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Although fixed-plug tube-drawing has been an industrial
practice for many years, difficulties remain in the lubrication of
the bore., High friction, pick-up and chatter are the major problems,
Preventive measures by surface roughening to entrap the lubricant
or the use of a suitable coating render the process route long,
cumbersome and costly. This research project is the first to be
undertaken to develop a new technique of bore lubrication without
recourse to surface treatment, which is likely to reduce production
costs.,

The new technique involved generating a high lubricant pressure
at entry to the metal deformation zone, based on the concept of
induced hydrodynamic action, by fitting an attachment to the plug.
This pressure increased the lubricant throughput, thus improving
lubrication. Friction, or the plug force, decreased substantially
with increasing lubricant pressures. Stainless steel tubes, which
had not been roughened, were drawn successfully without the occurrence
of pick-up or chatter. This was not otherwise possible. A lustrous
finish obtained on the bore surface deteriorated, comparatively,
with higher lubricant pressures. A new plug design eliminated the
risk of pick-up initiating at the start of drawing.

External lubrication using Christopherson tubes was considered
also. Experimental observations, at a draw speed of 15 ft min~l,
with straight-parallel plug-attachments and Christopherson tubes
compared well with theoretical predictions. The theories extended
to consider such devices having straight-tapered, composite and
stepped profiles., The lubricant pressure and film thickness varied
directly with the draw speed, lubricant viscosity and length of
these devices, and inversely with the radial clearance. Thus, a
practical tool design demands a compromise among these factors. A
"quasi-hydrodynamic" lubrication regime obtained under experimental
conditions. Full hydrodynamic lubrication is achievable at higher
draw speeds and/or lubricant viscosities.

The new plug and the plug-attachment lubrication technique
are now being discussed for a UK patent application.

Keywords: Tube-drawing
Plug "design
Plug—~attachment
Hydrodynamic lubrication
Pick-up
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NOTATION
Area
initial cross-sectional area
final cross-sectional area
cross—sectional area of tube after sinking

(e-¢P2 - e_¢Y) in the analysis of Christopherson tubes

(e—¢P3 - e_¢P“) in the analysis of plug-attachments
circumference of tube

diameter

initial diameter

final diameter

natural logarithm base = 2.7183

lubricant film thickness

constant in integrated Reynolds equation

(equals lubricant film thickness at maximum pressure)

hy
— =1

h2

shear yield stress

length of the land of the die

length of contact between the plug and the tube

length of Christopherson tube or plug-attachment

overall length of plug-attachment = 1; + 1,

e



=i

if

1

length ratio of plug-attachment = Ti
1

friction factor

friction factor at the die-tube interface

friction factor at the plug-tube interface

strain hardening exponent
lubricant pressure

volume rate of lubricant flow per unit
circumference of tube

radius of tube in deformation zone
initial internal radiué of tube
final internal radius of tube
initial external radius of tube
final external radius of tube
radius of plug

reduction in cross-sectional area
temperature

wall thickness of tube

initial wall thickness of tube
final wall thickness of tube
velocity

velocity of tube during sinking
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(N}

rate of volume of material deformed

rate of plastic working

total rate of plastic working

R
B

tana

horizontal distances from the origins defined in
Figures (3.1) and (3.6)

yield stress in uniaxial tension

mean yield stress

v R
e e o
21 Bos

distance from the end of sinking to the virtual
apex defined in Figure (3.6)

distance from the start of sinking to the virtual
apex defined in Figure (3.6)

die semi-angle

~logarithmic strain

equivalent strain

homogeneous strain in sinking

dynamic yiscosity of lubricant at any pressure P
dynamic viscosity of lubricant at atmospheric pressure

Coulomb coefficient of friction

R.p

+ -0

(1 =
3

RP
(1 + i )
N
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Subscript

taly it

draw stress or true stress

strength coefficient in empirical stress-strain
relationship

effective stress
back-pressure or back-pull stress

normal pressure or die pressure
shear stress or frictionmal stress

shear stress in pure shear

viscosity-pressure coefficient

refer to the corresponding zones of the Christopherson
tubes or plug-attachments



CHAPTER 1: GENERAL INTRODUCTION




CHAPTER 1: GENERAL INTRODUCTION

Tubes are common engineering materials which are used extensively

in applications ranging from simple structures to chemical engin-
eering, aerospace and nuclear industries. There are two basic

types of tubes, namely, fabricated and seamless. Fabricated tubes

are formed from strips or plates and welded along the joints. Most
seamless tubes are produced by punch or rotary piercing solid
billets; thus a die or sleeve shapes the external profile while

the bore is formed by a punch or mandrel. Although.the tubes are
often used in the fabricated or pierced conditions, most of these

are however further processed once or many times at room temperature
by an operation called cold-drawing. The drawing operation elongates
the tube while reducing its diameter and, usually, its wall thickness.
Stainless steel hypodermic needles, for example, which may be smaller
than one hundredth of an inch in outside diameter are produced by
drawing. Apart from providing a good dimensional accuracy, cold-drawing
also iﬁproves the surface finish of thé tube.

The cold-drawing of tubes is performed by one of four methods,
namely; sinking, fixed-plug drawing, floating-plug drawing and
moving-mandrel drawing, as illustrated in Figure (l.1). The operations
consist of pulling the tube through a die, the size of which determines
the outside diameter of the drawn tube. In the sinking process the

tube is drawn without internal support in the bore, resulting in a
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reduction in tube diameter accompanied usually by a small increase
in wall thickness. In the other tube-drawing processes, which
consist of drawing the tube over a plug or a mandrel, an initial
clearance is necessary in order that these internal sSupports can

be inserted into the bore of the undrawn tube. The deformation
process is therefore initiated by sinking the tube on to the plug
or the mandrel before drawing it in a close-pass. This combined
operation results in a reduction of both the diameter and the wall
thickness. These drawing processes introduce a second friction
interface which often poses additional lubrication problems. In
the fixed-plug drawing process a cylindrical plug provides the
internal support in the bore of the deforming tube and is held in
a position within the die by a plug—~bar. The floating-plug drawing
process utilizes a plug profiled to match the internal surface of
the deforming tube and is held in position during drawing by the
equilibrium of the normal and friction forces. The moving-mandrel
drawing process consists of pulling forward a mandrel with the
tube. The motion of the mandrel alters the mechanics of the deform—
ation process in comparison with fixed-plug or floating-plug tube-
drawing by reversing the relative motion between the internal
support and the bore of the deforming tube. This reversal arises
by virtue of the fact that the tube elongates while the mandrel
remains undeformed. Higher deformations are therefore achievable
because part of the drawing load is carried by friction at the
mandrel-tube interface. Friction related problems at this interface
such as metallic transference i.e. '"pick-up", are greatly reduced.
Additionally, the mandre; is not thermally isoclated as in the case
of fixed-plug or floating-plug drawing and this eases the lubrication
problem. However, mandrels are expensive, cumbersome to handle,

need careful usage and storage, and they must be removed from

=2



the drawn tubes by a reeling process.

The effect of friction in tube-drawing and indeed in any
metal-forming operation is fairly complex and its importance may
be seen in that a significant proportion of the total energy re-
quirement has to be expended in overcoming friction - which would
not otherwise be necessary. The higher the friction, therefore,
the greater the energy required to impose a particular deformation.
This, however, is not the main concern, but the elimination of
metallic transference between the workpiece and the tools resulting
from poor lubrication is of major importance. Thus, the principal
industrial requirements of tube~drawing lubricating systems are to
facilitate a high reduction per pass, long tool life and the prov-
ision of suitable surface finishes together with an absence of
pick-up or chatter. Apart from the presence of "foreign particles",
the failure of a lubricating system is directly indicated by high
forces and pick-up between the tube and the tools. Clearly,‘there
are two surfaces to be considered, namely, the die-tube and the
plug-tube interfaces. On both surfaces there arises a conflict
between the need to reduce tool wear and to improve surface finish
since the former suggests a need 'for minimum contact between the
tools and the tube, whereas the latter implies some burnishing of
the tube surfaces and hence intimate contact between the tools and
the tube. Generally a compromise solution to the problem of meeting
these requirements is achieved economically by the selection of
the appropriate tool material, die-angle, lubricant, surface
treatment and heat treatment of the undrawn tube and drawing con-

- ditions such as draw speed and the reduction of area. However, as
there is a continuing and an increasing need to reduce costs, i.e.
to draw at higher speeds and at higher reductions and to eliminate

surface treatments and the changing of tools frequently, methods

= 9yl



of solving lubrication problems have been reconsidered.

Investigation of friction, wear and lubrication in metal-
forming processes has been largely directed along two lines. The
first is the selection of a suitable tool material which, in itself,
has good friction and wear properties and secondly, the use of
appropriate lubricant films and/or surface treatments. One of the
best known lubricating systems employs soap or oil as the drawing
lubricant together with another low éhear strength coating such as
lead, copper, phosphate, lime or complex oxalate or zinc compounds.

A review of the developments in the use of chemical conversion
coatings to facilitate better lubrication in metal-forming operations
has been presented by James and Haynes(l). In slow-speed bar—
drawing, Lancaster and Rowe(Z2,3) have shown that entrapping the
lubricant by grit-blasting the undrawn bar surface enabled higher
reductions to be made without the dangef of burnishing and pick-up.
Smaller die—angles(z) were shown to encourage contribution to
lubrication from the hydrod&hamié action induced by the motion of

the bar, thus increasing the lubricant throughput. There is, however,
a restrictionbon the size of this angle since it is desirable to

draw with the optimum die-angle at which the total work done including
frictional and redundant work is minimal. However, surface coatings
and surface treatments may be expensive and cumbersome to apply,

and the removal and disposal of the effluents of such coatings may

be difficult particularly when the number of passes required is

taken into consideration. Consequently the cost becomes prohibitively
high.

The promotion of hydrodynamic lubrication which introduces,
between the tool and the deforming material, a sufficiently thick
or tenacious lubricant film would therefore alleviate the lubrication

problem significantly. Under favourable drawing conditions, for
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example, when drawing at sufficiently high speeds using dies of
small semi-angles, a degree of hydrodynamic lubrication is likely
to exist at the die-tube interface. The possibility is enhanced
particularly when the external surface of the undrawn tube has
been roughened since this surface of the tube is caused to extend
during deformation, thus entrapping a larger quantity of lubricant.
True hydrodynamic lubrication however may be achieved by supplying
the lubricant to the die entry at an elevated pressure using the
Christopherson tube technique developed by Christopherson and
Naylor(4’5) in the wire-drawing process. The necessary pressure
was generated by causing the undrawn wire to approach the die
through a tube filled with a viscous lubricant at atmospheric
pressure, sealed to the entry side of the die and having a diameter
slightly larger than the wire diameter. The motion of the undrawn
wire generated a pressure in the lubricant by the classical mechanism
of hydrodynamic lubrication, thereby introducing a thick_lubricant
film between the deforming wire and the die. This resulted in
significant reductions in the draw force and the die wear. The idea
has aroused considerable interest(6,7,8) and industrially viable
hydrodynamic lubricators(9,10,11) have been developed for the wire-
drawing process. No such provision appears to have been made on
lubrication in the bore of the tube in tube-drawing and the high
pressures involved in the deformation process preclude the possibility
of hydrodynamic lubrication so that boundary lubrication prevails;
the nearest lubricating system has consisted of entrapping the lubricant
in a roughened bore surface. In the case of drawing stainless steel
tubes the difficulty is aggravated by their propensity to work
harden rapidly. ;

In some companies fixed-plug tube-drawing practice consists of

a process route which is considered to be long, cumbersome and
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costly. This arises as a result of the difficulties experienced in
the lubrication of the bore i.e. the plug-tube interface. Pick-up

on the plug which damages the bore surface is the major problem.
Essentially the bore surface of the undrawn tube is roughened by
grit-blasting or pickling before each pass in order to entrap the
lubricant and also to provide a more effective surface for the
adhesion of a plastic coating which is sometimes necessary when
drawing some of the stainless steel materials. However, when it is
considered that the residual lubricant must be removed before
annealing in preparation for the subsequent pass, grit-blasting or
pickling, washing and drying, it becomes apparent that the ultimate
solution has not been obtained. Clearly a cost effective process
route would be the elimination of the surface treatment and the
related cleaning operations and hence the ability to draw immediately
after annealing. In response to these considerations, the present
research project was undertaken to improve the bore lubrication and
at the same time explore the possibility of drawing stainless steel
tubes without recourse to bore surface treatment such as grit-blasting
or pickling.

A comprehensive review of the literature was made of the
subjects which were considered relevant to the promotion of hydro-
dynamic lubrication in metal-forming. This included the theories
of friction and lubrication both in general and with reference to
metal-forming, particularly metal-drawing processes. The influences
of temperature and pressure on the lubricant viscosity, which affect
the promotion of hydrodynamic lubrication during metal deformation,
were considered also. The review included the basic theories of
metal-drawing and the techniques of determining friction associated
with the process.

In the present work it was proposed to promote hydrodynamic
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lubrication of the bore, based on the concept of induced hydrodynamic
action, by fitting to the plug an attachment having a diameter
slightly smaller than the bore of the undrawn tube. The arrangement

is illustrated in Figure (l.2). The motion of the undrawn tube and

the viscosity of the lubricant pull the lubricant into the small
annular space between the attachment and the bore of the undrawn

tube. A high pressure is thus generated at the entry.to the defor-
mation zone by the classical mechanism of hydrodynamic lubrication.
This pressure increased the separation of the surfaces and the flow

of lubricant into the deformation zone, thereby improving lubrication
at this interface. Additionally, hydrodynamic lubrication at the die-
tube interface was considered using the Christopherson tube technique
developed in the wire-drawing process. The theoretical analyses of

the mechanics of lubricant pressure generation, by induced hydrodynamic
action to promote hydrodynamic lubrication, using the Christopherson
tube technique and the newly developed plug-attachment technique for
the tube—drawing process are presented in Chapter 3. The influence, on
the generation of hydrodynamic pressure, of the geometrical features
of these lubricant pressurizing devices, such as their lengths and
radial clearances between them and the undrawn tube, and drawing
conditions such as draw speed and lubricant viscosity, were considered.
Such pressurizing devices having straight-parallel and straight—-tapered
profiles were studied initially and extended to include a second
parallel or tapered portion, thus forming a stepped or composite
profile. For a desired lubricant pressure the theory was utilized to
calculate, with the aid of a computer, the required iengths of the
four designs of plug~attachments for a range of drawing conditions and
radial clearances. This enabled a direct comparison of the practic-
ability of the design of these tools,

In addition to the use of the plug-attachment to promote
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hydrodynamic lubrication, it was proposed to replace the chamfer

at the fore end of the conventional plug, illustrated in Figure
(1.1b), by a curved profile as shown in Figure (1.2). The advantages
of this design are two-fold. Firstly, the curved profile on the
plug eliminates the intimate contact between the bore of the tube
and the edge of the chamfer of the conventional plug at the start
of the drawing process where pick-up is most likely to initiate,
Secondly, since the plug is drawn almost instantaneously into the
metal deformation zone, the high relative velocity between the

tube and the plug together with the curvature of the latter provide
conditions which are favourable for a better lubrication during

the initial stage of the drawing process, by hydrodynamic action.
Thus, during drawing, lubrication is aided by the hydrodynamic
action of the plug-attachment.

These new developments in the tube-drawing process i.e. the
plug-attachment technique for bofe lubrication and the curve-profiled
plug, are being discussed with patent agents with a view to the
filing of a U.K. patent application.

The experimental programme can be categorised into two
groups. The first group consisted of preparatory experiments
which were designed to assess the basic drawing parameters using
conventional tooling used in current industrial practice, such as
the most effective lubricant, the effect of the length of contact
between the plug and the tube and the determination of the optimum
die semi-angle. Within this group initial experiments were conducted
with a straight-parallel and a composite plug-attachment. These
experiments were investigative in nature and designed to test the
efficacy of the plug-attachment in promoting hydrodynamic lubrication
of the bore of the deforming tube and also to develop a practicable

method of measuring the generated lubricant pressure.
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The draw force, plug force, lubricant pressure and the resulting
surface finish of the bore which are all indicative of the lubric—-
ation efficiency were measured. The experience and information
acquired in the course of these preparatory experiments were utilized
in the design of a series of experimental plugs and plug-attachments.
These tools weré used in the second group of tests in the experimental
programme i.e. the promotion of hydrodynamic lubrication of the

bore. Christopherson tubes were used in conjunction with conventional
plugs in the experiments on the promotion of hydrodynamic lubrication
at the die—tube interface. The observations made in this group of
experiments enabled the validity of the theories developed in
Chapter 3 to be verified. The use of plug-attachments in drawing
tubes in which the bore surface had not been grit-blasted or pickled
indicated directly the possibility of eliminating such bore surface
treatments without the occurrence of pick-up.

An "upper-bound" theoretical analysis of tube-drawing, based
on Johnson's(12) proposal of using sﬁraight lines as velocity
discontinuities and additionally included both circumferential and
thickness straining in the deformation process, 1s presented in
Appendix (A5). The solution to the theoretical analysis would serve.
as a useful starting point for an analysis of tube-drawing with
hydrodynamic lubrication, at both die-tube and plug-tube interfaces,

by induced hydrodynamic action.
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CHAPTER 2: REVIEW OF THE LITERATURE

2.1 INTRODUCTION

Mankind has experienced friction and recognised the need for
lubrication since the earliest civilizations. Today, friction and
lubrication are vital elements of science, technology and
engineering practice. The importance of these may be seen in the
fact that a substantial proportion of the economy is expended
annually in overcoming frictional losses and that additional
expenditure are incurred through poor lubrication practice and
design. Extensive research and development, both in general
engineering practice and in metal-forming processes, have been
documented in the strive to solve this persisting problem.

It is the objective of this chapter to present a review of
the literature. However, it is not intended, nor is it desirable,
to take full account of the voluminous publications but rather to
concentrate on those which are relevant to, or which would
contribute towards a better understanding of the present work. It
covers the postulated mechanisms of friction and lubrication in
general and extends to consider metal-forming operations, with
particular reference to metal-drawing. The influences of temperature
and pressure on the lubricant viscosity, which affect the promotion

of hydrodynamic lubrication during metal deformation, are considered
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also. The review includes the basic theories of metal-drawing and

the techniques of determining friction associated with the process.

252 THEORY OF FRICTION AND LUBRICATION

Although the present work is not aimed directly at achieving
an understanding of the mechanics of friction, but rather at
means of promoting lubrication, it is useful and appropriate to
take account of the very considerable quantity of work which had

been done on friction phenomena in general.

213 2.1 Mechanism of dry friction

The pioneers in the study of friction were notably Leonardo
da Vinci (1452-1519), Amontons (1699) and Coulomb (1781). Early
theories regarded the coefficient of friction, pu , as being
independent of the applied load, the apparent area of contact and
sliding velocity. Amontons proposed that metallic.friction can be
attributed to the mechanical interlocking of surface roughness
elements. Friction was regarded as the force required to lift the
asperities of one surface over those of the other. Tomlinson(13)
considered a molecular theory in which friction forces were
attributed to energy dissipation when the atoms of one material
were forced out of the attractive range of their counterparts on
the mating surface. Electrostatic forces were also suggested in
which friction was regarded as the force required to separate the
surfaces held together by electrostatic attraction.

Such theories have largely been abandoned in the light of a
better understanding of the physical, chemical and mechanical
fundamentals. The mechanism of friction on surfaces in dry contact
is explained in a variety of ways, the most popular being the

welding theory of Bowden and Tabor(14) also reported by Cameron(15)
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wherein the junctions formed between asperities of surfaces in
stationary contact, welded, under the action of high local pressure.
Friction was attributed to the shearing of such junctions, and
together with a degree of surface ploughing, could result in metallic
transference or pick-up. An alternative theory by Hardy(16) proposed
that local plastic deformation caused the surfaces to conform and
welding of the asperities may occur. Edwards and Halling(17’18),
working with model asperities, showed that junction growth was only
slight as one asperity slid across another provided that reference
planes within the bulk remained at constant separation. An

interface was formed at the face angle of the asperities which,

on sliding, rotated until it was tangential to the direction of
sliding and then it sheared. Tensile forces between the twﬁ

surfaces were recorded. However, these model asperities were

large and their behaviour may be atypical due to size effects.

The work hardening effect of the asperities was also considered(17s19),
but it is generally accepted that this is insignificant compared
with the influence of junction growth.

With the presence of a contaminant film on the surfaces,
Rabinowicz and Tabor(20) gshowed that the coefficient of friction
and metallic transference were dramatically reduced. The influence
of the contaminant film was to interpose between the sliding
surfaces a film of low shear strength capable of reducing the
amount of metallic interaction. That such a film may be provided
by the metallic oxide, formed naturally on the surfaces and only
of several molecular layers thick, was demonstrated by Bowden
et al.(21,22) 45 their experiments with unoxidized surfaces in a
vacuum. It was impossible for the denuded specimens to slide over
each other; gross seizure occurred, junction growth was noted and
the specimens adhered with the bulk strength of the metal. Under
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normal conditions adhesion did not occur at the oxide surface,
but if this was not penetrated, shearing occurred within the oxide
itself since it reduced the effective shear strength at the
interface below the yield shear strength of the metal. The puncture
of the oxide was accompanied by an increase in metallic interaction,
friction and hence metallic transference. Whitehead(23) and
Wilson(24) showed that the rupture of the oxide film is
determined primarily by the relative physical properties of the
oxide and the substrate. In observing that friction is a function
of the mechanical and geometrical properties of the oxide film,
Rabinowicz(25,26) suggested that the adhesion theory due to Bowden
and Tabor(14) may be inadequate in describing friction. The theory
of metallic compatability was proposed. This states that if two
metals in sliding contact are compatible, in some way analogous
to that in which a metal is compatible relative to itself, friction
and wear will be high., Several criteria of compatability have
been proposed based on the solubility of one metal of the rubbing
pair in the other, both of which may be in either the liquid or
solid state; the tendency to form solutions is associated with
high friction(27528!29).

The effect of the rise in temperature due to friction on
the formation of the oxide film was demonstrated by the work of
Welsh(30); wherein the reduction in the wear rate of steel, which
was observed at higher loads, was attributed to the interaction
with the atmospheric nitrogen at the temperatures generated which
formed a harder surface layer. The temperature of surféces in
sliding contact was studied theoretically and experimentally by
Bowden et al.(31,32), This was shown to be a function of the
load, sliding speed, coefficient of friction and thermal conductivity

of the materials. Surface temperatures of 1200°C in steel on
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steel pairs were recorded although the mass of the metal did not

show a significant rise in temperature.

2252 Boundary lubrication

The theories of boundary lubrication may be considered as
‘an extension of the theory of dry friction where the additional
variables of surface contamination are recognised and included.
The lubricant interposes between the sliding surfaces, by reaction
or absorption, a film of low shear strength, several molecular
layers thick. Thus the objective of boundary lubrication is to
reduce friction by reducing the shear strength of the junction
interfaces.

It has been known for sometime that fatty acids, the
ingredient common to animal, vegetable and marine fats, play a
dominant role in reducing friction under boundary conditions(33,34,35)
The action of these acids, which possess long hydrocarbon chain
polar molecules, is generally agreed to be one of molecular
adherence. Chemisorption, physisorption or chemical reaction,
which produces a metallic soap film that is chemically bound to
the metal surface, are popularly postulated mechanisms of film
adhesion(14), This has also been described as-being likened to
the piles of a carpet. The longer the hydrocarbon chain, therefore,
the more effective would be the separation.

This was demonstrated by Hardy and Doubleday(36) who found
that there is an inverse relationship between the molecular
length and the coefficient of friction. A similar conclusion was
also reached by Campbell(37) in his experiments on the effect of
the molecular weight of paraffin hydrocarbons and fatty acids on
the coefficient of friction. In general the metallic soaps have
appreciably higher melting points than the parent fatty acids(14),




These have been found to be less susceptible to thermal influences
and improve lubrication considerably(38).

Metallic soaps, however, tend to decompose at elevated
temperatures(39) such as those encountered in severe working
conditions. Chlorine and sulphur have been proven to be effective
in forming thermal stable films with mineral 0il. The mechanism of
these films has been investigated by Gregory(40) and Greenhill(41l),
Phosphorous was also considered and these lubricants are generally
classified as "Extreme Pressure" (EP) lubricants. These additives
function by reacting with the surface at elevated temperatures to
form the metal chloride, sulphide or phosphide in situ, thus
protecting the underlying materials up to their melting points or
decomposition temperatures. Thus, the addition of a fatty acid in
addition to the EP additives provides a most eéffective form of
lubrication over a wider range of temperatures. An idealized
diagram showing frictional behaviour of various lubricants as a
function of temperature(l4) ig presented.in Figure (2.1).

Low strength solids form another group of boundary lubricants.
The most common of these are graphite and molybdenum disulphide
whose lamellar crystal structures are easily sheared. Their
efficacy is apparent from the work of Boyd and Robertson(42),
Recently Loh(43) has also successfully applied graphite to the
hot drawing of steel wires. Non-ferrous metals such as indium,
tin, lead and copper have also been proven to be good solid

lubricants(39,44).

2.2.3 Hydrodynamic lubrication

As distinct from boundary lubrication, hydrodynamic
lubrication endeavours to maintain a lubricant film sufficiently

thick to prevent the surfaces from making intimate contact. In
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general, hydrodynamic lubrication is said to occur when the mean
thickness of the lubricating film is large compared with the
height of the asperities of the surfaces. This phenomenon implies
that a pressure is generated within the lubricating film itself
and which is a function of the relative velocity of sliding, the
lubricant viscosity and film thickness.

