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SUMMARY

A review was made of theories of axisymmetric drawing, and their
treatment of friction as an independent parometer was noted. ' Experimental
methods for determining friction in the drawing process were reviewed, and the
rotating= die technique was selected as the most suitable. The possibility of
using this technique to verify postulated distributions of shear stress'was noted.

An experimental programme was initiated in which mild steel bars of
1.1/16, 1.1/8, 1.1/4, 1.5/16 in. nominal diamcters were drawn down to 1 in.
over the speed ranges 5 to 15 ft./min. and with die speeds of 14.5 and 28.5
rev/min., the lubricant being soap over a phosphate coat. Contrary to the
literature of the subject, it was found that the bar twisted during die-rotation
and failure to anticipate this feature, coupled with the poor condition of the
test material, made it possible to calculate only values orPfggefficienf of friction.

A second test programme was performed, again with mild steel but using
the speed ranges 1 to 15 ft/min. and 5 to 50 rev/min. The rotational speed of
the bar was measured and both soap and oil were used as lubricants. Although
the results of these tests were closely repeatable by the standards of conventional
studies of friction, they were insufficiently so to enable the distribution of
shear stress to be deduced. However, it was shown that knowledge of the
distribution was unnecessary for accurate determination of coefficient of friction,
and these values were found to be 0.020/0.025 for soap and 0.04/0.06 for oil .
It was also shown that the chief source of error in a simple method of analysis
was failure to recognise plastic torsion of the drawn bar, but that such analyses

could neverthless give quite accurate results over a wide range of parameters.

*
at the die/workpiece interface
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NOTE ON THE SYSTEM OF TEXTUAL CROSS-REFERENCE

The system which has been used for numbering sections of this thesis is
conventional, and individual sections may be located from the Table of
Contents. Diagrams have been given two=-part reference numbers, the first
part of which indicates the number of the section containing the diagram, and
the second port the position within the secﬁo.n . The prefix A shows that the
section referred to is an Appendix. An identical system has been used for num-

bering tables and equations.
Bracketed numerals which appear in the text designate references

listed at the end of the thesis



NOMENCLATURE

Symbols as used in Section 2

Symbols as used elsewhere

Experimental Parameters

b, S -
-~

W< <<

w2
UD‘J”

>

ALl

-e

coefficient of friction

semi-angle of die

cross—sectional area after drawing

cross=sectional area before drawing

surface area

drawing force

components of drawing force due to loss~free
deformation, friction at die/workpicce
interface, and redundant deformation

total normal force at interface

total shear force at interface

Q sin o,

F cos ot

die-splitting force

yield siress

yield stress in shear

she_ar factor

proportional reduction in area

redundant work factor

drawing force

drawing force with die-rotation

torque

drawing speed

axial velocity at any point

velocity towards apex of die, at any point
rotational speed of die

rotational speed of bar

circumferential velocity of die
circumferential velocity of bar

cross-sectional area



A : curved-surface area

s
“ : diameter
<) : swing of velocity/friction vector away from
apex of die
@ : helix angle
o : direct or normal stress
z : shear stress
X : axial distance from apex
k : velocity coefficient
Subscripts
1,2 : refer to die exit and eniry respectively
r | : refers to cross-section which bisects curved-
surface area
a,b,e,d,e;f : refer to particular instants during the drawing
tests (see Figure 10.12)
be, cd, de : refer to periods between those instants
Superscripts
I : refer to instants shortly after ¢

Symbols not affected by above suffices

A pr A T AR S A v : galvanometer deflection corresponding to

experimental parameters

§ :  asmall increment

Q : total normal force on die surface

F : total friction force on die surface

PF : component of drawing force due to the friction

at interface
P. when calculated from measurements of P

F
and T

Pee) * Prr)

P : component of drawing force due to die-pressure
< T’ (4 P : T when caleulated from measurements of P
and T
n : coefficient describing distribution of shear
stress
I Iy s 1y : integrals defined in section 3.2



-

A:8; C; D, B;F : mathematical constants defined in section
3.2
A, B : also used to identify grid markings, section

10.4



1. INTRODUCTION

It will be realised that there is no fundamental difference between the
processes of wire=drawing and bar-drawing provided that both are axisymmetric,
and in this work the terms have to some extent been treated as being interchange~
able. The division between bar and wire is one of dimension only, and is both
arbiirary and variable. In practice the processes differ considerably with regard
to design of machinery and drawing speeds, but the mechanics of deformation are
identical in both.

Metalworking theories present the working load for an operation in terms
of the geometrical parameters of the process, the yielding characteristics of the
material being worked, and the frictional boundary conditions. For bar~drawing
the geometry is virtually fixed by the di mensions of the workpiece and tools,
the material properties are usually determined in a uniaxial tension test, and the
frictional boundary conditions are usually assumed to be adequately described by
a constant coefficient of friction.  Although some workers describe this, with
justice, as Amontons friction, normal usage atiributes it to Coulomb, ond the
latter description has been adopted here.

The Coulomb Law of Friction, which has long been substantiated for lightly
loaded sliders, is explained on the basis that the true area of contact of such
bodies is much less than the apparent, and increases as the load increases. This
leads to proportionality of load and true area of contact, and hence to constancy
of true contact stress. An upper limit to this situation must be reached in metal-
working operations, where a workpiece undergoing heavy deformation must always
conform closely to the tool surface. Thus there are strong grounds for doubting
the applicabi lity of Coulomb's Law to metalworking, and even if it does apply,
there remains the question of what value to ascribe fo the coefficient.

The lubrication regime in conventional low speed drawing is generally
accepted as highly complex, being predomincntly boundary but with possible
contributions from hydrodynamic lubrication and solid friction. Furthermore,
contact pressures are extremely high, and surface conditions change significantly
throughout a single pass. It is clear that these conditions are too complex for
analysis by current lubrication theory, although the particular case of full thick-
film lubrication has received considercbleattention. It is therefore nccessary

to resort to experiment to determine the magnitude of o the coefficient of



friction. It may be noted that although there is no reasen for presupposing S

to be constant, it is still useful to specify friction conditions in the familicr form,
and this author does not agree with Hockett (1) when he calls for a redefinition

of A in terms of surface conditions and material and lubricant properties. Thus
although the basis for that suggestion is unquestionably sound, it would seem
preferable to retain the definition of s as the ratio of shear to normal force,

or more properly the ratio of the stresses, provided that/u be considered merely
as whatever value this ratio happens to take, rather than as an immutable material
property .

It does not seem to be possible to adapt conventional friction testing appara=-
tus to adequately simulate metalweorking conditions, so friction must be studied in
the process itself. A serious obstacle to doing this in conventional wire~drawing
is that there are more unknown than measurable quantities, and for a fundamental
determination of « it becomes necessary to modify the process. This generally
introduces considerable experimental difficulty, and such investigations have
been confined to slow drawing speeds or relatively soft materials, or both. In
spite of these difficulties the general range of values is fairly well agreed, being
quoted by Wistreich (2) as being 0.01 to 0.05 for solid lubricants and 0.08 to 0.15
when drawing with liquid lubricants, although the latter range appears to be
rather high in the light of more recent results. It will be shown in section 2
that, even without the latter point, these ranges can lead to significant indeter-
minacy, particularly with regard to relatively recent attempts to improve the
understanding of the mechanics of the process.

The object of studying friction in metalworking processes can be seen as
being twofold. Firstly it is desirable to establish the friction forces in specific
cases, so that the correct boundary conditions may be combined with the appro-
priate theoretical analyses of the process, the validity of which may thereby be
checked. Given a theory which has been rigorously validated in such specific
cases, its primary use would be the prediction of behaviour in other situations.
Unfortunately, the pertinent friction conditions would not in general be reliably
predictable from lubrication theory. So the second object of friction studies
is to establish a body of information on behaviour in metalworking conditions,
initially to furnish the deformation theories with the boundary conditions
necessary for their application, and later on, it is hoped,to verify lubrication
theories when they become sufficiently developed to deal with metalworking

conditions.



The research described herein was initially designed as a phenomenological
study of the friction conditions in a series of bar-drawing experiments; that is,

the magnitude of the friction forces was to be measured without particular regard

“to how they arose, together with any parameters needed to check current theories

of drawing. In this form the work was intended to achieve the former of the above
mentioned objectives, and to a very limited extent the latter. However, some-
time after the rotating-die technique had beer'z adopted as a suitable experimental
method, it became apparent that the scope of this technique had not been recog-
nised. The emphasis of the work then shifted away from the checking of theories
of drawing, and towards the full exploitation of the technique. The experimental
work therefore fell into two distinct groups, which have been termed Series | and
Series Il. The value of Series | was limited by the relatively small range of
experimental parameters, by non-uniformity of the test material, and by the
development of a feature of drawing with a rotating-die which had not been men-
tioned in the literature. The results were therefore calculated according to the
more or less pre-existing analysis given in section 3.1. Series 1l was designed to
make full use of the analysis which has been developed in Section 3.2, and also

to overcome the shortcomings of Series |. It therefore constituted by far the most

significant part of the experimental work .



2. REVIEW OF LITERATURE

Reviews of both the theory and mechanics of drawing have oppeared in
the literature, and will be referred to where appropriate, so it would be to some
extent merely repetitive to attempt to consiruct such a detailed review here. In
view of the fact that this investigation was concerned primarily with establishing
the behaviour at the interface between workpiece and die, rather than with the
internal mechanics of deformation, such a review would also be inappropriate.

It is nevertheless necessary to discuss the above subjects in order that the
central but equivocal role of friction may be appreciated, and this is done in
sections 2.1 and 2.2, in so far as is relevant to this investigation. However a
comprehensive review of the literature of friction defermination in drawing has
not, to this author's knowledge, been published, and this field is covered in
detail in section 2.6. Some aspects of the literature which were of secondary
importance to this investigation are discussed in the later sections.

The basic postulates of the Theory of Plasticity are not discussed here, as
they have been dealt with comprehensively in standard text-books (23, 24, 25

29, 38).
2.1 BASIC THEORIES OF DRAWING

Substantial reviews of the theory of axi-symmetric drawing have been
published by MacLellan (3) and Johnson and Sowerby (4), and some such work
is also contained in Wistreich's general review (2). Plane=strain theories of
drawing have been discussed by Green (5). Reviews of the same subjects were
published contemporaneously with the former and latter of these by the German
workers Siebel (6) and Pawelski (7).

2.1.1 Energy Solution
It is not clear who originated this approach, but it was probably Siebel,

and that worker certainly presented i# in the most highly developed form (6).

The assumption is that the work expended in drawing may be divided into
three components of drawing force, bearing in mind that work done per unit drawn
length is equal to the drawing force. Thus Pi represents the component due to the
ideal loss-free reduction, P; the component due to friction at the die/workpiece
interface, and Pr arises from redundant deformation. Pi may be simply derived
from the equivalent stress=strain curve, and if it is assumed that the corresponding

die-pressure is unaltered by the introduction of Coulomb friction,



(/C,)g "Pf)’ﬁ,}’(/f/tcof-aa)/n (ﬁ:/ﬁa) (21)*
where A2 and A1 are initial and final cross-sectional areas, and Y is the

mean yield siress.  Siebel then assumed that the boundaries of the deformation
zone were two spherical caps, and that movement within the zone was towards
the apex of the die. He evaluated Pr by considering that it arose from shearing

at these boundaries, and the complete expression for drawing force became

PP +BsR):a vl pncora) Inla,ln) % «] (22
In fact Siebel made the further assumption that tan« = & , but this can be
disregarded for the practical range of die-angles. The original aspect of the
work arose when he pointed out that the addition of Pr destroyed the equilibrium
of forces between die and workpiece, and he then went on to deduce the distribu=
tion of stress throughout the deformation zone.. Confusion over the symbols which
were used has prevented this author from following the derivation, but it appears
to involve arbitrary assumptions regarding the form of distribution, after which
the magnitudes were adjusted to restore equilibrium.
2.1.2 Equilibrium Solution

Sachs (9) assumed that plane cross-sections of the workpiece remained plane

as they passed through the die, and that the distribution of stress was uniform on

such planes. This enabled him to express the longitudinal stress on a plane

element of the deforming material in terms of the stresses at the die surface.
These he described by Coulomb friction and the yield criterion, considering the
case of constant yield stress and taking the surface of the die as a principal plane.

Summation through the die gave the drawing force.

Ppay(r+ %«J(’ '(;f;i’;)mm? (23)

Davis and Dokos (10) extended the solution to the case where the material
work-hardened linearly. Atkins and Caddell (11) have recently considered
work-hardening according to a power law, and have shown that for the practical

range of parameters it makes little difference whether the law is included formally

* This expression has also been proposed by Sachs and van Horn (8) for the total

drawing force.




into the differential equation before solution, or whether the mean yield stress
is used in the solution of equation (2.3). The latter always underestimates the
drawing force; if required it would be pessible to correct these values from
curves which those authors present. They have also given a method for incor=
porating an empirically determined redundant deformation factor into the solu=
tion (see section 2.2).

Korber and Eichinger (12) used a method for evaluating Pr which was
closely similar to Siebels, the only difference being in their choice of yield
criterion.  They then added this term directly to the Sach's solution, equation
(2.3), but did not take further action to restore the equilibrium of forces on the
die.

2.1 .3Kinematically Admissible Solutions

As implied by the name, this group of solutions is concerned with the move-

ment of the material through the deformation zone. In particular, they consider
only those modes of deformation which conform to the external boundaries without
violating the incompressibility and continuity Icrfterl'u, and the primary concern
of the solutions is the deduction of such admissible velocity fields. The results
are normally presented graphically and as they are specific to the particular

geometry under consideration, they are not given here.

2.1.3.1 The Method of Characteristics. With this method both stress equilibrium
and flow equations are considered. No assumptions regarding the distribution of

stresses are made directly, but the starting point for the deformation pattern often

implies such an assumption.  The method is strictly valid only for conditions of
plane strain, in which situation the basic differential equations become hyper=
bolic. These equations may then be solved by what is known to mathematicians
as the method of characteristics (13, 14). The characteristics are orthogonal
“sefs of curves which in these problems coincide with the directions of maximum
shear siress, and give the method the more usual name of slip-line field solutions.
Prager's geometrical method (15) may be used to build up a field once an
arbitrary starting point has been selected. Except for certain geomefrically
convenient situations this can be extremely laborious, particularly so because
the validity of the field cannot be verified until it has been completed. Once
a valid field has been constructed, the working forces may be deduced directly
from the associated stress plane. However, the solution also gives a direct

method of determining redundant deformation.



The first application of the method to drawing was by Hill and Tupper
(16), who presented it at the time as a theory of wire=drawing, but it is now
known(17) that such a direct transposition is not valid. Hill and Tupper analysed
the case of fricﬁonléss drawing, but gave two methods for considering Coulomb
friction.” The simplest was to assume that dic-pressure was unaltered by friction,
and this led to a multiplying factor of (1 + . cot« ) as in equation (2.1). The
rigorous allowance for s can be extremely lengthy, because the angle subtended
by the slip-lines at the surface of the die is dependent on the die-pressure aswell
as the value of ¢ . It is therefore necessary to construct the entire field before
the initial selection of geometry can be checked. This has been deone by Green

and Hill (18), and they summarise their findings as a modification to the factor

given above.

P (with friction)
P (without friction)

=(f:_‘/ucof' x)-/u(o-Q ¢+ 0. 0Fr cot'et) (2.4)

_ The case where full, or sticking, friction obtains may be studied with
relative ease, for it is known that the slip=lines must then subtend 0" and 9 atthe
surface of the die, but this situation is manifestly not applicable to the drawing
process. A large number of slip-line solutions have been published, and apart
from the fact that many are for extrusion and in a range of parameters which is
of no interest for drawing, the fundamental inapplicability to axisymmetric con=
ditions has been indicated earlier. This is not to say that they are without con-
sequence for axisymmetric drawing, and this is discussed in section 2.1.4.

The equations for axisymmetric deformation are not directly soluble by
the method described above, but application of the Haar=von Karmdn hypothesis
renders the stress equilibrium equations hyperbolic once more. The character-
istics of the equations again coincide with the directions of maximum shear stress,
but the relations are more complex. Shield (19) has solved some problems in
this way and Mréz (20) has presented a geometric method analogous to that of
Prager. However, the only applications to drawing of which this author is
aware are related to the prediction of ideal die-profiles, which are intended to
induce no redundant deformation into the workpiece. This work has been reporied
by Richmond and Morrison (21) and commented on by Hill (22), and is a develop-
ment of earlier work on ideal die-profiles for plane strain drawing which is quoted

therein. The basic requirement for deformation to be homogeneous is that



streamlines should everywhere be aligned with the directions of principal

stress, and this implies that at any point the velocities along both familius of
slip lines are equal. It is clear that the surface of the die must be a streamline,
so the condition cannot be met there except for the frictionless situation which
was considered. The solutions are nevertheless of great interest, although a
further practical limitation for drawing is that all the forms so far proposed have

zero entry angle.

2.1.3.2 Upper-Bound Solutions. Strictly speaking the terms upper~bound and
<

kinematically admissible are interchangeable, but the former has come to imply
the class of solutions described here, as opposed to slip=line solutions. The
upper-bound theorem has been reported (23) as being developed by Hill and also
by Drucker, Greenberg and Prager at about the same time. It states that if a
kinematically admissible velocity field can be deduced for a deformation process,
then the associated rate of work will always be greater than that for the actual
velocity field; where the actual field is that which is also statically admissible.
The working forces associated with the assumed deformation pattern, can of course
be deduced from the power and the velocity field.

Some original work in which Johnson applied the methed to plane=strain
extrusion has been reviewed by Johnson and Mellor (23). The basic assumption
was that the deformation zone was built up of triangular elements which were
chosen to be similar in general appearance to the zones deduced by slip-line
solutions. However, the material was considered to be rigid both inside and
outside these triangles, and all deformation took place by shear at the boundaries .
The upper bound inequality could then be readily evaluated in terms of the energy
expended in shear at these boundaries , and in overcoming friction at the die/
workpiece interface. In the first instance friction could be either zero or full
sticking friction ( 7~ =k). Coulomb friction could be allowed for by the now
familiar technique of assuming that the mean die-pressure associated with the
frictionless condition was unaffected by the introduction of & , but the result
would no longer be a true upper-bound. The alternative was to intreduce a con-
stant, c, such that T =ck, and the solution could then proceed as for sticking
friction.

Thomsen, Yang and Kobayashi (24) have reviewed some more recent work
by Kudo. Kudo developed a similar technique to that of Johnson at about the

same time. He considered the deformation zone to be built up of unit rectangular



deforming regions, which were themselves composed of triangular regions. As
with Johnson's method, deformation was considered to be by shear at the
boundaries, and a solution was effected by optimising the geometry.  Kudo
extended the method to the solution of axisymmetric problems by considering
unit cylindrical regions, which were again subdivided into sections which were
triangular on the plane of symmetry. In this case it was necessary to consider
the energy expended by deforming the material within the individual regions as
well as by shearing at the boundaries.

A very large volume of literature incorporating the upper-bound theorem
has been published in recent years; but it is neither possible nor desirable to
review it here, particularly so because, as discussed later, the approach has
considerably more significance for extrusion than for drawing. One body of
work which requires mention by virtue of its distinctive nature is due to Avitzur
and associates, and this has been comprehensively reviewed by Avitzur (25).
The feature of this work is that it deals with a deformation zone which is assumed
to lie between spherical caps centred on the virtual apex of the die, a zone
which is very similar to that considered by Siebel (6).

