilar materials or two widely dissimilar sections can be
joined without difficulty and galvanic corrosion is inhibited.

(3) The load imposed on the structure can be distributed over a large
area compared with the load carrying area of bolted, riveted or spot
welded joints.

(4) A wide range of electrical conductivities can be obtained by choos-
ing a suitable adhesive.

(5) Adhesive joints can be made to resist water or gas pressure.

(6) Adhesive bonds have high damping capacity which can improve
fatigue resistance.

There are, however, disadvantages or limitations to the use of adhesives,
and these are:

(1) Therestricted range of temperatures between which they are neither
prone to brittle behaviour or thermal softening; typically, the strength of
epoxy/phenolic adhesives at 200-300°C is only about 25%, of their strength
at room temperature.

(2) The need for careful preparation of the surfaces to be joined, and
the long curing times needed for some adhesives.

The strongest joints are normally obtained if only sufficient adhesive
is used to just fill the voids and irregularities of the surfaces to be joined
plus sufficient to allow for shrinkage during solidification. To achieve
the intimate contact with the joint surfaces which is necessary if an effi-
cient joint is to be formed, the adhesive must have good wetting properties.

The type of bond created by adhesives is different from those pre-
viously considered because there is no metallic bonding. It appears that
the bond may be effected in one of three ways. In certain cases chemical
action may occur between the adhesive and the material being joined,
for instance the formation of copper sulphide when bonding brass with
rubber. Usually, however, when bonding metals the strength is due to
either homopolar bonds being formed between the adhesive and an
oxide film on the metal surface, or to secondary bonding, the effect of forces
of molecular attraction between the adhesive and the metal.

Adhesive bonds are of comparatively low strength, usually being limited
by the bulk strength of the adhesive. The strength of a lap joint is normally
from 309, to 60%, of the bulk shear strength of the adhesive, but if the
adhesive film is sufficiently thin a strength greater than that of the bulk
adhesive can sometimes be achieved. The reason for this is not known
with certainty.

Adhesives used are generally synthetic thermosetting resins which -
polymerize on solidification. It is usually essential that the surface of
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the material to be joined is degreased and suitably roughened, although
epoxy adhesives which will bond to oily surfaces with little loss of strength
have been developed. Oxide films to promote homopolar bonds may be
produced on the surface by anodizing, or other suitable surface treatments.
The adhesive is applied, usually in a liquid solvent and the parts are
brought together under light pressure and cured. Curing is usually
performed by heating to about 150°C for 30 min, but more rapid curing
times can be achieved by increasing the temperature.

Some adhesives can be cured by chemical reaction without heating,
using a suitable activator. Others solidify at room temperature due to
evaporation of the solvent, whilst yet another type is applied at a tempera-
ture above its melting point but solidifies when cooled to room temperature.



14 Casting and Sintering of
Metals

PART 1. CASTING

I14.1 CASTING PROCESSES

Casting is a method of producing a large variety of components in
a single operation by pouring liquid metal into moulds and allowing it
to solidify. Ingots, which are afterwards shaped by further working into a
large range of finished products, are originally shaped by casting. Sub-
sequent working improves the mechanical properties of the metal and
because of the superior properties of most worked materials, cast parts
are often limited to low stress applications.

Some of the more important casting operations are described below.

14.1.1 Sand casting. Sand moulds are the most commonly used
method of producing ferrous and non-ferrous castings. This method of
casting is used chiefly when small batches are required, but if necessary it
can be used for large quantity production, such as for internal combustion
engine parts. Patterns which correspond to the external shape of the part
are made from wood, or, if the quantity of castings warrants the extra
cost, from metal. To enable the pattern to be removed, the mould is
split longitudinally into two or occasionally more sections. Small and
medium-sized moulds are normally made in two boxes or flasks, open at
the top and bottom. The upper and lower boxes accurately register on
each other and are called the ‘cope’ and ‘drag’ respectively.