The first quantitative investigations of the hydrodynamic
behaviour of the fluid confined between approaching plane surfaces
were conducted by Stefan (1874) in Germany. The original work on
lubricating films, however, appears to have originated from Tower's(45)
investigations on the generation of hydrodynamic pressure in
journal bearings. Reynolds(46) extended these works by applying
the principles of fluid mechanics and in the year 188§ published
his classical theory of hydrodynamic lubrication. At about the
same time in Russia, Petroff showed that viscous shearing within
the 1ubficant film itself could be solely responsible for friction
in moderately loaded bearings. These analyses assumed that the
lubricants possessed Newtonian properties and their viscosity was
considered constant. Since these initial works almost all
hydrodynamic lubrication theories advanced hitherto are based on

the Reynolds equation which in its simplest form can be written:

fei = hm
oL R (2.1)
dx hd

The general trend appears to be the gradual refinements and
extensions to the original theory. A good example is the treatment
of the lubricant viscosity as being a function of temperature
and/or pressure according to some empirical relations. (See Section
(2.5)). More significantly, this has led to the current theories

of elastohydrodynamic lubrication.
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2.2.4  Elastohydrodynamic lubrication

It has long been recognised that heavily loaded contacts
such as gears, roller contact bearings and cams frequently behave
as though they are hydrodynamically lubricated. The early
theoretical analysis by Martin(47), using an extended form of the
standard Reynolds solution, in the equivalent problem of two loaded
rolling discs, however, did not support operating observations.
Martin had considered rigid solids and an incompressible,
isoviscous lubricant, although the application of high contact
loads can lead to substantial local elastic deformation of the
solids and ﬁigh pressures have a marked influence on the viscosity
of liquid lubricants. These are important extensions to the
classical hydrodynamic theory and can substantially alter the
geometry of the lubricating film. Since the shape of the lubricant
film in turn determines the pressure distribution, the elastohydro-
dynamic problem requires the simultaneous solution of two equations;
one giving the hydrodynamic pressures corresponding to an unknown
lubricant film shape, the other giving the solid contours in
terms of the unknown pressure distribution.

The first theoretical analysis postulating the existence of
a hydrodynamic lubricant film appeared to be that of Grubin and
Vinogradova(48), whose work allowed for the combined effects
of elastic distortion and the viscosity-pressure characteristics
of the lubricant. The approximate film thickness equation for
highly loaded elastic contacts predicted film thicknesses which
were orders of magnitude greater than the corresponding predictions
of the Martin theory, and consistent with the formation of satis-
factory fluid films in gear contacts. Like the many other proposals

which were to appear later in the literature(49’50), the method
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of analysis was by the simultaneous solution of Reynolds equation,

in which the constant viscosity term was replaced by some law
relating viscosity to prssure, and the Hertz contact stress equation.
Two approaches were adopted in the technique of solution, both
yielded equally satisfactory results., The first of these assumed
that the surfaces of the boundary solids would adopt the shape
produced by a Hertzian contact zone and then determine its pressure
distribution. The other, notably that of Dowson and HigginsoncSI),
used an iterative procedure by first assuming a pressure distribution
and then to determine the consequent deformation on the basis of

the elastic equation and the hydrodynamic equation. The iteration
continued until the deformed shapes predicted by the two equationms
agreed.

The analysis of thermal effects in contacts exhibiting mixed
rolling and sliding has been extended by Cheng and Sternlicht(52),
These authors considered the difficult mathematical problem presented
by the requirement for a solution of the Reynolds, elasticity,
energy and heat transfer equations.for a cylindrical contact. The
results indicated that the basic features of the elastohydrodynamic
contact shown by isothermal theory were also evident in solutions
for sliding conditions. The calculated film thickness was not
appreciably influenced by the oil film temperature generated in
sliding.

The majority of the workers in this area relied on electrical
methods, namely oil film resistance and capacitance, in measuring
the lubricant film thickness(53,54,55), other reported methods
included measuring the oil flow(33) and an X-ray transmission
technique(56). 0f these, the capacitance method as employed by
Crook(53) appears to be the most reliable. Typical film thickness
in the region of 40 pin were measured and these were consistent
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with theoretical predictions.

2.8 THEORY OF LUBRICATION IN METAL-FORMING

When a metal is deforming plastically under the action of
external forces on a contacting platen or die, relative motion
must normally occur between the plastic and non-plastic contacting
surfaces, Additionally, the plastic surface extends in area as
deformation progresses. It may be supposed that the mechanism of
friction and lubrication is essentially that discussed previously,
where, even up to very high pressures, it has been shown that
such friction is proportional to the applied pressure. It would
therefore seem reasonable to conclude that the coefficient of
friction in cold-working processes would be in the range found in
the usual dynamic tests. However, comparison between the coefficients
of friction deduced from the slider tests, in which any bulk
deformation must invariably be elastic in naturé, and those
deduced from operations involving bulk plastic deformation suggests
that friction is generally lower in the latter(37), That the
friction is low might imply that while boundary friction will
generally occur, fluid film conditions may occasionally exist(2,58-61)
and that the concept, due to Bowden and Tabor(14), of boundary
friction between bodies in bulk elastic contact is only of limited
application.

Considerable experimental evidence exists to suggest that
the quantity of lubricant throughput across the metal deformation
zone is of an order much higher than can be accounted for by the
boundary lubrication theory, which in terms of thickness usually
ranges from mono-molecular to several molecular layers. Table (2.1)

shows typical measured lubricant film thickness from a number of

sources.
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The methods adopted in these measurements were varied. Most
of them depended on the examination of a sample of the drawn material
by, for example, noting its weight before and after removing the
residual lubricant(63), immersing it in a solvent and then
determining the concentration of lubricant in the solvent(64,65)
and measuring the level of radiation in the case of the radioactive
lubricant(2), However, the electrical method adopted by Ranger
and Wistreich(62) in measuring the resistance of the lubricant
film during actual drawing seems more realistic in view of the
absence of such possible interfering factors as elastic recovery
at the die exit. An alternative to this method is to measure the

capacitance of the lubricant film(53,54),

Under strict boundary lubrication conditions, during bulk
plastic deformation, the deforming surface will attempt to match
the contour of the contacting tool. However, if a film of lubricant
is present at the interface then conditions might be expected to
be quite different. The deforming surface will tend to resist
conformation to the die surface and the lubricant film, which
bears the pressure, will tend to modify the grain structure at the
interface. In consequence, the surface appearance of the deformed
material may be matt or dull. A number of investigators(2:58'61:66)
in various metal-forming processes have observed this effect under
supposedly boundary lubrication conditions. Recent works by
Butler(67-69) ip simple compression tests appear to have solved
this seemingly ambigious role of the lubricant in metal-forming
processes. It was shown that with no lubricant, or with one of
very low viscosity, the deforming surface became virtually a replica
of the die surface, but as the viscosity increased, the resemblance
between the topographies of the metal and die surface became less
well marked. This is in apparent contradiction to the boundary
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lubrication theory in which viscosity is generally believed to be

unimportant, Furthermore, there was a striking similarity in appearance,

one of surface finish deterioration, between deformed surfaces

obtained by mechanically entrapping a light lubricant and those

obtained by using a viscous lubricant between originally parallel

faces. Also, the presence of boundary additives was demonstrated

to reduce the coefficient of friction while producing a lustrous

finish on the deformed material. This was attributed to the formation,

by chemical reaction or physical absorption, of minute but firmly

adherent surface films. It was concluded that deformation proceeded

mainly via the film at the interface and that its presence offered

an explanation for the low coefficient of friction, and for the

observed modifications to the surface appearance. In bar-drawing

Lancaster and Rowe(3) demonstrated that friction can be reduced

considerably and that the reductioﬁ in area per pass can be increased

when the steel bars were grit-blasted before drawing. The effect

of grit-blasting was td pro;ide a regular pattern of pockets on

the bar surface to entrap the lubricant such that more lubricant

was present in the deformation zone. These tests were conducted at

slow drawing speeds and with dies of large entry angles in order

to discourage contributions to lubrication by hydrodynamic action.
The foregoing evidence suggests that the mechanism of friction

and boundary lubrication proposed by Bowden and Tabor(l4) for

slider experiments between elastic bodies is not wholly tenable

for the regime of lubrication in metal-forming, particularly in

drawing processes where conditions favour the hydrodynamic phenomenon.

Obviously, the friction would be dependent upon the roughness of

the die and the workpiece surfaces to a great extent because the

continually deforming surface will attempt to fit itself into the

asperities on the die, and these will tend to plough their way
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through the deforming metal. If a lubricant is present between the
surfaces, it will be entrapped between the asperities, and intense
pressures which result in the film during deformation will tend to
prevent interfacial contact. While boundary additives will contimue
to be active, the die semi-angle, surface roughness, drawing speed
and lubricant viscosity proved to be significant factors governing
the film formation. That the film thickness is greater than several
molecular layers, as shown in Table (2.1), suggests that a regime

of hydrodynamic or quasi-hydrodynamic lubrication may exist, provided

the conditions are favourable.

2ie3ie Representation of friction in metal-forming

Metal-forming 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 a means of repre-
senting‘the frictional boundary conditioné. A complete analysis of
any process should consider the frictional losses between the
sliding surfaces as a variable., This is immediately justified when
one considers the state of stress acting on the material within
the deformation zone. Although the fundamentals of this phenomenon
have been much studied, very little that is known would facilitate
formulation of the exact functional relationship between friction
and its related variables such as surface roughness, lubricant
viscosity and the rate of deformation. Consequently, in practically
all proposed metal-forming theories it is necessary to assume that
friction remains constant during deformation and that the use of a
mean value suffices so that the differential equations are amenable
to relatively simple analytical solutions. Thus, it is legitimate
to assume that flow against a constant friction and at constant

shear stress occurs on surfaces adjacent to one another, divided
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by a sharp line of demarcation. Three mathematical descriptions of

friction in common use are discussed here.

2 delal Coulomb coefficient of friction

The Coulomb law of friction, which has long been substantiated
for moderately loaded sliders, describes the frictional stress T at
any point on that surface as being proportional to the normal
pressure o0, between the two bodies and is directed opposite to
the relative motion between these bodies. The coefficient of friction
is taken as a constant for a given pair of surfaces and is said to
be independent of the velocity. Thus, assuming that the stresses
are uniform over a small element of area 8A, total surface area

A, then a mean coefficient of friction may be written as:

J//A .
T dA (20 2)

for a given set of working conditioms.

The nature of metal-forming demands that the material is
caused to flow plastically through a constricting die only once as
opposed to experimental studies of friction and wear, where model
sliders are made to slide over one another repeatedly. In this
context, many workers(70-73) have expressed their doubts as to the
compatibility of the conditions prevalent in the two distinctively
different cases and hence the applicability of Coulomb's Law to
metal-forming. It would appear that Hockett's(74) call for a
redefinition of the coefficient of friction in terms of surface
conditions, and materials and lubricant properties seems in many
ways justifiable. Fortunately, in spite of the difficulties in

determining precise and meaningful values of in metal-forming
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operations by, for example, the split—die(75,76»77), rotating-
die(70»78:79), simulative(BO), or semi-analytical techniques(81:82s83),
experimental results have shown that mean values of U are adequate
for most purposes in predicting loads and stresses. These techniques
are discussed in greater detail in Section (2.7).

In general the coefficients of friction in cold-drawing processes
are less than 0.l. It is difficult to postulate the precise values
or range of values inasmuch as the experimental data will tend to
vary with the method and the conditons of derivation. However,
Wistreich(58) has suggested that likely ranges of u 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 shortcomings of
many of the methods of derivation, Rothman(70) suggested corresponding
ranges of 0.02 to 0.05 and 0.06 to 0.12. In tube-drawing, the
values of the coefficient of friction generally fall within the

range 0.01 to 0.08(84-87),

223502 Constant—friction factor

While the vast majority of the investigations on friction
have been concentrated on the Coulomb model, some workers prefer to
assume a constant shear stress irrespective of the pressure between
die and material. In this model the von Mises' yield criterion is
assumed for the deforming material. The frictional stress at any

point on the interface is written:
Y.
vE)

or T = mk

(2.3)

where m = friction factor
Y = yield stress of material in uniaxial tension
k = shear yield stress of material

= g =



The friction factor is taken as constant for a given die and
material under constant surface and temperature conditions. It is
also considered to be independent of velocity. In the absence of
friction, m = 0, The limiting shear strength of a material according

Y
to von Mises' yield criterion isy3” or k. It therefore follows

that the limits for m are 0 m <1.

Experimental data on the typical values of m are scarce.
However, Loke(84) has obtained reasonably consistent correlation
between experimental and theoretical predictions of draw stress in
bimetal tube-drawing by ascribing values of 0.01 and 0.02 to m.
Avitzur(88) using a value of m = 0.02 has also predicted draw
stresses in good agreement with the experimental results obtained
by Wistreich(75), Smith and Bramley(89), drawing tubes on a
floating-plug, have reported reasonable consistency between theoretical

and experimental results for m = 0.02.

2.3.1.3 Hydrodynamic lubrication

There is an increasing evidence that conaitions of hydrodynamic
lubrication often exist during many metal-forming processes. A
full hydrodynamic regime, however, does not normally prevail, as
evidenced by the burnished surface 6f the deformed product and
tool wear, provided the process is aided by means of special devices.
This is very much a specialized field and deserved a more detailed
discussion in Section (2.4).

Under conditions of a full hydrodynamic lubrication régime, a
thick lubricant film separates the deforming material from the
surface of the tool. Consequently, friction is characterized by the
viscous properties of the lubricant. The basic assumptions associated
with this model are that the lubricant has Newtonian properties

and that its flow is laminar. Friction is then described by:
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(2.4)

where N = lubricant viscosity

U

velocity of deforming material

h

lubricant film thickness in deformation zone

It is at once apparent that the exact solution to this equation
is extremely complex if not impossible. Firstly, the viscosity of
liquids is a strong function of temperature and pressure; both
being pertinent features of any metal-forming process. Secondly,
the velocity term and lubricant film thickness are variables in the
deformation zone. Although the velocity term can be accommodated
quite easily, additional difficulties arise since the lubricant
film thickness is in turn a function of its viscosity.

The analysis of metal-forming processes with hydrodynamic
lubrication is scarce. However, the available literature shows
that further assumptions are necessary so that the differential
equations are amenable to some aﬁproximate solutions, for example,
by assuming the process to be isothermal or that the lubricant
obeys some empirical viscosity-temperatﬁre—pressure relationships.

These theories are reviewed in the following section.

25302 Hydrodynamic lubrication theories

That a consideration of hydrodynamic lubrication is justified
is shown by Table (2.1), illustrating the typical measured values
of the thickness of the lubricant film remaining on the wire after
drawing. Experiments in hydrostatic extrusion by fluid pressure(go)
have also shown that friction at the billet—container and billet-
die interfaces can be eliminated or ;ignificantly reduced and, in
particular, the existence of a film of lubricant on the extruded

parts.
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Perhaps one of the earliest analysis of hydrodynamic lubrication
in metal-forming was proposed by Hillier(91) for hydrostatic
extrusion. The anlaysis assumed isothermal conditions and a pressure
coefficient of viscosity according to equation (2.17). The lubricant
film thickness, which was assumed to be constant, was estimated by
the use of a minimum work technique(gz). Hydrodynamic lubrication
was shown to be associated with high velocities, viscosities,
pressure coefficients of viscosity and high pressure in the lubricant,
which was in turn a function of the die angle and extrusion ratio.
The analysis considered only the metal deformation zone.

A generalised isothermal hydrodynamic lubrication theory for
hydrostatic extrusion and drawing processes with conical dies was
presented by Wilson and Walowit(93). The comprehensive analysis,
in addition to the deformation zone, in which the equation of
plastic equilibrium was adopted, included the inlet and outlet
zones, as shown in Figure (2.2). Equations relating to the lubricant
pressure, film thickness and friction were developed for the three
zones, The conclusions reached were essentially those reported by
Hillier(91), Additionally, it was shown that a high hydrostatic
extrusion pressure promoted the formation of a thick lubricant
film. A positive augmentation stress tended to reduce the film
thickness. On the other hand, a negative augmentation stress could
result in a substantial increase in film thickness and offered a
partial explanation for the use of back-pull in wire-drawing to
reduce friction and die-wear(58,60,83), Using an entering wire
speed of 1.8 ff ﬁin‘l and representative data, the theory predicted
a film thickness varying from 30 pin at the die entry to 20 u in at
the die exit.

In the theoretical studies described above a rigid-plastic

model has been adopted for the worked material. A variant of the
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hydrodynamic lubrication regime, termed elasto-plasto-hydrodynamic
lubrication, was introduced by Dowson et al,(94,95,96) by additionally
considering the influence of elastic deformation in the entry zone
and elastic recovery at the outlet. The plastic deformation zone
included the parallel portion or land of the die. The effects of
pressure and temperature as a result of heat generation by both
plastic deformation and viscous shearing in the lubricant film
upon the lubricant viscosity were considered in plane strain
drawing(94), wire—drawingcgs) and hydrostatic extrustion(gé),
wherein the effects of strain hardening and redundant deformation
were included. A schematic representation of the deformation zone
is shown in Figure (2.3). However, the complete analysis requires
for its solution, which is iterative in nature, the use of a computer.
Although the influence of the various process parameters on lubrication
follow the general trend predicted by the isothermal theories(91s93),
the inclusion of the thermal effects must yield more realistic
results.

These rigorous studies have led to additional conclusions.
It was shown that a rigid-plastic analysis of the entry region
sufficed in predicting the film thickness and that it reduced
substantially at the outlet due to elastic recovery of the deformed
material(94), The conclusion that effective hydrodynamic pressure
generation was restricted to a very small portion of the inlet
region appeared to cause some concern(97) since pressure tubes
have been used successfully in promoting hydrodynamic lubrication,
(see Section (2.4)). However, the author draws attention to the fact
that the theory leading to this conclusion considered the pressure
at this region to be the atmospheric pressure. Smaller die semi-angles
were shown to increase the film thicknesscga’gs), as might be expected.
At the same time their influence on friction and redundant deformation
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was also mentioned. Isothermal assumptions in the inlet region
gave reasonable predictions of the film thickness at low speeds,
but in general the isothermal limitation in the deformation region
led to an over-estimation of the viscous shear stress.

Hydrodynamic lubrication in cold ‘sheet-drawing was investigated
by Rudo et al. (98), The rigid-plastic model considered the effects
of pressure and temperature upon the lubricant visocity and in
addition an attempt was made to study the influence of surface
roughness on lubrication. It was shown that the film thickness
increased rapidly with the velocity of the undrawn sheet when an
isothermal theory was used. However, with the thermal analysis,
the film thickness decreased with increasing velocity after attaining
a maximum value. (See Figure (2.4)). This phenomonen has also been
reported elsewhere(95,99) a;d could be attributed to the rise in
temperature associated with increasing speeds which in turn reduced
the lubricant viscosity.

The theories reviewed so far have all assumed that the variation
of film thickness in theAdeformation zone was the same as that
found under isothermal conditions. However, the recent works of
Wilson et al.(99:100:101), in considering thermal influences on
film thickness distribution in this zone, represent a major refinement
to the study of hydrodynamic lubrication in metal-forming. By
contrast to earlier studies in which the film thickness was shown
to decrease linearly and gradually in the deformation zone, it was
shown that the lubricant film adopted a concave profile exhibiting
a maximum value well ini}de the deformation zone. Thié is illustrated
in Figure (2.5). Comparison between theoretical and experimental

film thickness in hydrostatic extrusion showed good agreement. The

analyses adopted a rigid-plastic model.

— 520 %



/7,,,1 = nm

~x B n, B
0'5 Ns/m?

T ——— ]

05Ns/m? ]|
5% 04 Ns/m@

—

Figure (2.4)

‘15 20 25 S0 =535 40 45
U—mfs

Steel, Ob,, 0-25 red.

The relation between lubricant film
thickness and wire speed at die entry
for a range of entry oil viscosities
and die semiﬂangles(gs)

(after Dowson et al )

outlet zone

Figure (2.5)

work zone inlet zone

Plasto-hydrodynamic lubrication in
drawing considering thermal effects on
lubricant film profile

(after Wilson et al(99,100,101))

- 53 =




It is noted that the Reynolds equation for lubricant pressure
distribution, which is the basis of hydrodynamic lubrication, was
used extensively in the theoretical analysis. When considering an
isothermal situation the exponential power law, due to Barus(loz),
viz. equation (2.17), characterizing the visocity-pressure relation-
ship was used. Despite the general acceptance that this equation
may not be accurate at high pressures, (See Section (2.5)), the
reason for its popularity may be one of simplicity and hence ease
of handling. On the other hand, when considering an isobaric situation,
the choice made of a viscosity-temperature relationship was invariably
that of Reynolds(46), viz. equation (2.12), which is not regarded
to be one of high accuracy. Again, its simplicity is apparent.

However, to account for viscosity variation with pressure and
temperature simultaneously, there appears to be two choices. While
one resorts to combine Barus' isotherm with Reynolds' isobar(98,99),
viz. equation (2.20), the other(94,95,96) has the fornm:

AL+ AP + A0 + A0

1n(““') 5 - — - (2.5)
o A, * AP + AB +AD

where the A's = empirical constants

8 = ratio of current temperature to that at entry to
the inlet film
P = ratio of current pressure to that effecting
deformation
The value of these analyses lies in what they predict in
each region, thus indicating their relative importance. The predicted
£i{1lm thickness from these sources are tabulated in Table (2.2). By
comparison with the measured values of Table (2.1), it is apparent
that the theoretical values of Table (2.2) are generally smaller.

However, this discrepancy may be expected since theoretical analysis
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"
assumes perfectly" flat surfaces, while measurement invariably

leads to a mean film thickness which includes the lubricant entrapped

in between the asperities.

2.4 PROMOTION OF HYDRODYNAMIC LUBRICATION

The discussion, hitherto, has considered metal-forming processes
in general. However, in view of the interest of the present work,
particular reference will be made to metal-drawing processes from

-

here, although other processes will be mentioned from time to
time.

The principal industrial requirements of the lubricating
system in metal-drawing processes, and indeed any metal-forming
process, can be regarded as being two—fold, namely, the increase
in tool life and the maintenance of a suitable surface finish on
the drawn product. The provision of a suitable surface finish
generally implies some burnishing of the surface and hence intimate
contact between the deforming material and the tool or tools,
whereas the reduction of tool wear suggests the need for minimum
contact between the two, it is apparent that there is some confiict
between these two requirements. In practice, however, the engineer
is generally able to achieve a compromise solution to the problem
of meeting these requirements by selecting appropriate conditions
of tool material and geometry, drawing speeds, surface pre~treatment
and lubricants. Additionally, a distinction is often made between
drawing for "high reduction" and drawing for "suitable surface
finish". Productivity, however, is of prime concern to the in-
dustrialist. One of the major factors limiting the production

rate is the necessity of changing tools rather frequently as a

result of excessive wear. Precautionary and corrective measures to

prevent and rectify damage to both tool and work can ease the
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problem to some degree , but these incur extra cost. Investigation

of friction and wear in metal-forming has been largely directed

along two lines. The first ig the selection of a suitable tool

material which, in itself, has good friction and wear properties

and secondly, the use of an appropriate lubricant film. It seems that
there is a wider scope in this area and in consequence has aroused
an increasing interest.

Surface pre-treatment, for example by abrasive blasting or a
suitable coating, is popularly employed in metal-drawing industries.
A review of the developments in the use of chemical conversion
coatings to facilitate metal working has been presented by James
and Haynes(l). However, such additional operations are not
considered to be the ultimate solution and hence there is a continuing
quest for more cost effec;ive methods. Hydrodynamic lubrication
falls into this category. Research and development in this area
have largely been coﬁcentrated on drawing processes, as might be
expected, sincé they lend themselves to the promotion of such a
- regime of lubrication.

The co-ordinated results of Table (2.1) show that the quantity
of lubricant passing through the metal deformation zone is much
greater than can be accounted for by the few molecular layers
which are required for boundary lubrication. These may suggest
that an even thicker lubricant film can be achieved by drawing at
higher speeds, and at the same time increase productivity. However,
researches(94’99) have shown that this is not to be the case, for
the film thickness decreases with velocity after attaining a maximum
value. If some other additional actions could be taken to increase
still further the flow of lubricant through the metal deformation

zone, true fluid lubrication might be established, and very substantial

reductions in wear obtained. This may be achieved by supplying

- 57 -



the lubricant to the entry of the deformation zone at high pressures.

Indeed, if the pressure is of the same order as the yield stress

of the metal, the deformation can be initiated by the fluid

pressure only, without any metal-to-metal contact between tool and

work(5).