With regard to friction it may further be noted that as the upper=bound
theorem is concerned with power dissipation and not siresses, there is no direct
way in which Coulomb friction can be considered. Some work which does
appear to deal with that situation, for instance reference (26), in effect ass.umes
uniform die-pressure and therefore restates the problem in terms of constant
shear stress. However Collins (27) has recently presented a method for dealing
with Coulomb friction which involves a redefinition of the velocity boundary
conditions required to satisfy kinematic admissibility. It leads to solutions
which can be significantly in error compared with exact solutions, but does
seem to provide a better correction factor than the (1 + 44 cot « ) term, when

the exact solution for the frictionless condition is known.

2.1.3.3 Flow in a Converging Conical Channel. Shield (28) has produced

solutions to the above problem for material obeying' the von Mises and Tresca
yield criteria, each with its associated flow rule. For the latter the Haar-von
Kérmén hypothesis was also made, and for both the frictional condition was
assumed to be that of constant shear stress. Several reviewers have remarked
that ignorance of the end effects limits the utility of the analysis for wire=

drawing, and Ford and Alexander (29) in particular have noted weaknesses for
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this application. However, as for slip-line solutions, the results are of qual~-
itative interest (2). The principal interest that the work has for this review is
that it has been used as a basis for determining friction (see section 2.6),
2.1.4. Discussion

The upper~bound theorem referred to earlier has its counterpart lower=
bound theorem which is reported (23,25) as implying that among all possible
statically admissible siress fields which could cause deformation, the actual one
will be that which would require maximum power, a statically admissible stress
field being one which satisfies the equilibrium criterion. From this point in
time it is possible to categorise all genuine theories of wire-drawing s either
upper or lower~bound solutions of varying degrees of exactness, except that a
truly exact solution would be both. It Is also possible to sce that there are no
solutions at all; in the sense that it is not possible to start with the independent
parameters and work directly forward to a unique solution. That this is so with
regard to the slip-line and upper~bound methods is manifest in the manner of
~ their application, but a muliplicity of statically admissible stress~fields is not so
readily arrived at, and it is only against the background of the limit theorems
that the equilibrium method of solution can be fruly evaluated. That the equilib-
rium solution is not kinematically admissible is readily apparent. Thus the eval=-
uation is in terms of a distribution of siresses, which must be related to a distribu=
tion of strain increments through the flow rule. The summation of the strain
increments in turn gives rise to the velocity field, but as only the yield criteron
and not the flow rule is considered in the solution, it would be highly coincidental
if the resulting velocity field were valid. In comparison with this, the other
assumptions which the equilibrium approach uses are minor.

' In the simplest case, where Pi only is derived , the energy solution avoids
the mechanics of the process and redefines the problem in its own terms. However
in the presentation given by Wistreich (2) it becomes obvious that where friction
and redundant work are negligible, the energy and equilibrium approaches are
identical, and not merely in the result but also in their formulation of the prob-
lem. It may be added that as the various components, P. s P, P, are merely
additive with the energy solution, there is no theoretical way in which inter=
dependence can be incorporated.

Only when it comes to the question of redundant work does Siebel's

solution take cognizance of the actual problem, and then it is in @ manner
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cqually as arbitrary as the equilibrium method. That particular expression for

P and the energy solution can easily be separated. Wistreich (2) suggested

_s:mply multiplying equation (2.1) by a redundant work factor, and the generality
of the energy approach has been discussed by Thompson (30). Similarly Siebel
could have added the P_term to Sachs' basic equation and performed the same
manipulations to derive a distribution of stresses. Of course he was prevented
from doing this by Sachs' formal assumption of uniform stress over the cross-section,
but as noted above this assumption was implicit in the derivation of Pi.Sachs was
certainly aware of both the existence and the general dependence of redundant
work (8), and the further existence of optimum die;ongles, but was apparently

not prepared to make arbifrary assumptions to evaluate it. It is therefore difficult
to find any fundamental justification for Wistreich's (2) preference of Siebel's sol -
ution to the Sachs' and van Horn energy solution or the Sachs' equ1||br|um equation,
so selection between the theories must be on the pragm-t-:_h-c grounds of which best
predicts drawing force, and this is clearly dependent on how well Siebel's term

for Pr represents reality. Whitton (31) has shown that there is little to choose

as Pr' is overestimated at one end of the range of drawing geometries and under-~
estimated at the other.

Another feature which that publication shows very clearly, is that for the
practical range of geometries the basic homogeneous frictionless deformation force,
Pi' is the largest proportion of calculated drawing ferce in all these analyses, and
that over most of the range it is much the largest. A further point is that they all
give quite good predictions of actual drawing force, except with the combination
of high die-angle and low reduction, when the proportional error can be signif-
icant with theories which disregard redundant work. However, in that situation
the drawing force is relatively small, s;a the absolute error in predicted values is
also small.  This situation is at first sight surprising in view of the failure of the
simple theories to take account of the way in which metal actually deforms, and
it is useful to consider the difference between extrusion and drawing in order to
find the explanation. ‘

Theoretically the two processes differ only in the hydrostatic stress, and
it is fundamental to Plasticity that this would not affect either the yield or flow
behaviour of the material . Practically there are considerable differences, and
the major one is that the drawing process is restricted by the requirement that the

drawn material be able to withstand the drawing force. This ensuresthat drawing
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is in practice carried out under conditions which minimise the drawing force;

that is with small die-angles and efficient lubrication, and these conditions are
of course those which most closely represent those assumed by the simple theories.
It is therefore unsurprising that the simple solutions give quite good approxima-
tions for drawing force. An alternative way of looking at this is first to note that
the upper=-bound technique shows that the calculated working load is by no means
critically dependent on the choice of deformation zone. In these terms it is
evident (7) that over a wide range of geometries the kinematically admissible
fields are not significantly different from those assumed in the equilibrium method.
This leads to the same conclusion as previcusly. That this certainly would not
apply to extrusion may be established by considering the application of the simple
theories to geometries where % =90°. The failure of the equilibrium solution
is immediately obvious, and that of the Siebel type of deformation zone equally
so when one considers the observed phenomenon of dead-metal zones. The
obvious conclusion is that accurate prediction of drawing force is not a suitable
criterion for evaluation of the fundamental vallidiiy of a theory.

The pragmatist may therefore ask why, if good estimates of drawing force
are available from simple solutions, it is necessary to consider the slip-line and
upper-bound methods. The answer is that in part it is not necessary and that
they are most directly useful when applied to extrusion, but that even in prag=-
matic, terms they have importance for axisymmetric drawing. Thus studies of
drawing have tended to move away from the simple prediction of drawing force, -
and have concentrated on establishing the magnitude of the various components
more accurately so that the process may be optimised. In particular there is a
growing body of literature concerned with the undesirable phenomena of bulge
formation, central fracture and redundant deformation, all of which are of
practical interest. The great advantage that the kinematically admissible solu=
tions have is that they do consider the modes in which it is possible for metal to
flow, and are hence more likely to give the correct result to the above problems
than the simple approaches. In this context it may be noted that although slip-
line solutions are not directly applicable to axisymmetric drawing, it has been
shown (2) that the deformation zone in the latter corresponds in general form to
the deductions of the former. One must therefore wonder why Avitzur (see
section 2.1.3.2) has done so much work with a velocity field which although

admissible is unrealistic.
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Slip-line methods have great value in addition to the solutions which
they yield directly. Thus although they may not be applied directly to the
axisymmetric situation, theories which do freat that case may be modified for
the plane=sirain case, and checked against the slip=line solution.

Although the three components of drawing force, Pi P PF ; Pr , are not
simply additive as assumed by Siebel, it is still meaningful and indeed useful to
consider the problem in those terms. In spite of considerable confusion regarding
the applicability of an isotropic yield criterion to material in the work-hardened
condition*, there seems to be no real dispute over the use of an equivalent stress=
strain curve obtained in uniaxial tension to the case of wire-drawing. A qualifi=-
cation to this is that even laboratory metalworking processes are usually perfermed
at much higher strain-rates than are tension and compression tests; and there is
growing awareness (33) that in spite of the low strain-rate sensitivity of commonly
drawn metals at ambient temperatures, the large difference in strain-rate can
lead to significant errors in the stress=strain curve. In principle this presents «
little problem so values of Pi are easily determined. This leaves the two quan-

tities P, and Pr , and much work has centred on their evaluation.

i:As indicated earlier, Siebel's form of the energy solution does give a
value to Pr , while the equilibrium solutions ignore it. The kinematically
admissible solutions inherently allow for redundant deformation, and redundancy
factors may be deduced from the solutions. There are also experimental methods
for determining these-factors, and the subject of redundant deformation and
redundant work is discussed in section 2.2.

The treatment of friction in the theories of drawing isstraightforward in
that it is considered to be an independent parameter, described either by the
coefficient s or directly by the shear stress %, the former being the preferred
method where available. [n either case it is assumed that the value is known.
It is possible to deduce friction conditions from plasticity theory for some
ichlised surface conditions, but not realistically for boundary lubrication. The
theory of friction and lubrication is also unable to supply quantitative data, so

it is necessary to deduce # empirically. The subject is discussed fully in

* The literature of this topic is much too large to be given here, but see for

example reference (32) and others quoted therein.
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section 2.3, but it may be noted here that inability to measure s directly has
led many workers to select values which gave their theories the best correlation
with measured drawing force. This does not apply to the comparisons made by
Whitton which were discussed earlier, for he was able to use values of
derived objectively by Wistreich (17).

For straightforward estimation of drawing force to probably better than
+20%, an energy method seems to be the simplest currently available. Thus
the Pi term would be calculated from thg stress=strain curve of the material to
be drawn ond the geometry, and the friction and redundancy terms could be taken
from the literature, which is discussed in the following sections. If the proposed
draw had a large redundancy factor it might also be necessary to modify the mean

yield stress accordingly .

"2.2° " " REDUNDANT DEFORMATION

The energy approach disc ussed in section 2.1.1 assumed that the drawing

force could be separated into three components such that

P=P, +P, +P
1 r

f

and that although these were influenced by the yield strength of the material,
they were otherwise independent. Although this assumption is invalid, it can

be useful to consider just such a separation, and provided that the quantities

are re-defined slightly, the relationship becomes valid. Pi retains its original
significance as the area under the stress=strain curve corresponding to the external

strain, and P, is still the component of drawing force required to overcome the

f
shear stress at the die/workpiece interface. However, Pr is now defined as

r=P-Pi-Pf

where P and Pf are assumed to be measured and Pi is calculated from the stress=
strain curve. Pr becomes a component of drawing force which, as it arises from
neither  homogeneous deformation nor friction loss, must be caused by
inhomogéous deformation. The fact that Pf and Pr will in general be inter=
dependent does not destroy the validity of the concept. Both P and Pi may be
readily obtained, which in practice leaves two unknowns, and obviously

measurement of either automatically leads to the other.
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Until recently the situation was clear. Inhomogeneity of deformation
was expressed as a redundant work factor @ , which was used to multiply the
expression for drawing force with homogeneous deformation. For the expression

given in equation (2.1), the drawing force with redundant deformation became

P:Aijﬁ(h/ucot&)ln(AglAﬂ (25)

The fact that @ operated on the friction term should not be taken as necessarily
implying that Pr was dependent on Pf , as the possibility that @ varied with

4 was recognised. In this context it may be noted that statements in the
literature that redundant work was or was not dependent on_u« can be ambiguous.
For instance if a particular statement meant that & was independent of & , it
follows with equation (2.5) and most others that Pr was dependent. It will be
clear that for given values of P, Pi " PF and Pr , the calculated value of @

was dependent on the particular theoretical expression which was to be corrected,
and four methods were available for its evaluation. For the plane-strain friction=-
less case (5) the drawing force could be calculated by slip=line methods, and its
ratio to A Y In (AZ/AI) became @ . Clearly this could have also been done
using the other theories, but the exercise would have been pointless as the
equilibrium solutions would merely have given @ = O, and Siebel's solution
predicted Pr directly. Secondly, P and PF could be measured (17), the corres=
ponding value of & calculated, and values put into an expression such as
equation (2.5). The resulting value of @ would clearly give correct values

of P for the conditions of the test and the theory selected for correction, however
incorrect the basic theory, but the method was rare because of the difficulty of
measuring Pf. fhirdly , P could be measured under conditions where Pr was
considered to be negligible, and the corresponding value of Pf and hence of
was calculated. P was then measured again under conditions where Pr was not
negligible, and by taking the previous value of 4« , Pf and then Pr and then @
could be calculated. In this case the value of @ would again be offected

by the particular theory which was to be corrected, but its validity would also

be subject to the accuracy of the original assumptions that Pr was negligible in
certain cases and that x was constant between tests. The fourth method
involved performing stress=strain tests on drawn material and comparing the
resulting curve with that for undrawn material. It was observed that if the curve

for the former was plotted from a base corresponding fo the equivalent drawing

strain, In (A2/Al)' it rose above that for the latter. It was then moved in
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the direction of increasing strain until the two curves fitted.  The amcint by
which the curve had been moved was taken to be the average redundant strain,
and Pr was calculated as the area above it.

Atkins and Caddell (11) have recently drawn a distinction between
redundant work factors and redundant deformation factors. They pointed out
that the first three methods gave rise to work factors, in that @ was a coefficient
which was used to make calculated forces agree with measured ones, and that as
indicated earlier, the value was specifis: to the theory which was being corrected.
However, the fourth method gave deformation factors, in that it indicated the
mean redundant strain suffered by the material, and this value was independent
of any theory.

Since then further definitions of redundancy factors have been reported (4)
and this field is in a state of flux. According to Johnson and Sowerby (4) two
papers on this subject are to be published shortly, one of them being a critical
review, and in this situation it would be pointless to attempt a further evaluation
here. For this reason again, references have not been quoted in the preceeding
discussion, and the interested reader should consult references (1) and (4)for
additional sources.

Although there is no doubt that the deformation factor described above is
fundamentally more valid than the work factor, there seems to be no objection
to use of published values of the latter (2, 34) for the prediction of drawing force,
provided that they are combined with the appropriate analyses. Alternatively,
values of deformation factors (11,35) may be used if it is desired to use the
energy solution. [In this connection it may be further noted that Atkins and
Caddell (11) have developed the equilibrivm approach so that account may be
taken of both strain-hardening (see section 2.1.2) and redundant deformation.
Both are assumed to develop monotonically through the deformation zone, and to

exhibit no discontinuity at either entry or exit section.

2.3  DISCUSSION OF FRICTION

As indicated in section 1, there are fundamental grounds for supposing

that the classical concept of Coulomb friction may not be applicable to metal-
working situations. It is nevertheless valid to describe frictional conditions in
terms of 4 , provided that it is regarded merely as a ratio of stresses which
has no fundamental significance. Not only is this valid, but it has definite

advantages. Thus although M may not be a constant, the friction force does
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seem to be strongly dependent on applied pressure, and it provides a convenient
method for describing and comparing the results of experimental investigations.
However, the concept of siress is equally as abstract as that of 4 , s0
the definition ¢ = Z /o is unhelpful although valid. If the stresses are
assumed to be uniform over a small element § As of a surface areu As' then a

mean coefficient of friction may be defined as

ﬁf
% L As (2.¢)

/“' .-ﬁs

Alternatively the mean coefficient of friction may be defined in terms of the

total forces F and Q which arise from the stresses 27 and <

A
= -[ T dﬂ; (2.7)

/a -

Ow

It is clear that the two results are identical when either o or = /o are
constant, but not in the general case. It might be supposed that it would be
necessary to distinguish symbolically between the two, and also between these
and the basic definition of = /o . However measured valuesof 4 almost
invariably refer to equation (2.7 ) for metalworking generally, and invariably
so when numerical values are given in this thesis.  The theories of drawing
consider 4 at individual points, so values derived from comparison of experi-
mentally and theoretically determined drawing force (see section 2.6) refer to
equation (2.6 );. but no dichotomy is introduced because the theories regard u
os constant.  Therefore no symbolic distinction is made between the two defi-
nitions, and the basic definition is also not distinguished, because as observed
earlier it has no real significance. " One further usage of the symbol « may
be noted, and that is where it is used to indiccte friction conditions generally.
Thus, expressions such as "determination of « " should in the first instance
be understood as referring to friction generally, whatever form it happens to
take, but in practice it will usually revert to evaluation of the mean.

It was indicated in section 1 that the range of values of 4 obtaining
in wire=drawing was broadly agreed, and the results of some investigations have

been summarised in Tables 2.1(a) and 2.1(b). Similar tables have been pub-
lished by Wistreich (2) and Gerds and Boulger (39), but more prominence has
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been given here to fundamental investigations. Wistreich (2) has suggested
that likely ranges of « are 0.01 to 0.05 for soap and 0.08 to 0.15 for oil;
but since then more data has become available and taking account of the short-
comings of many of the methods of derivation (sce section 2.6), this author
suggests 0.02 to 0.05 for soap and 0.06 to 0.12 for oil.

It will be observed that the range of parameters covered in the tests is
large, and comparison of results between investigations is exiremely difficult,
indeed, so is comparison of results obtained within a single investigation. The

reason for this is that the parameters of the drawing process are rarely separable,

but are closely interlinked. So much so that it becomes difficult to follow the
classic experimental method of varying only individual parameters, in fact with
regard to the study of friction it seems to be impossible. Thus a feature of
experimental results which is frequently discussed is whether or not . is
pressure dependent, in other words whether or not Coulomb's Law applies, and
support for both viewpoints appears in the literature. Quite apart from the ques=
tion of the validity of the results on which such conclusions are based, it would
seem essential that for a serious study of this topic tests were performed in which
& was determined with the normal pressure as the only variable. With con-
ventional friction testing such as pin-on=-disc techniques this would be a simple
matter, but it cannot be done directly in the drawing process. One method
which has been used is to vary the die=angle with which a particular draw is
effected, but this could clearly affect the amount of lubricant drawn into the

die. An alternative method is to perform geomeirically identical draws with

 material of differing yield strength, but differences in the behaviour of the

lubricant could then be expected where the lubrication regime was boundary,
and this is thought to apply at least in part to most drawing operations (see
section 2.4). A more reasonable approach is to use the same material but in
differing states of hardness, and even here it is not entirely certain that the
results would be directly comparable. The danger that the pre=ireatments might -
lead to variations in surface texture could in principle be overcome, but the
angle of incidence between ingoing material and die is not a function solely of
external geometry, but is also influenced by features such as 'bulging' and
1sinking-in'. Furthermore it is not clear that the—behevieureof the surface
asperities of the previously hardened material would behave in the same way as
those of an annealed specimen. This line of argument could be extended to

the interdependence of other features which could affect friction conditions,
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but the object has been simply to demonstrate that there is little conclusive
evidence on which the mechanics of friction in drawing might be formulated.
This should become even clearer when the n;ethods available for itsstudy have
been described.

At first sight it might appear that the previously quoted ranges of values
within which 4 probably lies are narrow enough for practiﬁul purposes. The
danger here is one of thinking that because . is small relative to unity, large
percentage variations become unimportant. It can be readily shown that because
of the small values of ¢ generally used in drawing dies this is not so. Consid-
ering equations (3.1) to (3.3) and Figures 3.1 and 3.2, equation (3.2) may be

re-written in terms of the components of drawing force Po and PF

/U- = ’q' Fan o = .ff Fan o . (2.8)
CP-Pr) R

Po should not be confused with the quantity Pi used earlier, although PF and P't

do have the same significance. A die semi-angle of 7° was used in the experi-
mental part of this investigation, and Figure 2.1(a) was drawn from equation

(2. 8) using this value. This shows the relationship between « and PF/ P,

and it will be seen that at a value of 0.05, friction accounts for 30% of the total
drawing force, and at 0.12 the proportion rises to fully 50%. It should be noted
that this relationship is absolutely valid. Although the actual values given to

M on this curve depend on its definition as F/Q, the values of PFfP correspond=

ing to the physical conditions represented by particular values of x when
defined thus, do not.