If a hollow casting is required, an appropriately shaped sand core is
placed in the mould cavity to exclude metal from that part of the mould
(Fig. 14.1). The sand used for mould making is normally moist so that
the grains cohere, and in this condition it is called green-sand. Green-
sand is not, however, strong enough to make cores, so dry-sand cores
or cores produced by the COgs process are used. Dry-sand cores are
prepared from sand mixed with a bonding agent such as linseed oil;

242
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after moulding, the cores are hardened by baking in an oven. The CO;
process makes strong cores without the need for baking. Sand is mixed
with a solution of sodium silicate, and when the core has been moulded,
COz is passed through it. The silica gel which is formed strongly bonds the
sand grains together. The COz process can also be used to produce moulds.
A channel called a feeder must be
provided through the sand to allow
the metal to be poured into the
mould. A cavity above the casting,
referred to as a riser, is made to act
as a reservoir for molten metal which
feeds the casting during solidifica-
tion. In large castings more than
one feeder and riser may be required.
Fig. 14.1 Sand mould ready for =~ Moulds should be strong enough
pouring to withstand the pouring of the
metal, but should collapse when sub-
jected to shrinkage stresses and be sufficiently permeable to allow gases
to escape.

Core

The use of medium and high-pressure moulding machines in the mass
production of castings has facilitated highly automated production of
moulds. High-pressure mould-making machines produce castings having
closer tolerances and better surface finishes than those obtainable with
conventional sand casting. Small castings can be produced without
moulding boxes.

Although synthetic and natural sands are used to cast most metals,
steel requires a more refractory material and ‘compo’ a coarse fireclay
mixture, is used. The moulds are lined with a fine grain refractory
material and dried out before the metal is poured.

Loam
— facing

— Brick
foundation

Fig. 14.2 Loam moulding

Large castings are made in loam moulds, which are built up from bricks
reinforced with iron plates. The bricks are surfaced by a loam which
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contains sand mixed to a mortar-like consistency. Solids of revolution
can be generated by rotating a sweep board of the appropriate shape about
a vertical axis (Fig. 14.2).

14.1.2 V-process. This is a method of casting in which the mould is
made from dry sand vacuum sealed in plastic film. The pattern is mounted
on a pattern plate, beneath which is a vacuum chamber; the vacuum
chamber is connected to the pattern. A heated plastic film is placed over the
pattern and drawn down on to it by the vacuum. A moulding box is placed
over the pattern, filled with dry sand and vibrated. After the feeder and
the risers have been formed the top of the mould is sealed with a second
plastic sheet. A vacuum is applied to the box to compact the dry sand.
The other half of the mould is produced in a similar manner and after
assembly of the two halves the mould is filled with molten metal. During
pouring a vacuum is applied to both upper and lower boxes. The vacuum
holds the mould rigid during the pouring and solidification of the casting;
it also prevents the plastic film from burning on contact with molten
metal.

The process uses easily reclaimable dry sand and the castings have an
excellent surface finish.

14.1.3 Freeze moulding. This method of casting is also called the
Effset process and uses sand, clay and water to make the moulds from
permanent patterns. Liquid nitrogen is used to freeze the moulds, which
have good permeability and are rigid enough to be used without boxes.
As in the V-process the castings have an excellent surface finish and the
sand is easily reclaimable.

14.1.4 Shell moulding. This development of sand casting uses a
mixture of sand and thermosetting resin which is formed into thin shells
by contact with heated metal patterns (Fig. 14.3). After removal from the
patterns, the shells are cured for a few minutes and then brought together
to make a mould. This process enables moulds to be produced quickly by
less skilled workers, and the castings have a relatively smooth surface
finish and better dimensional accuracy than normal sand castings.

Zircon sand is sometimes used in place of the conventional silica sand.
Although more expensive, this produces a better surface finish, because of
its small round grain, and a dense mould of high thermal conductivity
which rapidly and evenly cools the casting.
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Fig. 14.3 Shell moulding

Cold rather than hot-set processes have been developed; these have
the advantage over shell moulding of lower energy requirements and
less expensive equipment costs. A number of techniques are available to
set the sand and resin mixture, some of which require gassing.

14.1.5 Centrifugal casting. Centrifugal casting can be used to pro-
duce large hollow cylindrical castings, and avoids the use of cores, feeders
and risers (Fig. 14.4 (a)). Small parts can also be cast centrifugally and
Fig. 14.4 (b) shows a centrifuge being used to produce a number of small
castings from a multi-impression mould. Rotational speeds used in centri-
fugal casting cause centripetal accelerations of the order of 60 g and the
resulting casting has a dense structure, with non-metallic inclusions
segregated at the inner surface.

14.1.6 Investment casting. Small accurate shapes in almost any
metal can be produced by investment casting which is sometimes termed
the ‘lost wax’ process. The process is costly and involved, but justified
when a good surface finish and close tolerances are required. Firstly a
pattern is made by injecting wax into a split mould; this is usually metallic
but can also be made from rubber, plastic or plaster of Paris for short-
run work. As the patterns are usually small, a number are frequently
assembled on a wax feeder using a heated spatula, and in this way
several parts can be cast in a single mould.