2.4.1 Hydrodynamic lubricating systems

To supply lubricant at high pressures to the entry of the
deformation zone, one intuitively formulates the idea of the utilisation
of_a hydrostatic pump. However, it was Christopherson et al,(4,5)
who proposed a novel, self-acting scheme for promoting hydrodynamic
lubrication in wire-drawing. It was shown that the necessary pressure
can be conveniently generated by causing the undrawn wire to approach
the die through a tube filled with a viscous lubricant at atmospheric
pressure, sealed on to the entry side of the die and of diameter
slightly larger than the wire diaﬁeter. The motion of the undrawn
wire generated a pressure in the lubricant by exactly the classical
mechanism of hydrodynamic lubrication by drawing lubricant from a
point where the clearance between the moving surfaces is large
towards a point of small clearance. A schematic representation of
this arrangement is shown in Figure (2.6). The idea was conceived
from the work of MacLellan and Cameron(103) who regarded the device
as relevant mainly to the separate question of swarf removal;
aqueous lubricants were used in tubes having fairly large clearances,
and the pressures generated were of the order of a few atmospheres.

Tubes of up to 40 cm long and of diameters 0.004 in, or
less, larger than those of the undrawn wire were employed when
drawing copper and mild steel wires at speeds of up to 600 ft min~l.
Using an electrical method it was demonstrated that complete separation
d between the die and the deforming wire. Considerable

occurre

- 58T



Die Seal Die

A cast
Radial o i ng ‘1
cllasrancs Wire Christopherson tube 1 //

P77

-—i—-——‘___q,_
N

S N SN
P /

Figure (2.6) The Christopherson tube in
wire-drawing

£

Fc
Jr

/ -
(after Christopherson et al(4’3))
Pressurized
Ironin lubricant - Drawing
; 8 Seal Wire - Seal b
die * die

. fail 0
<§§@/ TR 3

1

|

4
r

-

NN

v

Figure (2.7) External pressurization in hydrodynamic
lubrication in wire-drawing

(9))

(after Butler




reductions in draw Force and die wear were observed. Pressures of

the order of 20 tonf in~2 were measured at the die entry when
drawing mild steel wires and copper wires were shown to have deformed
even before entering the die.

A theory depicting the pressure distribution within the tube
was proposed. The analysis made use of the Reynolds equation and
assumed the Barus Law (eqn. (2.17)) to describe the lubricant
viscosity-pressure effect. Additionally, it was assumed that the

wire within the tube would take up that position associated with a

minimum viscous drag. The pressure generated is given below by:

6n U(1 - q)¢
t - e=¢P = 0 : 13. dx (2.6)
2
h AECES-F 5!

where q = ratio of actual lubricant flow to that of unrestricted
flow

f = eccentricity

The viscous drag is described by:

2mn,Ua 3
e 9P 1 + 3(1 - q)

3 dx (2.7)
h v (1 ‘fz) (1 +§'f2)

where a radius of wire

The solution requires a numerical integration.

Tattersall(6) improved on the inadequacy in Christopherson's
theory by considering all regioms up to that in which the wire has
deformed so that the lubricant flow could be predicted from entirely
independent variables. This was expressed in terms of the thickness
of the lubricant film remaining on the drawn wire which was then

utilized to predict the hydrodynamic pressure generated. The equation
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for the lubricant film thickness is written:

M 2
‘ﬁ"ﬁ)i /@"%) - 4ac

2a

(2.8)

]

where £ ratio of initial wire radius to final wire radius

a = fz(_.]__._.z_l)

ah? he
b= ¢ ( L _lq
h? oh
e
4o,
£ 2,
M = e
6n, ¢ G- el ok

Although the theoretical values of pressures compared well
with Christopherson's experimental observations, those of the
lubricant flow were higher by a factor of two or three. It was
thought that the breakdown of the oil under shear was responsible
for this discreﬁancy.

Additionally, drawing tests were conducted at speeds up to
80 ft min~l using soap lubricants. The length of the Christopherson
tubes used ranged form 0.25 to 1 in and provided radial clearances
ranging from 0.003 to 0.050 in. The use of soap lubricants in
wire-drawing has more industrial relevance by comparison with oil
lubricants. Soaps, however, do not possess Newtonian properties.
Consequently, the recorded hydrodynamic pressure and soap film
thickness remaining on the drawn wire were used to determine the
apparent viscosity of the soaps from the integrated Reynolds equation
for the Christopherson tube, given by:

12n°1 Uh

& - g (2.9)
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where P = hydrodynamic pressure at the die entry

]

q fUt

t

film thickness on drawn wire

Quite interestingly, it was found that the viscosity could be

expressed as a single valued function of the wire speed:

i nﬂe(_BU) (2.10)

where ng = apparent viscosity at zero wire speed

B = empirical constant

The experimental results showed that high lubricant pressures
were associated with the drawn wire having poorer surface finish.
The longer the length of the Christopherson tube and the smaller
the radial clea:ance, the higher were the pressure and the lubricant
throughput for a given wire speed. However, these increased with
speed, rising to their maximum values before decreasing as the speed
was further increased. Tattersall attributed this to the negative
exponential relation between the wire speed and the apparent viscosity
of the soap as in equation (2.10). Later investigators(95»98s99?
using theories which included thermal effects on oil lubricants have
predicted similar results for film thickness variation with draw
speed. In these cases, the fall of film thickness appeared to be
due to the fall in the lubricant viscosity as a result of higher
temperatures associated with higher speeds. Consequently, the
empirical nature of equation (2.10) may suggest that the speed and
thermal effects have been consolidated. Further, that the experimental
results of Christopherson et al.(s), at draw speeds of up to 600 ft
min~l, did not exhibit this maximum may be an indication of the
thermal stability of the viscosity of soap and oil lubricants.

Using the works of Tattersa11(6), chu(7) contributed to the
ea by presenting practicable charts for the design

works in this ar
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SETERR, "Dy now et known, Christopherson tubes. These endeavoured

to correlate the geometrical factors of the Christopherson tube
with parameters of lubricant properties, speed, die-angle, and
film thickness. An extension was made by Osterle and Dixon(8) by

including pressure and temperature effects on the lubricant
viscosity, described by equation (2.20), and strain hardening
effects on the wire material.

Recently Fogg and Dafila(104) attempted forced hydrodynamic
lubrication in the sinking of thin-walled (D/t = 70), soft aluminium
tubes by feeding the lubricant at very high pressures through
orifices on the conical portion of the die. However, the tubes
collapsed due to these pressures and the idea does not appear to
be viable,

Since hydrodynamic lubrication in wire-drawing is a collective
function of drawing speed, lubricant properties and geometry of
the Christopherson tube, there are several criticisms which prevent
its industrial application in its original form. While lubricants
of high viscosity ensure hydrodynamic lubrication at lower speeds
and with shorter tubes, they may be such as to require very high
speeds and impracticably long tubes. A series of tubes-of various
lengths and diameters would therefore be required to meet the
requirements of various drawing schedules. Furthermore, the lubricant
film would be broken during starting and stopping at the beginning
and end of each wire.

Consequently, to overcome such difficulties Butler(9) and
MBEday and Korostilin(1l0) proposed a method of controlling the

lubricant pressure at the die entry, independent of the lubricant

viscosity, drawing speed, and process geometry. The method, shown
schematically in Figure (2.7), is slightly more sophisticated than

Christopherson's original proposal. It relies on the combined
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Actlon of Exkchult Pressurization and hydrodynamic action to effect

hydrodynamic lubrication. The central bore in the pressure chamber

through which the wire passes is essentially a Christopherson tube.
However, its geometry becomes of secondary importance. The ironing
die takes a very light pass and acts as a seal for the externally
generated hydrostatic oil pressure of up to 15000 1bf in~2, With
the higher pressures in the chamber, hydrodynamic lubrication can
be accomplished with lower velocities and lower viscosities. The

results showed reductions in die wear and drawing force with increase

in hydrostatic pressure. There is, however, an upper limit to the

value of this radial pressure. Its effect is to increase the effective
longitudinal tensile stress in the wire which, in conjunction with
the back-tension imposed by the ironing die, can be sufficiently

high to neck and break the wire befo?e it enters the drawing die.

An extensive research programme was undertaken by Middlemiss(11)

to develop an industrially acceptable unit. The observations reported
by previous workers(%,10) were confirmed and it was demonstrated
that the use of an ironing die as an inlet seal is impracticable

for industrial operation in view of the excessive wear encountered

in this component. It is interesting to note that the investigation
completed a full circle, leading back to the Christopherson tube.

A tungsten carbide tube 2.5 cm (1 in) long and providing a 0.05 mm
(0.002 in) radial clearance replaced the ironing die. The hydrostatic
pump was used only to prime the system and provide an initial

' starting pressure. Once full drawing speed had been attained, the
pressﬁré could be maintained by the hydrodynamic pressure generated
by the motion of the wire through the tube, allowing the pump to
concluded that when drawing carbon steel

be eliminated. It was

wires there was no need for assistance from the pump even during

starting-up. This however did not apply when drawing stainless
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steel wires where conditions were obviously more severe.
Avitzur(ss) quoted an industrial hydrodynamic lubricating
system using soap as the lubricant, illustrated in Figure (2.8).
Except for the absence of the hydrostatic pump, it resembles
Middlemiss'(11) proposal for oil lubricant. The wire passes first
through a bin full of powdered soap. The soap adheres to the wire
surface and is dragged into the small chamber through the narrow
gap between the wire and an approach die. This die does not effect
metal deformation., While passing through the narrow gap friction heating
causes the soap to liquefy. In the chamber between the two dies,
the pressure is sufficiently high to cause hydrodynamic lubrication

when passing through the drawing die.

2.5 VARIATION OF LUBRICANT VISCOSITY WITH TEMPERATURE AND PRESSURE

One of the major factoré in lubrication is the strong variation
of the lubricant viscosity with temperature and pressure. A general
rule is that the more Qisc0us the oil the more susceptible it is to
this change. Many attempts have been made to rationalize this
beﬁaviour mathematically. This is a difficult task inasmuch as the
experimental data will vary with the chemical composition and
source of the oil and with the method of its refining. Thus, the
proposed mathematical relationships are necessarily empirical in

nature. Some of these are reviewed in the following sections.

2.5.1 Viscosity-temperature relationships

It has long been recognised(los) that the majority of the

viscosity-temperature laws proposed were solutions to the

differential equation:

2 2 g
ng df (e otnoy T due,T e )

(2.11)
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where n, = viscosity at any temperataure T under atmospheric pressure

c's = empirical constants

Most of the standard equations can be derived by using different

numbers of terms in the polynomial on the right-hand side of thig

equation.

Reynolds' formula(46) is a two-constant equation obtained

if the first term only is retained:

o -mT
Mot T yas (2.12)

wihere A = viscosity at T = 0

m empirical constant

This is the simplest of all viscosity-temperatuare relations,
tit holds only for a limited temperature range. Slotte(106),

vaing two terms in the polynomial, proposed:

n, = —— , (2.13)
(Emco

pour point or temperature of apparent solidification

where c
A,m = empirical constants
Hersche1(107) pointed out that in the Fahrenheit scale c
can be equated to zero. The validity of this equation extends over
7 wider range.

A three-constant equation proposed by Vogel(log) has the

form:
S
g0 ol g ! (2.14)
where ¢ = pour point on temperature of apparent solidification
A =lyiscogitylfat =i
Cameron(log) suggested that when using the Centigrade scale,

value of -95 can be assigned to c. This equation usually provides

Y closer fit than the other two.
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However, the most widely used formila is probably that due

110 i
to Walther( D This is an eXpression for the kinematic viscosity
v in centistokes-at an absolute temperature T in degrees Rankine:

A
logig (v +¢) =—

i (2.15)

where A,c,m = empirical constants

In general usage the constant ¢ is maintained at an optimum
value over a chosen temperature range. For lubricating oils the
value of ¢ is often assumed to be approximately constant, and was
considered to have an average value which has been reported |
successively as 0.8 and 0.6, though a better approximation appeared
ts be 0.7(111),

Cornelissen and Waterman(112) introducéd the following
formula to describe the relationship, at atmospheric pressure,
bziween the kinematic viscosity Vv and the absolute temperature T
in degrees Kelvin:

A
logjpV =— + B (2.16)
<
whare A, B, x = empirical constants

Later Roelands, Vlugter and Waterman(113), showed the formula
to be equally valid at higher pressures, generally up to at least
3000 atmospheres, when writing in terms of the dynamic viscosity.

The formulae reviewed above are generally regarded to be the
better known ones of the many proposed viscosity-temperature relations.

Hersey(50) have reviewed at least six other published works,

and still others can be found in their references.

252 The influence of pressure on the viscosity of lubricants

While it is well known that the viscosity of liquid lubricants

varies inversely with its temperature, less widely appreciated
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i thchact thatilhbe CEi may show equally large variations in

viscosity with pressure, However, it wag Some years after Barus(loz)

SHDTERSETS PR viscosity-pressure-temperature diagram for

marine glue that the study on the influence of high pressure on
the behaviour of lubricants began to arouse interest.

The phenomenon of lubricants attaining a plastic condition of

"apparent solidification" under high pressure was discovered by

Bridgeman{114) | Thig observation was also reported a few years
later by Hersey(lls). Needs(116) showed similar results in his
work on heavily-loaded journal bearings when the coefficient of
friction increased with pressure despite the absence of metallic
coutact. Later Bradbury, Mark and Kleinschmidt(117) covering some
fifty lubricating oils in pressure ranges up to 150,000 1bf in~2
recorded increases in viscosity of the order of 107 fold. More
recent studies by Roelands et al.(113) sp4 Galvin, Naylor and
Wﬁison(lls) on a considerable number of lubricants at different
Cenperature and pressure ranges have also shown viscosity increases
with pressure. Reviews and co-ordinated data by Hersey and Hopkins(llgalzo)
cover most of the published literature in this field. These refe?ences
list over twenty other studies which show evidence of the viscosity-
pressure effect of a number of lubricants.

Naturally the way of expressing the influence of pressure
upon viscosity is by means of a pressure coefficient, or fractional
change in viscosity per unit increase of pressure. Earlier studies
on the subject defined the pressure coeffigient at any pressure as
the rate of change of the viscosity with respect to the given
Pressure at a constant temperature, divided by the viscosity at
atmospheric pressure, ie. (dn/dP) (1/n,). On this basis HerseycllS)
and Hyde(121) discovered that mineral oils as a class have pressure
coefficients gfeater than those of lard oils and fatty oils.
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Further investigations(123) showed that in general the S

coefficients of naphthenic oilg are greater than those of paraffinic
oils. It can be deduced from the experimental data of the studies

by Roelands et al.(113) ang Galyin er ala(L18), rrat ithe pressure
coefficient of viscosity is inversely proportional to both the
temparature and pressure of the lubricant. In general it has been
obsarved also, in the earlier studies(117’119s120), that higher
temperatures reduced the influence of pressure on the lubricant
viscosity. Pressures and temperatures up to 140,000 1bf in~2 and
425°F respectively were considered. Conversely, at higher pressures
the influence of temperature on viscosity is reduced, due to the

conztraining action of the higher pressure on the normal thermal

agitation in the liquid.

2.5.3 Viscosity-pressure relationships

It is convenient to express mathematically the behaviour of
lubricants under pressure in ordér to incorporate this effect in
the theoretical treatment on lubrication. Attempts to rationalize
this behaviour must necessarily be empirical in nature. Barus(loz)

originally proposed an isothermal equation of the form:

i (2.17)

loglo ;0- = P

where n = viscosity at any pressure P, although a linear equation
proved to fit better(50), The Naperian logaritim is also frequently
used in place of the Briggsian logarithm. This relationship is

almost universally adopted in theoretical studies of the subject
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although it has been recognised that fey lubricants in fact conform

closely to it over a wide range of Pressure. This is

evidenced by the slight non-linearity of the graphs of the

1ogarithm of n - P isotherms(113’117a118,124) However, at the
. ’

temperature range 32°F to about 200°F it appears that the

isotherms approximate very closely indeed to straight lines. An

exception to this non-

(117)

comformity is naphthenic oils which Bradbury

et al. and Chu and Cameron(124) paye shown to fit the Barus

equation very well,

Additionally, to account for the deviation from the Barus
equat lon for paraffinic oils as well as recognising the order of
the zrror which could arise when using a value of ¢ calculated
at a low pressure to predict viscosities at mich higher pressures,
Chu and Cameron(124) proposed a power law, which fitted very well
with co-ordinated experimental data, of the form:

(log;q n)3/2 = m(P + a) (2.18)
where a, m = empirical constants

For the same reasons Roelands et al.(113) proposed the

equation:

logyg logig ;?— = m logjg P + logjg 2 (2.19)
0

where a, m = empirical constants

A graphical method to predict lubricant viscosities at high

pressure was proposed by Clark(123) but this approach, for purposes

of theoretical analysis, is not deemed to be as versatile as one
in the form of a mathematical equation. There have been other

proposals and some of these published literature have been reviewed

by Hersey(126).
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2.5.4 Viscosity-temperature-

pressure relationships

From the literature already reviewed it is clear that being a

property of state, viscosity is a function of temperature and

pressure; both of which having the OPposite effects. Despite this

recognition the majordty! i B L a1 ot the
viscosity variation of liquids is confined to the temperature

dependence at atmospheric pressure,

To account for effects of both of these variables simultaneously,

the so called "complete viscosity—temperature—pressure" relationship

was introduced. One of the most widely used equations is obtained
by combining Reynolds' isobar (equation (2.12)) with Barus' isotherm

(equation (2.17)), giving rise to the equation:

P - v6 '
Ny = noeq) i (2.20)
where Y = empirical temperature coefficient of viscosity
O = rise in temperature

Sternlicht(127) introduced a third empirical constant and

obtained a closer fit by writing:

BP Y Y
+—= + = - L)
nue(¢P T L (2.21)
where T, = lubricant solidification temperature

Appeldorns' proposal{128) may be written:

log — = aP+ (m+ cP) log =l (2.22)

n
0 T,

where a, ¢, m = empirical constants

This reduces to Slotte's Fahrenheit isobar (equation (2.13))

when P = 0, and to Barus' isotherm when T = To. Correlations were

found among the empirical constants a, C and m by statistical studies

of test data such that the number of constants required could be
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reduced, depending on the degree of accuracy required
Lastly Roelands et al1.(113) Proposed a six-constant equation
of the form:

logig- = = aTX 4 ppy pex +cP¥ + 4

Ny (2.23)

where a, b, ¢, d, X, y = empirical constants

T = absolute temperature in degrees Kelvin
P = gauge Preéssure in atmospheric pressure
when P = 0, the equation reduces to the Cornelissen-Waterman isobar

(equation (2.16)),

2.6 BASTC THEORIES OF METAL-DRAWING

In practice the drawing process, which consists of pulling a
woriplece through a die in order to impart geometrical changes, is
superficially simple. Indeed, there is evidence of ornamental wire
drawing dating back prior to the last millenium B.C., during the

days of the affluent ancient civilizations. For many years the

technique has been widely used in industry to draw wire, rod, strip,

tube, section etc. Theoretical analysis of the mechanics of
deformation are, however, complex and it was not until the early
1900"'s that serious attempts were made to analyse the deformation
process, The earliest publications were generally qualitative and
empirical in nature, but it was soon recognised that a rational
analysis must consider the geometrical parameters of the process,
the yielding characteristics of the material being worked, and the
friction boundary conditions.

Over the years the theories and practices of drawing
processes have been well documented. Reviews, both critical and

d
documentary in nature, have also appeared in the literature, an

ruct
it would be to some extent repetitive to attempt to const
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such a detailed review here. In viey of the fact that thi
s

investigation was concerned Primarily with the promotion of
hydrodynamic lubrication at the boundary interfaces, rather than
with the intermal mechanics of deformation, such a review also

would not be entirely appropriate._Nevertheless, the author feels

responsible to present a concise discussion of the above subjects

in order that the role of friction, or the lack of it, in the domain

of drawing technology may be better appreciated.
O0f the early theories, perhaps the most important of which

was that due to Sachs(129) who in 1927 proposed a theory for wire-

drawing by considering the metal in the deformation zone to be in
equilibrium. Later improvements and refinements were made by

Davis and Dokos(130), wistreich(131), Shield(132), MacLellan(76)

and Korber and Eichinger(133) to give a more accurate statement

of the mechanics of the process. These included the effects of

work hardening and redundant work. Substantial reviews of the

thecry of axisymmetric drawing have been published by MacLellan(77),
Johnson and Sowerbycl34) and Shaw, Stableford and Sansome(135),
Plane strain theories of drawing using the slip-line field techmnique
have been discussed by Hi11(136), Hill and Tupper(137), Green and
Hi11(138) and Pawelski(l39). Johnson(lz), Kudo(140), Avitzur(88) and
Kobayashi(141) gimplified Hill's limit load theorem and developed

upper bound solutions to both plane strain and axisymmetric forming

processes.

Since Sachs' original proposal, drawing theories proliferated

very rapidly, and these can be classified broadly under three main
2

headings, namely, the equilibrium approach, the t-fgengcically

admissible approach and the energy approach. It is noted that

some theories utilize more than one method in their solution.

Major difficulties, however, have been encountered in applying
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mathematical €xXpressions to Practice due tg the lack of knowledge
of certain process characteristics such as the mean vield stress

of the material and the coefficient of friction at the boundary

interfaces during the working operation, Research consequent ly

extended in these directions. In addition, such factors as die

design and redundant work have also received attention

2 ebisl Equilibrium approach in drawing

The method is based on the equilibrium of forces and predicts

a value of the draw force lower than the actual value. It is a

lewer-bound solution which neglects redundant work.

2.8.1.1 Axisymmetric wire or bar-drawing

It will be realised that there is no fundamental difference
between the processes of wire-drawing and bar-drawing provided
that both are axisymmetric. Theoreﬁically, the division between
these processes is one of dimension only and the mechanics of
deformation are identical. However, in practice they differ
considerably with regard to design of the machinery and drawing
speeds.

Sachs(129) presented the first rational solution for wire-
drawing through a conical die. It was assumed that plane cross-
sections of the workpiece remained plane as they passed through
the die, the stress distribution was uniform on such planes,
Coulomb friction prevailed and that the friction at the die-
workpiece interface did not affect the stress distribution. Thus,
by a consideration of the equilibrium of the foces acting on an
element within the deformation zonme in cenjunction with Tresca's

vield criterion, an equation for the draw stress for no back

tension was derived:
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2B

= 1 % Bt D
-t ()
1 (2.24)
where B = ucotd. For the case with back tension(58,60,75) 4. o
H

is commonly applied to reduce friction and die wear Sachs'
]

equation is written:

2B 2B
G=Y('*B)[“(D‘2) Ay
o Bai D, b\ D, (2.25)

Davis and Dokos(130) assumed a linear relationship for the strain-

hardening effect of the workpiece of the form:

D
Y = ¥ R gy
o o n(D1) (2.26)

1
whers ¢ 1s a constant having stress dimensions, and derived the

draw stress as:

2B 2

D ' ' D
=1 LE) HD_Z) Hm-;_wg_m(n_z)] (2.27)
3 o o}

1 1

Thus, when ¢ = 0, equation: (2.24) for a non-strain hardening
material is obtained. Atkins and Caddell(142) have shown that for
the practical range of parameters the error is about 8% when the
mean yield stress used is as in equation (2.26) instead of formally
including the power law into the differential equation before solution.
Korber and Eichinger(133) argued that Sachs' equation
neglected shear stress on the vertical surfaces of the elements
and proposed an equation for draw stress which included a term

sometimes referred to as the Korber and Eichinger effect. Contribution

of the parallel portion or land of the die and the effect of

speed were considered by MacLellan(76) and Yang(143), and Parson,

Taylor and Cole(l44) respectively. The works of Atkins and

Caddel1(145) | johnson and Rowe(146) | and siebel(147) incorporated

redundant deformatiom.



2.6.1.2 Axisymmetric tube-drawing

Analyses of tube-drawing in terms of sinking, fixed-plug
drawing and mandrel drawing have been well documented by Sachs and
his collaborators using the equilibrium approach., Sachs, Lubahn
and Tracy(148) derived an equation for the drawing of thin-walled

tubing on a moving mandrel to yield the draw stress:

t. B
g e Y ( 1 + B) [ 1 3 (_2) J
T £ (2.28)

i =
i i tan ; —uiancx
1 2
;s U, = Coulomb coefficients of friction at the die-tube and
mandrel-tube interfaces respectively
Oy g B s 47 semi-angles of the die and mandrel respectively
t1, t2 = initial and final wall thickness respectively

The solution was based on the assumption that the normal stress
acting on a transverse section was distributed uniformly over the
cross—section, the normal pressures on the die and the mandrel
wers equal, and that a close—pass prevailed. In practice, however,
drawing is always accompanied by a certain amount of sinking.

In the case of blug drawing, friction forces at the die-tube
and plug-tube interfaces act in the same direction. The solution

is the same as that for mandrel drawing except that the parameter
B is now defined by:

LY

i tan Ctl - tan @, (2.29)

An equation for the draw stress in tube-sinking proposed by

Sachs and Baldwin(149) was written:

(58
1+ B D_Z) (2.30)
0=Y];1( o I D,




where B = ¥ cot ¢
e LR eap s ;
3 a¥y = modified mean yield stress from the von Mises'

yield criterion applied to the complex state of stress

occurring in tube-sinking, The average value of a = 1.1

The method of analysis assumed that a shear stress produced

by friction existed on the die-tube interface, transverse sections

were free from shear stresses, the normal stress acting on the
transverse sections was uniformly distributed over the cross-section
and was a principal stress, the wall thickness of the tube was
smali in comparison with the tube diameter, and that the wall
thickness of the tube remained constant throughout the process.
This last assumption is not strictly'valid since in practice, a
slight increase, not exceeding 5% is observed.

swift (150) and Chung and swift (151) contributed to works in
this area by introducing expressions for the prediction of the
draw stress and increments in the wall thickness and length of the
tube in sinkiné. An allowance was made for the strain hardening of
the tube material by assuming a uniform rate of strain hardening
in relation to the principal logarithmic strain. Strictly speaking
no such provision exists in Sachs' theories. In all cases, the
stress distribution across the tube wall was assumed to remain
constant which applies only to thin-walled tubing. A more general
method of accounting for the effect of redundancy was proposed by
Blazynski and Cole(86,152) ip their investigations of the sinking,

fixed-plug and mandrel drawing processes. The semi-empirical method

15, o GRASEL it AN ok IS and Tupper's(137) concept of the equivalent

total mean stress. The main equations used were those due to Sachs

and higvedlbsbasators: Green(153) proposed a correction for

redundant work in tube-drawing based on the analogy between strip-

drawing and close-pass tube-drawing assuming conditions of
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plane strain. The approach, however, is pot applicable to tub
-

sinking.