This is not to say that if an operation subject to a value of « of 0.12
were to be rendered frictionless, there would necessarily be a corresponding
fall in drawing force of 50%. However, if the assumption is made that the
die-pressure is independent of & , and it will be recalled that this is equiva-
lent to introducing the (1 + i cot & ) term to allow for friction (see section
2.1), then Figure 2.1(b) may be drawn. This shows the increase in drawing
force attributable to an increase in _« , and although it probably overestimates
the dependence of P on _a , it is unlikely that it does so sericusly.

It can be seen from this figure that the ranges of values previously quoted

for _ correspond to a range of indeterminacy of drawing force of 20% for soap
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and 30% for oil. Thus even in the pragmatic terms of predicting drawing force

it would be desirable to be able to specify u more closely. In terms of the
other theoretical objectives discussed in section 2.1.4, and of reaching full
understanding of the basic mechanics of the process, it becomes even more
important. In this context it seems that what is really required is an experimental
method of determining shear and normal stresses throughout the deformation zone,
 rather than simply ¢ . If this could be done there would be a scund basis on

which to evaluate theories of drawing.

The general situation with regard to studies of friction in metalworking
has been admirably described by Wistreich, and the following quotation is from
a summary made by Capus (40) of his remarks.

" Ininvestigations of the subject of friction there was danger that
the conceptual model was oversimplified: many of the generaliza=
tions drawn from experiment or theory were quite unwarranted.

The coefficient of friction (/u-) was but a ratio of forces, an index
of the condition of a complex system at the time of observation.
As such, it was highly specific to the place and circumstances in
which it was measured. In applying the coefficient of friction in
metalworking problems there was a tendency to regard it as a

material property, which it was not.— — — — — - —

In the measurement of u the soundest course in Dr. Wistreich's
view was the direct measurement of the relevant tangential and
normal forces in the very process under investigation: it was
experimentally the most difficult and therefore had been used least.

Dr. Wistreich claimed that all other methods invo ked mathe=
matical models of the process with varying degrees of verisimilitude,
the coefficient of friction being extracted as the residue that could
not be accounted for in any other way. Just how good such a
method was depended not only on the accuracy of the mathematical
model, but also on what part friction played in the model and =
equally = how it was affected by errors in the measured parameters.

————————— he did not wish to decry such indirect methods,
which usually had the virtue of great experimental simplicfry. His
criticism was that, in his view, investigators rarely carried out a

critical analysis of their mathematical model to establish the degree
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of confidence to be attached to the resulting values of & .
During his own lifetime the coefficient of friction had been
reduced by a factor of 10 ~ representing refinement in the
mathematical model rather than improvement in the frictional

conditions: "

2.4  THEORY OF FRICTION AND LUBRICATION IN DRAWING

Although the investigation described hefe was not aimed directly at

achieving an understanding of the mechanics of friction (see section 1), it
seemed wise to take account of the ver:' considerable quantity of work which had
been done on friction phenomena in general. The acknowledged authorities
on friction (41) were consulted, together with some other work (42), and in
addition specialist papers on lubrication in drawing (43,44,45) and on friction
and lubrication in metalworking generally (46, 47, 48, 49) were studied. A
number of the latter group (48,49) were found to be concerned almost entirely
with simulative tests, which are discussed in the next section. The general
impression obtained was that although the mechanisms were quite well understood
qualitatively, friction and lubrication theory could give little quantitative assis-
tance when it came to ascribing the value of & to be expected from a particular
combination of drawing parameters. The exception to this was the case of draw-
ing with thick-film or hydrodynamic lubrication, which is a technique developed
from the work of Christopherson and Naylor (50). This was regarded as being
inapplicable to conventional drawing, and the literature was not studied in depth.
With regard to conventional drawing, the consensus of opinion was that
the lubrication regime was boundary, with a certain amount of the dry friction
often associated with that state, and in addition it was possible for hydrodynamic
effects to appear at unusually low speeds. It was also possible to induce extra
throughput of lubricant by grit-blasting the surface of the workpiece (43, 44).
The point here was that once the lubricant entered the deformation zone it was
forced to proceed irrespective of how high the working pressure became, and
that as the high points of the asperities were smoothed out, the lukricant which
was trapped in the troughs would be squeezed out to cover a larger proportion of
the surface. It seems likely that some such mechanism would operate even

where the surface had not been artificially roughened.

2.5  SIMULATIVE TESTS

The existence of these was briefly referred to in the previous section,

but there are in fact a wide variety of them available. Their common basis
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is that some metalworking operations, notably that of simple compression, are
more readily analysed and controlled and have fewer variables than processes
such as wire-drawing and extrusion.

It is well known that friction between test piece and platens produces
inhomogeneous deformation in the compression test , and raises the load required
to produce a given strain. Provided that the stress=strain curve of the matcrial
is known, it is possible to deduce the coefficient of friction from a comparison of
load/deflection curves obtained experimentally with these predicted theoretically
(51). A fundamental drawback is thaf°the stress-strain curve will itself have been
derived from a compression test, and will therefore have been some inherent
friction error. In practice a variety of techniques are available for reducing this
error, and these are the sele ction of suitable initial geometry, incremental load-
ing and relubrication with P.T.F.E., and exrrﬁpolation of results to infinite aspect
ratio. It therefore seems likely that where the inverse geometry is chosen for the
friction test, and where a high friction condition is being studied, little error
would result. However this might not be the case where friction was low, as it
would be expected to be in any test which adequately simulated wire~drawing.

Developments of this concept have been aimed at removing the need to
know the stress=strain behaviour of the material, and a group (52 - 55) of methods
relies on measurement of change of geometry during compression.

It may be noted that the compression process is non-steady state, and
that it is generally difficult to deduce variations in w4 throughout the duration
of the test with these methods. Male (54) and Shutt(55) appear to have done so
with some success, but the methods which they have used assume that the situa=
tion at a given instant is unaffected by the previous history. It seems unlikely
that this is strictly true in compression testing, but in practice the error thus
introduced may be small.

Vershchagin et al (56) have used a technique of contra-rotation of the
compression platens with simultaneous measurement of applied load and torque.
This experimental technique had earlier been used by Bridgeman (57) and Boyd
and Robertson (58), but the particular application used by those workers was
irrelevant to the topic being discussed here. Lauterbach et al (59) used a
similar system, but in their investigation the specimen was totally enclosed.

Shaw et al (60) rotated a Brinell hardness test specimen under the indenter. A
modification to the rotational technique was made by Ling and Peterson (49), who

compressed a thin foil between one wide and one narrow anvil. The narrow
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anvil indented the foil, and the tangential force required to slide the narrow
anvil and foil over the wide anvil was measured. In the two latter investigations
it appears that the deformation was first imparted to the specimen, and friction

‘measurements were then made, rather than being made continuously during the
progress of deformation. However the published accounts are not completely
unambiguous on this point.

The most fundamental study of friction in plastic compression was made by
Pearsall and Backofen (61), with the pin-load cell technique. They used two
pins, inclined at differing angles to the surface of the platens. This enabled
them to measure the distribution of both shear and normal stress across the test
piece. They found that_«t varied from point to point a.t:;?rc:in increment, and
also from increment to increment at each point.

Although these simulative tests are of great interest to metalworking
generally, and to forging particularly, this author considers that the results are
not directly applicable to drawing because the conditions are dissimlar between the
two, and this opinion has also been expressed in the literature (40),  Thus com=
pression testing is a non-steady but slow speed process, while wire=drawing is
relatively high speed but steady-state. Apart from speed effects, the greatest
difference is probably that with a single exception (49) deformation in the simula-
tive fests takes place over a particular portion of surface, but in drawing, fresh
surface and fresh lubricant is continuously drawn into the deformation zone. Even
with the exception the authors do not report that speed of displacement was used
as a variable parameter, or that it was other than very small .

The difference in conditions is well illustrated by one of the above men=
tioned techniqués (55), which is based on measurement of the diameter at which
sticking friction occurs. This situation is clearly not representative of drawing
conditions. In this situation it seems best to regard any correspondence which
may cxist between values of s« obtained in compression tests and these in drawing
tests as fortuitous. This does not deny the possibility that there may in fact be a

correlation, but there is at present little evidence on which one might be formu-

lated.

2,6 DETERMINATION OF FRICTION IN DRAWING

Where neither the theory of friction and lubrication nor simulative tests

are able to furnish suitable values of w , it clearly becomes necessary to

measure it in the process itself, and this presents considerable difficulty. The
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basic problem is that in conventional axisymmetric drawing, the resultants of
both the pressure and friction forces (Q and F, see Figure 3.2) are oxial and

directly additive. Resolution of forces gives

P=Qsine + Fcos o (2.9)

in which there are two unknown forces, Q and F, which cannot be separated
merely by measuring the drawing force P. The basis of the most frequently used
methods is merely that another relationship must be established before the two can
be separated.  As discussed in section 2.1.4, the coefficient of friction is an
abstract quantity which must be interpreted in terms of some physical and math-
ematical model before it can be evaluated, and the methods which are described
below use a variety of such models to derive the additional relationship which is
required. However, this author sees a clear distinction between those methods,
such as thesplit-die technique, which are based on a simple model involving only
the static equilibrium of forces, and others which use a model founded on the Theory
of Plasticity, particularly so where the theory is applied in an arbitrary and incom=
plete manner.

In the following review, the parameters and results of the various investi=
gations are not described, except where it is necessary to do so to make a specific
point. The reasons for this have been outlined in section 2.1.4, and those results
which seem to this author to be of most interest have been summarised in Table 2.1.

2.6.1 Comparative Studies

Methods described in this section ignore equation (2.9), and derive a
completely separate relationship wherein_w« is the only unknown. Thus the

theories of drawing yield solutions of the general form

P.=f(A] ¢t Ty Y' ol ;/Olv ) (2.]0)

and although the kinematically admissible solutions do not give such direct

results, they do consider the same parameters. Values of »"—\1 ,r,and « are

geometrically defined, and Y may be measured in a uniaxial tension test. If P
is then measured, « may be evaluated according to whichever particular form

of equation (2.10) is preferred. Within this general approach there are a number

of variations.

2.6.1.1 Directly from Theory := This group of investigations followed the approach

described above exactly, and they are well illustrated by Sachs' original study(9).
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_ This led him to equation (2.3) in which he inserted values measured
experimentally, and thereby calculated a value of 44 of 0.21, which is much
higher than is normally accepted nowadays. One of the justifications put for=
ward for this technique is that it frequently appears to give the same value of
4+ over a range of tests, and this coincides with classical ideas of the nature
of friction. The fact that often it only appears to do so is related to the point
made in section 2.3 about the possibility of overlooking proportionally large
variations in _w . This is also shown by Sachs' results.  Thus he plotted three
experimental points, corresponding to different reductions of area, against theo=
retical curves for different values of 4« .  These points appeared to lie closely
about a curve corresponding to the value of 0.21 quoted above, but as far as
can be judged from Sachs' presentation, the small deviations from the curve
actually correspond to a range of 0.17 to 0.26. However no criticism is made
of the adoption of a mean value, for this was certainly preferable to the inter=
pretation of the results as showing a specific relationship between 4« and
reduction of area.

Many investigators have used this approach, frequently in order to obtain
verification of a theory which they had developed, as described above for Sachs.
It would be tedious to quote all these, but the method has also been used for
comparative evaluation of lubricants, and was particularly popular with German
workers in the 1950's who naturally favoured the use of Siebels theoretical
expression. Some such investigations which appear to be of value by virtue of
their breadth of coverage are listed (62 - 66), and some of their results appear in
Table 2.1. It is obvious that if the values of 4 which those investigations
obtained are put back into the theoretical expressions which were used in their
derivation, good predictions of drawing force should be possible, provided that
the experimental parameters are also similar.

It is clear that when 4 s derived in this manner it is no more than a
coefficient of compensation for shortcomings of the original theory, and it has
no fundamental significance. This is not to deny that such studies were worth=
while when fundamental determinations were not possible, or even when these
are possible, but are complicated and difficult to apply to realistic metalworking
situations. However the results should be inferpreted merely as giving informa=
tion about drawing force, in an abbreviated manner, rather than describing

behaviour at the die/workpiece interface. The most telling comment on this
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method of derivation was made by Wistreich (40) and has been quoted in section

2.1.4.

2.6.1.2 Allowing for Redundant Work:~  As discussed in section 2.2, the un=

knowns of the drawing process may be regarded as being friction and redundant
work, and measurement of either is sufficient to define both in terms of drawing
force. It is well known (8, 2, 31) that the eciuilibrium solutions fail to take
account of redundant work, and that Siebels solution overestimates it (31) over a
wide range of conditions. Attempts to derive _« from these or similar equations
by the method described in the previous section, will therefore result in over or
underestimates, the size of which will be related to the difference between the
actual and theoretical magnitudes of redundant work. It is universally accepted
that redundant work is least with small die-angles and large reductions of ared,
and it may be supposed that the equilibrium solutions would be most reliable for
those conditions. Several investigators (34, 67, 68) have taken advantage of
this, and have used the method described in the previous section, but in this
region where it is probably most reliable. In fact these investigations were
concérned primarily with evaluating redundant work, and this was done by assuming
that values of x were constant between different reductions of area. This may

well be true, but this approach cannot be used to confirm it. However redundant

work has been discussed in section 2.2, and is of no concern here.

This approach is the same as that described in section 2.6.1.1, but as it has
been applied more realistically it seems likely that the results will also be more
realistic. However, it should be noted that even if the basic assumption that
redundant work is-negligible at low die-angles and high reductions is correct, the
resulting values of 4 will still be dependent on the basic validity of the theory
from which they are derived. The parameters and results of the above mentioned
investigations are given in Table 2.1, but only for the low & and high r tests.

The converse approach of determining redundant deformation factor (see
section 2.2) and thereby deducing Pf has not, to this author's knowledge, been

used.

2.6.1.3 Optimum Die-Angle := It is well established (2,8,38) that for any pro-

posed combination of geometry, material, and lubricant, there will be an optimum

die-angle which will give the minimum drawing force. This arises because the
components of drawing force, PF and Pr , have opposed dependencies on die-angle.

Evans and Avitzur (69) have carried out drawing tests to determine the value of
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this optimum, and have interpreted their results in terms of both_w and the

shear factor c.  Their analysis depands on a theoretical prediction of redundant
work, and for this they have used the theoretical treatment of Avitzur (see

reference (25) and also sections 2.1.3.2 and 2.1.4). It is therefore not clear
where their investigation differs in principle from the general approach discussed

in section 2.6.1.1, except in being considerably more inconvenient experimentally.
Furthermore it has been shown (17) that although a definite minimum does occur,
drawing force is by no means critically dependent on die angle, and the selection

of the minimum value must therefore be somewhat arbitrary .

It must be added that the authors do not share these reservations about
their investigation, for they are sufficiently confident of their results to quote

derived values of « to four significant figures.

2.6.1.4 Measurement of Distortion := Where a theory of drawing can be used to

predict the inhomogeneity of deformation, comparison with measured inhomeg;:ify
may be used to determine friction. In principle this is identical with the previous
techr)iques in that the validity of some theory must be assumed, and the accuracy
of the results are clearly dependent on that validity.

The inhomogeneity produced by axisymmetric deformation can be expressed
as the distortion of an orthogonal grid imposed on a meridian plane. The measure=~
ment of such distortion has been used very exiensively for the study of extrusion,
under the title of Visioplasticity (24), but not as far as this author is aware for the
purpose of determining friction. The method seems to have been but little applied
to drawing, and then only to tube-drawing (70). This is probably associated with
the very much greater difficulty of preparing suitable drawing specimens.

The only application of the technique of distortion measurement to the
measurement of friction in drawing, of which this author is aware, was made by
Wells (71), who used Shield's theory (28) to evaluate the results. Quite apart
from the question of the applicability of that theory, which is discussed in section
2.1.3.3, the method seems to have involved considerable practical problems.
Considering a grid=line cut across the meridian plane, Shield's theory predicted
that the departure from linearity, measured as the distance of the mid=point from
a straight line between the ends, which would be caused by drawing through a
frictionless die of the geometry used by Wells, would be about 'IO-4 in. Measured
values were about 10"3 in. This clearly presented a considerable metrological

problem, but values of M of 0,03 to 0.18 were found, and as this covered a range
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of lubrication conditions from full hydroedynamic to dry friction, it appears that

the investigation was fairly successful, but the absolute accuracy of the results

is of course unknown.

2.6.1.5 Back=Pull := The basis of this system is that when back=-pull is applied
to the material being drawn, the required drawing force increases, but it does

so by less than the amount of the back=pull. . The explanation seems to be that
the addition of back=-pull reduces the die~pressure necessary to cause deformation,
and that this in turn reduces the shear stress atthe die/workpiece interface. Lunt
and Maclellan (72) derived an expression for the 'back~-pull factor' which
involved e but not the yield strength of the workpiece.

This technique for the determination of 4+ appears to be more fundamental
than the others so far considered in section 2.6, and it is not in fact certain that
it should be grouped here. In the late 1940's. the method was considered to be a
solution to the longstanding friction problem (3) and several investigations (36,
62) were subsequently carried out. However it seems to have fallen into disrepute,
and Wistreich (2) has summarised the weaknesses. For this reason the method was
not considered further, but it may be noted that Pawelski and Lueg (67) have used

a variation of this technique which involved 'back-push’.

2.6.2 'Steckel=Drawing'
According to brief reports available from some sources, Ya Veiler et al

carried out a substantial amount of work on friction and lubrication in wire=-
drawing, in the U.5.5.R. in the 1950's. Fortunately this has been reviewed by
Likhtman et al (73). According to those authors, and Likhtman was associated
with the original publications, the work was in fact strip-drawing. The system
which was used was to initially draw through freely rotating rolls, and then to
fix the rolls. The friction force on the tools wes taken as being the difference
between the two forces. |

This work, and the technique, were not further considered.
2.6.3. Split-Die Technique

This method was first suggested (3) and used (17, 36) for axisymmetric

drawing, but it is instructive to consider the plane-strain case first. When
drawing through wedge-shaped dies there is a side thrust on the dies which tends
to force them apart. If the magnitude of this force, at right angles to the

direction of drawing, is denoted by S, then resolution of forces in this direction

gives
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25=Qcos & < Fsin e _ (2.11)
Q and F are the total normal and friction forces ;)n both dies. Resolution

in the longitudinal direction yields equation(2.9) again, for a drawing force P'.
This gives the extra relationship which was sought, and if P and S are measured,

then 4 may be easily evaluated as F/Q.

This technique has been used extensively in conditions of zero or low
reduction of area and relatively low die-pressure, which probably simulate con=
ditions in deep-crawing well, but are of no interest here. Another investigation
(43) did use substantial reductions, but the authors pointed out that their method
of calculation of . relied on an approximate theoretical solution and the results
could only be regarded as comparative. The reason for this was that they used
cylindrical dies, and with those the distribution of stresses must be known before
the reaction forces can be resolved into their components. ‘

Rogers and Coffin (74) used the split=die technique with wedge-shaped
dies, and were therefore able to make use of the exact analysis associated with
equations (2.11) and(2.9) . However the primary arca of interest in their
inves.tigaﬁon was the subject of structural damage, such as the formation of
central cracks, and the effect of hydrostatic pressure. Their results are therefore
of very limited interest as a study offriction, and are not quoted here.