The next step is the investment of the feeder and its cluster of patterns
by dipping into refractory slurries. If a solid mould is required the invested
pattern is placed, feeder downward, in an open-ended can into which a
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slurry of refractory material or cement is poured. Shell moulds can be
used in place of solid ones; these are produced by dipping the pattern a
number of times into refractory slurries until the requisite thickness has
been built up.

Casting
—
. /
—_ P Morten
Cc | metalin
T — s
Flask lined with sand
(o) Casting large pipes
Molten metal in
Multiple

mould

(b6) Casting small components

Fig. 14.4 Centrifugal casting

To complete the mould the wax pattern must be removed; this can be
done by melting out in a furnace. The metal may be poured under gravity,
but if a denser casting is required it can be injected under pressure or
cast centrifugally.

Sometimes included under the heading of investment casting is full-
mould casting. Here a pattern is made of foamed polyurethane or poly-
styrene by cutting and assembling stock material. Once the pattern is made
it is placed in a mould box and sand packed round it. When the casting is
poured the liquid metal melts and vaporizes the foamed plastic pattern.
The casting will have similar properties to a green-sand casting. The process
is particularly suitable for one-off production since the pattern costs only
about a third that of a wooden pattern.

An alternative to dry sand in full mould casting is dry iron shot. This
material fills the moulding box around the foamed plastic pattern and
is then held rigid during the pouring and solidification of the casting by a
strong magnetic field. This method of casting is suitable for non-ferrous
metals.
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14.1.7 Shaw casting. This recently introduced method of casting is
somewhat similar to investment casting, in that the pattern is invested
with slurry to produce the mould. The pattern is, however, a permanent
one, usually made from metal. The mould is made in two halves by pour-
ing round the pattern a slurry made from graded refractory materials,
an ethyl silicate binder, water, alcohol and an accelerator. The mould
is flexible before solidifying, and in this state the pattern is removed.
Because of its rubber-like nature, the mould will spring back when dis-
torted, rendering tapered patterns unnecessary and even allowing small
undercuts to be incorporated. When the mould has set, it is heated in a
furnace which causes the mould surface to be completely crazed with
minute cracks. These counteract the contraction which takes place on
the setting of the investment mould, and the mould cavity remains the
same size as when it was in contact with the pattern.

Although Shaw casting cannot compete with investment casting for
very small components, it is becoming widely used for the precision casting
of medium-sized components.

14.1.8 Gravity diecasting. This process, sometimes called permanent
mould casting, is used to produce non-ferrous castings with a better
surface finish and higher dimensional accuracy than sand castings.
The usual mould material is close grained cast iron, with alloy steel or
sand cores. Gates and risers are still required with this method of casting.
Gravity diecasting is often used in preference to sand casting when batch
quantities justify the higher die costs.

14.1.9 Low-pressure diecasting. This process is used largely for
aluminium alloy castings, e.g. beer barrel halves, although using graphite
dies, steel railway wheels have been cast. The die is usually made from cast
iron and is connected by a tube to a container of liquid metal (Fig. 14.5).
Air pressure is used to lift the metal and fill the mould cavity. To avoid
turbulence the filling of the die is slow, but there is less oxidization of the
metal than with gravity diecasting. The cost of a low-pressure diecasting
machine is about } of the cost of a (high) pressure diecasting machine.

An alternative to low-pressure diecasting is the counter-pressure
process, where the pressure used is approximately ten times greater than
the die filling pressure of o-1 N mm™2 (7 1bf/in?) employed in the low-
pressure process. At the start of the casting cycle pressures are equal,
both in the die cavity and over the melt; liquid metal is then gradually
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admitted to the die by slowly reducing the die cavity pressure. During
solidification full pressure is maintained over the melt.

14.1.10 Pressure diecasting. Pressure diecasting is an important
process used to produce castings of high dimensional accuracy and excel-
lent surface finish from zinc, magnesium and aluminium alloys. The dies
are manufactured from alloy steels and molten metal is forced into them
at pressure of 25-200 N mm~2 (13-12 tonf/in2). The rapid delivery of the
casting metal minimizes heat losses to the die and enables thin sections
to be successfully cast. Shrinkage cavities can also be avoided as pres-
surized metal will continue to be fed into the die during solidification.
The cost of pressure diecasting dies and the machines in which they are
mounted is high, and in consequence this process is confined to large
quantity production.

r\q’—— Hydraulic ram

t-=— Upper die

|=— Lower die

|

Air
pressure

Molten
metal

Fig. 14.5 Low-pressure diecasting (filling the mould)

Diecasting machines are classified as either hot or cold chamber types
depending on the method of transporting the molten metal to the dies
(Figs. 14.6 (a) and (b)).