Young and Meadows(87) postulated that the redundant work

ECHRENLY Cieestgh fixed-plug drawing can be written as:

8 = 0,76 + 0.0% | =i m e i
5 2 (2.31)

g, ” . ; ;
where r reduction in Cross-sectional area. Thus the draw stress
]

with allowance for a portion of sink, strain hardening and

redundant work, was found to be:

t2 B t B
g =0 (-—)-Pe x(iﬁ) [1_(_2) ] (1+B)
FE B t Vi S
1 1 .
B-K
K' g
[(C_ZD_Z) (tZ)B(Dz)
e 2.32
t, D, £, D, ( )
where x, y, K' = stress-strain relation parameters
My o,
B = -
tan ¢, - tan a,
B
D tan o
s 7 1+B 2 = 1
0. CiEes e ( 3 ) [1 ( D, ) } R, 1Y i
5
= 1 S
¥ = Y de
s o
€
o
IR natural strain iq sink
€ = natural strain at plane of entry
(0]

2.6.2 RKinematically admissible approach

By its implication, the kinematically admissible approach

18 concerned with the movement of the material im shear through

the deformation zone. In particular, it considers only those
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modes of deformation which conform to the external boundaries
vithout ylolacing the incompreSSibilitY and continuity criteria
3

and the primary concern of the approach is the deduction of such

admissible velocity fields. Since the velocity of the die is prescribed
?

if the assumed velocity field has its normal component in the

deforming body, matching that of the die and satisfying the above-

mentioned criteria, then the velocity field is kinematically admissible.

Within this approach there are two main methods of solution in
common use, namely, the slip-line field solutions, also known as

the method of characteristics, and the upper-bound solutions.

26201 Slip—line field solutions

It is well known that the basié mechanism of metal deformation
is by shear. A knowledge of the directions of maximum shear can be
used, together with the magnitude of the shear yield stress, to
determine a working load. This is the basis of slip-line field
solutions and is valid only in plane strain deformation. Since

sh

m

ar mist always be accompanied by complementary shear of equal
magnitude and opposite sense, there exists two sets of shear lines
orthogonal to each other but tangential to the directions of maximum
shear. Except for certain geometrically convenient situations the
method can be extremely laborious, particularly so because the
validity of the field cannot be verified until it has been completed.

However, once a valid field has been constructed, the working loads

: . ti
may be deduced directly from the associated stress plane. In additionm,

the solution gives a direct method of determining redundant deformation.

Hill and Tupper(!37) applied the method to plane strain

drawing and presented it at that time as a theory of wire-drawing,

but it is now known(75) that such a direct transposition is not

valid. Nevertheless, the glip—line field theory does give an
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approximate indication of stregs distribution for the axisymmetric

forming process. Johnson and Mellor(134) apq Johnson, Sowerby and
]

155
Haddow( ) have presented substantial and comprehensive reviews
of the application of the theoriesto the various plane strain

deformation processes.

20622 Upper-bound solutions

For many metal-forming operations, no exact solutions to

D

the working loads are available. Upper-bound solutions are,

th

m

refore, particularly valuable since they predict a working
load which is at least sufficient to perform the operation.
Generally, in a deformation process it is necessary to
provide work for internal deformation of the material and for
shearing across surfaces of velocity discontinuities, including
those at the tool-work interfaces. In some cases, work is also
supplied by the predetermined body tractions, e.g. back-tension in
drawing. These three categories of work are summed up in Prager
and ﬁodge's(ISG) upper-bound theorem for the von Mises' rigid-
perfectly plastic material to read: .

"Among all kinematically admissible strain fields the actual

one minimizes the expression:

n
Jhow S L ij eij dv +| <t|Av|ds - | Ti vids
AT
(2.33)

where J* = externally supplied power.

A strain rate field derived from a kinematically admissible

velocity field is kinematically admissible.

Hill(157) derived a similar theorem based on his maximum

work-rate principle, which can be stated as follows:
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1 = ge dvV +
By v 45 (2.34)
v S
where L = true forming load
U = forming velocity

M) e
I

effective strain rate in an element of volume dv

v = relative slip along the surface §
Tg = shearing stress along a surface
g = effective or representative stress

dV = volume of an element of material

One of the earliest papers to appear in the literature after
these early works is that due to Johnson(lz), who in 1959,
provosed a simplified slip-line field, composed of a series of
straight lines along which the velocity discontinuities act. The
deforming material in extrusion and coining processes were considered
to move between these discontinuity surfaces as a rigid body and
all deformation took place by shear at the boundaries. The integral
on the right—-hand side of equation (2.34) was set to zero, and since
straight line discontinuities weré considered, no integration on

the second term was required, giving:

& =0 e A (2.35)
where A = surface area of the velocity discontinuity
v = relative slip along the discontinuity surface
Tg = shear stress in pure shear

Depending on the sets of straight lines chosen, the upper-

bound load will differ accordingly and the best solution is the

one which gives the minimum load effected by optimising the geometry.

The same approach has been adopted to axisymmetric forming processes

by Smith and Bramley(89) in floating-plug tube-drawing and by

Loke(84) in floating-plug and mandrel bimetal tube—drawing. ?hese
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tool-workpiece interfaces wag characterized by a constant friction

factor.

A year later in 1960, Kudo(140) introduced the concept of

"unit rectangular deforming region" in plane strain forging and
extrusion. The workpiece was divided into suitable rectangular
regions and each of these was then sub~divided into rigid triangles.
As with Johnson's(12) method, deformation was considered to be by
shearing at the boundaries of these triangles. The minimum energy
dissipated was calculated for a unit region algebraically or by
scale drawing for varioﬁs unit dimensions and friectional conditions.
The optimal geometry for each sub-unit was thus determined for the
deforming zone,

The solution under plane strain conditions can be adapted to
axial-symmetry by supposing that the diagrams represent diametral
sections of the workpiece. Alexander(158) discussed Johnson's(12)
plane strain solutions and extended the method to represent the
case of axial-symmetry. The velocity field proposed by Johnson
was retained but the deformation zone in this case was a single
annular region which appeared triangular in the plane of symmetry.
Deformation was considered by shearing at the boundaries in
addition to the homogeneocus deformation. Thus, using the maximum

work principle in conjunction with the von Mises' yield criterion,

the rate of internal energy dissipation W, was:

‘3=7¥_§/Avds+yfapdv (2.36)
where Y = yield stress in uniaxial tension or compression

Ay = relative slib along the discontinuity surface S

dV = volume of an element of material

£, = total plastic strain rate
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Figure (2.10) Tube-drawing on a floating-plug
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(after Smith and Bramley( ))
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The first term on the right-hand side of equation (2.36)

comprises the work dome in the tangential velocity discontinuities

whilst the second term represents work done in deformation

(140) .
Kudo further developed his previous concept of "unit

rectangular deforming region" in plane strain deformation to

include "unit cylindrical deforming region" in axisymmetric

deformation. Two modes of deformation were considered for this
region and in each mode triangle velocity fields consisting of
two and three triangles were proposed. The internal rate of energy

dissipation in these velocity fields is given by:

£2 2 *2 l'z i .
T (el +ef + el al) NVl £55)d 5 (2.37)

v . . S

ke .
Wi

whera £ slip-resistance ratio and takes the value of 0 for

perfectly lubricated smooth surfaces and according to
the von Mises' yield criterion equals j% for perfectly
rough surfaces

S = rate of relative slip on a discontinuity surface §

The first integration is carried out throughout the entire
volume of the material which deforms continuously, and the second
over the whole surface of velocity discontinuity, both inside the
material and on the tool-work boundary.

It is not necessary to have straight surface velocity

discontinuity as proposed by Johnson(12) and Rudo(140) | For

axisymmetric deformation, Kobayashi(lhl) proposed the replacement

of Kudo's(140) straight surface discontinuities in the "unit

deforming region" by curved surfaces. In additon, admissible

velocity fields for flow through conical dies were proposed. The

type of the velocity field for plane strain drawing suggested by

Green(153) was shown to exist also for an axisymmetric flow

through conical dies when it was compared with the distorted grid-
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line pattern of a lead specimen extruded through conical dies

Gonsequently, veloeiey: fitelds consisting of a series of triangles

were assumed for flow through conical dies in wire-drawing and

bar-extrusion. Unlike plane strain deformation, the continuously

deforming region in an axisymmetric situation cannot be described
completely by rigid-body motion(12) in the presence of discontinuities,
thus, the first integral term in equation (2.37) was retained.

An important contribution to the upper—bound method of

solution was the introduction of the spherical velocity field in
axisymmetric deformation by Avitzur(92,159,160,161), Kinematically
admissible velocity fields were developed by assuming a deformation
zone lying between spherical surfaces centered on the virtual

apex of the die. At any point within this zone of plastic
deformation, the material was assumed to move towards this apex.

The theory was applied to compute the internal power of deformation,
shearing across the spherical velocity discontinuities and the
tool-workpiece interfaces in wire-drawing and extrusion(92:159),

and tube-sinking and tube—expanding(lﬁo). In addition, the general
case of having flow through conical converging dies with hydrodynamic
lubrication treated as an adiabatic process was considered(161),
Typical spherical velocity fields are shown in Figures (2.11) and

(2.12),

2.6.3 Energy approach

The energy approach is based on the assumption that the
work expended in drawing may be divided into three components of
the drawing force. The first component is due to homogeneous

deformation, the second component is due to friction at the

boundary interfaces, and the third arises from redundant deformation.

This approach is a combination of both the lower-bound and the
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Figure (2.11)  Spherical velocity field in
axisymmetric drawing
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Figure (2.12)  Spherical velocity field in tube-sinking
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(after Avitzur )
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upper—bound solutions. The energies expended in homogeneous and

redundant deformations are calculated from an assumed kinematically
admissible velocity field, while an account of the friction at the
tool-workpiece interfaces is obtained by means of equilibrium,
either in a direct way by assuming the frictionless die pressure

distfibution(88), or indirectly by applying the apparent strain

methﬂd(lﬁz).

In 1947 Siebel(147) proposed the superposing of the three
basic energies corresponding to the three load components in wire-

drawing such that the total work done per unit volume was given by:

We = Wy + Wg + W, (2.38)
wher2 Wy = work done in homogenous deformation

Wg = work done against friction

Wy = work done in redundant deformation

The component Wy, may be simply derived from the true stress—
strain curve, and if it is assumed that the corresponding die
pressure is unaltered by the introduction of Coulomb friction,

the draw stress neglecting redundancy may be written:

A
Whp + Wg = Yp (1 + pcota) In (Zl.) £2:39)

2
It was assumed that the deformation zone was bounded by two
spherical surfaces centred on the virtual apex of the die and that
movement of the deforming material was directed towards this apex.

The component W, was considered to arise from shearing at these

boundaries, giving the complete expression for draw stress:

A
1 2
AT = 2.40
We = Yg [(1+ ucota ) ln(A) + 30{] ( )
2

noting that work donme per unit volume equals the draw stress.

Pugh(163) considered the emergy approach in simple hydrostatic
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extrusion and although it was assumed that the homogeneous,

frictional and redundant works were additive as in equation (2.38)
o, 3

the analysis was based on a consideration of the mean strains

induced in the process. Simple plane cross-section, conical and

spherical shear surfaces were considered for the estimation of

the redundant work. The extrusion Pressure was written:

= et
: e ln G
= Y de + ————— =2
g (z-1) sin o ¥ de (2.41)
o €
1
where r = extrusion ratio
€] = mean strain induced by shearing at the inlet zone
€» = mean strain induced after the material has passed

through the conical die passage and equals sy nsi(n)

€3 = mean final strain after the material has left the
deformation zone by passing through the outlet shear
plane and equals 2 & + 1n (r)

The work done across'the inlet and outlet shear surfaces
were not equal due to work hardening. This did not arise in Siebel's
analysis(147) which considered the material to be perfectly
plastic. On the basis of the experimental results, Pugh(163)
concluded that the spherical surfaces gave the best estimate of
the redundant work.

A variant of the energy approach was considered by Basily
and Sansome(8l) in the determination of some basic parameters,
such as mean coefficient of friction, mean die pressure and mean
equivalent strain, for use in section rod-drawing. The basic
assumptions were that the three forms of work done in deformation
were additive as in equation (2.38), illustrated in Figure (2.13),

and that the true stress-strain curve fitted the following parabolic

curve:

= o=
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Hence, the three energy components can be computed by integrating

the three sections of the area under the true stress-strain curve

given by:

1 n+i
Wh = OlgEs = A (gh)
! n+ 1 (a)

ﬂﬂ
il
m
o
m
B
Q
(o N
m
il
s |
+
™3 )
P el
s
=}
~
o)
-
o J
-
=

(b) (2.43)
“h
a g’ n+1
Wf = o de = WT T T 1 ( ) (C)
e
m
The corresponding strains are thus given by:
e 3 ’ L}
homogenous strain, €, = 1n (1 —~ r) (a)
o
£
mean equivalent straim, e = e~ & (b) (2.44)
Wt
ln[(n+1x-grn
e
apparent strain, O T o (e)

257 DETERMINATION OF FRICTION IN DRAWING

It has been suggested(70'74) that the classical concept of
Coulomb friction may not be valid in metal-forming processes.
However, it is possible, as is commonly practised, to describe
friction in terms of u-, provided that it is considered as a
ratio of stresses or forces, rather than as an immutable material
property. The measurement of friction in drawing represents a

considerable problem, since the equilibrium in the axial direction

Sy =



leaves two unknowns, namely, the shear force and the normal force

acting on the tool-workpiece interfaces, in terms of the draw
force. Measuring the draw force results in an equation with two
unknowns. Thus, it is clear that a second relationship must be
established before the two can be separated. Many methods, both
experimental and semi-analytical, have been devised to determine

the mean coefficient of friction in drawing. Some of these are

reviewed in the following sections.

AL AT Die-rotation

The rotation of the die during drawing produces a
circumferential component of velocity relative to the die, so
that its resultant relative velocity diverts away from the virtual
apex. In consequence, the friction vector swings round to act in
a direction opposite to that of the resultant relative velocity.
Provided that the magnitude of the friction vector remains unchanged,
there will be an accompanying reduction in the draw force. The |
method was originated by Linicus and Sachs(79) who evaluated the
mean coefficient of friction in wire-drawing by measuring the
reduction in draw force. By rotating the die in bar-drawing,
Rothman and Sansome(78) determined the mean coefficient of friction
by a consideration of the reduction in the draw force as well as
the torque required for rotating the die, illustrated in Figures

(2.14) and (2.15). Thus, the mean coefficients of friction are

given by:
o i i (2.45)
P Q (Pr - p cos ¢)
W 2T sin o
3R BT T Q@  (pD_ sing - 2T cos o) (2.46)
m
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‘Figure (2.14) Representation of forces in
axisymmetric drawing

[after Rothman and Sansome (78)]

The equilibrium of forces in the longitudinal direction yields

p = Q sina + F cosa (2.47)

—Hgaes




Figure (2.15) Velocity and friction vectors
with die rotatiom at 'F' viewed
from 'q'
[after Rothman and Sansome(78)]

AC represents the friction vector F without the die rotation.
Assuming that ¢, = ¢, = ¢ and that F is unaltered by the
rotating motion, thefe is a reduction in draw force corresponding
to BC Cosa. Considering equilibrium, the draw force P, with die
rotation is given by:

Il

P, Q sino + F' cosa

Py Q sino. + F cos¢ cosa (2.48)

Combining equations (2.47) and (2.48), the mean coefficient Qf
friction is given by equation (2.45).

The rotational torque is given by

Dm
ol | "
T o= F 5
E g-nm Skt (2.49)

Combining equations (2.47) and (2.49), the mean coefficient of
friction is given by equation (2.46) -
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where H, = mean coefficient from consideration of reduced draw force

HT = mean coefficient from consideration of torque
p = draw force without die rotation

Pr = draw force with die rotation

T = torque

F = shear force

Q = normal force

Dp = mean diameter

2l el Split-die

If the drawing die is split in half longitudinally, and the
force tending to separate the two halves during drawing is measured
concurrently with the_draw force, then the mean coefficient of
friction and the mean die pressure can be deduced directly from
these measuréments. The method was originated by MacLellan(?7) in
wire~drawing. However, the experimental work did not yield
éonciﬁsive results(76), 1t was postulated that this was due to
the penetration of lubricant between the two halves, giving rise
to an additional pressure of the unknown magnitude. The method
was refined by wistreich{75) wherein the two halves of the die
were held by a known force which was reduced progressively until
separation occurred; at this poin; the holding force was equated
to the die separating force. The arrangement is shown in Figure
(2.16). By comsidering the equilibrium of forces the following

relations were derived:

P = tan ( P T a) (2.50)

TS

TS (2.51)
(A1-A) (coto - H)
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S Slit, exaggerated
Split die

o

|
eai=r

S = die separating force

Figure (2.16) Forces in wire-drawing with split-die

(75))

(after Wistreich

Consideration of the equilibrium of the forces shown
above yields the following equations:

d
|

= (A1 - Az)(1 + u cota) q_ (2052)

[@p]
1]

% (A = A,) (cota - W) (2.53)

from which equations (2.50) and (2.51) for p and q_
were derived.
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where p = draw force

w
]

die separating force

qm = mean die pressure

A similar technique was employed by Yang(143) in which the
split die was enclosed in a die plate with a curved opening near
its periphery. A thin ring of aluminium alloy was mounted on the

opening on which strain gauges for measuring the separating force

directly were attached.

2ol «3 Measurement of die pressure .

The mean die pressure can be deduced by measuring the hoop-
strain imparted on the die during drawing, from which the mean
coefficient of friction may be obtained. However, the need for a
sufficiently wide range of hydrostatic pressures in calibration
can pose considerable sealing problems, and relying on extrapolation
results in a second uncertainty. The technique was proposed by
Maj@rs(164) in wire-drawing. By summing up the longitudinal forces

in the deformation zone, the following relation was derived:

2o

g

n

==l e ot e (2.54)
B
— =1
22
where 0 = draw stress
0, = mean die pressure

A die semi-angle of 1° was used, and although this eased the
problem of calibration, it would seem to render the results unrep-

resentative.
The technique was adopted by Blazynski and Cole(86) in tube-

drawing on a fixed-plug. The friction work was separated from the



don i
total work € per unit volume using the concept of the "equivalent

strain'". The mean coefficient of friction was deduced from the

frictional component of the drawing load in fixed-plug drawing given

by:
X
F = 2
umD cn dx (2.55)
o

where O, = mean die pressure

x = length of contact between the tube and tools

D = mean diameter of tube at any instant during drawing

It was rightly emphasised that equation (2.55) gives only
an indication of the mean coefficient of friction over the length

of the tool bearing.

2.7:4 Optimum die-angle

Theories of metal-forming yield solutions of the general

form:

o = E(uorm, Ay, 1, Y, a) (2.56)

It is well established that for any proposed combination of
geometry, material and lubricant, there will be an optimum die
semi-angle which gives the minimum draw force. This arises because
the redundant and frictional components of the draw force have
opposed dependencies on the die semi-angle. Evans and Avitzur(BZ)
differentiated the specific forms of equation (2.56) in wire-
drawing and extrusion, with respect to o, and set the derivative
to zero. The resulting equations express implicitly the relation
of the optimum die semi-angle, which minimizes the working
stresses, to the other variables. When the optimal angle is found

experimentally, these equations serve to compute the mean

coefficient of friction.
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The results are, however, dependent on the experimental

method in determining this exact optimum angle, and alsc on the
effect of changing the die semi-

angle which is known to alter

lubrication conditions.

s 745D Estimation of redundant work

The estimation of redundant work can lead to the determination

have been determined. The method has, to some extent, been described
in Section (2.6.3) in the elucidation of the energy approach.

If tension tests are conducted on the undrawn material and
the resulting true stress-strain curve compared with that obtained
for the drawn material, the curve for the drawn material rises
above that of the undrawn material. Thus, when the curve for the
drawn material is translated in the direction of the increasing
strain until the two curves fit, the difference may be taken to
represent the redundant strain. The corresponding redundant work Wp
is calculated from the displaced'area under the curve of the undrawn
material(81,145,165), Graphically fitting the fwo curves is
vulnerable to errors, particularly if the material does not work-
harden rapidly. Consequently, if the stress—strain is described by
equation (2.42), the mean redundant strain and redundant work are
deduced analytically by the appropriate substitution of equation
(2.44) into equation (2.43), leading to the derivation of Wg. By
considering the equilibrium of the horizontal forces of the
deformation zone, the totél work done per unit volume Wy and the
frictional work done per unit volume W¢ can be obtained. The
procedure provides three equations with two unknowns, namely the

mean die pressure and mean coefficient of friction, and thus allowing

their solution.

=00



25126 Back-pull

When a back-pull or back-tension is applied to the material

being drawﬁ, the required drawing force increases, but it does so
by less than.the magnitude of the back-pull. The explanation seems
to be that the material will deform under lower compressive stresses
because the tensile stress has increased and that this in turn
reducas the shear_stress at the die-workpiece interface, Lunt and
MacLe11an(83) derived an expression for the "back-pull factor" in

wire-drawing from which the coefficient of friction can be deduced:
b = (1 + Wcot @) r (2:57)

However, Wistreich(58) has summarised the weaknesses of the
method. The main argument was that when both the geometrical
parameters and uy are small, changes in the mode of deformation are
negligible, so that the only significant result is a drop in the
frictional component of the forward pull. On the other hand, when
these parameters are largé, the change in the mode of deformation
can no longer be ignored; back-pull affects also the deformation
component of the pull. Nevertheless, it is worth noting that in
general the geometrical parameters and the coefficient of friction
in wire-drawing are relatively small and thus in most cases the

method is wvalid.
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CHAPTER 3: THEORET ICAL ANALYSIS OF THE PROMOTION OF HYDRODYNAM IC

LUBRICATION IN THE TUBE-DRAW PROCESS

3.1 INTRODUCTION

The tube-draw'process, with the exception of tube-sinking, is
unique among all axisymmetric drawing processes in that there are
two tool-workpiece interfaces to be lubricated. As noted in
Chapter 1, the present work involves the theéretical and
experimental studiés on the promotion of.hydrodynamic lubrication at
both interfaces, with particular interest in the plug=-tube
interface. In the review of the literature it was shown that
hydrodynamic lubrication will occur provided that the lubricant
pressure at the die entry is sufficiently high,

In this chapter, the analysis of the mechanics of pressure
generation by induced hydrodynamic action to promote hydrodynamic
lubrication at both the die-tube and plug-tube interfaces is
presented. At the die-tube interface, the Christopherson tube
technique developed in the wire-drawing process was employed. The
influence, on the generation of hydrodynamic pressure, of
geometrical features of the Christopherson tube, such as its length
and the radial clearance between it and the undrawn tubé, and
drawing conditions such as the speed of drawing and lubricant

viscosity, were considered. '"Christopherson" tubes having
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geometrical features other than a straight-parallel internal profile

were studied also.

At the plug-tube interface, lubricant pressurisation was by means of
the newly developed method of inducing hydrodynamic action by
fitting an attachment to the plug. The analysis of the mechanics
of pressure generation is similar to that obtained for the external
surface; some modifications, however, were necessary. A numerical
method was adopted in the solution for the hydrodynamic pressure and
lubricant film thickness generated by the plug-attachment. Plug-
attachments having a straight-parallel or a straight-tapered profile
were considered initially. The analysis was extended to include a
second parallel or tapered portion, thus forming a stepped or
composite profile. A computer programme was developed to assist in

the design of plug=-attachments.

3.2 FPROMOTION OF HYDRODYNAMIC LUBRICATION AT THE DIE-TUBE

INTERFACE

Although a number of investigators, using the Christopherson
tube technique to promote hydrodynamic lubrication in wire-drawing,
had reported similar experimental observations, their theoretical
approaches differed considerably. The original work by
Christopherson and Naylor(s) considered only the surrounding tube
and assumed that the undrawn wire within it would take up a position
associated with a minimum drag. The use of the Reynolds equation,
which is the starting point for the theory of hydrodynamic
lubrication, led Christopherson et al. to a fairly complex equation
(equation (2.6)) describing the pressure generated within the tube

in terms of two unknown variables, namely the volume rate of
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lubricant flow and the position of the wire within the tube. Thus
y )

the solution requires a numerical integration.
(6) .