Green (5) showed that the derivation of 4 was critically dependent on
accurate measurement of the experimental parameters, particularly of o , and
two major investigations (44, 75) which were made using the split-die technique
took account of this factor in different ways. Lancaster and Rowe (44) used the
plug-bar technique, in which two strips were drawn simultaneously through the
dies, separated by the plane-sirain equivalent of a tube drawing plug-bar. By
measuring the pull on the plug=bar as well as the drawing force and die-splitting
force, it was possible to evaluate 4« between die and strip and also between strip
and plug-bar. The latter corresponded to & = O, so the sensitivity of the
evaluation to errors in ¢ was eliminated. Pawelski (75) used inductive probes
to detect elastic movement of the dies during drawing, and was therefore able to
correct for this factor. Both of these investiations must be regarded as signifi=
cant fundamental contributions. The only adverse criticism which this author
has is of Pawelski's conclusions regarding the dependence of « on die-pressure.
He made no allowance for bulging, but most of the hichend of the pressure range

which he claims to have covered, was in a range of reductions where this feature
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could have been expected to reduce the actual pressure below that derived by
considering only the reduction of area and die angle. Of course this would
not affect the magnitudes of the derived values of _« , but merely their depen=
dence on die~-pressure. The results of these investigations are summarised in

Table 2.1,

In order to apply this technique to axisymmetric drawing it is necessary
to use a die which is in two pieces, split along a meridian plane and then clamped
together, and this is in fact the form in which MacLellan (3) first suggested the
technique. The equation for . becomes slightly different from that for plane
strain because of the altered geometry. If S is the splitting force, then

-7
/M-r.- P-xStanct = f‘an/f'an (—-?) o / (2.12)
A

/ofch“- * x5

It should be noted that both of these forms of the equation have been incorrectly
reproduced in the literature (3, 17), although both authors usgd the correct forms
in their experimental work. The first application of the method (36) was unsuc=
cessful, and the explanation given by the author was that lubricant penetrated the
split and gave rise to additional forces of unknown magnitude. Wistreich (17)
used the method successfully in what is probably the single most authoritative
investigation of wire drawing. In this application he followed the general approach
used earlier (36), in which the die was first held together with a force greater than
the expected splitting force. The holding force was applied through a compression
spring, and this was gradually released until the two halves of the die started to
separate, at which point the holding force was taken as being equal to the split-
ting force.

Although this investigation was completely satisfactory the technique was
rather cumbersome, and as equilibrium was lost as soon as the dies started to
separate (36), it could not be adapted for continuous measurement. A further
problem with continuous measurement is that the two halves must be held tightly
together if lubricant and metal are not to penetrate the split and alter both the
process and the measurements. This implies that the holding force must always
exceed the splitting force, and unfortunately the system then becomes statically
indeterminate. In that situation the splitting force would have to be deduced

from the elastic strain in fhe die, and the considerable problem of calibration,

which is discussed in the next section, arises. Nevertheless Yang (37) has used
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this system, although he did not indicate the method of calibration.,

2.6.4 Measurement of Hoop=Strain

This method of determination makes use of the same analysis as the split=
die technique, but it uses a conventional one-piece die, and deduces the splitting
force from measurement of the hoop strain in the casing. The dominating problem
with this fechnique is that of calibration. Two investigations (76, 77) are known
to this author, the first being of wire-drawing, and the second of axisymmetric
plug-drawing. In both, the calibration procedure involved admitting hydraulic
pressure to a sealed portion of the die. The maximum pressures which were used
were 104 and 12 x 103 ll::i"/l'n2 respectively, and substantial extrapolation was
necessary. Apart from this difficulty there are two fundamental sources of error.
Firstly, a hydrostatic calibration involves the assumption that the die-pressure
in drawing is uniformly distributed, and secondly, the nature of the pressure seals
which must be used make it extremely difficult to ensure that the calibration
pressure is applied over the correct part of the die. Indeed, it becomes
extremely difficult to determine just where it is applied, and for the calibration
to be made in terms of splitting force it is clearly necessary to know the area of
application.

Majors (76) used a very low angle die, ®& = 1°, and although this clearly
eased the problem of calibration, it would seem to make his results unrepresenta=-
tive. One source (78) indicates that Kanaev and Ya Veiler (79) have also
used this technique, but this author has been unable to check that report.

Kenny (80) has published a theoretical method of calibration for dies

used in the tube sinking process, but this has not to this authort knowledge been
applied experimentally .

2.6.5 Rotating=Die Technique

Die-rotation has been used industrially from time to time for such
things as evening out die wear, and removing the tendency of wire to 'cast',
but this aspect is of no consequence here.

The method by which die-rotation may be used to measure friction is
described in detail in section 3 , so a brief explanation suffices here. In con=
ventional drawing the path through the die of a particle at the surface of the bar
is directed towards the virtual apex. Introduction of die-rotation gives such a

particle a circumferential component of velocity relative to the die, so that its
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resultant relative velocity swings away from the apex. The direction of the
friction vector will therefore also swing round, and will in fact account for the
torque which die-rotation would be expected to require. However, provided
that the magnitude of the friction vector remains unchanged, there will be an
accompanying reduction in drawing force. The die-pressure, being by defini=
tion normal to the plane in which these velocity changes take place, will not be
cffected by them from the point of view of the dynamics of the situation, but the
change in conditions may of course produce a change in the deformation behavicur
of the material.  However, if this does not happen, and this point is discussed
at length in section 10, it should be possible to deduce the friction conditions
either from measurement of torque or of reduction in drawing force.

The method was broughtto this author's attention by the work of Moore
and Wallace (81) who studied tube-sinking . They used a modified version in
which the die was oscillated around its longitudinal axis, but they pointed out
that continuous rotation was a more suitable experimental technique. Research
uncovered a substantial history of the technique. The original and in many ways
the most thorough application was by Linicus and Sachs (82), but they measured
only the reduction in drawing force. The analysis whichtheyused is presented
in section 3.1, with a slight modification for an inconsistent freatment of the
velocity at the surface of the bar, and an equally slight extension to allow eval-
vation from measurement of torque. Their results are given in Table 2.1, In
the same year Greenwood and Thompson (83) discovered that die-rotation caused
a reduction in drawing force, and later published a full account of their work
(84), which did not include evaluation of friction. - They claimed forcefully
that their results disproved the basis of Linicus and Sachs' analysis, but their
approach was completely empirical and they showed little appreciation of the
mechanics of die-rotation. This author finds, with a single exception, none of
their results inconsistent with the basic mechanism proposed by the originators of
the technique. The exception was one test which showed a slight increase in
drawing force with die-rotation.

Since then several workers (85, 86, 87) have observed reductions in
drawing force associated with die-rotation, but have not evaluated friction from
them. The last of these three publications includes a diagram which seems to
show an increase in drawing force with die-rotation, for some speed parameters,

but does not discuss it in the text. .
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Nishikara et al (88) performed rotating-die tests, and evaluated friction
from measurements of both reduction in drawing force and torque. They used a
die with a curved profile, and the object was to obtain a value of w with which
to check their theory of drawing with curved dies. In their analysis they assumed
a distribution of die-pressure which was predicted by their theory, and constant
M . These assumptions were similar to those made by Linicus and Sachs, but
they also introduced a theoretically predicted magnitude of die-pressure, in terms
of the yield strength of the workpiece, into the analysis. It is exiremely tempt=
ing to do this, as this author found when developing the analysis given in section
3.2, but it must destroy all merit which the rotating die technique has. For it
adds the shortcomings of the theoretical derivations described in section 2.6.1,
to the possible disturbance of the process caused by die-rotation.

Rothman and Sansome (8%) have modified the original analysis slightly
and determined w« from measurements of both torque and reduction in drawing
force. This work is in fact that comprising the Series | tests described in secticn
9, and will be discussed there.

Intuitive considerations suggest that die-rotation might cause some
permanent torsion of the workpiece. The only reference to this in the literature
is by Lietzmann and Eichner (87) who said that metallographic tests on cross-
sections of wire drawn with rotating dies showed no movement of material in the
circumferential direction.

2.6.6 Die-Pressure

Several investigations have been concerned with evaluating die~pressure
rather than friction, but in terms of finding an extra quantity so that equation 2.9
may be evaluated , there is clearly no difference.

Photoelastic techniques have been used (90, 91) for plane-strain drawing.
The former deduced only die-pressure, but the latter studied shear siress as well .
However, the materials which must be used for photoelastic investigations render
them without interest as a source of practical metalworking friction information,
although they are of obvious interest in the wider context.

Veys (92) has used a development of Majors (76) method of measuring
hoop strain. For this he used a thin-walled die, with a series of steps on the
outside. Each of these steps had a backing ring pressed onto it, and these rings
were separated by P.T,F.E. sheets. The hoop strain could be measured at the

periphery of each ring. The biggest practical problem was the liability of the
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die to fracture, and the biggest technical problem that of calibrating the strain
measurements. In fact a theoretical calikration was used.  The material was
copper, and lubricants were sodium stearate and also graphite in tallow. Derived
valves of s were generally between 0.02 and 0.03, but the extreme range
included some slightly negative values.

The pin-load cell technique has been.applied to axisymmetric drawing by
Gokyu et al (93) and Pawelski and Armstroff (94). The former used a conventional
system with a number of pins posiﬁone%normal to the surface, and determined
distribution of die pressure, but did not calculate i from the results. The method
used by the latter precluded the possibility of measuring shear stress directly by the
Pearsall and Backofen (61) method, for the pins did not contact the werkpiece but
measured the deflection of thin parts of the wall of the die. This clearly had
advantages from the point of view of removing several problems normally encoun-
tered with pin-load cell techniques. The investigation was primarily concerned
with tube drawing, but values of s were derived for steel bar with ropeseed oil,
and these ranged between 0.015 and 0,04, the smaller values occurring at larger

reductions.

2.6.7 Selection of Experimental Technique

Of the methods which are available for the evaluation of friction in
drawing, only the last four have any pretence of being fundamental . The pin=-
load cell technique, as applied by Pearsall and Backofen (61) to plastic com=
pression, is clearly the only system which is available for the determination of
both shear and normal stresses, and where it can be made to work satisfactorily

‘it is definitely the preferred method. However it seems that the technique can
" involve substantial experimental difficulties, and although not rejected out of
hand, it was decided to avoid it if pessible.

The hoop strain method has some advantage over the other systems, in
that as it in no way interferes with the inside of the die, the experimental tech-
nique cannot alter the conditions being studied. However, the experimental
difficulties are again considerable. The split-die technique has been applied
with the most notable success (17), and although this has not been remarked in
the literature, it is not in principle limited to a split along the meridian plane.
Thus the split could be made in any plane, or in two planes, and in this way a
complete pressure distribution could be built up. Of course in practice the

range of possibilities would be very limited, and even the straightforward
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application has been criticised by Wistreich (2) who may be regarded as the
authority on the subject. Thus he considers it to be limited to slow speed draw-
ing, dry lubricants, and also to be difficult experimentally. It may be added
that in view of the substantial weakening of the die arising from the split, it is
probably only possible to draw materials which are much softer than the die, if
fins are to be avoided.

To summarise the attributes of these three methods, it may be said that they
are all absolutely sound theoretically, but that in practice two of them can be
difficult to apply without disturbing the quantities being measured, and all three
present substantial technical problems.

The rotating-die technique shares the advantage of the hoop-strain method
that it uses a conventional die, and it is therefore unlikely to be limited as to
material .  Furthermore the experimental methods are quite straightforward; speed,
drawing force and torque are all parameters which may be measured with relative
ease .The drawbacks of the method are twofold. Firstly it is clear that rotation of
the die could alter the quantities being measured, and secondly, although the
requisite data is easily obtained the subsequent analysis is not fundamentally sound.
Thus, if the die was in fact cylindrical and there was no change in longitudinal
speed as the material passed through the die, then there would be no problem, and
whatever the distribution of shear and normal stresses, it would be possible to
calculate a valid mean M as for the split-die technique. In fact it is necessary
to assume some form of distribution for the velocity and stresses before the data can
be evaluated. At first sight this might appear to over-ride any benefits accruing
from experimentalsimplicity. However, there is another advantage that the
rotating-die fechﬁfque has, which although obvious, has not hitherto been
specifically pointed out in the literature. Thus for any given test, friction may
be evaluated independently from measurements of either torque and reduction in
drawing force, and in particular, this may be done at an infinite number of
rotational speed to drawing speed ratios. If the assumptions made in the analysis
are correct, then all these evaluations should yield a unique value of AL, or of
shear stress if friction conditions be assumed in that form.

Originally this was seen as a method of compensating for any change in
conditions due to rotation. It seems clear that such change would be least at
low rotational speeds, and it was thought that results over a range of speeds

could be exirapolated to zero. However, it was later realised that if rotation

T e P
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did not alter the magnitude of the shear stress significantly, then it would be
possible to check the validity of various assumed distributions. Another
feature of the rotating die-technique which seemed to be of some interest for
its own sake, was that of the reduction in drewing force.

The conclusion of the review was that the rotating-die technique had
significant potential advantages over the other methods, and that these appeared
to have been neither fully exploited nor realised in the past. It was therefore
selected as the basis of the investigation described herein.

The method of analysis which is described in section 3 falls into two
parts. The first corresponds closely with that used by Linicus and Sachs (82) and
aims to derive a mean value of . . The significance of the points made above
is that if the assumptions of the analysis are correct, then all tests should give
the same result. However, it is shown in section 3.2 that the analysis contains
an implicit assumption which would change the derived values, even if the explicit
assumptions were correct. The analysis in that section was developed to overcome
this problem, and to facilitate the evaluation of shear stress directly.
2.7° PROFILE OF DRAWING DIE

It was necessary to specify a die-profile for the experimental work, and

as discussed in section 4.3, this was done with reference to the literature. The
conical form was selected because most of the theories treated this case, and the
die-angle was chosen from data given by Wistreich (2).

Most industrially used drawing dies have a parallel, or land, at the min=
imum section, and this created a problem. Theoretical solutions for such dies
are available (25, 36, 37), but Wistreich (2) argued that one of these is unsat=
isfactory. The others post-date his comments, but his most cogent argument
must apply to them also.  This was that it has been observed that the drawn
material can be sufficiently smaller than the die-throat for it to lose contact in
the parallel . It may be noted that this was also observed in the tests performed
during this investigation (see section 8 and Table 10,5 ) It was therefore
decided to use a die with the minimum possible parallel.

2.8  TENSILE TESTS

In order to use measured values of friction to check theories of drawing,

it is also necessary to know the equivalent stress~strain curve of the test material .
The most suitable test for axisymmetric drawing is the uniaxial tension test, but

it is not possible to use this to large strains because of the onset of instability and

subsequent fracture.
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There are two commonly used correction factors for this region, cne due
to Bridgman (95) and the other to Davidenkov and Spiridonova (96), although it
seems that the latter was in fact suggested by Siebel much earlier. The two were
compared, and over the strain range which was of interest in this investigation ,
up to about 0.55, there was only 0.15% difference between them. The Bridgman
correction is the more awkward to apply, as it is sensitive to round-off errors in
the calculation, and it is also critically dependent on accurate measurement of
the relative radii. Thus, incorrect megsurement can lead to a correction of the

wrong sign. It was therefore decided to adopt the Siebel correction

= XU
o (I +o/4R)

In this, & and ©" are respectively the measured and corrected direct stresses,
a is the radius of the minimum section, and R is the radius of curvature of the

neck. This correction factor was used for the tensile tests described in section 10.8,
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3. DETERMINATION OF FRICTION BY
THE ROTATING DIE TECHNIQUE

Conventional stationary~die drawing is represented in Figure 3.1, in
which the normal and shear stresses, o and 7 , are shown acting at the peri=

phery of an element § As of the curved surface area of contact, As' between

bar and die. The drawing force P may be expressed as the summation of the

stresses on all such elements throughout the die, as follows

p‘ O’ sin dﬁ, f/ T cesot Jﬁ; (3.7)

If Po is defined as the portion of the drawing force arising from the summation

of the normal stress, and if 2" /o is assumed constant throughout the die,

then equation (3.1) transforms very simply to

R T

/a = (P-R) tne (3.2)
A

which is the basis for the rotating die technique. It should be noted that the
only assumption made in this derivation was that M was constant. It should

also be noted that Po is not necessarily the same as the drawing force in the

_ hypothetical frictionless condition.
If the die were to be rotated at infinite speed, then the velocity vector

relative to the die, represented by Vs in Figure 3.1, of a particle at the die

surface, would swing round to the circumferential direction. The component
of shear stress along the axis of the bar would then vanish, and provided that
the normal stress had not been altered in magnitude by die=rotation, the

measured drawing force would become equal to Po' 4 could then ke calculated

from equation (3.2). Infinite die-speeds are clearly not possible, but by using
low drawing speeds it would be possible to come close to the full 90° swing of
the velocity vector, and therefore of the friction vector. However it is to be
expected that die-rotation would in fact have some effect on the magnitudes of

the stresses.  Several possible mechanisms for such an effect may be postulated

Vo
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(see Section 10.6.4.4), and although magnitudes cannot be predicted, it
seems clear that they would be greatest at the highest rotational speeds, and
for the greatest swing of the friction vector. Such a realisation of the technique

would therefore be suspect.
The more attractive and practicable system which was used, was to
measure the reduction in drawing force produced by some intermediate swing of

the friction vector, and then to deduce Po analytically. The following section
deals with this analysis, although it was not in fact necessary to deduce P0

directly.

3.1  APPROXIMATE ANALYSIS FOR COEFFICIENT OF FRICTION

Referring to Figure 3.2, Q and F are representations of the resultant

normal and shear forces acting on the die in the non-rotational situation, and

d is the diameter of the section at which they act. The assumption of constant

A4 ensures that they do act at the same section, although this is not strictly

necessary for the analysis.
Equating forces gives := Pz Qaim o + Fems ot (3.3)

By putting & = F/Q and noting that Q sin & = P_+ equation (3.2) may again

be arrived at. This shows that even if « was not constant through the die,
equation (3.2) would give a meaningful average value.
Figure 3.3 is a view normal to the die surface, showing the velocity

that
and friction vectors at dr , during die rotation. ‘\/s is the velocity at,diameter

in the absence of die-rotation, and S the circumferential velocity relative to
the die. If AC represents the friction vector F in the absence of die-rotation,
then rotation of the die causes F to swing round to AD. Provided that there is
no directionality in the surface finish, AD will oppose the resultant velocity
vector, and provided the magnitudes of F and Q are unchanged by rotation,
there will be a reduction in drawing force corresponding to BC cos o .

The drawing force with rotation will be given by
;!)2 e QMBC * F'M ol

P Qanee ¢ Femot. e O (3.4)
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Combining with equation (3.3) gives

£ (PR kam (3.5)
AT T tm e

where the subscript P indicates calculation from measurement of drawing

force reduction.
Thus far the analysis has followed closely the gist of the original
It is a simple matter to extend it slightly by considering the torque during rota-

tion. This will correspond to AE and will be given by

T e £°d o £dp ain® (3.0)
2 2 :

Combining with equation (3.3) gives

« £ . 2 Taiw (3.7)
- (Pdrpm® =27 cos )

In order to evaluate these equations it is necessary to estimate Vs and
Satd . Following the original work, the assumption is made that the shear
stress is uniform over the contact surface. This leads to dr being the diameter

of a section which bisects the curved surface area of contact As'

Thus e_g = /qz"ﬁ" = Ar- A (3.8)
e A % A &

where Al i A2' and Arare the
cross-sectional creas at the relevant points.  This leads to

dr =/._(_f.£¥.£_2_ (3.9)

which allows S to be calculated in terms of the rotational speed of the die.