Diecast parts which have similar properties to forged components can
be produced by the squeeze casting process. Squeeze casting is described in
section 14.1.11,
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Brass can be pressure diecast but the relatively high temperatures of
casting cause ‘heat checking’ or ‘crazing’ of the dies and in consequence
relatively short die lives. However, when the product application rules out
other diecasting alloys, as in certain electrical and plumbing components,
brass pressure diecasting is employed.

Much work is being done to make possible the pressure diecasting of
ferrous materials. Here the casting temperatures are an even greater
problem than with brass and die lives are correspondingly shorter;
sintered tungsten or a titanium/zirconium/molybdenum alloy are being
used as the die materials. The most likely application of ferrous diecasting

is to parts of up to o-25 kg (3 Ib) in weight, produced from special steels
such as stainless.
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Fig. 14.6 Pressure diecasting

14.1.1T1 Squeeze casting. This process was developed in the U.S.S.R.
and produces non-ferrous castings having mechanical properties com-
parable with forgings. After liquid metal has been metered into the open
lower half of the die, a closely fitting upper die moves down and com-
presses the liquid at high pressure, and this pressure is maintained during
solidification. Much greater component complexity is possible than with
closed die forging, and the yield is almost 1009, of the poured metal.

14.1.12 Continuous casting. This method of casting has been used to
produce ingots on a continuous basis, the molten metal being continuously
poured into one end of a vertical open-ended mould of the appropriate
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cross section (Fig. 14.7 (a)). While the metal is passing down the mould it
cools and solidifies. The walls of the mould are water cooled, and there is
further water cooling of the solid metal when it emerges from the bottom
of the mould. Ingots are produced by cutting off the cast metal with a
flying saw which moves down at the same speed as the metal. The down-
ward movement of the ingot is controlled by a piston, and the flow of
metal into the mould is adjusted by a float in the pool of liquid metal at

the top of the mould.
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Fig. 14.7 Continuous casting
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As well as producing ingots, which are subsequently hot worked,
continuous casting can be used to cast sections from which components are
manufactured, e.g. milling machine tables. To improve the quality of the
product a closed system is used in which the liquid metal is fed direct to the
die. This is in contrast to the open system used in billet casting, where the
molten metal supply is open to the atmosphere and the product is likely to
suffer from oxide inclusions and surface imperfections. The continuous
casting of grey-iron hollow section using a closed system is shown in
Fig. 14.7 (b).

The mechanical properties of continuously cast grey-iron are superior to
those obtained bysandcasting; thisis due to its fine grained dense structure,
the surface finish is also improved and there are no sand inclusions.

14.1.13 Summary of casting processes. The casting processes
already described are summarized in Table 14.1. The figures should be
taken as a rough guide only.

TABLE 14.1
Mini-
mum
Labour Surface section
Type of cost/ Equipment  finish Usual accuracy thickness
casting casting cost (uCLA) (mm) (mm)
Sand (green) medium low 500—-1000 + 2°50 50
Shell low medium 100-300 +o0-25 2'5
Centrifugal low medium  100-500 +0-70 80
Investment high medium  25-125 +0-06(25mm part) 06
Shaw medium  medium  80-180 +0-08 (25 mm part) 30
Gravity low medium  100-250 * 040 plus 0-05 per 25
diecasting 25 mm
Low-pressure low high 40-100 + 0-05 plus 0-05 per 1-2
diecasting 25 mm
Pressure verylow very high 40-100 +o0-05 plus 0-05 per 05
diecasting 25 mm
Continuous low high 100-200 * 0°12 per 25 mm 80

casting

14.2 SOLIDIFICATION OF METALS

In the comparatively short time taken for a casting to solidify its
original crystal structure is formed, and faults such as seams (defects at
the junctions of two streams of metal), gas porosity (entrapment of gas
during pouring and cooling), and hot tears (cracks due to tensile stresses
during solidification) may be caused. A knowledge of the mechanism of
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solidification and the rate of heat loss from the metal to the mould
facilitates prediction of the way in which the casting will solidify.