Tattersall’s

ol onsidered, additionally, the metal deformation zone and

by expressing the lubricant flow in terms of the thickness of the
lubricant film remaining on the drawn wire allowed both the volume
rate of lubricant flow and the hydrodynamic pressure generated to be
predicted from entirely independent variables. Osterle and
Dixonis) dismissed Christopherson and Naylor's(s) minimum drag
hypothesis as having no physical basis and proposed a theory which
included thermal effects arising from the energy dissipated in the
deforming metal and viscous shearing.

In the tube-draw process hydrodynamic lubrication at the die-
tube interface can be promoted by exactly the same principles. It
is therefore advantageous to analyse the conditions prevailing in
tube-drawing and develop equations which can predict the
hydrodynamic pressure generated and the lubricant flow rate from
entirely independent variables. The theoretical analysis considers
three main zones. These are the plastic deformation zone, the zone
between the die entry and entry to the plastic deformation zone and
the zone or zones comprising the Christopherson tube. It considers
first, the lubrication conditions in the plastic deformation zone in
which an equation for the constant in the Reynolds equation is
derived in terms of the process parameters. An analysis of the die
entry zone allows the equations to the rate of lubricant flow and
the lubricant film thickness at entry to the plastic deformation
zone to be developed. Since the continuity of flow demands that
the rate of lubricant flow within the entire arrangement is
constant, its knowledge therefore facilitates the development of an

equation for the hydrodynamic pressure generated at the die entry.
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This equation permits the pressure to be predicted from entirely

independent variables. Its validity can be verified by comparing

theoretical predictions with experimental observations.
The following assumptions are made in the theoretical analysis:
1 The radial clearance between the undrawn tube and the
Christopherson tube is sufficiently small so that the one-
dimensional Reynolds equation for a plane wedge can be
applied.

2, The lubricant has Newtonian properties.

Fe The lubricant obeys the exponential viscosity-pressure

oP

daw, i = f.ef,

R Isothermal conditions prevail.

Se The die and plug remain rigid.

6. The undrawn tube and the Christopherson tube do not
deform.

7o The undrawn tube travels concentrically with respect to

the Christopherson tube.

8. Thin=-walled tubes are considered.

3.2.1 Hydrodynamic analysis of the plastic deformation zone

With reference to the origin chosen as in Figure (3.1), the

integral form of the Reynolds equation is
h-h

(}EP 5 ‘6”‘73(—113—9) (3.1)

Taking into account the exponential viscosity=-pressure relationship

12
N= nje’, this may be written as

=R (05
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e ¥F gg- = - 6”0U3( 3

(3.2)

The lubricant film thickness at any point in the die entry zone

(zone 3) is given by

hi =tk
ana (3.3)
Substituting this expression into equation (3.2) and upon
integration it yields
6n,¢U h
1 03
Pt sty ns e ) - ] (3.4)
tan“a 2x° tano i
where A is the constant of integration.
The boundary conditions for this equations are P = Pz at x =
x2. Thus
6n ¢U h
1 0E 3 1 P
R el e IS IR
tanZa 2. ZXS tano
and
6n ¢U h h .
g atebd suhe w3 wetilid dering wlivng _%+_m By 0e,
0 tan®a X 2x2tana 2 2x§ tana
(3.6)
If yielding of the tube initiates at a point where x = %, and

h = hy, by a consideration of the yield criterion, the mean axial
stress in the tube, the pressure exerted by the die, and the yield

stress of the tube material at this plane may be related by

R = Y z ; (3-7)
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However, at this plane the mean axial Stress g is zero Thus

2 ’

lubricant pressur ; i

the P e Eb can be equated to the yield stress of |
the tube material Y. Substituting these conditions into equation i

(3.6) gives
: i

6n_¢U h
P3=Y=-$1n —&——3 —l+__m.___
tan® o £y 2x§ tanao (3.8) ﬁ
h |
el L s e
X, 2 =
2 2x2 tana

This can be rearranged and written as |

i : 2tana(x1x2) tan3a(x1x2)2
n = + ' > L7 B (3'9) !‘-
(x1 + 32) 3n0¢U3(x1-x2)

where B = (e 9F, - 797y

i i
By equation (3.3), x = and x, = , hence ;
1 tana 2 tano I
|
2 : |
R hihg Y w 3tan;(f(lt211:3i )l (F10) |
S i il ke ‘

The derivation of equation (3.10) essentially follows the route
suggested by Bloor, Dowson and Parsons(gh), however, it must be
emphasized that they were considering plane strain drawing under

normal conditions. Thus, the inclusion of the term B in equation
(3.10) is an extension which considers contributions from the

induced hydrodynamic action.

3.2.2 ILubricant film thickness at entry to the plastic

deformation zone

The ﬁolume rate of lubricant flow, q, per unit circumference of

=108 =




the tube in terms of the pressure gradient ¢ ip the Reynolds
X

equation is obtained by

U.h
(5 N el —Jli-e-¢P EB
. 2 12n, dx (3.11)

Substituting for o %F g% as in equation (3.2), the volume rate of
flow per unit circumference of the tube in the die entry zone is
given by

At the entry to the plastic deformation zone, the mean axial

tensile stress in the tube is equal to the plastic work done per

unit volume of the tube material. Thus,
g = Yde , — = ¥ (3.13)
From equations (3.7) and (3.13),

dp
de de

In the plastic deformation zome

dx = dR cota (30159
= Z2dR (3.16)
de R
where R = radius of tube.

Hence ,
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(3.17)

Substituting for de as in equation (3.17) into equation (3.14) and

rearranging
dpP
S RAY 2tana
dx ( 2dx tano _.Y) R i
dP3
When @ = 0 as at the plane considered, ax T 0. Hence the

application of equation (3.11) for the volume rate of lubricant flow
reduces to

i (3.19)

Alternatively, equation (3.19) may be arrived at by considering the

fact that in this zone the second term on the right-hand side of

: - =P =$Y
equation (3.11) is negligibly small since e *"'3 = e is also
negligibly small (of the order of 10-10).

It follows from equations (3.12) and (3.19) that

A good approximation to the lubricant film thickness at the
entry to the plastic deformation zone can therefore be obtained by
equating h3 to hm in equation (3.10). This can be simplified

and rearranged as a quadratic in h3,

h; tana 5
S e - 0
b3 = hy( 20y + 3n,90, B @209

Since the lubricant film thickness must take a positive value,

it can be shown that the solution of this quadratic equation is
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h2 B tana 2 2 3
R i ( it
3 2 6n0¢U3

+
6n0¢U3 6n0¢U3 (3.22)
However, the term B contains P2, the lubricant pressure at
the die entry generated by the Christopherson tube. Consequently,
equation (3.22) is amenable to a direct solution provided that the

magnitude of P2 is known. Equation (3.21) can be rearranged to

give ?2 as
h,~h,)?
P L s ln[ : 3 2) : 3n°¢U3 - e"‘i’Y
E ¢ h3 h2tana ] S
2

3.2.3 Analysis of Christopherson tubes

The two basic internal profiles of the Christopherson tubes
considered in this section of the theoretical analysis are i)
straight-parallel and ii) straight=-tapered. These are illustrated
in zone 2 of‘Figure (3:2). The detail analyses of the extensions
to these basic profiles, thus forming a stepped or a composite
Christopherson tube, are included also.

The origins of the co-ordinate systems are chosen at the
beginning of each zone so that the Reynolds equation for the
lubricant film pressure gradient at any point, taking into account

the increase in viscosity due to pressure can be written as

¥ 12n, it
e‘“’% L (%h-—q) (3.24)

h3

- 111 -



2 y
6]
P i T T
atate s | (RO
!
\ I
4
e
P3 . zone 2, 1, ’
zone 3 iy
(a) Straight-parallel Christopherson tube
b, h, ¥y h

B
\
1
RS

Pg zone 2, 1,

(b) Straight-tapered Christopherson tube

Figure (3.2) Analysis of Christopherson tubes




3.2.3.1 Straight-parallel Christopherson tube

Applying equation (3.24) to a straight=parallel Christopherson
tube in zone 2 and integrating between the limits P= 0 at x = 0 and

P= Pé at x = 12, and simplifying yields

12n0¢12 U,h

= 1 22 e qz) :| (3.25)

N 6-1n [ b=

3
h2

The continuity of flow demands that q, = qq and by equation

(3.1§}$ equation (3.25) may be simplified to read

6n_¢U1
=—lln[1——...g._.__%
¢ B3
2

(h, - h3)} (3.26)

the subscripts for the velocity terms are omitted since the velocity
of the undgawn tube in these zones is unaltered.

Equations (3.23) and (3.26) present two equations with two
unknowns, namely, Pﬁ and h3. Thus, the solution for h3 is

obtained by equating these two equations, viz.,

o N (o 4C,C

Kpnin AT 3 (3.27)
ZC1
where C, = (h, - 21, tana) .
1 2 2. h; tano (1-e ¢Y)
C2 = 2h2 [ 12 tano - hz == 6n0¢U
3
G =

h2
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3.2.3.2 Straight-tapered Christopherson tube

The case, is considered, of a straight=-tapered Christopherson
tube in zone 2. If h is the radial clearance at any point within

this zone, by simple geometry

K
= h2(1 + X - Iéx) (3.28)
hy - hy By
where = - ie. LS 1+K
2 2

Substituting equation (3.28) for h in equation (3.24), the

pressure distribution of a straight-tapered Christopherson tube is

= 12n [ -
e " ok -2 0?2 nigr-X g
2 I 2 I

(3.29)

9P dP Uy 9 ]

Integrating between the limits P= 0 at x = 0 and P = , at

x=1,, and simplifying,

6n ¢l
1 0D - r 2+K
P, = =—=1n ] - — U,h, - q,( — (3.30)
Applying the conditions that 49 = q3 and Uy = Uy = U,

and by equation (3.19), equation (3.30) may be simplified to read

By = imaain ol = =R ]
e
2 ¢ 20 (14K) (e

(3.31)

It is noted that equation (3.31) reduces to equation (3.26) for
a straight=-parallel Christopherson tube when K = 0, ie. h1 = h2,
The solution for hy in this case is obtained by equating

equation (3.23) to (3.31), viz.,
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e T
Ll /_2\
h, s (3.32)

2D1

where D, = 2 [ h2(1 + K) - l2 (? : § )tana ]

oY

h; tana (1+K) (1-e )

DZ = 4h2 [ 12 tana - hz(f + K) -
on, 4U

3
2h2 (1 + K)

3.2.4 /Analysis of two-zone Christopherson tubes

The analysis so far was confined to zone 2 where the
Christopherson tube has either a straight=-parallel or straight-
tapered internal profile. If zone 2 is extended to include zone 1
which is of a different geometry [Figure (3.3)], a two-zone
Christopherson tube is forme&. This may consist of either a
straight=-parallel portion resulting in the stepped configuration or

a straight-tapered portion to form the composite configuration.

3.2.4.1 Stepped Christopherson tube

Applying equation (3.24) to the straight-parallel portion in

zone 1 and integrating between the limits P= 0 at x = 0 and P = P1

at x = 11, and simplifying,

‘¢P1 12n0¢11 U.h
e L N

or (3 -33)
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The condition that q‘ = q2 = q3 and equation (3.19) allow

equation (3.33) to be simplified to read

én ¢UL

=-¢P

P e LA iy
h 3 1 3
1
6n ¢UL
or o 1 0
P = = —1n i L (3.34)
1 ol [ h3 (h1 h3)}

1

Integrating equation (3.24) for zone 2 between the limits P = P
1

at x = 0 and P = P2 at x = 12, and simplifying,

1211 U,h
o L e AR g 02 Zn i
e O S e BV v ( 5 qz) (3.35)
2

Again, the continuity of flow and equation (3.19) allow further

simplifications:

6n Ul
il (3.36)

Mg e Ll L e Nl B
s 94Tty

2

Substituting equation (3.34) for e” %P equation (3.36) and

rearranging,
-¢P 1 L
e 2R 1 iy 2 o/
= 1= 6n4¢U [ aenfhyn-fhed ey hy) |
hy b,
or (3:37)
1 1
Bl et L olf Li¢ BT SE sl
: 5 1o 4 1 - 6n U [ - (b, = B ) . iyt el |

The solution for h 1is obtained by equating equation (3.23) to
3

-



where E1

b

(]

=

W8

3.2@2“:‘;:—2

- St igle
E, & | Bj - 4E.E,
3.
2E Va8
1
1 1
6n 4 ( 21 __1 L2
3
2h2 tana h1 h2
1 1
4 LRI o S W L ¢ N -¢Y
6n0¢U ( B cEagay o s ) Hy (1 e S
2 h h
1 2
3n0¢U
tanao

Composite Christopherson tube

Applying equations (3.24) and (3.28) to the straight-tapered

portion in zone 1 and integrating between the limits P= 0 at x = 0
and P = P1 at x = lI’ and simplifying,
6n ¢l
= ¢P 07 ] 250K
T gt g 2]
h (1+K)
2
or (3.39)
6n ¢1
1 0 ZEl
o il ()
S E R
’ ¢ B ]
Similarly, by the continuity of flow and by equation (3.19),

equation (3.39)

.

or

may be simplified to read

6n0¢U11 (2+K) 201 +.K) "

€2 +K) 2

(3.40)
hz'ha]}

di= [ =By ]

2h23(1 5Ky

5HO¢U11(2+K) 2(1+K)

(2+K)

1n 1

< I
¢ 203 (14K)*
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For the straight-parallel portion in zone 2, equation (3.36)
applies. Hence substituting equation (3.40) for e_¢P1 into

equation (3.36) and rearranging,

il
= 1 2

BB HEHR) Byte (2o 2 1 5
or ' (3.41)
1 n
i 1 (2+K) 1 2(1+K) h.-h 2
P, = ==In < 1~ 3n ¢U{ — 2 3|+— (h,~-h,)

Equating equation (3.23) to (3.4l1), h3 is given by

= - 2 -
h3 F, & / F) 4F1F3 (3.42)

2F1
where F = 6n0¢U [ 1 = w — _]:..2..:!
Ry h2 2tana 2h2(1+K)2 h2
2
6 U i i
o ATl . [ e 1 __2_]+(1_e—d_>Y)
2 h2 tana h2(1+K5 h,
3n0¢U
F3 =
tana

3.3 DETERMINATION OF THE HYDRODYNAMIC PRESSURE AND

LUBRICANT FIIM THICKNESS

The technique of analysis of the Christopherson tubes has, in

each case, provided two equations with two unknown quantities;

namely, PZ the hydrodynamic pressure generated at the die entry and

= R =



hg the lubricant film thickness at the plane of the initiation of
plastic deformation. The theoretical values of these parameters
are computed by equatigg equation (3.23) for Pé, derived by the
analyses of the die entry and plastic deformation zones, to the
equations for P2 derived by the analyses of the Christopherson
tubes. Thus, the elimination of P2 allows computation of the
appropriate values of hj;.  The knowledge of h3 in turn facilitates
the computation of the generated hydrodynamic pressure. These are
illustrated in the flow-chart in Figure (3.4). Furthermore, the

lubricant flow rate is obtained by substituting the value of h into
3

equation (3.19).

3.4 FPROMOTION OF HYDRODYNAMIC LUBRICATION AT THE

PLUG-TUBE INTERFACE

The mechanics of lubricant pressurization in the bore of the
tube by induced hydrodynamic action is analysed in this section.
The theoretical approach parallels that adopted in the analysis of
the Christopherson tubes, although some fundamental modifications
are necessary. Precise close=pass tube-drawing does not exist.
Thus, with reference to Figure (3.5), the sink zone is defined as
that region in the bore of the deforming tube lying between the
plane of the initiation of sinking and that at which the bore
surface of the tube comes into contact with the plug. It is
therefore possible for the end of the attachment, which is
conveniently chamfered at an angle equal to the die semi=-angle, to
take any of the four positioms illustrated in Figures (3.5a - 3.5d).
In practice, however, the length of the sink zone is necessarily

short. Thus, in the theoretical analysis it is assumed that any
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EQUATION (3.23) FOR P,

EQUATE TO

EQUATION FOR P, BY ANALYSTS
OF CHRISTOPHERSON TUBES COMPUTE h, BY
PROFILE: EQUATION: EQUATION:
STRAIGHT-PARALLEL (3.26) F-—--= > (3.27)
STRAIGHT-TAPERED (3.31) F-—=---- > (3:32)
STEPPED 37 Frs > (3.38)
COMPOSITE (3.41) F=—=--- > (3.42)

TO COMPUTATION OF P

2

OR K

Figure (3.4) Computing procedure for the theoretical
results of the Christopherson tubes
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differences in these four positions are insignificant. A
representative case in which the fore end of the attachment
corresponds to the plane of the initiation of sinking as in Figure
(3.5c) is presented here.

In the aﬁalysis of lubrication by the Christopherson tube
technique it was shown that the lubricant pressure at the plane of
initiation of plastic deformation can be equated to the yield stress
of the tube material and the velocity was equated to that of the
undrawn tube. In the bore of the tube it is necessay to consider
the sink-zone up to the plane at which the bore surface comes into
contact with the plug. The tube accelerates in this zone, at an
angle squal to the die semi-angle because it is being strained
progressively. This acceleration is accounted for in the analysis.

The literature on the mechanics of tube-drawing has shown that
the sink component of the process approximates to a state of
uniaxial compression. Thus, at the end of the sink zone the
lubricant pressure is assumed to be equal to this compressive
stress. In éddition the assumptions made previously for external
lubrication generally apply, but are re-phrased or re-stated for
clarity:

1. The radial clearance between the bore of the undrawn tube
and the attachment is sufficiently small so that the one=
dimensional Reynolds equation for a plane wedge can be
applied.

2. The lubricant has Newtonian properties.

3. The lubricant obeys the exponential viscosity-pressure law,

4. 1Isothermal conditions prevail.

5. The plug and die remain rigid.

— Rl =



6. The undrawn tube and the plug-attachment do not deform.
7. The undrawn tube travels concentrically with respect to the

plug-attachment.

25 Thinjwalled tubes are considered and the wall thickness

remains constant during sinking.

3.4.1 Hydrodynamic analysis of the sink zone

Consider the sink zone (zone 4) in Figure (3.6). From the
continuity of workpiece volume and assuming wall thickness constancy
in sinking, the velocity of the bore surface at any radius R within

the sink=-zone changes according to

R-
Uy = B (3.43)
This can be expressed as
R
U m Siipta, o ») (3.44)
h +R

With the chosen origin for the co-ordinate system, the lubricant

film thickness within the sink zone is given by
h = x tana (3.45)

Thus, the velocity of the bore surface in this zone can be written

U =0 (s = By ] (3.46)
)

(x tana + Rp

Substituting equations (3.45) and (3.46) for the film thickness and
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the velocity terms respectively into the Reynolds equation as in

equation (3.2)

HE —eneu[((h3+RP)j][ 1 o
X% X tana + R ¥
o (x tana)® (x tan )
(3.47)
and upon integration it.yields
6n,¢UCh,+R )
R XUERA U RS N ELE T B
R Mefton W >33 X tana e X wx p 2} A1
D X
(3.48)

constant of integration

2

tana

£
g
)
(2}
m
]

=
]

The boundary conditions for this equation are P = P3 at x = Xy

Thus
¥ 6n,¢UCh, + R_) G
b el ; t32 b ([ 5 ( ) =]
5 an‘a 2 2
Wb
B [lln(x2+w)_L+L] il
tano 2 X,y i, ZXE

and substituting into equation (3.48)

6 ( ) 1
S0P n U (hy+R [%h(ﬂ)_%] Y T [lln(zi‘i)__!_+_1_2]

e
R tanzoe X tano 2 X WX Sa
p
X, +twW h X, tw
1 1 —¢P
gl R R L S e
£2 *2 w? 2 2
(3.50)
At the plane of the end of sinking, P = P4 at x = X, and
substituting these conditions into equation (3.50) gives
h X, +wW
-$P 6ﬂ0¢U(h3+Rp) 1 X1+W 1 o 11 1 __1_+L
¥ i 2 [—V-I-ln X )—g]q’tana{zn(x ) WX 22]
RP tan‘a 1 1 W 1 1 X
X, +w h e .
-[Ln (2 e lia(-2 -%+ 1} . i,
w XZ X tang 2 2 2 2}{5
(3.51)



h
By equation (8.45); x, = 4 and x_ = 3
tana tana

these values into equation (3.51), it may be rearranged and

. Upon substituting

simplified to give

1n(%,/t A
B 1n(%,/ l>+Rp(h3 = |
i - 1n (z /2 +(%~%)+&(L__L)
2 A o T hz h:
E R® tana B1 (3.52)
1 A Rp / 1 1
6n_6U(h,+R — i = L ) Qe g
n,oU(hy p)[R In(c_/z ) +(hq hg) + (hz hz)]
here £~ e B T ke
1 h
3
r R
g
b,
B =e—¢P3_e—¢)P4

3.4.2 Iubricant film thickness at entry to the plug-tube interface

The total homogeneous strain imposed on the tube as a result of

sinking is
A

i pmati gl (3.53)
A

The tube material is assumed to possess a stress=strain relationship

of the form

o = o’el (3.54)

Thus combining equations (3.53) and (3.54),

n

Sl c'(lnﬁ) (3.55)
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A



Since the_sink component approximates to a state of uniaxial
compression, ¢ in equation (3.55) approximates the compressive
stress on the plane where sinking terminates. At this plane it is

assumed that the radial stress can be equated to the lubricant

pressure Pj. Thus

A
P, = o (1n ———) (3.56

Furthermore, at this plane the bore surface velocity is given by

US = Uz (3-57)
z, P
where z = —= = _1 gince j
24 Rif
R. R
god - Sreadlio . gpe of (3.58)
1 sina sina
R,
and 3rw stpadd , (3.59)
2 sina

Applying equation (3.19) to the sink zone, the lubricant flow
rate in terms of the bore surface velocity by equation (3.57) and

the lubricant film thickness at the end of sinking can be written as

Uzh
e 4 (3.60)
2
by equation (3.20) Lo hm. Thus, a good approximation to

the lubricant film thickness at the entry to the plug-tube interface
can be obtained by equating ‘n4 to'hm in equation (3.52), but see page 136.
However, unlike external lubricationm, h4 cannot be separated

easily from the other terms, but the equation may be rearranged to
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give the hydrodynamic pressure generated at the entry to the sink

zone P3 as

(1_1
1 In(z /z ) + R \ & h)
P3 = = 6~1n [ h4 i 2 1 j% 3 4 J
R—ln(C/Z)+(%—%)+EE(L-l)
P o " 3 2 hi h®
L
3.61)
s 1 Y i ¢
. + i Rl BB LIBE ELE
y G¢U(h3 RP)[Rpln(Ql/Cz) A (lh+ h3) . (hz h2
[ G - 3 4 ] " e—¢P4
R tana
P
where 7 and ¢ are as defined in equation (3.52).
1 2

3.4.3 Analysis of plug=attachments

in the theoretical analysis of the plug-attachments, two basic
profiies were considered initially. These were the straight=-
parallel and straight-tapered profiles. Extensions were made to
include a second parallel or tépered portion, thus forming a stepped
or composite attachment. As in the analysis of Christopherson
tubes, the origins of the co-ordinate systems were chosen at the
beginning of each zbne so that the Reynolds equation as in equation
(3.24) applies.

It was mentioned earlier that the length of the sink zone is
short. Consequently, the length of the chamfer at the fore end of
the attachment as shown in zone 3 of Figures (3.7) and (3.8) is also
short. The analysis of zone 3 can therefore be omitted with very
little loss in accuracy. In this case zone 2, which may be
straight-parallel or straight-tapered, is extended to include zone 3
as shown by the hatched lines. Thus, P2 and Pé are Synonymous.

The analytical procedures for the plug-attachments are similar

to those for the Christopherson tubes, but they are described in

=70 =



detail here to avoid confusion.

3.4.3.1- Straight=-parallel plug-attachment

Applying equation (3.24) to a straight-parallel plug-attachment
in zone 2 (which includes zone 3) and integrating between the limits

P=0at x=0 and P = P2 = P3 at x = 12, and simplifying,

W 12n,¢1 U,h
A gln [1- :1? 2| 22 t qz)] | (3.62)
2

By the continuity of flow, the rates of lubricant flow are equal in
" each zone and described by équation (3.60). Furthermore, the
velocity of the undrawn tube is unaltered. Thus, the subscripts
for these terms are omitted, and upon substituting 9 by equation

(3.60), equation (3.62) becomes

2t 6n ¢Ulz h2
ot tdm -T2 o) @62
2

where z is described by equations (3.58) and (3.59).

3.4.3.2 Straight-tapered plug=-attachment

If zone 2 has a straight-tapered profile and h is the radial

clearance at any point within this zone, then by simple geometry

Bloweoh (%K ~ 5 ) (3.64)
2 1
2
h, - h h
1 2 1
h S 5 = + K
where K = o J'.eh 1

2 2 ‘
Substituting equation (3.64) for h in equation (3.24) and
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integrating between the limits P= 0 at x = 0 and P= P3 at'x = 1

2
and upon simplifying,

6ny¢1,

By (14K)
; (3.65)

Substituting equation (3.60) for 4, and omitting the

subscripts for the velocity terms, equation (3.65) may be written

3n_¢U1 h
3 1 Di2 2(1+K) 2
= = —In{1-—=. 2. Q2«K)| &=L . 2 _q

(3.66)

3.4.4 Analysis of two=-zone plug=-attachments

If zone 2 is extended to include zone 1 which is of a different
geometry [Figure (3.8)], a two-zone plug-attachment is obtained.
This may consist of either a straight-parallel portion resulting in
the stepped configuration or a straight=-tapered portion to form the

composite configuration.