Sex Rd,. : | (2.10)
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For some unexplained reason, Linicus and Sachs (82)then took Vs as being the
same as the drawing speed V. However it is more consistent to evaluate Vs

atd . This may be done by considering continuity of the workpiece through

the die, together with the assumption of a radial flow field between spherical

caps.

Thus VS = V(f? )‘ (z2.0)
It is known that Q = tom ™’ (5: ) (3.02)

so equations (3.5) and (3.7) may now be solved to give /6( b and
/LT for any set of experimental parameters. It was however noted that as
cos © —-1, PR—+ P, and equation (3.5) becomes indeterminate. Even
where cos © —= O, PR would still be the greater proportion of P, and for

sensible results to be obtained it was recognised that measurements would have

to be of very high accuracy, particularly measurements of P and PR.

3.2  DETERMINATION OF DISTRIBUTION OF SHEAR STRESS

A number of significant assumptions were made in the foregoing analysis .

The basic one was that die-rotation did not alter the stresses at the bar/die
interface, and a group of them concerned the distributions of velocities and
stresses through the die.- None of these have been validated, as far as this
author is aware, and this clearly detracted from the importance of the rotating
die technique. However, it has an extremely attractive feature, in that tests
may be performed over a wide range of speed parameters, and the analysis
made from both force and torque measurements. In fact this feature constitutes
a self-checking mechanism, so that provided that the basic assumptions were
correct, a unique value of/u_ would be expected to emerge whatever speed

parameters were used.
' This is the principle underlying the postulated use of the rotating-die
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technique to deduce the distribution of shear stress, The distrihuﬁ.on can not
be calculated directly from experimental results, but various models may be
checked for correspondence with reality over a wide range of tests. However,
it was recognised that even if the explicit assumptions made in the simple
ana.lysis were correct, a test to test variation in the calculated values of S
would appear. This would be caused by the implicit assumption that the

resultant forces always act at the same section, diameter dr' It will be clear

that for any finite die-speed, © will vary throughout the die and will always be
greatest at die-eniry. Therefore for an analysis to be valid, even within the
assumption of uniform distribution of shear stress, account would have to be taken
of this variation.

When this variation of © was first comprehended, it was thought of as
producing a test to test change in the diameter at which the resultant torque
would act, and the dependence of this diameter on the speed parameters of the
test was seen as a way of checking the postulated distribution of shear stress.
However, the position at which this resultant acts would be very difficult to
deduce experimentally, and indeed, the entire concept of the distributed shear
stress as acting at a resultant diameter seems to be tenuous. A more reasonable
approach was thought to be to compare theoretical predictions of torque and
reduction of drawing force with measured values, for a range of speed parameters
and distribution models .

An attempt was therefore made to produce a valid analysis for uniform
shear siress, using the distribution of velocity given by the continuity condition,
as for equation (3.11). The form of integral which was obtained offered little
hope of an analytical solution, and graphical or numerical solutions were con=
templated. It was decided to hold these in abeyance until some experimental
work had been done, in order to determine the range of parameters of interest,
and thereby to save labour. It eventually transpired that a linear approximation
could validly be used for the distribution of velocity within the die (see Section
10.4), and an analytical solution thereby became possible. This is now given,
with some of the experimental findings regarding the distribution of velocities
being presented at this stage as assumptions.

3.2.1 Velocity Equations
The distribution of velocity is illustrated in Figure 3.4, with the

virtual apex of the die being taken as the origin in all cases. The peripheral
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speed of any point on the die surface relative to earth, SD , is given in terms

of the rotational speed of the die by

S‘D= ?Td[?tZ'z‘xavn.ﬂ-oR

It is assumed that, in general, the free end of the bar will rotate at a

speed ‘RB under the applied torque.  THe drawn end cannot rotate, and this leads

to Figure 3.4(d). The peripheral speed SB2 of the bar at inlet is given by

588 = 27:3(2 ﬁmd ﬁa

It is further assumed that the variation between SBz at X, and zero at
x, is linear, as in Figure 3.4(e). Therefore the peripheral speed SB at a general
posif.ion X, s

Ss v Syp (x-%x) « 2ax, tam &, R (x-X.)

(x3-3,) (3 =3¢.)

The pheripheral speed of a point on the die surface relative to a

corresponding point on the bar, S, may now be written.

S so'SB

i Aol B &/c(x,-x,) -3, (ﬁa)(x -x,)
Cx,-3,) R .

Re-arranging and substituting constants C and D leads to

i z C‘K""D
R ()C;’xl)

where C: 27 tm Oi/x:' x;(_@}) - Jc/ (3-’3)
R

and D:x,xt_(gi‘)-?xﬁﬂa(
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By expressing the values of the surface speed Vs towards the apex of

the die, at X| and Xos 05 proportions of the drawing speed, and by assuming
414

a linear variation between them, the distribution shown in Figure 3.} is obtained.
The value of the coefficient k at a general point x is given in terms of the

particular values ky and _I<2 by the linear equation

k= b ,(x,-x) +h; (x-x,)

(:'Cz "xr)

which leads to :-

l/_g s é z (ﬂ' Bit) where A (/C,JC;' égch

V (3ey-3¢,) (z.14)

and B (é;"fé:)

Using equations 3.14 and 3.13, the swing of the friction vector ©

(see Figure 3.3) at a general point x can now be defined as

(z.15)

t e' _E_ e I?(C:r.-rD)
2V, 12v (A -8s)

where the conversion factor for the system of units used in the
experimental work has been included.

3.2,2 Stress Equations
Referring to Figure 3.1, the rate of change of cross-sectional area with

increasing x may be easily derived.

The elemental change in curved surface area, SAS , ¢an be put in

terms of the associated change in cross-sectional area, SA.

'Sﬂ, (A+r SA)-S8A . $A

Am K Ao o
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Equation (3.1), for the non-rotational situation, can now be re-written.

P"ff,*/-?ﬂtm\ol.fx dc (3.1¢)

The drawing force with die=rotation may be deduced in the same way
that equation (3.4) was derived, using Figure 3.3, but recalling that stresses at

any position, x, are being considered.

Thus R * /?,*/ 2n bom ot, T e O, cla

2,

Eliminating Po leads to

iy My
P- Py =/ 3 dx -/ ¢ e ® dae (3.17)
2x Cam ¥, ¥

Similarly the torque may be written

Hr
7= / 'ri-gma. d A

2

t 91{ a.m.‘o(- / Y A O, bctdsc (3.‘8)
o,

o) ok

It is now necessary to assume some form of distribution of shear stress. The
model chosen is that of a linear variation of T with x. The end values are

defined as 'r] and '2'2 , at X) and Xy o A coefficient n which describes the

" variation through the die is defined as
n e
Te

The shear stress at a general position x can now be written .

= 3 Cn-1) + O -nie,)

(er=3¢,)

@
£
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or £ a EwFa where &« (5¢y= n3c,)
2' ( —?C,)
¢ 2 (2.19)
and F = (n-0)
(rex=2¢)
Replacing for 7 in equations (3.17) and (3. 18)
My Ry
P'PR g 4 (E+R) e dyc -}/‘ (é-'ﬁﬁ'ac):.:MQ_ e (3.20)
2x 7, G ot '
- 3¢,
7 = 27 7 Coniod / (é'rF;c)u‘M\G_ dore (.20
) 3¢,

cud o4

Using equation (3.15), the equations may be put in forms ready for integration.

Wy,
P‘f;’? =[“ (Ffﬁg)x&c
27 %, Gom & ; X,
= [CErFe) 12 v (A-B )¢ dorc (3.22)

, o /§ R (Cun D)+ 190V (-6:0' ]

4%

7 eon et .-;/ CE+F) R (Cv D)t chac (3.29)
27, Gm's X /[ﬂ‘(cu.»b)‘r 128V (A -B8:0)"]

For convenience the integrals will be termed o l2 and I3 .

Thes (P’Pa)z -?F'Z;t\m'([/t - /2] (3.2¢4)
anid 7 25 bm'® 7, /3 (3.25)
o ot

I, may be solved directly. I2 and l3 must first be expanded, so that

they become the sums of a series of integrak of the form

M

g oo
3¢ ./(o.-péu.vcsc‘)

where m takes whole values up to 4 for ly, and up to 3 for I These are
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standard forms which may be found in tables of integrals (47).  The solutions
then become perfectly straightforward, but exceptionally laborious. They
are given in section 3.2 .4, together with the definitions of the various con=
stants which have been used to shorten the presentation.

If p and 7 7 ore defined as values of "Z'1 , calculated from

equations (3.24) and (3.25) respectively,

Z, c_(P-R) (3.20)
-?WCM\“[/,_/:]

and Tr ¢ 7 con ot (3.27)

2% tamlot , /3

Each of these equations contains the unknowns 7" and n, so if the two
lines of analysis are to be independent, another relationship is required. For
this it is noted that provided that conditions are unchanged by die-rotation, the

correct value of n is that value which gives unique values of o and 7 v

over the whole range of speed parameters. Changes in conditions which may be
caused by die-rotation could become apparent in various ways. Non-

correspondence of 2 pand T s one obvious way, another being the possibility

that values might be level over some portions of the R/V range, but not others.
However, direct comparison of T vR/V curves obtained with different values
of n would be awkward, because the level as well as the slope of the curve ’
would change with each value. It is better to transpose the calculations into

terms of PF , the proportion of drawing force due to shear stress, Referring to

equation (3.16).

Ho

P,-:/ 2% bom ot | T 3¢ dnc

2,

He
* L' 2= lﬁ...\ <L, ?:(Erpag))cdnc

= % T ots: 25 s | (3.28)
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Replacing for Z'] from equation (3.26) , and expressing PF asa

proportion of the total drawing force

Lo « (P-B). | (3.29)
P P (/r"’/a)

Where PF(P) indicates PF calculated from measurements of drawing force

reduction. PF(T) may similarly be established from equation (3.27).

p,e'c-’); 7_ . cor ol . /1 (3-30)
P 22¢0.P temu [,

—_—
—_—

a conversion for the units used in the experimental work having been

made. The advantage of plotting PP/ P versus R/V is that solution of equations

(3.29) or (3.30) for a range of values of n leads to a directly comparable family

of curves. '1 ‘ l2 and 13 contain only geometrical and speed parameters, and

the coefficient n, so it should be possible to solve the equations to predict the
form and spread of the family of curves corresponding to an assumed range of
n. The method for doing this is given in section 3.2.3.

The form of equation (3.29) is similar to that of (3.5), and a similar

caution applies. Thus Iz—--ll as PR-—- P, and a high accuracy of measure=-

ment would therefore be required for sensible results. The best possible
accuracy of measurement, and repeatability of experimental conditions is also
required for maximum resolisien between various values of n. Thus, given
perfect repeatability and accuracy, it would theoretically be possible to
distinguish between linear and other more complex forms of distribution of T .
However, the practical possibility of doing this seems remote .

3.2.3 Theoretical Model for Form of Results

The basis of the method for determination of distribution of shear stress,

defined by the coefficient n, is that only the correct value of n would lead
p.over the R/Vrange. It is therefore

of interest to predetermine the variation in calculated values which would result

to the calculation of a unique value of P

from an incorrectly assumed value of n.
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Assuming that the correct distribution for an arbitrarily chosen set
of conditions is defined by n =a, and that the corresponding correct values
of the associated parameters are denoted by the superscript a, then from
equation (3.28)
=" P
2% bumot. f,

Combining this with equations (3.26) and(3.27), and noting that

To n T Ty

(P“- e‘ﬁ) t/:“[/v“ /z‘]
/r..

?;ots

wd T P bme b

e ol A

¢ - PE) and T® correspond to values of reduction of drawing force

and of torque which would be observed experimentally. Consider now that

such values have actually been measured, but that in the absence of fore-
knowledge of the correct value of n, some incorrect distribution denoted by

n =n has been assumed. The values of parameters calculated with this incorrect

value are denoted by the superscript n.  From equations (3.29) and (3.30).

Bopy < (PERILL o RULR) D
(™~ 5) L -0)

= » o o~ ”
and 27 Temn b R L
M ~e-niy
3 L
Re=-arranging,

Feco> . /h_ (/s“/z.) : (3.31)




50

n ” o

and r (3.32)

F(7)

h /;

"
-
;\-.

If some value of n were now to be assumed as representing reality,
equations (3.31) and (3.32) could be scgved for a range of speed parameters,
and of incorrect values of n.  This would yield a family of curves similar to
that which it is expected would be obtained experimentally. Unfortunately

|2 and 13 contain RB » which is a dependent specd parameter influenced by the

magnitude of 7 . It is therefore not possible to solve equations (3.31) and
(3.32) independently of experimental data. The apparently simple alternative

of putting RB = O is not available, because the solutions for l2 and I3 become

invalid in that condition.
~ Of course it would be possible to obtain a separate solution for the case
where RB = O, and this would in fact be very much simpler.  However,

measured values of R, became available at about the same time that the above

B
analysis was completed, and in that situation it became pointless to derive the
extra solution.  Evaluation of equations (3.31) and (3.32) using experimentally

measured speed parameters is described and discussed in sections 10.6.6 and 10,7.3.
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4. GENERAL SPECIFICATION OF PARAMETERS

FOR RESEARCH PROGRAMME

The initial terms of reference for this research were to study friction
in drawing, and a conclusion of the review work was that the rotating-die
method would be a rewarding technique. Three criteria were used when speci=
fying the experimental parameters. Firstly the general scale of the tests, on
rod as opposed to wire, was determined by the equipment available, which was
a thirty tonf. hydraulic drawbench. Secondly it was decided to make the
tests as representative of industrial conditions as reasonobly possible, in order to
enhance their practical utility. Thirdly, as wide a range of test conditions
was to be covered as was practicable.

Judicious application of these criteria led to complete specification of
the test conditions. However, for a variety of reasons which will become
apparent, the first series of tests was not entirely satisfactory. Furthermore,
the first series was initiated before the possibility of using the rotating-die tech=
nique to deduce the distribution of shear stress had been realised. A second,
more comprehensive and more closely controlled, series was therefore performed.
The second series used slightly different material and conditions, but the same
experimental equipment. For this reason, only the general criteria used for the
design of the equipment and specification of material are given here. Details

of the actual parameters used are given in sections 8, 9 and 10,

4.1 TEST MATERIAL
Considerable quantities of both ferrous and non=ferrous metal are drawn

commercially, so either choice would have met the second criterion. However,
there were two indications for a ferrous metal.
(a) The split-die technique has only been applied to axisymmetric
drawing with aluminium and copper, and it was wished to
gather some fundamental data relating to steel .
(b) Had either aluminium or copper been selected, it would have
been necessary to use excessively large diameters in order to
work the drawbench over a realistic range. The use of high
strength non-ferrous alloys was précluded by their general

inability to withstand heavy reductions.
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Having decided on ferrous material, a low=carbon steel was chosen
on the grounds of availability, workability, and the relatively low rate of
work=hardening. [t was felt that the latter point would ease the problem of
defining a mean yield stress when checking the drawing theories.

It is fundamental to the method described for deducing distribution of
shear stress (section 3.2) that all tests be made on material which is highly
uniform from test to test. From the point of view of checking theories of draw-
ing, it is also desirable to have material which, in the absence of the rigid/
perfectly plastic ideal, is at least isotropic and homogeneous. Provision of
uniform test material seems to be a recurring problem in Applied Plasticity,
particularly when, as here, the sizes and quantities required preclude laboratory
processing but are small by industrial standards. Compromise was inevitably
necessary, and the method for obtaining the best uniformity was thought to be to
require all barstock to be from the same cast, and to be in the drawn and then
annealed condition. The latter conditions are to some extent mutually defeat-
ing, and in any case it was not found to be possible to satisfy all three conditions
simultaneously. Added complications were the unusual length of tag required,

and that for the largest reduction the tags had to be work hardened.

4.2  LUBRICANT

Two situations are to be distinguished when considering the selection of

lubricant. The first is the case where material is being 'broken-down', and the
object is maximum reduction. Here it is usual to use a 'good' lubricant, that
is, one which gives a thick film and a low value of & . For mild steel the
best such lubricant is considered to be soap used over a surface preparation such
as a phosphate coat.

The second situation is where rod is being given a light 'finishing-pass' .
In this case a thick lubricant film is undesirable, as one object is to improve the
surface finish. So an oil oubricant is used, and unfortunately a relatively high
~value 'of/u. results.

It was decided to perform tests with both soap and oil, to cover the range
of industrial and experimental variables. However, there was some danger that
the oil lubricant might breor‘:::';mpletely when drawing the heavy reductions,
and it was thoughtadvisable to use both soap and oil in conjunction with a
surface treatment. The size and quantity of the barstock made treatment diffi-

cult, and it was necessary to use industrial facilities for this.
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4.3  DRAWING DIE

The conical die-form was selected, as the large majority of theoretical

analysis is for this shape, and it is also widely used industrially. In selecting

the angle of the die-cone, it was noted firstly that for any given drawing reduc~
tion there is an optimum angle which gives a minimum drawing force, and
secondly that this optimum value changes with reduction. However drawing force
is relatively insensitive to die=angle over quite a wide range, and the optimum
angle is not critically dependent on redyction. Hence it is possible to specify

a single die which will give close to optimum drawing force for a wide range of
reductions.

Furthermore, the magnitudes of optimum angles are generally agreed, so
it would have been pointless to have performed tests over a range of die-angles.
Consultation with the manufacture of the die, and study of the literature led to
the specification of a die semi-angle of 7°. |

Dies which are used industrially invariably have their cone-flank blended
into a 'parallel or'land' at the die-throat, to increase the working life of the
die.” However there is no satisfactory theoretical analysis of the effect of this
parallel, and it was thought that to have followed industrial practice on this
point would have jeopardised the possibility of obtaining any useful results at all.
It was therefore decided to study the analytically simpler case of a die without
parallel.

Tungsten carbide was chosen for the die material, as this is representative

of industrial practice, and its high resistance to wear is experimentally convenient.

4.4  SIZE OF TEST MATERIAL

Calculations of drawing force, and information supplied by the manufact-
urer of the die, indicated that 45% reduction of area was a reasonable maximum
to aim for, and four or five different reductions were considered adequate to
ccver the range 0 —45%. Considerations of economy and experimental conven=
ience indicated that it would be better to obtain the various reductions by drawing
differing sizes of stock through one die, rather than by having a single diameter
of stock and a number of dies.

The range of usable drawing forces was set at 2 to 30 tonf. by the
hydraulic drawbench. Calculations of dralwing Forcé were made us.ing Siebel's
formula. For this purpose, values of M of 0,05 for soap and 0.1 for oil were

assumed (2) , and mean yield stresses for mild steel were taken from data given
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in reference (77). On this basis the diameter of the die=-throat was selected
as one inch, and this enabled nominal sizes of 1.1/16, 1.1/8, 1.3/16, 1.1/4
and 1.5/16 in. diameter to be specified for the stock. Stock was obtained in
the longest lengths conveniently available, to reduce the amount of tagging

required, and to increase uniformity between tests.

4.5 DRAWING SPEED

The test speeds were selected to cover as wide a range of swing of

friction vector © , and hence of force reduction, as possible. Clearly €
could have been varied by altering rotational speed at constant drawing speed,
or vice versa, or by altering both speeds simultaneously. As the object was to

evaluate friction in the non-rotational case, it was decided to run the tests at

constant drawing speed.
For the greatest realism, the drawing speed should have been the maxi=-

mum possible with the drawbench, which was nominally 15 ft/min. However,
some reduction in this figure was anticipated with the higher drawing forces,
and 13 ft/min. was fixed as the test speed. Due partly to the difficulty of
setting the drawing speed accurately to a pre-determined value, and partly to
a desire to cover the widest range of parameters, tests were eventually run over

the entire speed range, but the figure of 13 ft/min. was used for the design cal=-

culations.