14.2.1 Solidification of pure metals. Solidification requires encrgy
to produce a crystalline structure, and for this reason cooling below the
freezing point, i.e. supercooling, is necessary before the liquid starts to
solidify. Solidification can be induced with comparatively little super-
cooling if particles of foreign matter are available to provide sites arqund
which crystals can grow. An initial source is provided by the walls
of the mould and subsequently by the solidified particles of the metal
itself.

When metal is poured into a mould, it can be assumed initially that
there is no temperature gradient in the molten metal. Heat is then extract-
ed by the mould walls, and the metal in their vicinity is cooled more rapid-
ly than that elsewhere. The result is a temperature gradient in the liquid
and, just below the freezing point of the metal, crystals start to grow from
the mould walls. The process continues as more heat is lost, with crystals
growing inwards until the whole of the metal has solidified. Provided the
mould walls have high conductivity the crystals near them will be small,

with their axes randomly orientated.

Corumaar As solidification proceeds, crystals
crystals . . .

Wall with their axes perpendicular to the
o . .
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direction

shape changes from equiaxed to
columnar (Fig. 14.8).

of growth

Small equioxed
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14.2.2 Solidification of alloys.
In this section the solidification of
solid solution alloys will be discussed ;
these are alloys in which one metal is dissolved in the other to form
a single-phase alloy. A major difference between the solidification of
alloys and of pure metals is that alloys normally freeze over a range of
temperature, whereas pure metals have a single freezing point. When
the alloy has cooled to a given temperature it starts to solidify, but
remains in a mushy, part-liquid part-solid state, until further cooling
renders it completely solid. The temperatures at which alloy solidification
starts and finishes will vary with its composition, and are indicated by the
liquidus and solidus lines respectively in Fig. 14.9.

If metal B is added to metal A to produce an alloy, the usual effect
is to depress the melting point below that of metal A (Fig. 14.9). When
the alloy is poured into a mould, the metal near its walls will cool more

Fig. 14.8 Solidification of pure metal
near mould wall
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rapidly, and solidification will start on the walls at a temperature depend-
ing on the alloy composition. The frozen metal adhering to the mould
walls will have a different composition from that of the original alloy.
This can be seen by following the dotted line in Fig. 14.9, which shows that
an alloy with an initial composition of 809, metal A and 209, metal B

—
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Ligquidus line

Temperature

]

1

1

i

: SO.L/D Solidus line

! !

1

' i

! 1

. ]
/00 94 80 %Yo of A(decreasing) =
o ¢ 20 %o of B(increasing) =

Fig. 14.9 Effect on solidification of alloying metals B with metal A

will first precipitate crystals of 949, A and 69, B. Assuming a low rate
of diffusion, the concentration of rejected metal B in front of the solidifica-
tion front rises above that of the parent alloy, and depresses the tempera-
ture at which solidification starts to below that of the parent alloy.
This effect is referred to as constitutional supercooling, and will cause
spikes of solidified metal to be pushed out perpendicular to the mould
wall into the liquid metal. The solidification of the metal at the sides of the
spikes will be further delayed as the local concentration of the rejected
metal is progressively increased. If the rate of constitutional supercooling
is high, the spikes will grow arms perpendicular to their main growth
direction to produce a dendritic structure. When supercooling is extreme,
equiaxed randomly oriented crystals will form in the liquid metal ahead
of the solidifying interface.

14.3 SOLIDIFICATION OF CASTINGS

When a pure metal is poured into a mould, the temperature at a
particular point in the liquid falls steadily until freezing cornmences.
While solidification is occurring, the temperature at that point remains
constant due to a release of latent heat; in fact, there will be a slight
increase in temperature if supercooling has occurred (Fig. 14.10 (a)).
With a solid solution alloy, there is a similar check to the temperature
drop at the commencement of crystallization, followed by a period of less
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steep temperature reduction while the metal is passing through the mushy

state (Fig. 14.10 (8)).
By using a number of thermocouples it is possible to find the distribu-
tion of temperature as a casting cools and hence to plot the time when

7'¢mp.1

Time
(¢) Pure metal (6) Alloy

Fig. 14.10 Cooling of pure metals and alloys
freezing begins and ends at various distances from the centre line. In a

sand mould, the extraction of heat will be considerably slower than in
a metal mould. This can be seen by comparing Figs. 14.11 (a) and (),
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Fig. 14.11 Solidification of castings
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which are typical of thick uniform sand and chill castings respectively.
It should be noted that when heat is rapidly extracted from the casting, a
narrow mushy zone quickly sweeps through the cooling metal (Fig.
14.11 (b)), whereas if heat is slowly extracted, the mushy zone may extend
throughout the casting (e.g. AB in Fig. 14.11 (a)).