3.4.4.1 Stepped plug=attachment

Applying equation (3.24) to the straight-parallel portion in

zone 1 and integrating between the limits P= 0 at x = 0 and P = P1

at x = 11,

SHER

or (3.67)
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12n61,  Uh

E N q1)]

3
h1

Substituting equation (3.60) for q, and omitting subscripts for

the velocity term

6n . ¢U1L h
- 9P 0¥
e Alisngies b 2 sl i)
6n_¢U1 h
or 7 = -3ln [1- ——i%;——l 2z (FL-n)] (3.68)

integrating equation (3.24) for zone 2 between the limits P = P,

at x = 0 and P = Py at x = 1, ,

gk oINS T ) (3.69)
¢ ) s 2 9
2
Substituting equation (3.60) for 9, and simplifying,
6n,6U1 h
=¢P -6 P, CRUE N e e T
o hpadany o - zol - ha) (3.70)
2

Substituting equation (3.68) for ef¢P1 in equation (3.70) and

rearranging,

il h 1 h
e"¢P3_1-6n0¢Uz[——(—z—1—h4) +h—§-(?2—h4)
1 2
or : A ] . (3.71)
e {1 [ (o) 2 (200
1 2
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3.4.4.2 Composite plug=attachment

Applying equations (3.24) and (3.64) to the straight-tapered
portion in zone 1 and integrating between the limits P = 0 at x = 0

and P = Pi at x = 11,

~OP 6“04)11 2
e ’=“m[”1h2“%(%§)]

or (3.72)

6n, 91 2
? foe = q1('f%§) J}

P ==11n ¢4
h3(1+K)

Substituting equation (3.60) for q, and omitting subscripts for

the velocity terms,

- 2
eq’P1=1—_—_.z.(2+K)[—mu_z__h4]
h3(1+K)2
or
3n_¢U1 h
P? ==t R LA (2+K)['Z%%$§% . :% - h4] (3.73)
h;(1+K)2

For the straight=-parallel portion in zone 2, equation (3.70)
=P
applies. Hence substituting equation (3.73) for e O Py in

equation (3.70) and rearranging,

1 h
e o 1. 3n 0z { L~ (2+K)2 [zgéigi . 7%.- h, ]
hg (1+K) :
21 h
2 2
b nd (? h4)
2
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or

(1

1 h

P,==- —1n < 1 = 3y guz¢ 1 . (2#K) r2(1+K) 2

3 5 —— | 5—=— * —= = 1 (3-74)

21 h

+ —2( 2.4 )
B3 z 4
2

3.5 SOLUTION OF THE HYDRODYNAMIC PRESSURE AND

LUBRICANT FIIM THICKNESS GENERATED BY THE PILUG-ATTACHMENTS

The analysis of the plug-attachments provided, in each case,
two equations. One depicts the hydrodynamic pressure P3 generated
at the entry to the sink zone and the other gives the lubricant film
thickness h, at the plane of the end of sinking or at entry to the
plug=-tube interface. waever, the complexity of the equation for h4
given by equation (3.52), prevents a direct solution for P; and h4.
Consequently, an iterative technique with the aid of a digital
computer was employed. An initial value of h4 was estimated and
used simultaneously to compute the corresponding values of P3 from
equation (3.61), which was derived using the analysis of the sink-
zone, and those equations derived by the analyses of the plug-
attachments. The values of P; obtained by the two different
analyses were compared and the value of h4 was adjusted until the
computed hydrodynamic pressures were equal to within a “set’
tolerance. At this point the iteration was terminated and the

value of Py is the hydrodynamic pressure generated by that

particular plug-attachment. The validity of h4 can be checked by
substituting the value of Py into equation (3.52). The lubricant
flow rate can be obtained by equation (3.60).

The flow chart for the general iterative procedure is

illustrated in Figure (3.9) and the computer programme which was
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Z// INPUT DATA ;;7

ESTIMATE h4 (Initial h4)

P, BY EQUATION (3.61)
(SINK-ZONE ANALYSIS)

P3’ BY ANALYSIS OF
PLUG-ATTACHMENTS ADJUST h4
PROFILE: EQUATION:
STRAIGHT-PARALLEL 3.63
STRAIGHT-TAPERED 3.66
STEPPED Tl
COMPOSITE 3.74

NO

///>OUTPUT P3, h4 ///

STOP

Figure (3.9) Computer flow-chart for the solution of
hydrodynamic pressure and lubricant film

thickness
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written in the "FORTRAN" language is included in Appendix (A4).

3.6 APPLICATION TO PLUG-ATTACHMENT DESIGN

Although the'technique of lubricant pressurization is
relatively simple, from an industrial point of view much valuable
time and effort is saved by utilising the theory to predict the most
suitable and practical design of plug=-attachment for a given set of
drawinz conditions. Lubrication at the plug=-tube interface is
dependent on the lubricant pressure generated in the sink-zone.
This, in turn, is a function of the amount of sinking, die semi=
angle, lubricant viscosity, undrawn tube velocity and the geometry
of the plug-attachment such as its length and the radial clearance
or clearances which it provides. The sink compénent of the deform-
ation is predetermined by the drawing schedule and thus will be
treated as an independent variable. The same applies to the die
semi-angle since it is desirable to draw with the optimum die=-angle
at ﬁhiah the total work done including frictional work and redundant
work is minimal. It is possible to provide facilities to enhance
the lubricant viscosity by, for example, a lubricant cooling system.
However, it is assumed that there are no such provisions. Thus,
for a given lubricant pressure the tool design problem treats the
undrawn tube velocity, which is propgrtional to the draw speed, the
lubricant viscosity and the geometry of the plug-attachment as the
main variables.

Under identical drawing conditions the hydrodynamic pressure
which could be generated is directly proportional to the draw speed,
lubricant viscosity and the length of the attachment and inversely

proportional to the radial clearance which it provides.

= {8l =



Industrially it is. desirable to have lubricant pressures which are
as high as possible since friction at the plug-tube interface would
then be lowest. Hoﬁever, an aftachment which is excessively long
and of diametgr only slightly smaller than the bore of the undrawn
tube is impractical, but this difficulty can be alleviated by
drawing at higher speeds and/or with a more viscous lubricant. For
a given lubricant pressure the theory is utilized to compute the
requirad lengths of the four designs of plug-attachments for a range
of draw speeds and radial clearances. This enables a direct
comparison of the four designs and consequently the most practical

design can be selected.

3.6.1 The computer programme for tool design

A computer programme was written in the "BASIC" language, which
is ideal for use on a micro computer, to perform the necessary
computations for tool design. The flow=-chart of the computing
procedure is illustrated in Figure (3.10) and the detailed programme

is presented in Appendix (A4).

The input data consist of:
1) Desired hydrodynamic lubricant pressure
2) Initial tube dimensions (diameter and wall thickness)
3) Final tube dimensions (diamgter and wall thickness)
4) Die semi-angle
5) Viscosity-pressure coefficient

6) Anticipated lubricant temperature

The relevaﬁt data are used to perform the preliminary computations
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Figure (3.10)

Computer flow-chart for tool design

Zi Input data ;7
y

Preliminary computations:

1. Percentage reduction in area

2. Percentage sink

3. Homogeneous strain and

compressive stress in sink

component

4. Lubricant viscosity

4

Output informative data and

results of preliminary computations

Loop for

draw speed

Undrawn tube
velocity U

Estimate h4

(Initial value)

P, by equation (3.61)
(3ink zone analysis)

P3 = desired hydrodynamic
lubricant pressure?

Store U and h
in array

/

e

ontinue
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Loop for
radial clearance, h

2

Loop for

radial clearance ratio,
h1/h2

Retrieve U and h

from array

Length of straight-parallel
plug-attachment by equation (3.75)

i

Length of straight-tapered
plug-attachment by equation (3.76)

OQutput results:

. Draw speed

. Radial clearance, h2

1

2

3. Radial clearance ratio, h1fh2
4, Lubricant film thickness, h4
5

. Length of straight-parallel and
straight-tapered plug attachment

Loop for length ratio
of 2-zone plug-attachments,
1




Length of zone-2 of stepped
plug-attachment by equation (3.77)

Length of zone-2 of composite
plug-attachment by equation (3.78)

Total length and length of zone-{
of the stepped and composite plug-attachments

Output results:

f 1. Length ratio, 1
2. Total length
3. Length of zone-1
4. Length of zone-2

of the stepped and composite plug-attachments

W

Continue

f

Stop

3

Figure (3.10) Computer flow-chart for tool design
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such as:
1) Percentage reduction in cross=-sectional area
2) Homogeneous strain and compressive stress in the sink
component
3) Iubricant viscosity according to equation (2.15); the

lubricant is assumed to be EP50.

For a given lubricant pressure in the sink zone, equation
(3.61), which was derived from an analysis of the sink zone only,
allows the lubricant film thickness h, at the end of sinking to be
computed for a range of undrawn tube velocities or draw speeds. An
initial value of hy is first assumed for a particular draw speed and
its actual theoretical value obtained by an iterative procedure to
balance equation (3.61). The iteration is terminated when the
value of h, corresponding to each value of draw speed within the
chosen range has been ascertained.

Using these values of draw speeds and their corresponding
values of h&’ the lengths of a straight-parallel attachment are
computed for a range of radial clearances h2 according to:

(1 - e *P3) 13

3 s - (3a795)
2 (h2 zh4) 6n,¢U

This equation is obtained by rearranging equation (3.63). The
procedure is repeated for a straight=-tapered attachment, but
extended to consider the effect of the radial clearance ratio, h, /hz.
Thus, by rearranging equation (3.66) the length of the straight-
tapered attachment is given by:

Gio= = "Fayites ©17
1, = (3.76)
2 [2(1+K)h, - 2(2+K)h,1(3n ¢U)
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Figures (3.11) and (3.12) illustrate the equivalent lengths of
the stepped and composite plug-attachments required to generate the
same lubricant pressure when compared with that required by a single
zone plug-attachment. The same Values of draw speed and their
corresponding Qalues of hA’ radial clearances h2 and radial
clearance ratios h1/h2 are used again to compute the lengths of zone
2 of the stepped and gomposite attachments for a range of length
ratios, 1 = 15/14 « The relevant equations are obtained by

rearranging equations (3.71) and (3.74). Thus,

1 = e—¢P3
1, = . 1 g (Stepped)
[Tﬁ (ay=2hy) + g5 (8y=h,) ] Bngo) G
and (Composite)
= e-¢P3
1, = e
¢ MR ST O ] A S N B
3 oL (24K) 2 4 ) 4 0
1,h] (1+K) h (3.78)
1502 2
where 1. = 12/11

If the overall length of the attachment is written

then by simple substitution,

P 1 (3.79)
1o L, (1 +i" )
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The maximum value of 1, is obtained when the ratio 12/11
approaches zero and approximates to 1y of a single-zone attachment
when the radial clearances in both cases are equal., Similarly, the
minimum value of lo obtains when the ratio 12/11 is infinitely
large and approxXimates to 12 of a single-zone attachment when the
radial clearances are equal.

These computations offer a wide range of draw speeds and the
corresponding plug=-attachment geometries, all of which generate the
same lubricant pressure under identical dfawing conditions and
enable the most practical design to be selected. A few samples of

the computer print-out are included in Appendix (A4).
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CHAPTER 4: DESCRIPTION OF EXPERIMENTAL EQUIPMENT AND MATERTIALS

4.1 ZINTRODUCTION

The experimental investigation of the promotion of hydrodynamic
lubrication in tube-drawing required the measurement of the draw
force, plug force, lubricant pressure and draw speed. A description
of the Instruments used in these measurements is given here. A
"Talysurf" was used to measure the surface finish of the tubes
before and after drawing since this also gives some indication of
the effectiveness of lubrication, but it is not intended to describe
such a standard instrument. In addition.to these, descriptions of
the experimental equipment and materials are given of the draw-

bench, dies, plugs, tube material and lubricants.

4.2  THE DRAW-BENCH

The hydraulic draw-bench used in the present work had been
used previously in the investigation of rod—drawing(70), section—
drawing(71) and polygonal tube-drawing on a fixed—plug(ss). It has
a drawing capacity of 30 tonf with a 54 in stroke and a maximum

draw speed of 15 ft min~l. The specifications of the machinery

are included in Appendix (AS8).
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4.3 LOAD CELLS

These load cells had been installed on the draw-bench and
successfully used by previous investigators(70a71»85). All that was
required was sqme minor modifications such as re-wiring and re-
calibration.

It is essential that the draw force and plug force are recorded
continuously during drawing so that any changes in these parameters
may be detected. Consequently the load cells for measuring these
forces, which were supplied with a direct Ccurrent, were connected
to an ultra-violet beam recorder. Continuously screened cables
avoided the cross—coupling effect. The bridge circuit of each lo#d
cell consisted of a set of metal foil strain gauges from the same
batch. However, owing to the inherent inequality in the resistance
or tolerance, a trimming resistance was used for the initial bridge
balance. A high degree of repeatability and accuracy is desirable
in measuring the forces in order that compatible comparisons may be
made when drawing conditions are altered. The testing machine used
in the calibration of these load cells had been maintained according
to B.S. 1610:1964 (Load verification of testing machines) and

B.S. 5781:1979 (Specification for measurement and calibration systems).

B The draw load cell

The draw load cell was mounted on the tag holder of the draw-
bench. It was originally designed for measuring the rotational
torque on the,tag when determining the mean coefficient of friction
using the rotating-die technique by previous investigators(70s71s85),
in addition to the draw force. The combined bridge circuit of the
load cell is shown in Figure (4.1). It is of the rod type and its

detail draﬁings are shown in Figure (A6.1) of Appendix (A6).
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The draw load cell was calibrated under a direct tensile force
on a 50 tonf "Denison" hydraulic testing machine. Specially made
adaptors, shown in Figures (A6.2-A6.4), were required. Readings
were taken for both an increasing'and a decreasing load. The
calibration chart is shown in Figure (A7.1). The torque bridge was
not calibrated since the present work does not involve torque

measurement,

4.,3.2 The plug load cell

The bridge circuit for the plug load cell is shown in Figure
(4.2). The load cell was made according to the drawing shown in
Figure {A6.5). The output signal of the bridge circuit was amplified
by a "SGA 300 KAP" amplifier. This type of amplifier with a zero
setting device provided a bridge supply which was virtually
independent of the source. In addition, the device had potentiometers
for zero, span and bridge supply voltage adjustments.

The load cell was calibrated under a compressive force on the
"Denison" hydraulic testing machine for both an increasing and a
decreasing load. The calibration charts at two amplifications are

shown in Figures (A7.2) and (A7.3).

4.4 HYDRODYNAMIC PRESSURE MEASUREMENT

Measuring the lubricant pressure generated by hydrodynamic
action during drawing enabled a comparison to be made between
experimental observation and theoretical predictions. This was
achieved by mounting a piezoelectric pressure transducer on the
lubricant pressurizing device as described in Chapter 5.

The arrangement of the pressure transducer and its associated
instrumentation are shown schematically in Figure (4.3). Its

technical data are included in Appendix (A8.6). The measured pressure
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acts through the diaphragm on the quartz crystal measuring element
which transforms the pressure into an electrostatic charge. The
gtainless steel diaphragm is welded flush and hermetically sealed to
the stainless steel transducer body. The quartz elements are mounted
in a highly sensitive arrangement in.the quartz chamber, which is
welded hermetically to the body. A charge amplifier converts the
electrostatic charge from the transducer into a proportional voltage
on the low impedence amplifier output. The charge amplifier has a
very high input impedence, of the order of 10™® g , and incorporates
a capacitive negative feedback. Such an arrangement stabilizes the
electrastatic charge output from the pressure transducer. A special
coaxizl cable connects the pressure transducer to the charge amplifier.
This hias an extremely high insulation resistance and low capacitance
which generates only neglible charge signals when moved. A high-
temperature resistant insulation of inorganic material and a jacket
of glass fibre nullify temperature effects. The output from the
amplifier was connected to a digitial voltmeter and a recording
oscilloscope. This enabled the hydrodyanamic lubricant pressure to
be recorded continuously during drawing. The mean pressure was
deduced using a "Planimeter".

The/pressure transducer was calibrated using a "Budenberg"
hydrostatic pressure calibrating machine following an increasing
and a decreasing load pattern. The limitation of the "Budenberg'
tester was that the maximum permissible pressure was 2000 1bf in~2,
However, the maximum linearity error for the pressure transducer at
any calibrated range was given by its manufacturer to be *+ 0.8%.

Thus, the calibration chart as shown in Figure (A7.4) is also valid

at higher pressures.
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4,5 DRAW SPEED MEASUREMENT

The control valve on the hydraulic draw-bench was calibrated
to give draw speeds ranging from 0 to 15 ft min‘l.'However, a
constant dray speed of 15 ft min~! was used throughout the experimental
programme. Since the hydrodynamic lubricant pressure generated at the
entry to the metal deformation zone is also a function of the velocity
of the undrawn tube, a more accurate speed check was obtained by
measuring the draw speed manually. Two marks were made on the draw-
bench 2t a known distance apart. The time taken for the draw carriage
to travel this distance during drawing was measured using a stop—
watch. The speed thus calculated was checked against the setting on
the control valve and was found to be adequate. The velocity of the
undrawn tube which was utilized to predict the theoretical hydrodynamic
lubricant pressure generated was deduced on the basis of volume
constancy, in conjunction with the percentage reduction in cross-

sectional area of the tube.

4.6 DIES AND PLUGS

For reasons of ecdnomy, the dies and plugs used in the
experimental work were provided by Fine Tubes Limited. Some of
these tools are shown in Plate (4.1). These were industrial tools
and therefore were not designed specially for experimental purposes.
However, the usage of these tools was advantageous since they
provided a useful assessment of the current tube-drawing practice.
Initially four dies and five plugs were used. The appropriate
combinations of which yielded nominal reductions in cross—sectional
area of the tube of 45%, 40%, 35%, 30% and 25%. Four additional

dies nominally having semi-angles of 12°, 10°, 8° and 6° were

specially made for the determination of the optimum die semi-angle.
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The pertinent dimensions of these tools were measured and
tabulated as shown in Table (4.1). To measure the profile of the
dies such as die semi-angle, length of the land and of the conical
portion, replicas were made using a mixture of "Acrulite, Microtech
Type A" liquid and powder which combined to form a plastic when
get. A releasing agent was applied on the die surface for ease of
removing the replica from the die. It was found that by partitioning
a thin longitudinal section of the die enabled a replica of the
entire profile from the entry to the exit to be made in one piece
withouz removal difficulties. These replicas were polished to a
thickness of approximately 1 mm to avoid errors arising from parallax
when they were projected on a "Nikon'" profile projector where
direct measurements were made. The 45° chamfer at the fore end of
the plugs were measured with the aid of the profile projector also.

The effective diameters of the dies and plugs were measured
on a 'Universal Measuring Machine'". Although the design drawing of
the piugs specified a taper of 0.008 in per in, which is equivalent
to an angular taper of 27.5 min, measurements taken at half inch
intervals showed angular tapers ranging from 8 min to 21 min. These
tools were not new. Thus, due to wear and subsequent polishing,
deviations from the original dimensions are to be expected.

Following the completion of the preparatory experiments, dies
of 12° semi-angle were used in conjunction with specially designed
experimental plugs. For reasons discussed in Chapter 5, the
conventional 45° chamfer at the fore end of the plugs was replaced
by a curved profile. Also, the working portions of these plugs were
parallel. The dimensions of these tools were measured by the methods
described previously.

The dies were of 94% tungsten carbide and 6% cobalt and were

made by sintering powders of approximately 1.5 micron. The plugs
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were of 90% tungsten carbide and 107 cobalt and powders of approx-
imately 3.5 micron were used in the sintering process. The surfaces
of both the dies and plugs were polished with a diamond paste and
had CLA values of approximately 3 micron. Typical design drawings
of the dies and conventional plugs are shown in Figures (A6.6) and
(A6.7) and those of the newly designed experimental plugs are

given in Figure (5.17) of Chapter 5.

4,7 TOOLS FOR PROMOTING HYDRODYNAMIC LUBRICATION

‘These tools refer to Christopherson tubes and plug-attachments
for promoting hydrodynamic lubrication at the die-tube and plug-tube
interface respectively. Descriptions of these tools are given in

Chapter 5 in the discussion on the experimental programme.

4.8  TUBE MATERIAL

Annealed austenitic stainiess steel tubes were used in the
drawingz experiments. The material is of fhe AISI 347 type and has
the following composition:

gr Ni C Nb Mn

187 e LT D06 e 0T Za,  1.5%

This type of steel are used for general purposes requiring a good
resistance against "weld-decay" and were suggested and provided by
Fine Tubes Limited who have reported considerable lubrication
problems when drawing such tubes.

Tension tests on full sections of the tube were carried out in
order to determine the stress-strain relationship of the tube material,
The specimens, plugged at the ends, were gripped between the jaws of a

"Avery-Denison" hydraulic testing machine. The machine has a built-
in extensometer and a servomechanism for plotting the load-elongation

diagram. It has been calibrated according to B.S. 1610:1964.
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The constitutive equation of the power law form o0 = o' e (166,167
was re-written as:

1n (6) = 1n (d') + n 1n (&) (4.1)
and thus used to express the stress-strain relation of the tube
material. From the tension tests, if the graph of 1n (o) against
in (¢) 1s plotted and the initial 57 plastic strain disregarded as
non-representative, a reasonably straight line is obtained. The
slope ¢i the line gives the strain hardening exponent n which is
numerically equal to the plastic instability strain(168); the value
of o' is obtained by extrapolating the same line to intersect the
stress axis at unit strain., The true stress-strain curve for the
tube msterial, reproduced from equatiop (4.1), is shown in Figure

(4 ° 4 } @
4.9  LUBRICANTS

Low friction and smooth drawing, combined with the ability to
permit high reductions while preventing pick-up on the tool surfaces,
are the primary requirements for tube-drawing lubricants. These
factors are interrelated, for it has been shown(20) that pick-up
increases very rapidly for quite small increases in base friction,
while "die ringing", attributable to high stress concentrations at
the point of entry of the tube into the die(159), is likely to be
minimized when friction is low. In addition, the lubricants should
be able to withstand the high localised temperatures and be readily
removable so as not to stain the tube surface in any subsequent
bright annealing operation.

Two viscous lubricating oils, recommended by their manufacturers
for use in arduous metal working applications and currently used by
Fine TubesLimited, namély, EP 50 and TDN 85, were used in the present

work. The trade names of these oils are EP Drawing 0il 50 and

=958 =



_2)

True stress, o (x 1000 Nmm

3.5 .
J ?fé
—.“B’ré;jk
o
0
0.1 0.2 0.3 0.4 03 0.6 0.7
True strain, €
© Experimental
) 0.5771
® Theoretical, o = 1720 ¢ Nmm_z
0.5771 s
=W O R 1bf in

Figure (4.4) Stress—strain relation of annealed tube material

(Austenitic stainless steel, AISI 347)

=G0 —



Iloform TDN 85 which are manufactured by Gulf 0il (GB) Limited and
Burmah—Castrol Company respectively. In the initial preparatory
experiments these oils were used both on their own and also in
conjunction with a plastic coat of 14% concentration in trichlorethane.
Based on the;results of these tests (see Section (5.3.1)) EP 50
alone was concluded to be the most Suitable.lubricant and hence
used throughout the rest of the experimental programme.

The lubricant TDN 85 has a 477 content in mineral oil and the

viscosities given by the manufacturers are as follows:

Temperature (°C) 20 40 100

Viscosity (cSt) 21,810 2464 58
EP 50 is a chlorinated paraffinic hydrocarbon belonging to the "Extreme
Pressuc=" type and its typical properties are as follows:

Absolute density (gm cm~3) 219

Relative denisty (15/15°C) 1.248

Viscosity Index (D2270) LO

Pour point (c) -21

Total acid No. D974 O.il

Chlorine (Z) 51

Its viscosities at various temperatures provided by the manufacturers
are:

Temperature (°C) 20 40 50 100

Viscosity (cSt) 1880 282 13547 12.95

The above information were entered on a "R.E.F.U.T.A.S."
viscosity-temperature chart, from which the viscosities at other
temperatures can be obtained conveniently. However, for a more
accurate viscosity check, the viscosities of EP 50 at the above
temperatures and at four other temperatures between 20°C and 50°C
were measured using a "Cannon—Fenske No. 500" viscometer in accordance

with B.S. 188:1957 (Determination of the viscosity of liquids). A
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gilicone fluid, "Dow Corning 200/1000 cS", which has a known viscosity
variation with temperature was used to determine the viscometer
constant. The results'were found to agree with the data provided

by the lubricant manufacturers.