4.6 ROTATIONAL SPEED AND POWER

To have covered the entire 0 to 90° range for © would have required

infinite power. From section 3.1

Torque o< sin ©
and tan © o< Rotational Speed
Therefore Power o<sin © tan ©
Furthermore  Force=-Reduction o< (1 = cos © )

These relationships are illustrated in Figure 4.1, [t is clear that in
terms of the extra increment of © obtained for a given increment of power,
it becomes experimentally unprofitable to go much above 60°. The force-
reduction curve tends to linearity in this region, so this argument also applies
to the force-reduction available for a given power. Of course © does not

take a unique value throughout the die, but the model described in Section 3.1
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was used for the design calculations. ‘ The dota used was as for sections 4.4
and 4.5,

Selection of values of © up to between 45° and 60° led to a specifi=
cation for a drive which could deliver 5 H.P. at a maximum speed of 50 rev/min.
Caleulations showed that this might not be sufficient power for the highest speed
tests on the largest size barstock, when using oil lubricant. It was decided not
to go to a higher power drive, as the next step was to 7% H.P., and the small
number of tests which were involved did not justify the considerably greater cost
and difficulty of assembly. Furthermore, it was felt that in view of the additional
torque loading on the tag, it might well prove impossible to perform those tests at

all.
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5. MODIFICATIONS TO THE DRAWBENCH

A Brookes hydraulic tube-drawing bench of 30 tonf. capacity and
54 in. stroke was used for the drawing tests. As supplied, the drawbench
had no instrumentation other than a pressure gauge in the pump delivery line,
and no provision for die-rotation. The drawing speed control was also found

to be unsuitable for experimental purposes.

<

5.l HYDRAULIC SYSTEM
The speed control dial was graduated from 0 to 15 ft/min., but ot

drawing loads below 2 tonf. the control valve was inoperative, and the mini-
mum available speed was then 11 ft/min. Even at higher loads it was not

possible to draw at less than 5 ft/min.

A needle valve was fitted in the oil return line from the hydraulic ram
(see Plate 3). It was thus possible to create a back-pressure in the cylinder,
which simulated a working load, and enabled the bench to be run over the §
to 15 ft/min. range without drawing rod. However, some back-pressure was
developed even with the valve fully open, thus reducing the load capacity.
To overcome this an enlarged valve seating was fitted. It was later realised
that by suitable manipulation of this valve, in conjunction with the pressure
relief valve in the pump delivery line, it would be possible to draw over the
entire 0 to 15 ft/min. range. To make this technique work (see Appendix 2)
it was necessary to refit the original seating and accept the reduction in load
capacity. This was only significant at the higher speeds, and even then did
not limit the tests described here.

The hydraulic cushioning system, originally built into the ram, was

removed to increase the useful working stroke.

5.2 ROTARY DRIVE

For experimental flexibility an infinitely variable speed drive was

preferred, and these are generally either constant power or constant torque
devices. For this application maximum torque would always occur at maximum
speed, so either type could have been used. The speed range was specified in
Section 4.6 as 0 to 50 rev/min. witha 5 H,P, drive, and several possible
systems were compared. The Carter hydraulic gearbox was selecied as the

most suitable from all aspects, this gearbox comprising a complete hydrostatic



60

system in a single casing.

The complete rotary drive arrangement is illustrated in Figure 5.1 and
Plates 1 and 2. Details of the equipment are given in Appendix 1. [t will
be seen that the components of the drive were mounted in line on a fabricated
bed, which was in turn mounted on two box sections above the end of the
drawbench. The barstock ran beiween the box sections on roller supports, and
then into the thrust block. The fabricated bed provided a reference plane for
alignment of the drive components, and was bolted down at the front end, to
the top of the die support pillars built into the drawbench. The final drive to
the thrust block was taken vertically down by chain, adjustment of chain tension

being by shims under the front end of the fabricated bed.

5.3  THRUSTBLOCK
The manufacturing and assembly drawings for the thrust block appear in

Appendix 6.1, and it is partly shown in Plates 1 and 2.  As its principal
purpose was to allow the die to be rotated under load, the thrust bearing was
the definitive component. A taper roller bearing was used (see Appendix 1),
and was selected with a safety margin on its rated brinelling load. The normal
industrial ratings for a 3,000 hour useful life were considered irrelevant.

The thrust bearing was a shrink fit over the hollow central drive shaft,
and abutted the flange at the upstream (i.e. bar inlet) end of the shaft. This
shaft was located in the thrust block housing, at the upstream end by the main
thrust bearing, and at the other end by a second taper roller bearing fitted in
the rectangular end plate. This bearing was required to take little load, its
principal functions being to preload the main bearing, and to carry the journal
load due to the chain drive. The chain drive entered the thrust block through
two holes in the housing, and went to a chain wheel mounted on the hollow
shaft between the bearings. _

The hollow cylindrical die housing was bolted and dowelled to the flange
of the central shaft, and the die butted against the flange. The three jack
screws spaced around the die housing were used to centralise the die, the torque
drive being supplied by -the key. One of the jack screws also held the key down.
The die housing was made slightly sherter than the die, so that the latter could
be located axially by the retaining plate. The bolts holding the retaining
plate to the die housing must not be overtightened, or the flange of the hollow

. shaft will be distorted.
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Plate 1 :~ ROTARY DRIVE
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The rectangular end plate was similar in size to the original die holder
supplied with the drawbench, and this allowed the original clamping strips to
be used to locate the complete thrust block. These clamps located the thrust
block in the horizontal plane only, and a strip with two jack screws was fixed
across the top of the die support pillars to oppose the chain tension (see Plate 2).
An external reservoir was connected to the oil sump in the thrust block, in order
to increase its effective volume.

The only drawback with this desfgn of thrust block was that unusually
long tags, about 14 in., were necessary on the barstock, as they had to pass
through the complete unit befere reaching the jaws. However, the alternative
arrangement would have produced a cumbersome and unsatisfactory design.

The bore of the hollow shaft was made as large as possible with the
particular choice of thrust bearing, to increase the versatility of the equipment

for possible future investigations.

5.4 LOAD-CELL ASSEMBLY AND TORQUE-RAIL

The original cross=beam was integral with the jaw=holder, and was

replaced with this unit so that torque and drawing force could be measured at

the tag. Careful design was necessary to avoid shortening the working stroke.
The assembly is shown in Plate 2, and the manufacturing drawings are in Appendix
6.2. The load=cell also appears in Plate 4. In this section the load=cell is
treated simply as a mechanical link, the design as a force/torque transducer

being described in Section 6.

The cross-beam was free to pivot in the ends of the tie=bars, and ran on
the original flanged wheels. As a corollary to the provision of die=-rotation, it
was necessary to restrain one of these wheels so that it did not lift off its track.
‘The torque=rail (see Plate 2) was designed to do this. [t was positioned on
assembly to have a small running clearance, and then dowelled so that if
necessary it could be removed without losing the setting.

The load-cell passed through the cross-beam from the rear, and was
bolted to it by the flange. Drawing force and torque were both taken directly
by the flange. Connection of the load-cell to the jaw assembly was via a
trunnion pin through a cross=hole in the load=cell, and this was parallel to the
axis of the cross~beam. The load-cell was therefore free to pivot at both ends,
about an axis transverse to that of the drawbench. A further degree of freedom

arose from side clearance between the flanged wheels and the track. The
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ideal of having crossed pivot joints at each end of the load-cell could not be
achieved without seriously reducing the working stroke.

Shortly after the load-cell was first subjected to its maximum design
load of 30 tonf., a faint crack was noticed inside the cross-hole. The load=
cell was then cycled a number of times to 35 tonf., and a close watch was
thereafter kept on the crack. It never showed any sign of spreading after its
first appearance, and it was concluded that it was merely a surface crack

caused by the hardening and grinding processes.

5.5 JAW ASSEMBLY

This can be seen in Plate 2, and the manufacturing drawings appear in

Appendix 6.2. The jaw design followed the general pattern of the wedge type

found in tensile testing machines. The wedge ongle was made larger than
usually found in testing machines, partly to reduce the possibility of the jaws
locking, and partly to reduce the load on the jaw housing. The conventional
type of vee-slot used within jaws, was considered to be unsuitable for resisting
torque loading and for drawing with large reductions of area. The gripping part
of the jaws was therefore made circular in section, and the jaws were suitable
for only the one size of bar. The bore through the jaws was tapered slightly
from end to end, to bite deepest at the more lightly stressed end of the tag.
The teeth themselves were of buttress thread form, and were also slotted long=
itudinally to give individual teeth points. This form was completely success=
ful, and once the jaws bit, no slippage in either direction was ever observed.
The jaw side plates fitted over the ends of the trunnion pin where it
protruded from the cross=hole of the load-cell. They carried the drawing force
and forque reaction, and provided the wedge angle for the jaws. The side
plates fitted inside the rectangular housing, which resisted the splitting force
on the jaws and held the side plates in alignment against the torque reaction,
but did not carry any direct drawing force. The housing carried an iniernal
triangular guide plate which separated the two halves of the jaws. Originally
there was no provision for preloading the jaws and theywould not bite, so the
heel-plate shown in Plate 2 was added. One end of this bore on the housing,
and the other on the jaws. It drove both halves into the wedge simultaneously,
and thus performed the function of the cross-linkage usually found with testing
machine jaws. The lack of such a linkage caused no trouble, except occasion=

olly with unduly ragged tags. The restricted space which was available made
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the heel-plate awkward to use, and it also had a short life because of the

recoil of the machine on completion of a drawing operation. It is recommended
that an alternative arrangement be developed for any future work but care must
be taken not to weaken the housing significantly.

The jaw assembly pivoted on the trunnion pin, and a wheel was there-
fore attached to support it when not drawing bar. The height of the wheel
was such that it lifted clear of the bed of the drawbench during the working
stroke, and did not interfere with the self-alignment of the load-cell. Slight
warping of the trunnion pin took place under load, and thereafter it could be
readily removed and refitted in only one alignment, which was indicated by
dots stamped on one end of the pin and on a side plate. Future refitting of the
pin should commence with these dots in conjunction, and the pin should be

driven straight in. Loosening the bolts holding the side plates to the jaw

housing was found to ease this operation.



6. INSTRUMENTAT!ON OF DRAWBENCH

Four parameters were to be measured in the drawing tests. These were
drawing speed and force, and rotational speed and torque. Although it was
envisaged that measurements would be made under essentially steady state con=
ditions, data recording was to be continuous. A policy decision to use direct
current transducers was made, to reduce cross-coupling effects in the wiring,
and continuously screened cable was used throughout.

Numbers of carbon resistors were used for current limiting and galva-
nometer damping purposes. . It was established that some early trouble with
signal drift was due to self-heating of these resistors, although they were being
operated within their rated load.  They were therefore replaced by metal oxide
resistors, which have much better temperature stability, and requisite values of

resistance were built up from numbers of resistors, in order to reduce generation

of heat in individual components.

6.1  SPEED MEASUREMENT

Rotational speed may be easily measured by using a tachogenerator, but

linear speed is more difficult. The common system of measuring position and
differentiating with respect to time was rejected, mainly because of the limited
accuracy that could be expected of available equipment. Velocity transducers
are available, and although they usually have much shorter strokes than needed
here, it would have been possible to overcome this by using a cam arrangement.
However, the manufacturers of the only such transducer then known to the
author claimed only 10% reliability for their calibration figures, and this
referred to possible variations in output from point to point of the working
stroke. To have cchieved high accuracy it would have been necessary to
calibrate at different parts of the stroke, and to have recorded position during
the drawing tests. It was therefore decided to make a linear to rotary con=
version, and to use tachogenerators for both speed measurements.

D.C. tachogenerators are inherently subject to two types of distortion
of output signal. Brush noise is random, and as it is of high frequency it may
be easily filtered out. There is also some regular A.C. component, or ripple,
superimposed on the D,C. signal. The ripple has the same frequency as the
rotational speed, or some whole multiple thereof, and arises from non-uniformity

in the windings or magnetization of the poles, and bearing eccentricity. The
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‘magnitude also varies with operating «seed. The overall effect was of differ-
ing importance between the two measuring systems.

6.1.1 Rotational Speed

A one to one chain drive, taken from the input shaft of the fixed re-

duction gearbox (see Figure 5.1) was used fo drive the tachogenerator. There
was therefore ample power available to drive a large marine tachogenerator
(see Appendix 1) and the operating speed was relatively high, being about
1,400 rev/min. at maximum speed. As a result, ripple on the recorded data
was both small in amplitude, being equivalent to a few thicknesses of the
recording line, and of short period. [t was therefore easy to ascribe a mean
value to the signal, and ripple was no problem here.

The voltage output from the tachogenerator was too high to pass directly
to the recording galvanometer, and an additional resistance load was used (see
Figure 6.1). It will be seen that a three position switch was incorporated in
the ecircuit, enabling the resistance load to be varied. The purpose was to
increase the galvanometer deflection at the lower speeds, but this facility was
not needed in practice, and the maximum resistance load wé:s always used.

The resistance was arranged on each side of the capacitor to maximise the noise
suppression obtained with the given capacitance, and this arrangement also
served to limit the start-up current. It was verified that the time-constant of
the circuit was small compared with the dynamic response required.

6.1.2 Drawing Speed
The basic problem with the proposed system for measurement of drawing

speed, lay in arranging for the tachogenerator to be driven at a usefully high
speed. The maximum speed with the arrangement used was about 100 rev/min.,
and at this relatively low speed, both ripple and brush noise can limit the
utility of tachogenerators. Tachogenerators which can adequately measure
very low speeds are available, but they are both large and expensive. In
principle the drive could have been geared up once the linear to rotary con=
version had been made, but in view of the magnified inertial effect, this would
have required a positive drive such as chain or rack and pinion. Assessment

of the available tooth pitches and pinion sizes led to the conclusion that even
with a large step-up ratio, no greater speed would have been obtained than
with the simple string and pulley system used. In addition the periodic

fluctuations which were to be expected.with small pinions, could have been
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easily mistaken for genuine speed variations.

A low inertia aircraft tachogenerator (see Appendix 1) was used, with
the arrangement shown in Plate 3. The unit was originally mounted directly
on the drawbench, near the die. In this position the output was markedly
affected by vibration from the rotary drive to the die, and by electromagnetic
noise from the drive motor of the hydraulic system. The final location, as
shown, was on a free standing pillar, which required careful positioning to
align the string.

The lower limit on pulley size \:os not set by string slippage as had been
anticipated, but by variations in string diameter and groove depth. Thus a
much smaller pulley than was finally used could drive the tachogenerator, but
variations in these quantities distorted the output signal .  This effect was
particularly morked with conventional drive cords, which are usually braided.
Many types of 'string' were tried, both metallic and non-metallic, and glass
fibre yarns were found to give the best results.  Of these the best was "Radio-
spares Special Drive Cord'. This is a loosely spun yarn, with a braided nylon
sheath. The sheath had to be stripped from the core, and this was a delicate
operation, but it was useful as it could be left on at the end connection points,
where it protected the fragile yarn. The yarn was susceptable to fraying
during use, and it was replaced between the two test series.

As with the rotational speed system, some additional load was incor-
porated in the output circuit, and brush noise was suppressed capacitively
(see Figure 6.2). However ripple was not insignificant. This component was
about 5%, measured peak to peak, of the D,C, signal level, and had twice
the frequency of the operating speed of the tachogenerator. This meant that
with the relatively few revolutions made by the tachogenerator during the
stroke of a drawing test, ripple could be mistaken for genuine speed fluctua-
tions. The method used to overcome this problem was thought to be novel .

If a tachogenerator with zero inherent ripple were to be driven by an
elliptical pulley from a constant velocity source, then the signal would have
the form described above. It follows that the inherent ripple of the real
tachogenerator could be apparently removed by driving it through an ellip-
tical pulley, mounted in suitable angular relation to the rotor shaft. In
practice the differences between the axes of the ellipse were small, and the

profile was constructed from circular arcs, by mounting the pulley on a



Plate 3 :~ ARRANGEMENT OF DRIVE TO
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Plate 4 :- LOAD-CELL

Plate 5 :- CALIBRATION OF DRAWING SPEED
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spigot held offset in @ four-jaw chucl:. Quite a good first approximation to
the required ovality was obtained, by considering the correction needed, but
the final form was the result of considerable experimentation. It is represented
in Figure 6.3, together with an accurate profile. The latter should be inter=
preted as showing the variation in radius of the pulley, measured at the bottom
of the groove, around the periphery of the pulley. The groove itself was of
vee-form, with an included angle of 60° and tip radius of 0.012 in.. The
optimum angular location of the pulley, relative to the shaft, was found by
trial and error, and it should not be disturbed. It should also be noted that
with the pulley set in this position, the ripple correction is only effective when
the tachogenerator is mounted in the attitude shown in Plate 3.

Ripple correction was virtually perfect at the start of a drawing stroke,
the amplitude being little more than the thickness of the writing line. Some
decrease in the effectiveness of the correction was observed throughout the
stroke. This change was probably caused by the increase in the active length
of drive cord, which made it less stiff, and therefore less able to transmit the
pulsating force necessary for the cyclic acceleration of the tachogenerator.

The tachogenerator signal was modulated by vibration of the drawbench.
The magnitude was only significant when the speed of the rotary drive to the die
matched a resonant frequency of the cantilevered end of the drawbench, and
this occurred at between 30 and 40 rev/min. The resulting signal noise was of
higher frequency than the original ripple, but was not so much higher that it
could be filtered electrically. In appearance it was spiky and close packed eyt <

on the record trace, and mean values could be selected readily.

6.2 LOAD-CELL

Drawing force and rotational torque were measured at the tag end of

the bar, with a combined force/torque load-cell. The disposition of the unit
as a mechanical component has been discussed in Section 5.4 and is shown in
Plate 2. Advantages of this arrangement were that slip-rings were not required,
measurements were not subject to friction effects, a single load-cell sufficed,
and alignment problems were minimised.

The load-cell was designed and built to be a high accuracy permanent
installation. Material and heat treatment are described on the manufacturing
drawing in Appendix 6.2, and the unit is shown in Plate 4 prior to being

water-proofed. The two diameters of the mid-section carried the separate
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force and torque bridges, both of which were four-arm, fully balanced and
compensated for temperature and bending (99). Alignment and positioning
of the gauges, and the internal wiring of the bridges, are shown schematically
in Figure 6.4, and the complete circuit diagram in Figure 6.5.

A nominal maximum of 0.1% strain in the active direction of the gauges,
under maximum combined loading, was used as the design criterion for the load-
cell diameters. If stability of the gauge bonding material is taken as the limit-
ing factor, it would have been better to have used 0.1% strain in the direction
of maximum principal strain, and this would have resulted in both sections having
the same diameter. However, the criterion which was used led 1o a maximum
principal strain under combined loading of about 0.16% on the torque bridge
section, which had the smallest diameter, and this value is not regarded as
being unduly high. Specific design figures are given in Appendix 1, together
with details of the gauges.  The diameters of the load-cell were large enough
for it to be unnecessary to use a hollow section.