The presence of free crystals ahead of the solidification front makes
the feeding of metal more difficult and the risk of voids greater. In
general, alloys having the smallest temperature difference between the
start and finish of solidification, i.e. the narrowest mushy zone, are the
easiest to feed. An expression indicating the ease of feeding is the centre
line feeding resistance (CFR),

where CFR =

time during which crystals are forming at centre line

T — - X 100 14.1
solidification time of casting (14.1)

Referring to Fig. 14.11 (a)

AC
CFR = oG X 100 == 429,

In practice it is found that alloys with CFR > 709, are difficult to feed.

I14.4 HEAT LOSS FROM CASTINGS

Risers, which act as a reservoir of liquid metal above the casting,
must be able to supply liquid metal to the casting throughout its solidi-
fication period. So that a riser of adequate size can be provided, it is
necessary to calculate the rate of heat removal through the wall of the
mould.

Starting from the diffusion equation, derived in Appendix I, and
assuming the mould wall to be a semi-infinite plane the diffusion equation
reduces to one of conduction in the x direction only.

ie. 2 _0

Carslaw and Jaeger,%¢ by assuming that there was a sudden temperature
rise at the mould face of 61 — @9, due to the metal being poured, and
that «, the thermal diffusivity of the mould, was independent of tempera-
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ture, derived an expression for the temperature at distance x from the
mould metal interface.

0 = Op + (01 — 00){1 — erfx/(24/xt)} (14.2)

where 0 is the initial mould temperature,
6, is the mould/metal interface temperature, assumed constant
during solidification,
¢ is the time after pouring.

Values of the error functions {erf x/(24/ ()} can be read from mathe-
matical tables or the graph in Appendix 1.

The heat flow through the mould wall can be obtained by differentiat-
ing (14.2) with respect to x.

96, d x
= (0o — 61) — (erf ;\_/—(K—t)>

2/ (kt) 4 6
expanding, erf x/{24/(xt)} = —\j—ﬂj <I — a2+ :—' — :% + .. > da
b ! !

a’ a’

exf x/{2+/ (kt)} = l:w‘“" g _

5><2! 7 X g!

x x3 x5
3,3 + 5.5
2 it 3 X 8kt* 5 X 2! X 32k%*

X7
T 7 x 3! X x28;<5t%+"']

erf x/{2+/(kt)} = \/ﬂ'l:

20, I x2 x4 x8
_—= 0 — 0 i E) 35 7.3 s
ox V' (o 1) [QK’P 8t + 64x%t®  768k%t? + ]

The thermal gradient at the mould face, i.e. at x = o, can be obtained
by substituting o for x in the above equation.

o0 Go — 61

ax \/ (mkt)



CASTING AND SINTERING OF METALS 257

The rate of heat flow/unit area J is given by

o0
J= —K'é}

where K is the thermal conductivity of the mould material.

K (61 — 6o)
J= T ) (14.3)

If we consider the time ¢ required to solidify a plate of surface area 4.
2AK(01 — 00) \/ts
V()

where = quantity of heat passing mould/metal interface.
An expression for @ can also be obtained by considering the amount of
heat which must be lost to produce solidification.

Q = pW{L + C(6p — 61)}

Q=A£sjdt=

where p is density of metal,
V is volume of metal,
L is latent heat of fusion of metal,
C is specific heat of metal,

0p and 6, are pouring and mould surface (solidification) temperatures
respectively.
Equating the two expression for

2AK|1\011ld(61 '" 00) Vis

— = V(L v C(0, — M)}
v (o) Preta VAL -+ C(0p 1)}

[P 4 Gy — ) }]2 V>2
= TKmoul >
* 2Kmould(01 - 00) ot 4

ts = B (5)2 (14.4)

where B is the mould constant.
Equation (14.4) shows that the solidification time for a plate is propor-
tional to (volume/area)? Chvorinov®’ has shown that this relationship
is true for a large range of casting and riser shapes.

It is possible to use a similar method to find how time varies with
depth of solidification. Considering one side of a large plate, area A4,
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and half its volume, the quantity of heat @ needed to solidify it to depth
d can be found.

2A‘Kmould(el — 00) \/[ =p
\/ (ﬂKmould) Ineal

and t = Bd? (14.5)

Ad{L -+ C(6p — 01)}

Equation (14.5) shows that the time needed to solidify to a given
depth is proportional to the square of the distance from the mould/metal
interface.