It is convenient to express mathematically the viscosity-
temperature relation for EP 50 rather than to refer to a viscosity-
temperature chart. Among the empirical viscosity-temperature
relaticns published in the literature and reviewed in Section
(2.5.1}, EP 50 was found to behave very closely according to the
Walthg?iilo) proposal, as in equation (2.15), with ¢ having a value
of 0.8. The graphical illust:ation is shown in Figure (4.5.).

imie to the unavailability of both the facility to determine
the variation of viscosity with pressure as well as the absence of
such izformation from the manufacturers of FP 50, it is necessary,
unfortunately, to assume from the published literature an empirical
relation which has proven subsequently to be sufficiently reliable,
Consequently, it was assumed that the lubricant obeys the Barus
exponential 1aw(102) n = n°e¢P; thisrassumption proved to be
fortunately satisfactory in view of its simplicity and its almost
universal acceptance, especially in the study of hydrodynamic
lubrication in metal-forming processes(5,6,7,91,93,94) , The Burmah-
Castrol Company who mamufactures the lubricant TDN 85 recommended a
value of ¢ equals 1.662 x 10~%4 in2 1bfl for mineral oils. A survey
of the hydrodynamic lubrication theories in the the metal-forming
processes reviewed in Sections (2.3) and (2.4) revealed that the

values ascribed to ¢ were between 1 x 1074 in2 1bfl and 2 x 1074

in2 1bf~l, These values appeared to be consistent with Neal's(170)

recommendation that the viscosity of lubricating oils approximately
doubles- for every 5000 1bf in2 increase in pressure. On this basis,
it can be shown that ¢ approximates to 1.386 x 10~4 1in? lbf'l._
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This value was used in the equationms developed in Chapter 3
pter 3 to

compute the theoretical hydrodynamic lubricant pTr
essure,
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CHAPTER 5: EXPERIMENTAL PROGRAMME

5.1  INTRODUCTION

A systematic description of the experimental programme is
presented in this chapter. This was designed to cover the practical
aspects of the project as thoroughly as possible in the time
available, Tt is composed of three sections, namely, the preparatory
experiments, experiments with plug-attachments and experiments with
Christopherson tubes. The preparatory experiments were investigative
in nature and aimed at establishing a reference for the experiments
on the promotion of hydrodynamic lubrication in the tube-drawing
process. The basic drawing parameters, using industrial tooling and
lubricants, such as the draw stress and plug force, the most suitable
lubricant and the optimum die—angle or die semi-angle were assessed.
Preparatory experiments with plug-attachments were conducted also
to facilitate tool design and the establishment of a proper
experimental technique for the main experiments. The experiments
with Christopherson tubes and with plug-attachments were aimed at
Providing experimental data for comparison with the lubrication
theories developed in Chapter 3 and also at observing the changes
in the drawing process as a result pressurizing the lubricant. In
addition tests were carried out to investigate the possibility of

drawing tubes in which the bore surfaces had not been treated
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either by pickling or by grit-blasting i.e. in the as-drawn surface
condition, without the occurrence of metal transference or pick-up
petween the tube and the plug, when drawing with the proposed
technique of bore lubrication. Current industrial practice

necessitates bore surface treatment before drawing.

5.2 EXPERIMENTAL TECHNIQUE

In view of the wide scope of the experimental programme there
are some variations in the experimental technique. A general
description of the procedure is presented here and where appropriate
referencs: are made to the exXperiments concerned.

Beinve conducting the tests, both surfaces of the tubes were
thorough v cleaned with trichlorethane . The outside diameter and
wall thickness of each tube were measured with a vernier caliper
and a micrometer respectively. A code was etched on each tag to
indicate the test number and the conditions under which the tests
were carried out, e.g. draw speed, the lubricant used and percentage
reducticn in area. When a new batch of tubes was received, the
external and internal surface finishes of a few tubes, selected at
random from the batch, were obtained with a "Talysurf". These were
considerzd to be representative of the particular batch. A few
samples of these are shown in Figures (A6.13) and (A6.14). The
external surfaces of the tubes were ground and the internal surfaces
were grit-blasted. In a section of the experimeﬁts with plug-
attachments, tubes which had been drawn were redrawn for a subsequent
second pass. These tubes were annealed between the passes, but the
surfaces were not treated. Thus, they were in the as-drawn surface

condition and were much smoother than those which had received

surface treatment.
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The measuring instruments were switched on for about an hour
before the actual usage so that they and the connecting circuits
were allowed to stabilise. The bridges of both the draw load cell
and the plug load cell were balanced and the zero was ad justed on
the output of the u.v. recorder by adjusting the respective variable
potentiometers connected to the load cells. When measuring the
lubricant pressure, the charge amplifier, which was connected to
the piezo—-electric pressure transducer, was grounded just before

the stav: of each draw in order to nullify any charge drift which

might have occurred. The draw-bench was set at a draw speed of

15 ft min~l throughout the experimental programme. The actual speed
was measared by observing the time elapsed for the draw carriage to
traverse over a known distance.

Where lubrication included a plastic coating, as in some of
the preparatory experiments, the coating was applied by dipping the
tube into a cylindrical pipe‘filled with the plastic solution and
allowed o drain. Lubricant was applied to the external surface of
the tube with a brush. In the bore, the lubricant was applied by
pouring it into the tube while rotating it slowly similtaneously so
as to ensure that lubricant was deposited on its entire surface.
When Christopherson tubes or plug-attachments were used, lubricant
was applied also to these tools before they were positioned for the
tests. A low pressure pneumatic cylinder supplied additional
lubricant at the entry to the plug-attachments during drawing to
ensure that ample lubricant was provided for the hydrodynamic
action. A guide, having a diameter approximately equal to the bore
of the undrawn tube was mounted on the plug-bar to prevent the
undrawn tube from "wobbling" excessively relative to the plug.

This was desirable since, in view of the small radial clearance,

excessive "wobbling" could prevent a continmuous flow of lubricant
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and may result in a scoring of the surface of the Christopherson
tubes or plug-attachments. The guide was made of a molybdenum
disulphide impregnated nylon which combines rigidity with a degree
of elasticity and has the added advantage in that molybdenum disulphide
is a good solid lubricant. In these tests the ambient laboratory
temperature was noted also in order that the lubricant viscosity
may be daduced. Sealing at the joints between the plug and the
attachment, and the pressure transducer and its mounting was achieved
using lsad washers. In addition a "Loctite" hydraulic seal was
applied on the screw threads before tightening the mating components.
I the initial tests the plug-bar  was adjusted such that the
plug protruded from the land of the die by approximately 1/16 in.
This produced adverse effects and in the later tests effort was
made to position the plug such that its end was in line with the
down—-str=zam end of the land of the die., The elongation of the plug-
bar under a tensile load was accounted for;
For purposes of assessing the efficiency of the lubricants in
the preparatory experiments, additional information was obtained by

measuring

=

the temperature of the tube with a thermo-couple immediately
after drawing.

Residual lubricant remaining on the drawn tubes was removed
using trichlorethane . The outside diameter and wall thickness of
each drawn tube were measured. These measurements enabled the
actual rasduction in area and the homogeneous strain imposed on the
tubes to be calculated. A section was sawn from each drawn tube
and split and examined for possible surface defects such as pick-up
and pitting corrosion. The surface finishesofboth the external and
internal surfaces were recorded with a "Talysurf". When Christopherson
tubes or plug attachments were used, the traces of the draw force
and/or plug force allowed the surface finish of different sections
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of the same drawn tube undergoing differing force conditions to be
observed. This was helpful since coarser surface finishes and

lower forces are associated with better lubrication.

5.3 PREPARATORY EXPERIMENTS

These experiments were not aimed directly at achieving the
objectives of the project, but rather, as the title implies, at
establishing a reference for the experiments to be conducted to
achieve these objectives. Thus, these experiments were designed to
investigzte or assess the basic drawing parameters as well as to
establish an experimental technique for the experiments on the
promoticn of hydrodynamic lubrication. The results and observations
made during the course of these preparatory experiments are discussed
here in srder that their relevance may be better appreciated. The
results ©f these preparatory experiments are tabulated and presented
in Tables (A2.1 - A2.6) of Appendix (A2).

The drawing tools and lubricants were of the design and type
which are currently used in industrial practice. The tubes were of 347
stainless steel and were nominally 1.0 x 0.10 in (outside diameter
X wall thickness) before drawing. The external surfaces of these
tubes were ground and the internal surfaces were grit-blasted.

These surface treatments are current industrial practice also.
Tubes of the same nominal dimensions and surface conditions were

used throughout these preparatory experiments so that the results

were compatible.

5.3.1 Assessment of basic drawing parameters

The main objective of the series of tests described here was
to assess the basic drawing parameters, with particular reference

to the effects of friction and lubrication. Tubes were drawn at
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at four reductions in area and using five lubricating systems. The
reductions were 40%, 357%, 30% and 25%, and the lubricating systems
were EP 50, TDN 85, 4% plastic solution in trichlorethane coating,
EP 50 with a 147 plastic solution coating and TDN 85 with a 14% plastic
gsolution coating. The drawing dies had a nominal semi-angle of 15°,

High frictional forces or insufficient lubrication at the
tool-tube interfaces for a given amount of plastic straining are
reflected by the draw force and the plug force. The plug force is
the frictional force acting on the plug-tube interface since the
plug is 2 cylinder and friction is the only force acting in the
axial dirzection. The lubricant interposes between the interfaces a
minute film of low strength which reduces the degree of metallic
interaction and frictional heating. Thus, the draw force or draw
stress, plug force, surface finish and temperature of the drawn
tubes are indicétive of the lubrication efficiency.

The tests were conducted in accordance with the relevant
expérimeﬁtal procedure described in Section (5.2). Figure (5.1)
shows the draw stress and the corresponding homogeneous strain
imposed on the tubes for the five lubricating systems. Originally,
these were plotted against the corresponding percentages reduction
in area. However, since a close-pass draw regime did not prevail in
these tube-drawing trials, a fractional reduction in area did not
fully reflect the extent to which a tube had been deformed. Thus,
the total homogeneous strain was obtained by summing the strains
due to the draft and sink components of the deformation process
according to:

€ =Y%_1n 2—1— + 1n ;1— (5.1)
S 2
Figure (5.2) was obtained by plotting the temperature of the

drawn tubes against the homogeneous strain for the same lubricants.
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1t can be seen that the order of the curves in both graphs corroborate
in that low temperatures were associated with low draw stresses and
vice-versa. Thus, of the five lubricating systems tested, EP 50 was.
concluded to be the most efficient since for a given strain the

draw stress and the frictional heating were lowest. Following this
result, EP 50 was used as the lubricant throughout the rest of the
experimental programme.

A

&)

1 attempt to plot the plug force against the corresponding
homogeneduis train was not successful as it did not appear to provide
relevant <ata whatever lubricant was used. It was concluded that a
variable in the form of the length of contact between the plug and
the bore of tbe tube in the metal deformation zone had been neglected.
Indeed, t¢h1is view was reinforced by the fact that no special attention
was pald o the plug—tube contact length during the tests other

than ensuring that the fore end of the plug protruded from the land
of the die by a distance of "about" 1/16 in. Subsequently, the
experiment described in Section (5.3.2) was designed to verify this
postulation,

There did not appear to be significant differences in the
surface finish of the drawn tubes irrespective of the type of
lubricant used. However, in all cases the external and internal
surface finishes of the drawn tubes differed considerably from the
undrawn tube surface finishes; the crests of the asperities having
been flattened by the drawing process. A highly polished finish was
obtained on the internal surface of the drawn tubes and the CLA
values ranged from 0.01 pm to 0.06 um compared with a representative
value of 0.25 pm before the tubes were drawn. On the external
surface, the CLA values ranged from 0.12 pm to 1.3 um compared
with a representative value of 0.4 um before drawing. These surfaces

had a dull appearance and although the increase in CLA values could
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be attributed partially to the surface extending or stretching

during deformation, contributions to lubrication by hydrodynamic

action at the die—entry was possible also.

5.3.2 Exzperiments on the effect of the plug-tube contact length

The effect on friction of the length of contact between the
plug and the bore of the deforming tube was verified by drawing
five tubes of the same initial dimensions at a nominal reduction in
area using EP 50 as the lubricant. The same die and plug were used
throughmut these tests but in each case a different plug-tube
contact iength was used.

It is obvious that during the drawing process the plug-bar
is subjected to an axial tensile load induced by friction. In order
that the resulting elastic eiongation may be taken into account
when set:ing the plug-tube contact length, the elastic characteristic
of the pilug~bar was determined by subjecting it to a simple tension
test within the elastic limit of its material. The tensile load -
elongation property of the plug-bar is shown in Figure (5.3). The
experience of the experiments described in the previous section has
shown that the mean plug-force was approximately 0.7 tonf. The
elastic elongation under this load was obtained from Figure (5.3)
and subtracted from the predetermined contact length. The actual
length of contact during drawing was deduced from the magnitude of
the measured plug-force, its corresponding elongation, and the initial
compensation under the mean load.

Figure (5.4) shows the variation of the plug-force and draw
stress with the length of contact between the plug and the bore
of the tube. It is seen that the plug force increased with the
contact length and that the rate of increase became gradual and

asymptotic as the plug protruded well beyond the land of the die.
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The draw stress increased also with the contact length, as expected,
since a longer length of contact resulted in a higher friction at
the interface. However, the draw stress increased at a faster rate
than the plug force. It was noted that the percentage reduction in
area of the tubes was slightly increased as the length of contact
was increased. For the range of plug positions considered the
reductions in area ranged frém 29.7% when the contact length was
shortest ©o 32,47 when it was longest. This resulted from the fact
that an iandustrial plug was used and it incorporated a slight taper
in order o "adjust" the wall thickness of the drawn tube in
accordasce with usual tube-drawing practice.

These results show that it is disadvantageous to use an
unneces<arily long length of contact since this reduces the efficiency
of the process and presents additional frictional problems.
Consequently, in order that the experimental results were compatible,
all the oxperiments of the project were conducted with the plug

positicned in line with the down—-stream end of the land of the die.

5.3.3 Determination of the optimum die semi-angle

o)

I= determination of the optimum die—-angle or semi-angle is
concernad with the relationship between frictional losses at the
tool-tube interfaces and the level of redundant work done. For a
_glven amount of plastic deforﬁation, distortion and hence redundancy,
increase with an increasing die-angle, whereas frictional effects
are higher at lower values of the die—angle. Friction and redundant
work both increase the drawigg load. Therefore, there is an optimum
die-angle at which the total work done, including friction and
work, is minimal.

The experimental programme consisted of drawing tubes nominally

1.0 x 0.10 in (outside diameter x wall thickness) at four reductions
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in area using dies of 6°, 8°, 10°, 12° and 15° semi-angles. The
tubes were lubricated with EP 50 since it had been established as
the most efficient lubricant. The length of contact between the plug
and the bore of the tube was consistent in each case, and set in
accordance with the procedure described in the previous section.
Figure (5.5) shows the variation of draw stress with the
total homogeneous strain, which was calculated using equation {5.1),
for the five die semi-angles. These curves were used to plot the
variatics of draw stress with the die semi-angle for different
values of the total homogeneous strain, as in Figure (5.6). It is
seen thst for a given strain there is an angle at which the draw
stress is: lowest; this is the optimum die semi-angle. For homogeneous
straing =f between 0.25 and 0.50 the optimum die semi-angle lies
between 10° and 12°.
furthermore, it was observed that the surface finish on the
externa! surface of the tubes was duller in appearance and had
higher CLA values when tubes were drawn with dies of smaller semi-
angles. This is attributable to the fact that a contribution to
lubrication by hydrodynamic action at the die entry is more pronounced

when the die-angle is small, as was initially anticipated.

5.3.4 Preparatory experiments with plug-attachments

Following the completion of the preparatory experimental work
using conventional drawing tools, the experimental programme was
directed towards investigating the feasibility of promoting
hydrodynamic lubrication of the bore by induced hydrodynamic action.
It was proposed to fit an attachment, which provided a small radial
clearance between itself and the bore of the undrawn tube, to a
conventional plug. The motion of the tube and the viscosity of the

lubricant draw the lubricant into the annular space so .formed and
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generates a high lubricant pressure at the entry to the deformation
zone by the classical mechanism of hydrodynamic lubrication.

The parameters which are indicative of the lubricating
efficiency such as draw force, or draw stress, plug force and the
resulting surface finish were recorded in the initial tests. In
later tests, attempts were made to measure the lubricant pressure
generated at the entry to the deformation zone. The experiences
acquired in these preparatory tests were used to design a series of

experimenial plugs and attachments.

503481 Initial experiments with straight-parallel and composite

plug-attachments

In order to accommodate an attachment, the shank of a
conventicnal plug was modified as shown in Figure (5.7). The radial
clearance between the attachment and the undrawn tube was 0.0025 in.
The arrangement permitted the attachment to be adjusted such that
its end w=as iﬁ the region of the sink zone. Furthermore, the design
was advantageous since it allowed attachments of different geometries
to be fitred on the same plug. The carbide plug was positioned to
be approximately in line with the land of the die according to the
procedurs described in Section (5.3.2). EP 50 was used and the
tubes were drawn through a 12° semi-angle die and the modified plug
to yield a 35% reduction or approximately 0.4 homogeneous strainm.

No attempts were made to measure the lubricant pressure in these
tests. Two tubes were drawn under the same drawing conditioms but
without an attachment to the plug in order that a comparisonlmﬁy be
made when an attachment was used.

Five tubes éere drawn successively with the straight-parallel
attachment as shown in Figure (5.8), and typical traces of the

drawn force and plug force shown in Figure (5.9) were obtained. The
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corresponding traces which were obtained when the attachment was
not used is shown in Figure (5.10). It is seen that when the
attachment was used, the trace of the plug force showed a decreasing
trend after the tube had drawn for about 13 in and reaching
its minimum before increasing towards the end of the draw. Since
the plug force is equivalent to the friction force at the plug-tube
interface, its reduction must result from an improvement in
lubrication brought about by the hydrodynamic action. Reductions in
the plug force, when compared with those observed without the
attachmens, ranging from 14%Z to 65% were observed in these tests.,
The variation in the observed reduction in plug force could be
attribuied to the lubricant leaking into the cavity so formed
between the bore of the attachment and the plug (see Figure (5.8a)),
thus the highest lubricant pressure which could be generated was
not liksiv to have been achieved. Other possible factors included
variations in the surface finish and dimensions of the undrawn tube.
The draw force trace exhibited a similar decreasing trend,
but this was only slight as might be expected since the experience
from the previous experiments had shown that the plug force is
normally approximately 10% of the draw force. Corresponding reductions
in draw stress ranging from 2% to 57 were observed.
The bore surface finish of two samples of the same tube which
had been drawn with the same attachment were examined. The first
was a section of the tube just before the plug force started to
decrease and the second was one in which the plug force was at its
minimum value. It was observed in each case that the surface finish
of the two samples was different; rougher finishes, typically 0.13 pm,
were associated with lower plug forces and smoother finishes
associated with higher plug forces were in the region of 0.06 pm.

In addition, the smoother surface finish resembled that of tubes
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which were drawn without the plug-attachment. These had CLA values
of about 0.05 pm. Typical bore surface finishes are illustrated in
Figure (5.11). The representative bore surface finish of this batch
of undrawn tubes was 1.0 pm.

Observations, similar to these described above, obtained when
a composite attachment was used. The ratio of the length of the
parallel portion to that of the tapered.portion was 1:2 and the
angle of taper on the latter was 8 minutes. The radial clearénce
provided by the parallel portion was 0.0025 in as in the case of the

straight-parallel attachment. The length of the attachment was 7.5 in.

5.3.4.2 Elimination of plug chatter

Thae occurrence of plug chatter can be attributed to stick-—
slip friction arising from poor lubrication, i.e. from a lack of
lubricant at the plug-tube interface or from the use of an ineffective
lubricent, or both, Tests on the efficacy of the proposed method of
inducing hydrodynamic lubrication of the plug—tube interface were
therefore extended to the eliminatién of chatter by using a lubricant
which iz known to cause the plug to chatter when drawing with a
conventional plug.

1t was found that the conventional plug could be compelled to
chatter by lubricating the plug-tube interface with a lubricant
which contained 70% EP 50 and 307% paraffin. However, when the
compositea plug attachment was used under otherwise identical drawing
conditions, chatter did not occur until the lubricant contained 607%

EP 50 and 40% paraffin.

5.3.4.3 Measurement of hydrodynamic pressure

The experiments conducted so far suggest the existence of a

high lubricant pressure at the entry to the metal deformation zZone.
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However, a direct measurement of the pressure is advantageous since
not only does it provide a quantitative correlation between the
lubricant pressure and plug-force, but also allows a comparison
experimental observations and theoretical predictions, thus
facilitating the design of industrially practicable plugs. The
experiments described here were aimed at developing the technique
to measure the lubricant pressure in order that the above objectives
may be achieved. The experiments were conducted with the plug, the
12° semi-angle die and the straight-parallel attachment used
previousiy. However, an 'L' shaped channel of 1.0 mm diameter was
spark-eroded in the carbide plug and a piezo—electric pressure
transducer was mounted on its fore end as shown in Figure (5.8b).
The caviiy so formed between the carbide plug and the bore of the
attachment was filled with a wax in order to reduce leakage. The
lubricant was EP 50.

Three traces of the lubricant pressure and the corresponding
traces of the plug force are shown in Figures (5.12-5.14). The mean
pressures indicated in the figures were deduced using a "Planimeter".
It is interesting to note that the rise of the lubricant pressure
was almost instantaneous, i.e. it started as soon as drawing
commenced, Furthermore, the lubricant pressures were sufficiently
high to extrude the wax from both ends of the attachment. These
leakages were reflected in the fact that the pressure failed to be
sustained at the peak value and that fluctuations were observed in
both the pressure and the plug force traces. The magnitude of these
items are indicated in the figures. Nevertheless, significant
reductibns in plug force, when compared with those recorded without
the attachment, were observed and these are indicated by the figures
in parentheses. That low plug forces are associated with high

hydrodynamic pressures in the lubricant is clearly illustrated by
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rigure (5.14), in which the distinctively different levels of
pressure were reflected accordingly by the plug force. The vertical
hatched line marks the instant when the end of the undrawn tube
began to slide over the attachment., It is seen that the pressure
and the plug force did not alter sharply until the tube had slid

over approximately half the length of the attachment.

5.4 TOOL DESIGN

Th# experiences and information acquired in the course of
these praparatory experiments were utilized in the design of a series
of experimental plugs and plug-attachments for drawing tubes from a
range ¢ initial dimensions. A new plug profile was proposed. Each
plug was designed to incorporate a pressure transducer mounting and
the desizn was such that it would fit a group of attachments having

different geometries.

5.4.1 Design of plugs

In the fixed-plug tube-drawing process it is conventional
that the plug is cylindrical in shape and incorporates a 45° chamfer
at its fore end., The function of this chamfer is to enable the plug
to be drawn into the metal deformation zone at the start of the
draw. The position of this design of plug before the start of
drawing is shown in Figure (5.15). It is disadvantageous to have a
sharp~edge contact between the bore surface of the undrawn tube and
the chamfer of the plug since at the start of the draw the tube
collapses on this edge and the high pressures involved results in
an intimate metallic contact between the two surfaces. This enhances
the possibility of pick—up between the plug and the tube, which,
when initiated will propagate through the entire length of the

drawn tube. Evidence of this occurrence can be seen by splitting
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the tagged end of the drawn tube where a distinctively highly
polished ring was observed on the bofe surface at the position
where drawing initiated. Furthermore, in some instances when pick-
up occurred, it was seen that it initiated from the periphery of
this ring.

Consequently it was proposed to replace the chamfer by a
curved profile. The position of this design of plug before the
start of drawing 1s shown in Figure (5.16). The point contact

associated with the conventional plug was replaced by a line contact

between the curvature of the plug and the shoulder of the tag. This
reduces e intimacy of the contact between the two surfaces as the
tube collapses onto the plug at the start of drawing. Furthermore,

since the plug is drawn almost instantaneously into the metal deformation
zone, the high relative velocity between the tube and the plug
together with the curvatu£e of the plug provide conditions which
are favourable for a better lubrication at this initial contact, by
hydrodynamic action. This eases the lubrication problem at the
start of the drawing process when pick-up is most likely to initiate.
After the plug has been drawn into the deformation zone i.e. during
drawing, che tube is in contact only with the cylindrical portion of
the plug as in the case of the conventional plug and lubrication
is aided by the hydrodyﬁamic action of the plug-attachment.

The details of the proposed experimental plugs are shown
in Figure (5.17) and Plate (5.1). Each plug is mounted on a shank
which provides a mounting for the pressure transducer, where the
diameter of the plug permits its usage. The 'L' shaped channel in
the plug enables the pressure generated in the sink-zone to be

measured.
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5.4,2 Design of plug-attachments

The plug-attachments were designed with a view towards
providing adequate experimental data for cémparison with those
predicted . theoretically as well as minimising the number of plugs
and attachménts required, hence minimising the tooling costs. To

meet these objectives, three attachments providing the same radial

clearance between the attachment and the bore of the undrawn tube,

but of different lengths, were designed to suit each plug. A range
of radial clsarances can be obtained by subsequently machining the
attachments. The lengths which were planned for the experimental

work were nominally 6 in, 74 in and 9 in, and the radial clearances

ranged frem 0,002 in to 0.007 in. The assembly of the plugs and the

straight-parallel attachments are shown in Figure (5.18) and Plate
(5:2)

Ideallv, the plug and attachment should be made as an integral
unit since experience in the preparatory experiments has shown that
sealing, at the order of pressures encountered, can be a considerable
problem. However, the designs described above reduce, for each
plug size or each proposed reduction in area of the tube, the number
of plugs required from three to just one; the three attachments of
different lengths fit the same plug. The arrangement thus reduced
the tooling cost. The details of the three plug-attachments associated
with the three plugs siées were shown in Figure (A6.8). The
longitudinally through-hole along the axis of the attachment enabled
the lead of the pressure transducer to be taken via the hallow plug-
bar to the recording instrument. No such provisions were made for
Attachment No. 3 since the size of the plug does not allow the

Pressure transducer to be used.
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EXPERIMENTS WITH NEW PLUGS AND PLUG-ATTACHMENTS

5.5

The tools were set up as shown in Figure (5.19) and Plate (5.3);
while Plate (5.4) shows the arrangement when drawing with a conventional
plug. The dies had a semi-angle of 12° which is approximately
optimal for'the range of homogeneous strains which were planned

for in these tests. The length of contact between the parallel

portion of the plug and tube in the metal deformation zone was set

(4

at a constant value in each set of tests. This enabled a compatible
comparison b:twazen the plug force or friction force at this interface
when attactwsnzs of different lengths, radial clearances or geometries
were used.