Metal foil gauges were used, and the manufacturers recommendations
regarding surface preparation, choice of adhesive and application of gauges,
curing, and soldering of leads, were followed scrupulously. As the gauges
used are no longer commercially available, details of these procedures cre not
given here. The bridges were completed within the load-cell, and the leads
firmly secured and soldered to two separate gold-plated socket connectors. It
was necessary to mount these flush with the surface of the load-cell cover
pieces (see Plate 4), because of the small clearance available when fitting
the load-cell to the cross-beam.

The linear gauges used for the force bridge were taken from a single
batch, with a manufacturer's folerance of + 0.5% on resistance. As expected
the completed bridge was slightly out-of=balance, and this was corrected using
a resistance in parallel with one arm. This resistance comprised a small
trimming resistor for datum adjustment, and a large fixed value to obviate the
possibility of short circuiting the arm. In practice, the former was never
re-adjusted once it had been set.

The torque gauges were also taken from a batch matched for sensitivity,
but the variation in resistance values was much larger, being about 5% overall
The manufacturers recommended a technique for polishing individual gauges to

increase their resistance, prior to the connection of leads. This was so
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successful that the residual out-of-balance would have required a parallel
resistance of several megohms to remove it, and the torque bridge therefore
had no external trimming.

Water-prcofing was done after a final curing operation, by packing
the load-cell cover pieces with Di=Jell. This was used in preference to
more modern techniques because, if necessary, it could be easily removed
without damaging the gauges. An external terminal post was provided for
each bridge to facilitate checking of t‘be earth~leakage resistance, and this
was found to be always in excess of 200 megohms. Should this fall signif=-
icantly at any time in the future, the load-cell should ba re~cured at 80%
for about twelve hours. The Di-Jell should first be removed, care being
taken not to contaminate the electrical contacts,

The load-cell functioned with complete reliability throughout all

tests.

6.3  DATA RECORDING

This was done with a ten-channel, continuous writing, ultra=violet

galv.anometer recorder (see Appendix 1). Test results were expected to be
taken under steady-state conditions, so the dynamic response of the galva=-
nometers was not critical . However it was considered to be desirable to use
the stiffest galvanometers reasonably possible, to reduce signal noise. Ample
signal was available from the rotational speed transducer to drive a high
resonant frequency fluid-damped galvanometer, but those used with the load=-
cell and drawing speed transducer had no inherent damping. The manufacturers
recommended circuit matching for damping these galvanometers to give optimum
dynamic response, and although this was not critical for these tests, it was

done again to reduce signal noise.

6.4 LOAD-CELL SUPPLY VOLTAGE
The choice of supply voltage had to be high enough to give a useful

signal, and low enough to avoid heating the gauges significantly. As
discussed above, it was possible to use galvanometers of high sensitivity, so
the usable range of voltages was wide and the figure of 7 volts was selected.
With this value it was possible to use galvanometers which were not the most
sensitive available, and the pewer consumption was less than a third of that

which could have been used without exceeding the manufacturers recommended

figure of 0.5 watts/in?. The load-cell also provided a substantial heat sink



so thermal drift of the output was never observed .

A single stabilised voltage unit (see Appendix 1) was used to supply
both bridges.
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7 . CALIBRATIONS

The high degree of repeatability required has been discussed in Section
3. Although the exact analysis given in that section was not available at the
time of these calibrations, it was c!ealr:\?ariqﬁons of the order of 0.1% f.s.d.
could be significant, particularly with regard to measurement of load reduction.
This seemed to be roughly the limit that could possibly be achieved with the
available equipment, and it was therefore taken as a general target figure for
each parameter. The chief obstacle was found to be with the data recording

system, and considerable effort was devoted to improving this.

2. LOAD-CELL SUPPLY VOLTAGE

Stability of supply voltage was critical with the continuous deflection

measuring system used, and it was also desired to use the load-cell supply as a
reference for calibration of the galvanometers, as discussed in Section 7.3.
This voltage was therefore checked frequently during calibrations and drawing
tests, with a digital voltmeter. Owing to shortage of equipment, two different
meters were used at various times, but they were calibrated against each other
as well as against their own internal standard cells. Drift of the supply voltage
was found to be very slight. It was not always possible to set it to exactly 7
volts, .and variations of up to about 5 millivolts were tolerated, but were
corrected for at the stage of data measurement. -
7.2  ULTRA-VIOLET RECORDER, GALVANOMETERS,

AND SENSITIVITY DRIFT

With the U.V. recorder used (see Appendix 1), the maximum useable

deflection was about five inches, so great care was needed when taking measure=
ments from the record charts. In all cases zero positions were set up before and
after a signal recording, and datum lines were ruled across between them. The
deflection of the signal from the datum was measured with a finely divided

steel rule and magnifying glass. A needle was used to locate the centres of the
signal and zero fraces, and also to rule the datum. By making multiple
measurements on the same signal, it was established that repeatability within
+0.003 in. could generally be obtained. The simpler method of measuring

from the imposed grid lines was not used, as this would have involved two

separate measurements.
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One problem which was never satisfactorily resolved was that with
the particular recorder used, the paper sometimes tended to ride up off its
backing roll.  This was not allowed to proceed unchecked, as significant
error could have resulted from the change in optical path length.

Calibrations were performed on the complete transducer/galvanometer/
recorder arrangement, with the same components as used in the drawing tests.
The calibrations were performed with the galvanometers in the same channels
in the magnet block, and from the same, zero positions, as were used in the
drawing tests. The former was to overcome the effects of variations in mag=
netic field across the block, and the latter to overcome non=linearity in the
optical system. These details are given in Appendix 1.

During calibration, a drift in the sensitivity of the force measuring
system was observed. This was traced to the recorder, and it is now certain
that it was due to long term heating of the magnet block and/or galvanometer
by the ultra-violet lamp. This only became apparent because the force cal-
ibration was spread over a long period, but the other galvanometers exhibited
the same behaviour once it had been recognised. A short term zero drift also
occurred each time the lamp was switched on. This was due to thermal warp=-
ing of the optical system and soon stablised, and in any case zero drift was
automatically compensated for by the method of measurement described above .

The form of the drift in sensitivity was a monotonic decrease of about
2%, which took eight to ten hours to stabilise. The manufacturers had been
unaware of this behaviour, but performed independent tests which verified both
the magnitude of the drift and that the magnet-block/galvanometer-assembly
was the source. The drift was unacceptably large for the tests envisaged, and
the prospect of performing calibrations with lamp burning time as an additional
variable was rejected. The solution of leaving the lamp on permanently was
also unacceptable, on economic grounds. Although they had been unaware
of the drift problem, the manufacturers did produce temperature stabilised
magnet blocks for other purposes, and one of these was fitted. The stabilisation
temperature for the new b!qck was 45°% + 2%, and the time was claimed to be
20 minutes. As expected the magnitude of the drift increased, but the
stabilisation time did not decrease significantly. However, it was found that
the drift could be stabilised by leaving the heater of the magnet block switched

on permanently, it being necessary to switch the lamp on only when required

for recording.
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7.3  CALIBRATION OF GALVANQMETERS
Although the heated magnet block removed the large repeatable drift

which had been detected, there remained a much smaller apparently random
change, which amounted to about 2% over the entire duration of the test
programme . No pattern was evident in this change, not even between the
galvanometers themselves. It is now thought that the cause was variation in
contact resistance at the galvanometer pins, and that this was probably accent-
vated by the use of the heated block. Striking evidence in support of this is
that at intervals of roughly a few weeks, the apparent sensitivity of any
particular galvanometer could suddenly become exiremely erratic, always in the
direction of reduced sensitivity, and sometimes to such an extent that the signal
virtually disappeared. Rotation of the galvanometer in the block and manipula=-
tion of the contact pin, would restore normal behaviour. The pins were spring=
loaded, and it is not clear which end caused the trouble.

A standard procedure was adopted to check the galvanometers before use.
They were first manipulated as described above to clean the contacts, and their
sensitivity was then checked against a calibrating voltage. This was derived
from the load-cell supply voltage, through a set of fixed resistors. These cali-
brating resistors were built into the instrumentation circuit of the drawbench, and
were checked regularly and found to be completely stable within the resolution
of the Wheatstone Bridge used. Details are given in Appendix 1, together with
a caution on their use.

The procedure described above gave day to day information on the
sensitivity of the galvanometers, and it was therefore possible to correct for the
small random variations which were found. This was done by relating the cali=
bration curves for the transducer/recorder assembly to arbitrarily chosen galva-
nometer sensitivities, as measured with the calibrating voltage. Test data were
then corrected according to the actual galvanometer sensitivity at the time of

the test, as described in Section 10.6.4.

7.4  CALIBRATION OF TRANSDUCERS

All four transducers were calibrated before the Series | drawing tésts

(see Section 9). The speed transducers could be calibrated while on the draw=
bench, and they were both re-calibrated just before the start of Series Il. The
load=cell had to be removed for re-calibration, and this was done at the con=-

clusion of the Series Il drawing tests. The reference sensitivities for the
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calibration curves were selected before the full range of the random changes
were known, and they were therefore not necessarily mean values. This has
no fmporfcnce, as they merely provided an arbitrary reference for the calibra=
tion data.

It will be clear, from the description in Section 7.2 of the method used
to take data from the record charts, that physically large calibration curves, or
mathematical expressions thereof, would be required if accuracy was not to be
lost. The curves were highly linear, but nevertheless could not be expressed
to the accuracy required as straight line equations. A compromise between the
two methods was adopted, and the curves were drawn as the deviation from
some arbitrary straight line. The method required little extra labour for con=-
version of data, and achieved the accuracy of conventional calibration curves
of much larger scale.

The curves are given in Figures 7.2 to 7.5. Only the final calibration
is given for the drawing speed, as the first one was done using a different drive
string for the tachogenerator, and covered only a limited range of speeds. The
initial and final curves for torque and rotational speed were closely repeatable.
The drawing force calibration showed some change, and general scatter, at the
top end of the range, but this corresponded to higher forces than were actually
used in the drawing tests.

* The methods used to obtain the calibration curves are described in the
following sections.
7.4.1 Rotational Speed

For this calibration a magnet was mounted on the die housing, and a

reed switch on a’'stand on the bed of the drawbench. The stand was positioned
so that when the die rotated, the magnet operated the reed switch each time it
passed. The switch closure was used to gate clock pulses from a crystal oscill-
ator timer/counter (see Appendix 1), and thereby time the period of revolution.
The circuit used is shown in Figure 7.1(a), but this was not a permanent install-
ation on the drawbench. One or more periods of revolution could be timed,
but as the counter was much more accurate than required, the preferred method
was to time a single period repetitively, to ensure that stable running had been
achieved before taking @ U.V, record trace. Trigger point variations can cause
significant error with period measurement of small numbers of cycles, but this

did not apply here, because the pulse rise time was very short compared with
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the period being measured. -
7.4.2, Drawing Speed

A similar system to that described above was used, but the problem was

complicated by the need to define a reference distance. Two reed switches
were used, as indicated in Figure 7.1(b). They were mounted at a nominal
separation of six inches, on a sub-assembly which could be clamped to a side
rail of the drawbench (see Plate 5). The operating magnet moved with the
hydraulic ram. The sub=assembly or fhs magnet, or both, could be moved to
make the reference length coincide with any part of the working stroke .

The main problem was that the distance traversed between closure of the
two switches was not necessarily the same as the physical distance between them,
even if that could be defined accurately. Furthermore, the operating distance
could change whenever either the switches or the magnet were re-positioned.

It was therefore necessary to measure the distance in situ.

For this operation an Avometer was used to indicate the points of closure
of the switches. By reducing to a minimum the setting of the relief valve in the
hydraulic supply, and depressing the control handle for the ram very gently, it
was possible to traverse the ram very slowly, or in short steps .‘ Using @ com=
bination of dial-indicator and slip gauges, it was then possible to determine
accurately the distance between the closure points of the reed switches. The
time interval between the two closures was measured with the same timer/counter

as before, and a U,V. record trace was taken simultaneously.

7 .4 .3. Drawing Force

Calibration of the load-cell under direct force was done in a 50 tonf.
capacity universall testing machine (see Appendix 1). Special adaptors were
required, and the arrangement is shown in Plate 6. Readings were taken for
both increasing and decreasing load, and full use was made of the more sensitive
ranges of the machine.

7.4.4 Torque

Torque calibration was done on a torque testing machine (see Appendix 1).

One of the adaptors used for the drawing force calibration was dual purpose,
but a separate adaptor was required for the flanged end of the load-cell . The
arrangement is shown in Plate 7. Torque was applied in one sense only, anti-
clockwise viewing the load-cell from the flanged end. As with the drawing

force calibration,readings were taken with ascending and descending increments,



Plate 6 :~ CALIBRATION OF DIRECT FORCE BRIDGE

Plate 7 :- CALIBRATION OF TORQUE BRIDGE
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und the more sensitive ranges of the machine were used where possible.

7.4.5 Cross=sensitivity

The carriage on the torque testing machine was free to move axially
and it was therefore possible to establish the sensitivity of the force bridge to
torque, concurrently with the torque bridge calibration. This was slight and
is shown in Figure 7.6(a).

During direct calibration of the force bridge, considerable deflections
of the torque galvanometer were observed. However, no repeatable pattern
could be established, either from test to test, or between increasing and
decreasing loads within one test. As the torque bridge functioned satisfactorily
under torque loading, it was concluded that the method of application for the
direct force was producing genuine torque loadings. However, these torque
loadings were not large enough to have affected the drawing force calibration.

The cross-sensitivity of the torque bridge to direct force (see Figure
7 .6(b)) was finally established from measurements made of behaviour during
drawing tests, and is discussed in Section 10.6.4.

7.4.6 Sensitivity to Bending
At one time it was thoughtthat bending might have been the cause of

the apparent sensitivity of the torque kridge to force loading, and the sensitivity
to bending was therefore checked directly. The arrangement shown in Figure

7.7 was used for this.  The maximum bending moment that was applied,
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corresponded to a maximum principal strain of about 0.05% in the smaller of
the two sections. The associated deflections of the load-cell galvanometers
did not exceed 0.010 in., and bending sensitivity of the load-cell was sub-

sequently ignored.
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8. DRAWING DIE

Two tungsten carbide dies were obtained to the general specification
described in Section 4.3 and extensive measurements were made to check their
form. One was found to deviate appreciably from specification and was never
used, qll drawing tests being performed with the other die (see Appendix 1),
Details of only this die are given here.

Radial reference lines, permanently numbered one to eight, were
scribed on the die casing at intervals :f 45°,  Profile measurements were made
at all these reference positions, but in view of the high degree of uniformity
found, die form can be adequately specified by a flank profile at one reference
position, together with throat diameter measurements, and eccentricity profiles
at different positions through the die. Throat diometer and flank profile were
measured with a high accuracy optical machine (see Appendix 1), before and
after the drawing tests and at the same reference position. The values are
listed in Table A7.1. The profile was plotted to a largs scale which it is not
practicable to reproduce here, but the throat section is shown in Figure 8.1.
The origin for the measurements was arbitrary, and the ordinate was adjusted
so that its origin coincided with the throat. Measurements along the abscissa
were adjusted so that profiles before and after drawing coincided. This pro=
cedure was valid for expressing the profile geometrically, but the measurements
have no value for assessing die wear. No deviation from the 7° degree flank
angle was detectable outside the region shown in Figure 8.1, except close to
the inlet position for the largest size bar, where the die opened out slightly
too early. The maximum deviation there was 0.0025 in.

Eccentricity profiles, at three positions through the die, were taken on
a Talyrond machine (see Appendix 1). Profiles taken after the drawing tests
are shown in Figure 8.2, with values of total departure from roundness before
and affer. A discrepancy will be seen between the value given for eccentricity
before drawing, and the equivalent value which cen be deduced from the throat
diameter measurements in Tables A7.1. This was not noticed until after the
drawing tests, but it is unimportant with regard to the effect on the geometrical

parameters.
Measurements of surface finish were made prior to the drawing tests on

a Talysurf machine. This was done with the die mounted on an adjustable:
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angle plate inclined at 7° to the vertizal. In order to obtain scnsible readings
it was necessary to use the shortest meter cut-off lengths (48), and to use an
external glass datum plate rather than the radiused skid which is normally used.
Meter readings were about 2 microinches C,L.A. However the method of
mounting the die made the readings susceptible to vibration. Figure 8.3 shows
a section of a typical trace and the effect of vibration is clearly seen. Com-=
paring the record for the die with that of the standard specimen, it appears that
the actual finish was no worse than 1 microinch C.L.A, Measurements were
not repeated after the drawing tests due to shertage of time, but visual inspec~

tion suggested that little change had taken place.

)
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9. PRELIMINARY TEST SERIES - SERIES |

2.1 INTRODUCTION

A batch of material was obtained to the general specification of

Section 4.1, with all bars in the annealed condition and from the same cast.
Unfortunately, due to a misunderstanding on the part of the supplier, the
material had been rolled instead of drawn immediately prior to annealing. It
was clear that because of unevenness in this material, results could not be
expected to be of sufficient repeatability to enable distribution of shear stress
to be deduced; although it should be noted that the possibility of using the
rotating-die technique for this purpose had not been realised at the time that
this material was acquired.

In view of the delay involved in re-ordering material, it was decided
to go ahead with tests using this batch, partly to test the equipment and refine
the experimental techniques, and partly to obtain results using the simpler
analysis in Section 3.

The main utility of this series of tests was the revelation of some
unexpected features of the ro}ﬁﬁng-die technique, and exposure of weaknesses
in the scope and method of performing tests. The results of Series | tests are
now considered to be limited and incomplete compared with those of Series II,
the main test series, and they may also be unrepresentative. However they are
thought to be reliable within their recognised limitations, and they have already
been reported (89) . They are given here for completeness, and to indicate
the line of development of this research. Many features, which can be more
profitably discussed with reference to Series Il, have been mentioned only

briefly in this section.

9.2 TEST MATERIAL AND LUBRICATION
In addition to the ovality and rolling flash to be expected from the

rolling treatment, many of the bars in this batch had surface damage over much
of their length. This took the form of diametrically opposed pairs of 1/4 in.
wide longitudinal or helical flats. Many individual measurements of diameter
were made, but, as little importance is attached to the results of this series
generally, it would be pointless to include all of them here, and they can in
any case be adequately summarised as follows.  The bars were non-circular by

about 0.010 in. total run-out, in addition to which there was rolling flash of



up to 0.020 in. on diameter. These figures varied along the length of each
bar, and from bar to bar.

- ‘l -
measurements taken, the cross-section, area was sensibly constant along each

However, as far as can be judged from the many

bar and between bars of the same nominal diameter. The actual effective

diameters are given in Table 9.1. There was no material of 3/16 in. diameter

Nominal Bar Actual Bar Reduction of

Diameter (in.) Diame‘fter (in.) Area (%)
1.1/16 1.072 + 3% 13
1.1/8 1.133 + 3% 22
1.1/4 1.256 + % 36

TABLE 9.1

with this batch, and the 1.5/16 in. size has not been included because, as
discussed in Section 9.3 it was not possible to perform a coherent series of
tests on that size. The material was mild steel to specification En 2A, and
lengths of bar were random between eight and twelve feet.

Tensile tests were performed on full diameter undrawn sections of the
barstock, as part of the series described in Section 10.8.  The data are given
in Table A7.2 and the stress-strain curves in Figure 9.1. Specimens of the
two smaller sizes EF bar were taken from undrawn remnants of bars used in the
drawing tests, but for the 1.1/4 in. size it was necessary to use a specimen
from a bar which, although supplied as part of the batch, was not used in the
drawing tests reported here.