I4.5 RISER DESIGN

If risers are to act as sources of molten metal for a solidifying casting
they must be large enough to remain liquid after the casting has solidified,
as well as contain sufficient metal to make good contraction losses.
Risers should be positioned so that they can continue to supply metal
throughout the solidification period.

If the solidification of a casting without risers is considered, the liquid
metal will soon be completely surrounded by a solidified shell of fixed
outer dimensions and the contracting liquid will inevitably produce
voids towards the centre of the casting. Further contraction occurs when
cooling in the solid state; this does not produce shrinkage voids, although
it can set up undesirable stresses in the casting.

Caine®® has produced a relationship for steel castings which enables
the adequacy of riser size to be checked by taking account of the shape

volumne 2f \

ratio {
(ve)

Sound

/ casting
Unsound/
casting

[o] A e "

'
7-0 2-0
Freezing ratio (

A

Ac/Vc)
Arlvr

Fig. 14.12 Typical risering curve (afier Caine)

of both riser and casting. It was assumed that the heat loss from a casting
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or riser is proportional to its surface area 4 and the heat content is pro-
portional to its volume V: hence cooling rate = oc (4/V)

Consider first a casting which, because of its chunky shape, has a
very slow freezing rate (4/V is low). In this instance the accompanying
riser must be large so that it remains liquid after the casting has solidified,
1.€. (Acasting! Veasting) = (Ariser/ Vsiser)- At the other extreme, the size of the
riser for a fast freezing casting (A4/V is high) need not be so large, but must
at least be large enough to make up the contraction as the casting is
cooling and solidifying.

A risering curve which enables the minimum riser size to be determined
for a given material is shown in Fig. 14.12. The x axis represents the freez-
ing ratio (A¢/Ve¢)/(Ar/Vr) and the y axis the volume ratio Vi/V.. The
relationship between the x and y co-ordinates is a hyperbolic function
expressed by the equation

a
y—b

where x is freezing ratio (Ac/Ve)[(Ar/Vr)
a is the freezing characteristic constant for the metal,
» is volume ratio V[V,
b is contraction ratio from liquid to solid,
C is relative freezing rate of riser and casting (unity if same mould
material around casting and riser).

X =

+cC (14.6)

A typical value of equation (14.6) for steel when the casting and riser are
surrounded by the same mould material is

x = o0'1/(y — 003) + 10

Risers are connected to the casting by a neck of metal called a gate,
which enables the riser to be removed easily from the casting after
solidification. Gates do not freeze before their risers as the continual
passage of liquid metal locally heats the mould material to a higher
temperature than that of the rest of the mould surface.

146 RISER PLACEMENT

Although the graph in Fig. 14.12 indicates a suitable riser size, it
assumes that the riser is able to feed the solidifying casting effectively.
Where the casting has a chunky shape, approximating to a cube or sphere,
(Ae/Ve is low) there is usually little difficulty in feeding it from a single
riser. Bar and plate shaped castings (A4¢/V. is high) may however require
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more than one riser, otherwise the slushy state just prior to solidification
may restrict metal flow from a single riser and cause centre-line shrinkage.
Bishop and Pellini®® found for steel plates 12-100 mm (}—4 in) thick,
one central riser could be used, provided that the maximum feeding
length << 4-5 X plate thickness. It was also found?® that bars of square
cross section in thickness from 50—-200 mm (2-8 in) could be satisfactorily
fed from a central riser for distances << 6 X 4/bar thickness. If chills
(blocks of metal) are built into the mould, they will increase the cooling
rate and reduce the centre-line feeding resistance, thereby permitting
longer feeding distances. Chills can be placed at the ends of bars and
plates with central feeding; when more than one feeder is used, a chill
can be positioned midway between two feeders (Fig. 14.13).

14.7 APPLICATION OF STEEL RISERING DATA TO OTHER METALS

Most of the quantitative risering data which has been published applies
to steel. The same data can however be used for the sandcasting of alloys
with a lower centre-line feeding resistance than steel. If it is applied to
metals with a centre-line feeding resistance higher than steel, chills will be
needed to ensure soundness of those parts of the casting requiring the
greatest strength. Grey cast iron is especially interesting since solidification
occurs in two stages. The first is similar to that of solid solution alloys,
where metal from the riser is required to make good initial contraction;
in the second stage, expansion occurs and liquid metal is returned to the
riser. With certain grey irons the contraction is balanced by the expansion
and these require no risers.

ﬁ Zsring Wﬁiscr C;i//
4 M M

(o) Chills used to extend feeding distance

el

Centre line shrinkage
(6) Some casting without chills

Fig. 14.13 Effect of chills
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148 POURING OF CASTINGS

When metal is being poured into a mould it should be done with
minimum loss of temperature; the liquid flow should not damage the
mould, nor should it carry sand, dross (oxide) or air into the casting.
Much can be done by good gating design to achieve these ends; gating
systems will vary with the metal being poured, and metals such as alumin-
ium which oxidize easily demand special attention. Some general principles
of gating design are discussed below.

The shape of the vertical passage down which the metal is poured
must be designed so that no air is absorbed by the liquid metal on its
downward passage. A gate feeding directly into the mould with a cylin-
drical shape similar to that shown in Fig. 14.14 («) will be considered.

By applying Bernoulli’s equation for the total energy of a liquid, it is
possible to find pressures at various levels in the gate. Neglecting friction
and assuming an impermeable mould where the pressure is atmospheric,
1.e. pa = po, we have at points x and 2.

hz+—+’1’f—h += +”°
2

he b B +f2—+”°

w 2 w

Az = As (cylindrical gate)
*. Uy = vz (as Agvyz = Asve for continuity of flow) hence
Pz = po — hgw (14.7)

The pressure of the liquid at point x will therefore be below atmospheric,
by an amount depending on its distancc up the gate and the density of

T

X

Jngate

é Mou/a’ cavity

(a)
Fig. 14.14 Cylindrical and tapered ingates
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the metal.

A sand mould is, however, permeable and the mould gases will be
in contact with the metal at the mould/metal interface. Gas can therefore
pass into the metal during its journey down the gate, the amount depend-
ing on the pressure reducing term hy,w (equation 14.7), and on the
pressurc to which the mould gases rise as the metal is being poured.

To reduce the aspiration of gases into the stream of molten metal the
pressure in the gate should not be allowed to fall below atmospheric.
This can be achieved by using an appropriately tapered gate (Fig. 14.14 () ).
Considering the entrance and exit of this gate and applying Bernoulli’s
equation to points 1 and 2:

vz
(AT L I L L
2g w 2g w

1}22

To avoid aspiration, p; should not fall below pg

Cout a2
/l) -_— = —
28 28

For continuity of flow 42y = Aavs

Substituting vz (42/4;) for v

A 2
i) )=
As Qghl
=2 = - = 14.8
Al \/(I 1)22) ( 4 )

Assuming that the pouring cup is kept filled to height k¢ then the velocity
vg of the metal at the exit of the gate can be found v3 = +/(2ght) where A
is the total head.

From Fig. 14.14, h1 = bt — ke

Substituting from vz and % in equation (14.8)

A_2 - [ — gg(ht — he)
A1 Qg/lt
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Ay he
i \/(h;> (14.9)

Therefore, to avoid aspiration 4; should be greater than A2 as A¢ is always
less than At. The sides of the downgate should be hyperbolic in section to
satisfy equation (14.9), although a straight-sided taper is normally used
as it is easier to produce.

Most mould cavities arc not filled directly from the simple vertical
gates just described but via a down sprue and a short horizontal gate,
as shown in Figs. 14.15 (a) and (b). This arrangement minimizes oxidiza-
tion and reduces the damage to the mould cavity because the force of
the incoming metal is reduced. Some cavities are filled from the bottom
(Fig. 14.15 (a)); this method is likely to minimize mould damage and oxi-
dization but the time to fill the mould is considerably increased.

A number of methods of preventing impurities from going into the
casting can be used in the pouring system (Figs. 14.15 (a) and (b)).

(a) Pouring cups. These break down the eroding force of the stream of
molten metal being poured from a ladle. They also help to maintain a
constant pouring head.

(b) Strainers. Ceramic strainers can be set in down sprues to prevent
dross from the ladle entering the casting.

(¢) Splash cores. Splash cores are made from ceramic material and are
placed at the bottom of down sprues. As they are not eroded by the stream
of molten metal, they minimize the amount of sand entering the mould.

(d) Skim bobs. These are traps placed in horizontal gates to catch both
the heavier and lighter impurities flowing towards the casting.

Pouring basin
ML DEREARAEN

Stroiner

Splash core S

.o

O o Skim bob
Horizontaﬁg'éti <
(o) Bottom gate (6) Top gate

Fig. 14.15 Sprues with horizontal gates
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14.9 GASES IN GASTINGS

Faulty castings may result from the presence of gases in the metal.
Gases can appear as gas holes, pin holes and porosity, dep