Surface treatment and lubrication of the material for the drawing tests
was done by the Pyrene company. The material was pickled, phosphated and
soap-dipped, according to one of the 'Bonderlube’ processes of the company,
but precise details of the treatment were never made available.  The con-
dition of the bars prior to drawing may not have been representative of this
treatment, because traces of mill scale were still apparent, and because there

was a considerable time delay before the drawing tests. However, the material
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was stored in dry conditions, and no visual evidence of corrosion was found.
The soap deposit appeared to be patchy, being powdery white in some places,
and apparently absent in others. Pyrene claimed that the active part of the
deposit would not be visually evident, and that the powdery deposits were
simply surplus.

No tests using oil lubrication were done in this series, and no surface

finish measurements were made.,

9.3  DRAWING TESTS

Some exploratory tests were made, during which it was found that

although drawing speed was constant throughout a particular test, it was diff-
icult to set it to a pre=determined value. Setting of rotational speed was
comparatively precise and repeatable, so a procedure was edopted in which
tests were run in sets, each set being performed at nominally constant rota=
tional speed but covering the range of drawing speeds. The exploratory tests
were also used to study long term changes during the test. These are described
fully in Section 10.6.4. The main conclusion was that drawing force became
virfu&lly stable after a very short length of bar had been drawn, and on this
basis a standard format was adopted for subsequent tests.  The exploratory tests
did not constitute a coherent group, and are not reported here. Most of them
were performed on the large size bars, and insufficient of the 1.5/16 in. size
was left for the standardised tests.

Individual tests, within a particular set at constant rotational speed,
were performed consecutively and on a single bar. The sequence usually used
was 5, 10, 15 ft/min., and then 5, 7%, 12% ft/min.. The purpose of this
sequence is discussed in Section 10.6.1. Each individual test comprised a
section of bar drawn without die-rotation, then one with, and another without.
Drawing was not stopped between the three sections, and the duration of each
section was timed to be four inches, that is twelve inches total per test. Con=
trol of the section lengths was difficult at the higher drawing speeds.

During this series a method for drawing at speeds less than 5 ft/min. was
discovered, but this could only be done while the die was rotating. To do this
the pressure relief valve in the oil delivery line was unscrewed while drawing
with die rotation. When the pressure setting fell below the current drawing
pressure, the drawing speed would fall until equilibrium was re-established,

with an increased swing of the friction vector. Further reduction in pressure
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produced a further fall in drawing speed, until the swing of the vector reached

90°, This was an experimentally haphazard technique, with which the draw-

ing speed and drawn length could not be predicted.

9.4  RESULTS

Interpretation and conversion of data from the record charts is discussed

in Section 10.6.4. Values taken for this series of tests were of rotational and
drawing speed during the die-rotation period, torque and drawing force at the
start and finish of die-rotation, and drawing force just before die-rotation and
at the very end of the test. These values are given in Tables A7.3 to A7.5,
in which coupled values indicate a range of uncertainty.

In order that directly comparable experimental results could be plotted,
corrections were applied for variations in drawing force and rotational speed
between tests in the same sets.  Thus @ mean value for drawing force, prior
to die-rotation, was taken for each size of bar, it having first been checked
that variations were random. Values of torque and drawing force obtained in
each test were corrected linearly, according to the variation of the initial
dravv;ing force in that test, from the mean for that size of bar. Variations in
rotational speed from the nominal value were partly random, arising from day
to day errors in re-setting the value, and partly systematic with increasing
torque loading. Correction factors for these variations were obtained by
plotting the torque and drawing force dependence on rotational speed, at nom=-
inally constant drawing speed. Corrected values are listed in Tables A7.3 to
A7 .5 and are plotted in Figures 9.2 to 9.4. It will be seen from the tables
that the corrections were always small and often negligible, so errors in the
corrections are likely to be insignificant.

Coefficients of friction /LT and /“P were calculated according to

Section 3.1 , for conditions at the start of die-rotation, and are listed in

the tables and plotted in Figure 9.5. Some of the extreme values of Ap

calculated for test conditions which gave very small load reductions, have
not been plotted as they were not considered to represent reality. This is
discussed further in Section 10.7.

Various markings on the surface of the original bars were distinguish-
able after drawing, and from their appearance it was clear that the bar had

been twisted helically as it passed through the rotating-die, but no reliable
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measurements of the twist were possible.

9.5  DISCUSSION OF RESULTS

Two peculiarities were not recognised at the time that these resulis

were analysed, one being of the rotating=die technique in general, and the
other of the equipment used here. They are discussed in detail in Section
10.6.4. Both of these features were relatively unimportant over the 5 to 15
ft/min. range, and it will be shown that the lower speed tests are not com=
parable anyway . <

One effect was that of a surge in drawing speed at the start of die=
rotation, but the results given here are nct subject to error caused by non=-
recognition of this factor. The other feature was that the twist observed in
the drawn bar implied rotation of the free end of the bar. This had the effect
of reducing the relative rotational speed between die and bar, and is now

thought to account for the reduction in torque observed in the early stages of

die-rofation. The maximum error in values of T given here, which result

from non=consideration of this factor, are an over-estimate of about 10% ;

M -P being unaffected. This magnitude relates only to results obtained under

conditions of high reduction of area, and high R/V ratio. The good agreement
of - with u P found in this range (see Figure 9.5) must therefore be

regarded as being fortuitous.

From the point of view of a possible comparison between experimentally
and theoretically determined curves, it was clear that the 0 to 5 ft/min. range
of drawing speeds was of great interest. However the data obtained in that
range were not directly comparable with the other results, as the higher draw-
ing speed data corresponded to conditions at the start of die-rotation, whereas
the low speed results were taken after some indeterminate period of die=
rotation. They were therefore probably lower than they would have been
under directly comparable conditions. The good agreement obtained by
back-extrapolating the lower curves in Figures 9.3 and 9.4 is not in conflict
with this argument, as that size of bar showed no change in torque and drawing

force reduction during the die rotation period.

9.6  CONCLUSIONS
Values of . deduced for conditions in these tests were between 0.04

and 0.07, with a weighted mean of 0.05. The main value of the Series | tests

-
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lay in the revelation of necessary modifications to the test programme. These

were as follows ¢

a)

b)

d)

The drawbench was to be modified so that
straightforward drawing at speeds below 5
ft/min . was possible.

Regulation of the length of bar drawn in
each section of the tests was to be done
directly, instead of by timing.
Measurements of the speed of rotation of
the free end of the bar, during die-rotation,
were to be made.

Errors arising from the use of an assumed
velocity field at the die/bar interface were
to be removed, by measuring the actual
velocity field.

Material for Series Il was to be of better

uniformity than used here.
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10. MAIN TEST SERIES - SERIES Il

10.1  TEST MATERIAL

A second batch of material was obtained, from a different supplier,

for this series. This had been cold-drawn and had good dimensional uniformity
(see Section 10.5). Although this was satisfactory, it was necessary to accept
some departures from the general specification discussed in Section 4.1. These
were firstly that the material was in the normalised condition, instead of being
annealed, and secondly that it was not all from the same cast. However, all
bars of the same nominal diameter were from the same cast. The material was
once again mild steel, but of slightly higher carbon content than that used in
Series 1. The chemical composition and details of heat treatment are given in
Table 10.1. Further departures relating to particular sizes of bar were that the
1.5/16 in. size had been reeled after being normalised, and that the 1.1/8 in.
size was pitted by corrosion. The reeling process could be expected to have

work=-hardened the bar, and to have done so variably from point to point.

10.2 SURFACE TREATMENT AND LUBRICATION

The batch of material was made up into two equal bundles, and spacing

rings were used to separate the bars within each bundle from each other. They
were taken to an industrial tube works for treatment, where they were both
picidéd and phosphated, and one bundle was then soap dipped. Precise details
are given in Table 10.2.

On their return there was some doubt as to the amount of soap deposited
on the one bundle, and there were also some patches of grease and grit, and
bare patches, on the bars. Some preliminary rotating=die drawing tests were
therefore done on the soap~dipped bars. These were done consecutively on a
single 1.3/16 in. size bar. The experimental details and evaluation of results
were as for Series | tests, andthe results are given in Table 10.3.

The first test was done on the bar as returned from the tube works, but
a section free from obvious contamination was selected. The whole bar was
then washed down with trichloroethylene to remove grease, grit, and soap,
and the second test was done with no lubricant other than the phosphate coat.
For the third test, fresh soap was applied in the laboratory as described later
in this section. The fourth test was also done with laboratory applied soap,

but the bar was first abraded down to the bare metal, using 220 grit emery

R . |



Nominal Bar Element (%)

Diameter(in) (T ¢ ™ Si S P
1.1/16 0.12 {0.59 |0.21 |0.05 | 0.01
1.1/8 0.14 10.58 10.29 (0.03 | 0.01
1.3/16 0.12 10.57 {0.19 {0.04 | 0,01
1.1/4 0.15 | 0.60 [0.22 | 0.04 | 0.01
1.5/16 0.15 | 0.62 10.26 | 0.03 | 0.01
Condition := Nomalised (Heated at 900%

for 50%nins., air cooled)

TABLE 10.1
Treatment (];1?:5) TerrE]:;e:;tUre Details
Pickle 20 78 7% H2 504
Cold Rinse - - Water
Drain % - =
Hot Rinse - - Water & Paroxite RC to pH?
Drain 1 - -
Phosphate 14 63 18% Bonderite 188x
Hot Rinse - - Water
Drain - - Until dry
Soap Dip* 7 50 9% TD 20

* N.B. See Section 10.2

TABLE 10.2

Drawing Speed

Nominal Bar Diameter = 1.3/16 in.

=5 ft/min.

Rotational Speed =15 rev/min.
Condition of Bar Mo | Mp
l;) As treated at tube works 0.048 0.041
2)De-greased, no lubricant 0.072 0.065
3)De-greased, re-soaped 0.025 0.023
4) Phosphate coating removed,
then re-soaped 0"022 9040

TABLE 10.3

87
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cloth in the circumferential direction.

Conclusions drawn from the results were, firstly that the phosphate
coating was in itself quite a good lubricant; and secondly that the industrially
applied soap gave reasonable results, but that much better results were possible
using the laboratory technique. The results obtained with the abraded bar
were somewhat surprising, and it was tempting to conclude that occasional
bare patches in the phosphate coating would not affect results, and even that
the phosphate coating was superfluous. However, it is well known that shot
blasting of drawing stock is one method of inducing good lubrication (44),
and it may be that the method of abrasion used had a similar effect. So the

surface was not necessarily representative of naturally occurring bare patches.
On the basis of these results, it was decided that all tests would be done using
laboratory applied lubricant.

The soap used was commercial sodium stearate powder, originally
supplied for the soap-box type of lubrication used with bull-block wire-drawing.
The powder was dissolved in water at about 80%, to give a 10% solution by
weight; the solution then being decanted to remove the insoluble impurities.
The solution was stirred continuously during cooling, until it coagulated
abruptly at 28°C. At room temperature it was a soft jelly which could be
brushed onto the barstock.

Industrial practice is to dip bars in hot soap solution, most of which
drains off when the bar is removed, and only a thin film remains. The problem
with using this method for experimental work was that, to ensure a uniform
repeatable coating, at the very least a system for rotary drying of the bars
would have been required. The alternative was to ensure that a surplus of

“ lubricant was always available at the die inlet. The bar would then carry into
the die as much as it could, and thereby create its own uniform coating,
provided that the other parameters were constant. Soap=box drawing was not
considered sufficiently reliable for these tests, and in any case the use of the
rotating die would have made this difficult. It may of course be that the films
produced by industrial hot dipping do constitute a surplus relative to the quantity
which can enter the die, but the results described above do not support this.

It was therefore decided to use thick coatings of soap.
Prior to the drawing tests, the bars were washed down with trichloro=

ethylene and left to dry for about four hours. A heavy layer of soap was then

el
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brushed on.  This was very uneven kut always complete, and after a further
half-hour another thick coat was applied. Before being drawn the bars were
then left for at least twelve hours. A number of variations were fried con-
currently with the tests described earlier. These varied from a single thick
coat dried for four hours, up to multiple coats dried for fwenty four. Varia=-
tions in results were small, and could not be correlated with the type of soap
application used. In view of the much rougher surface of the 1.1/8 in. size
bars (see*Section 10.3), they were given an extra coat. All final coats were
very uneven, and the term 'thick coat' could not be defined precisely .
However, it is known that 85 gms. of soap were used to cover about 60 ft2
of bar surface. During the drawing tests it was seen that soap was continuously
rejected at the die inlet, so it was concluded that the aim of providing a surplus
had been achieved.

The lubricant used in the oil drawing tests was Shell Vitrea 75. This is
a straight mineral oil with viscosity of 24 centistokes at 100% and 1,300 centi-
stokes at 20°%c.  Surface-active lubricants were deliberately avoided, partly
because high friction forces were specifically desired in these tests, and partly
because such lubricants might have been more affected by increased heat
generation during die-rotation. The particular choice of oil was made because
it was closely comparable with an oil used in a separate investigation (34) .
Bars which were to be drawn with oil were degreased a few hours beforehand.
Immediately prior to being drawn they were loaded onto the support rollers at
the rear of the drawbench, and brushed liberally with oil. The oil was
sufficiently viscous to drain off slowly compared with the duration of a set of
tests. As with the-soap lubricated tests, surplus lubricant was seen to be
rejected ot the die inlet, and all round the circumference of the bar. A further
check was carried out . * A 1.3/16 in. size bar was loaded and lubricated in
the normal way, and was then drawn without die-rotation at about 13 ft/min.
After about seven inches had been drawn, a copious supply of oil was abruptly
squirted into the mouth of the die for a few seconds. No change in drawing

force that could be related to the exira oil supply was observed.

10.3  SURFACE FINISH

Measurements were made of the surface finish of the test material using

a Talysurf (see Appendix 1). Values obtained were extremely variable from

point to point, and also depended on the meter cut-off length used(98) .
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Variations appeared to be random, so the minimum cut-off was used in order
to obtain the range of values. Measurements were made very simply in the
longitudinal direction of the bar, and many such readings were taken. The
technique for measurement in the circumferential direction was extremely
lengthy, and only a few such readings were taken. Measurements were made
on the undrawn remnants of fourteen of the bats used in drawing tests, three
each of the 1.1/8, 1.3/16, 1.1/4 and 1.5/16 in. sizes, and two of the
1.1/16 in. At least six readings were aken at different positions on each bar,
and more where atypical distributions were found. Occasional values which
lay grossly outside the band width for a particular set of readings were discarded,
but otherwise the limits of values obtained on individual bars are shown in Table
10.4, and typical profiles in Figure 10.1. Corrosion pitting of the 1.1/8 in.
size bars was clearly reflected in the high figures for that size. No circum=-
ferential measurements were made on these bars as it was thought that pickling
would have removed any directionality caused by the earlier mechanical working.
All lubricant was washed off the bars before the measurements were made,
but the phosphate coating was still present. It is not clear what significance
should be attached to values obtained in the presence of such a coating, but
repeated readings taken over the same track gave the same results. It seems
therefore that a stable surface was being measured, be it metal or phosphate .
A set of measurements was also made on bars which had been drawn.
For this a total of ten bars was used, two bars of each original size, one drawn
with oil and the other with soap, and readings were taken on sections drawn
with and without die rotation. Other details are as for the measurements made
on the undrawn stock, and the results are also given in Table 10.4 and profiles
in Figure 10.2. The general variability of readings swamped any variations
which may have resulted from differences in the speed parameters with which
the bars had been drawn. Circumferential measurements were made on two bars,

the same portions being used as were used for the longitudinal measurements.

10.4 DISTRIBUTION OF VELOCITY AT THE DIE SURFACE

In order to describe the swing of the friction vector mathematically

(;ee Section 3), it was necessary to determine the surface speed of the bar
throughout the die. This was done by partly drawing bars which had grids
engraved on their surfaces. The required distribution was then deduced from

the progressive change in grid spacing through the die. The usual problems
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involved with this type of work were-greatly eased by the presence of the
phosphate coating, on which clearly defined grids were easily cut, and which
retained them during drawing.

The equipment used both to cut and to measure the grids was an optical
measuring machine (see Appendix 1), with Tracelet attachment. The use of
this equipment for engraving plane grids has been described elsewhere (100) ,

but circumferential grids were needed here. The arrangement is illustrated in

Figure 10.3.
<

Wtfgﬂfta’ Beam

"En?fnw‘n? Tool Height-Stop
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The bar was mounted on the table of the machine, with its axis parallel to

that of the table. The Tracelet, which was simply a weighted and pivoted
single point engraving tool, was attached to the head of the machine.
Traversing the head produced one line of the grid, and the bar was re=positioned
for the next line with the table traverse. This gave a parallel grid, which was

all that was required. The method produced a grid over only a part of the
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periphery of the bar, so two opposed grids were cut, grids A and B, to correct
for any asymmetry in the drawing operation. No longitudinal datum was avail=
able, so it was not possible to ensure that the grids were exactly opposite each
other. A grid-spacing of 0.050 in. was used, except for the 1.1/16 in. size
bar, for which 0.025 in. was chosen. The machine was extremely accurate,
and it was not thought necessary to check the .grid-spacing after it was cut.

An Avery tensile testing machine (see Appendix 1) was used for the
drawing operation, as this had to be doge slowly to ensure that drawing could
be stopped with the grid spanning the die. Tests were first done on two sections
of 1.3/16 in. bar, one drawn with soap and the other with oil. No difference
between the two velocity profiles could be detected. Therefore only one test
was performed on each of the other sizes of bar, and soap was used. Passage
of the 1.1/16 in. har through the die was so seriously asymmetric that no mean-
ingful measurements could be made on its grids. The results for the other sizes
are given in Tables A7.6 to A7.10, and the manipulations on the results for grid
A are described below. Grid B measurements were treated identically.

Each grid-line was given a reference number, n, starting from the drawn
end of the grid, and its position relative to the measuring machine scale is given

under the heading An . The grid-spacing at any position is then § , where

) A

= A(n +1) " "n
It should be noted that this is the grid=spacing measured along the axis of the
bar, and within the zone of contact it is the cosine component of the real grid-
spacing. The axial velocity v at any point, is conveniently expressed as a
proportion of V, the exit or drawing velocity. To do this it is necessary to
know $ 1’ the grid=-spacing after exit, and to use the fact that the average
velocity between two grid lines is proportional to the spacing of those lines.
By assuming volumetric constancy,

v .8 . & (9Y)*
Voi o 5\

where § 2 is the original grid-spacing, and d; and d2 are the diameters at -

exit and entry. As this defines the average velocity between grid-lines, it
is most properly related to the mid-point, and this is given by (An +6/2).
This would enable the velocity profile to be plotted, but only
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telative to the arbitrary datum of the_ machine scale. Thus no direct com-
parison between results for A and B grids, or between different bars could be
made. Nor would the precise location of the die relative to the profile be
“known. The best reference position would be the exit plane, but neither entry
nor exit planes were clearly defined under the microscope of the measuring
machine. For the first two tests, on 1.3/16 in. bar using oil and soap, these
positions were estimated using a rule and magnifying glass, and the measure=-
ments were not considered reliable to better than +0.010 in. The conclusion
that there was no difference in velocity distribution between the two tests, was
reached by noting that the form of the two curves was identical . For the two
test conditions to have given the same velocity profiles but different velocity
distributions, the effective entry and exit planes relative to the die would have
had to be different, and this is extremely unlikely.
To accurately locate the entry and exit planes, measurements were
made with the grid=lines viewed in profile as in Figure 10.4. Measurements
were made in both axes, and the profile was plotted. These profiles were com-

pared with the known profile of the die (see Section 