The ,.vimental programme was set out as illustrated by the
flow chart iu #igure (5.20) and the experiments were conducted in
accordance «ith the relevant procedure described in Section (5.2).
This was initiated by drawing tubes which had their externa1.9urfaces
and internal sucfaces ground and grit-blasted respectively. The
tubes were nominally 1,0 x 0.10 in (outside diameter x wall tﬁickness)
and were drawn at approximately 307% reduction in area using Plug
NO. 1 and Attachments No. 1 with an appropriate die. The lengths of
the attachments were nominally 6, 7% and 9 inches. The initial

radial clearance provided by these attachments was 0.004 in and
subsequent clearances of 0,006 in and 0.007 in were obtained by
progressively machining these attachments.

The tubes drawn by the first set of experiments were annealed
and a second pass of 30% reduction in area were conducted using Plug
No. 2 and Attachments No. 2 and an appropriate die. The same lengths
and radial clearances of the attachments mentioned previously were
used and the subsequent clearances were obtained by the same means.

Both the external and internal surfaces of these tubes were not
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1st Pass : 307 reduction

1)

&S W
Nt

5)

7

Tubes nominally 1.0 x 0.10 in (D x t)

Die : 0.830 in diameter

Plug No.1 with Attachments No.1

Tést at 3 lengths and 3 radial clearances

Tubes have been surface treated by grit-blasting

Anneal only

2nd Pass : 307 Reduction

1) Die : 0.687 in diameter

2) Plug No.2 with
attachments No.2

3) Test at 3 lengths and 3
radial clearances

4) Tubes in as-drawn
surface condition

y

Anneal only

N

3rd Pass : 307% Reduction

1) Die : 0.569 in diameter

2) Plug No.3 with
Attachments No.3

3) Test at 3 lengths and 3
radial clearances

4) Tubes in as—drawn
surface condition

5) Hydrodynamic pressure
not measured

Figure (5.20) Experimental programme for straight- parallel

plug-attachments
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treated i.e. they were in the as—drawn surface condition. Originally
the tubes which were drawn in the second pass at 30% reduction in
area were supposed to be annealed and drawn at a further 30%
reduction. This could be achieved by using Plug No. 3 and Attachments
No. 3 with an appropriate die. However, time limitation forbadethe
execution of this set of tests. An approximately constant sink

component of 17% was maintained throughout these experiments.

As w211 as providing the experimental data for comparison
with thesvstical predictions, the knowledge of the lubricant pressure
provided » guantitative correlation between the lubricant pressure
and the azsociated plug force or friction force. The latter gave an
indicatics of the requirements of the attachment such as length,
radial cizarance or geometry. The other parameters which are
indicativs of the lubrication efficiency such as the draw force or
draw stre=ss and the resulting surface finish were examined also.
These cheervations were compared with those made when drawing with

the same tools and under the same conditions but without the plug-

attachmenrs.

2IMENTS WITH CHRISTOPHERSON TUBES

On the external surface, four Christopherson tubes of the
same internal diameter but of different lengths were used. These
were 2.40 in, 5.41 in, 8.38 in and 11.39 in. Their original lengths
were 2.5 in, 5.5 in, 8.5 in and 11.5 in respectively but were
shortened as a result of modifications to accommodate an "0" ring
near the entry to the die. The internal diameter was 1.007 in and
was chosen to provide a radial clearance of 0.006 in between the
Christopherson tubes and the external surface of the undrawn tubes.
Howevér, mid-way through the experimental work the original batch

of tubes was exhausted and the external diameter of the tubes of
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rhe subsequent batch was slightly smaller. Thus, the radial clearance
in the experiments with these tubes was 0.007 in. The nominal
dimensions of the tubes in both batches were 1.0 x 0.10 in (outside
diameterrx wall thickness).

The experiments were conducted according to the relevant

procedure described in Section (5.2). The tools were set up as

shown in Figure (5.21) and Plate (5.5); the detail drawings are

shown in Figures (A6.9-A6.12). The same die and plug were used
throughou’ these experiments. The former had a semi-die of 128

which ig 2pproximately optimal for a homogeneous strain of about

0.4 or a reduction in area of about 35% which were planned for in
these te=ts, The plug was of the conventional design and incorporated
a 45° chesafer at its fore-end since at the time when these experiments
were conducted considerations had not yet been given to plug design.
The lenz:h® of contact between the plug and the bore of the tube in
the metz! deformation zone was maintained at a constant value in

each draw. Hence frictional conditions at this interface, which
influence the draw force, were consistent.

The lubricant pressures generated by the hydrodynamic
action along the length of the Christopherson tubes were monitored
by a pressure transducer and later compared with theoretical
predictions, Where the length of the Christopherson tubes permitted,
the pressure transducer was mounted at a distance of 0.91 in, 2.41
in, 3.41 in and 4.41 in from the die. However, for economic
reasons, only one transducer was used. Thus, after each test it was
necessary to seal the hole which had been drilled through the wall
of the Christopherson tube and to drill a similar hole for the next
measurement some distance from the previous position. This was
repeated for each Christopherson tube until the lubricant pressures

at the desired positions had been measured. The hole which had been
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used were sealed by brazing onto the Christopherson tube, a plug

approximately the size of the hole and with its end filed to match
the internal surface curvature of the Christopherson tube. Sealing
at the pressure transducer mounting was by an annealed copper
washer.

The draw force or draw stress and the resulting surface finish
which are indicative of the lubrication efficiency were examined
also. These were compared with the observations made when drawing

with ths same tools and under the same conditions but without the

Christepherson tube.
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CHAPTER 6: DISCUSSION OF RESULTS

6.1 "RODUCTION

4 comprehensive account of the experimental observations and a
detailed discussion of the results, both experimental and theoretical,
in the study of tool design and the promotion of hydrodynamic
lubricszion at the two tool-workpiece interfaces in tube-drawing are
presentaed in this chapter.

T“he experimental results consist of the hydrodynamic lubricant
pressure measured when drawing with Christopherson tubes or plug-
attachnents of different lengths and providing different radial
clearances between themselves and the undrawn tube. Although unintended,
the viscosity of the lubricant was altered as a result of climatic
changes and these provided some indication of the influence of the
lubricant viscosity on the pressure generation. The other results
include the forces measured during drawing, in particular, the plug
force which is the friction force at the plug-tube interface. The
surface finish of the drawn tubes also is indicative of the lubrication
efficiency. Relevant observations were made in the course of the
experimental work. These observations together with some of those of
the preparatory experiments, which have been discussed at some length

in Chapter 5, are included here in order to present a clearer

exXplanation.
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For a given lubricant the lubrication at the tool-tube interfaces
is a function of the lubricant pressure and the lubricant film
thickness at the entry to the metal deformation zone. These, in turn,
are dependent on the design of the Christopherson tube and the plug-
attachment,” and the drawing conditions such as the speed of drawing

and the lubricant viscosity. Thus, the theoretical results are

concernad with the influence of these factors on the generation of

the lub:ricant pressure and the lubricant film thickness.

6.2 ‘RVATIONS

The experimental work on the plug-attachment technique for bore
lubricziion and the curve-profiled plug in tube-drawing proved to be
highly successful. Hitherto, bore or plug-tube interface lubrication
in current tube-drawing practice necessitates the roughening of the
undraws tube bore surface either by grit-blasting or pickling or some
other 3?ocesses(44) in order to entrap the lubricant. These surface
treatmgat.operations are necessary to avoid metallic transference or
pick-up between the tube and the plug. The use of the curve-profiled
plug in the present work reduced the degree of stress concentration
between the plug and the tube at the start of drawing while maintaining
a seal, thereby reducing the probability of the initiation of pick-
up. The plug-attachment technique generated a high lubricant pressure
at the entry to the metal deformation zone by hydrodynamic action.

This pressure increased the flow of lubricant into the metal deformation
zone thereby increasing the separation between the plug and the tube,
and hence reducing friction. Using this technique stainlé#s steel

tubes in which the bore surface had not been roughened, i.e. in the

as-drawn condition, but lubricated with oil alone were drawn successfully

without the occurrence of pick-up; this would not otherwise have been

possible., Even under these conditions significant reductions in the
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plug force were observed as the lubricant pressure was increased
These observations are among the relevant observations which are

discussed in a greater detail in the following sections.

6,21 The effect of the curve-profiled plug

The position of the conventional plug and that of the curve-
profiled plug at the start of drawing have been illustrated in Figures
(5.15) and (5.16). Evidence of the high stress concentration as the
tube coliapsed onto the chamfered edge of the conventional plug,
before pulling it into the metal deformation zone, can be seen by an
examinztion of the bore surface of the undrawn tube nearest to
the tagz. A highly polished ring, taking the shape of the 45° chamfer
of the plug, was formed on the bore surface of the drawn tube.

The formation of such a ring suggests that the lubricant film has
been punctured. As the tube began to draw, friction between the plug
and the tube was high increasing the risk of pick-up. Indeed, this
view is reinforced by the observation that pick-up tended to initiate
from the periphery of this ring, particularly when the plug was new
since the edge of the chamfer was sharper. Further evidence of this
phenomenon is exhibited by the trace of the plug force when drawing
with a conventional plug irrespective of whether or not an attachment
was used., Typical traces of the plug force are illustrated by Figures
(5.9), (5.10), (5.12), (5.13), (5.14) and (6.1), where it is seen that
the plug force is highest at the beginning of drawing.

The use of the curve-profiled plug introduced a larger and
smoother area of contact between the curved portion of the plug and
the shoulder of the tag. Thus, at the start of drawing, the tube
collapsed onto the curved portion of the plug. Since the plug was
drawn almost instantaneocusly into the metal deformation zone, the

high change in the relative velocity between the tube and the plug
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together with the curvature of the plug provided a high pressure
lubricant wedge at the beginning of drawing. The effect of this
lubricant wedge was reflected in the trace of the plug force. Figure
(6.1) shows the trace of the plug force when a conventionally chamfered
plug was used together with an attachment. It is seen that the plug
force was highest at the start of drawing, indicating that friction was
highest, before attaining a lower steady state value. Under otherwise
identical conditions, Figure (6.2) was obtained when the curve-profiled
plug waz used together with an attachment. The effect of the lubricant
wedge was to reduce the interfacial friction between the tube and the
plug as indicated by the depression of the plug force trace at the
early stages of the araw. The plug force then began to increase,
showin: that this localised improvement in lubrication was vitiated
as drawing proceeded. Figure (6.3) shows the trace of the plug force
of an identical draw after the plug load cell had been recalibrated
at a higher amplification. It was noted that this improvement in
lubrication at the early stages of drawing was not observed when the
length of the shoulder of the tag was too short since the desirabie
lubricant wedge was not formed. This was because it was likely that
the internal surface of the tube would be in contact with the edge of
the plug.

An examination of the bore surface of the drawn tube nearest
to the tag when the tube first collapsed onto the plug revealed that
the type of highly polished ring associated with the conventionally
chamfered plug was not obtained. Furthermore, the surface finish of
the drawn tube at the end nearest to the tag exhibited a duller
appearance for about half an inch when compared with the rest of
the drawn tube. When the surface of a specimen was monitored on the
"Talysurf", the section with the duller appearance had a CLA value of
0.2 um while the rest of the tube measured 0.08 um. The CLA value
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of the bore surface of the tube before drawing was 0.55 pm.

These surface finishes are illustrated in Figure (6.4). Similar
observations obtained when drawing tubes of which the bore surface
had not been roughened. These observations corroborated well with the
low plug force noted at the early stages of the draw.

Thus, the use of a curve-profiled plug has two important
advantages. Firstly, it reduces the severity of the stress concentration
when the tube first collapses onto the plug and secondly, it seals a
high prassure lubricant wedge which improves lubrication by hydrodynamic
action at the early stages of the draw. These observations were made
both whzn the bore surfaces of the undrawn tubes had been roughened
by grit=blasting and when they were in the as-drawn condition. The
combined effect of these two features of the new plug is to reduce
the risk of the occurrence of pick-up at the beginning of the drawing

process,

6.2.2 Hydrodynamic lubricant pressure, plug force and draw stress

The pressure generated in the lubricant at the entry to the
metal deformation zone by the lubricant pressurizing devices; namely
the plug-attachment and the Christopherson tube, is seen to be directly
proportional to the lengths of these devices and the lubricant
viscosity and inversely proportional to the radial clearances which
they provided. Since a constant draw speed of 15 ft min~! was used
throughout - the experimental work, £he influence of draw speed on the
pressure generation was not observed. However, the literature (4,5,6,8)
suggests that a higher pressuré would be generated when drawing at

higher speeds.

The effect of the lubricant pressure omn lubrication, or friction,
is best illustrated by comparing the traces of the generated lubricant
pressure with those of the plug force. When the lubricant was not
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pressurized, as when a plug-attachment was not used, apart from the
beginning and ending of the draw, the trace of the plug force was a
straight line indicating that the friction at this interface was
constant (Figure (5.10)). However, when the lubricant was
pressurized with a plug-attachment the plug force was lower and
varied inversely with the magnitude of the lubricant pressure.
Three sets of lubricant pressure and plug force traces from the
preparatory experimental work are shown in Figures (5.12), (5.13)
and (5.14)., As mentioned previously, the variation vf the lubricant
pressure was due to leakage and it is seen that the magnitude of
the plug force mgtched inversely according to these variations.
Figure {5.5) shows a set of the traces of the lubricant pressure,
plug force and draw force when drawing with an attachment to the
curve-profiled plug. The undulations in the lubricant pressure
trace was due to the "wobbling'" motion of the undrawn tube since

a bore-guide was.not used and there was no lubricant leakage.

These undulations were suppressed significantly when a bore-guide
was used, It is seen that the rise of the lubricant pressure was
almost instantaneous, i.e. it started as soon as drawing commenced.
This was because the annular space between the bore of the undrawn
tube and plug unit was filled with lubricant and that a steady
state condition had not yet been attained. Thus, as the drawing
process continued the pressure proceeded towards a steady state
regime accompanied simultaneously by a reverse flow of lubricant.
This observation was verified by drawing the tube intermittently.
The pressure and force traces of two such draws are shown in
Figures (6.6) and (6.7). It is seen that when the draw was
restarted after stopping the lubricant pressure IOSe€, on each
occasion, to its steady state value; the steady state condition
had been attained already and was not vitiated. The stoppage time
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was between 1 and 2-seconds. Additionally, the plug was drawn
into the metal deformation zone at the start of drawing at a
speed higher than that of the undrawn tube during the drawing
process. This accounted partially for the almost instantaneous
rise in the lubricant pressure when drawing first started. This
rise in pressure is advantageous since it complements the action
of the curve—profiled plug in reducing the risk of the occurrence
of pick-up at the early stages of the draw.

T¢ is clear that a high lubricant pressure increases the
flow of lubricant into the metal deformation zone thereby increasing
the separation of the plug and the tube and hence reducing the
interfz~ial friction. Reductions in the plug force, when compared
with those observed when the lubricant was not pressurized,
ranging from 14% to 65% were observed in the preparatory experiments.
Figure (6.8) was obtained by plotting the hydrodynamic lubricant
pressure against the plug force when drawing tubes nominally of
1.0 x 0,10 in (outside diameter x wall thickness) at 30.6%
reduction in area. The bore surface of these tubes had been
roughened by grit-blasting. The line passing through the experimental
points was obtained by the method of least squares. It is seen
that the plug force varied inversely with the lubricant pressure.
Pick-up did not occur in these tests. Figure (6.9) shows the
variation of the percentage reduction in the plug force, when
compared with those obtained without an attachment, with the
lubricant pressure. The maximum and minimum percentage reduction
observed were 24% and 4% respectively. Similar observation obtained
when these tubes were annealed and drawn at a further 31.1%
reduction in area. Both the bore and external surfaces of

these'tubeS, however, were not roughened; they were in the as—

drawn condition. The variation of plug force and lubricant pressure
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is shown in Figure (6.10). It is seen that at pressures below
about 500 1bf in~2 pick-up occurred. Figure (6.11) illustrates
the corresponding variation of the percentage reduction in plug
force with the lubricant pressure. The reductions in plug force
in this case were obtained by comparison with the highest plug
force observed when pick-up did not occur since the occurrence of
pick-up would render the plug force unrepresentative. Thus,
reducticns of between 12% and 417 were observed.

in contrast to the observations made on the influence of
the lubricant pressure on the plug force, the observed draw stress
when drawing the tubes in the first pass did not exhibit a
decreasing trend with the increase in lubricant pressure. Such a
trend wae anticipated initially, since the draw stress is equivalent
to the total work done per unit volume of the material deformed;
1E coﬁﬁists of the homogeneous work, redundant work and frictional
work. Previous experience had shown the plug force or friction at
the plug-tube interface to be approximately 10% of the draw force.
This discrepancy could be attributed to the variation in the
mechanical properties of the tube during.heat treatment or when
the tubes were straightened after annealing. However, the draw
stress observed when drawing the tubes in the second pass exhibited
a more orderly correlation with the lubricant presure. This is
illustrated in Figure (6.12).

In the experiments on the Christopherson tubes, the tubes
were drawn at about 37% reduction in area and the pressure
transducer was mounted consecutively at a distamce of 0,91 inm,

2,41 in, 3.41 in and 4.41 in from the die. Thus, the hydrodynamic
lubricant pressures measured were those generated along the length
of the Christopherson tubes rather than those generated by the
Christopherson tubes at the entry to the die. A typical trace
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of the lubricant pressure is shown in Figure (6.13). It is seen
that the pressure attained a near steady state value after a length
of the tube had been drawn; the almost instantaneous rise in the
lubricant pressure from the start of drawing observed in the
experiments on the plug-attachments was noticeably absent. The
undulations in the pressure trace were due to the "wobbling"

motion of the undrawn tube. The draw stresses observed in these
tests ware generally lower when a longer Christopherson tube was
used. This implied that the longer Christopherson tubes, which

generated higher lubricant pressures at the die entry, were more

effective in reducing friction at the die-tube interface,

6423 Surface finish

In the experiments on the plug-attachments the bore
surfacs finish of each tube was recorded with a "Talysurf" before
and after the tube had been drawn. This provided further indication
on the lubrication efficiency. The literature (see Section (2.3))
has shown that the surface finish of the work has significant
influences on lubrication during bulk plastic deformation.

The bore surface finish of the tubes drawn in the first
pass had been roughened by grit-blasting. These had CLA values
ranging from 0.25 um to 1.3 um. Since friction at the plug—tube
interface was seen to vary inversely with the generated lubricant
pressure, the bore surface finish of the drawn tubes was
initially expected to be rougher when the lubricant pressures
were higher and vice-versa. This proved to be not the case since
the wide variation in the original surface finish had rendered
the experimental results incompatible. The observed lubricant
Pressure ranged from 257 1bf in~2 to 1488 1bf in~2 and within
this range the drawn tubes had CLA values ranging from 0.1 pum to
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0.2 um. However, a more orderly correlation was obtained by

plotting the plug force against the CLA values of the bore

surface finish of the drawn tubes. This is illustrated-in Figure (6.14);

rougher surface finishes were associated with lower plug forces.
The lowest CLA values of 0.08 pm and 0.09 pm were obtained when
the attachment was not used. The corresponding plug forces were
0.682 tonf and 0.613 tonf.

Similar observations obtained when the tubes drawn in the
first puess were annealed and re-drawn. Both surfaces of these
tubes had not been roughened. Although the heat treatment resulted
in the zurface appearance being duller, no significant changes in
the surface finish were noted when examined with a "Talysurf".
Thus, the CLA values recorded after the tubes were drawn in the
first pass and quoted above were valid. The lubricant pressure
generatad in these tests ranged from 229 1bf in~2 to 3017 1bf in~2
and ths reéultant CLA values ranged from 0.02 pm to 0.09 um.

When plck-up occurred the CLA values were found to be in the
range 0.02 um to 0.045 um. Figure (6.15) shows the variation of
the CLA values with the plug force observed in this group of tests.

The appearance of the bore surface of the tubes drawn
in these two groups of tests were noted to be highly polished.
However, by comparison they appeared to be duller when a higher
lubricant pressure was generated. Figures (6.16-6.20) illustrate
typical changes in the bore surface finish of the tubes as
they were drawn through the first and second passes. It is seen
that the surface asperities were severely flattened by the
deformation process and were registered by the "Talysurf" only
when very high magnifications were used.

‘The external surface of the tubes drawn in the experiments

on the Christopherson tubes had been roughened by grinding and

=216



had CLA values of between 0.4 (m and 0.6 m. The tubes appeared
to have a duller finish when drawn with a longer Christopherson
tube. However, these tubes had similar surface topographies when
examined with a "Talysurf" and did not appear to have significant
differences'in the CLA values. Typical CLA values recordéd were

in the range of 0.45 um to 0.55 pum. In comparison with the

bore surface of the tubes, it was noted that the external

surfacz asperities were not flattened as severely. Typical surface
finish observed in these tests are shown in Figure (6.21-6.25).

As illustrated by Figure (6.22), it appeared that the surface
asperi’ies of the tube drawn without a Christopherson tube were
flatten=d slightly more severely. Pick—up between the die and

the tubz did not occur throughout the experimental work, including

those ¢n the plug—attachments.

6.3 O1SCUSSION OF THE EXPERIMENTAL RESULTS

The results of the experiments on the plug-attachments and
those of the Christopherson tubes are discussed separately in the

following sections.

G 3l Experimental results of plug—attachments

As noted previously, the experiments with plug-attachments
consisted of drawing a batch of tubes at two passes. The tubes
which had been drawn in the first pass were annealed but did not
receive surface treatment prior to being drawn in the second
pass. Thus, the objectives of the subsequent pass endeavoured to
accumulate additional experimental results and at the same time
explore the possibility of drawing stainless steel tubes without

recourse to bore surface treatment such as grit-blasting or

pickling., The following is the specification for the first pass:
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1.

{y*]

Initial tube dimensions = 1.0 x 0.110 in (outside diameter

x wall-thickness)
Final tube dimensions = 0.830 x 0.092 in (outside diameter
x wall-thickness)

Initial tube external surface condition

ground

Initial tube internal surface condition

grit-blasted

Percehtage sink = 17.2%

Percentage reduction in area = 30.6%

iowing is the specification for the second pass:

Initial tube dimensions = 0.830 x 0.093 in (outside diameter
x wall-thickness)

Final tube dimensions = 0.687 x 0.078 in (outside diameter
x wall-thickness)

Initial tube external surface condition = as-drawn

Initial tube internal surface condition = as-drawn
Percentage sink = 17.6%

Percentage reduction in area = 31.1%

In addition, the following items were common to the two passes:

603.1-1

Draw speed = 15 ft min~!
Lubricant = EP 50
Die semi-angle = 12°

Tube material = AISI 347 stainless steel

Length of the plug-attachments

The influence of the length of the plug-attachments on the

lubricant pressure genmeration for a given radial clearanc

lubricant viscosity observed in th

e and

e first pass is shown in Figures

(6.26 - 6.28) and that observed in the second pass is shown in
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Figures (6.29 = 6.31). In each case the same scales were used in
order that the influence of the radial clearance on the lubricant
pressure may be more conspicuous,

The family of lighter lines are the theoretical results
computed by equations (3.61) and (3.63) for different values of
the lubricant viscosity as indicated. The experimental line in each
set of tests was drawn through the experimental points obtained
when drawing the tubes which provided a radial clearance nearest
to the intended value, This is legitimate since variations
in the wall—-thickness of the undrawn tubes, which altered the
radial clearance between the undrawn tubes and the plug-attachments,
were chserved. This effect was more pronounced with the tubes drawn
in the first pass. It was for this reason that the two experimental
points on the top right-hand side of Figure (6.26) were neglected
when drawing the experimental line. It is apparent that the
generated lubricant pressure was directly proportional to the
length: of the plug-attachment. Thus, for a given set of conditiong

the highest pressure was achieved with the longest attachment.

63512 Radial clearance

Also apparent from Figures (6.26 - 6.31) is the influence
of the radial clearance between the undrawn tube and the plug=
attachment on the generation of the lubricant pressure. Apart
from the differences in the laboratory ambient temperature, which
altered the viscosity of the lubricant, the significance of which is
discussed in the following sectiom, it is seen that for a given
length of the attachment the lubricant pressure varied inversely
with the radiél clearance. A more vivid illustration of this effect
is obtained by plotting the observed lubricant pressure against

the radial clearance for different lengths.of the plug-attachment
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as shown in Figures (6.32 - 6.34) for the tubes drawn in the
first pass and in Figures (6.35 -6.37) for those drawn in the
gecond pass.

As indicated in Figures (6.32 - 6.34), the laboratory
ambient temperature at which the experimental points were obtained
varied from 19°C to 23°C while those obtained for Figures (6.35 -
6.37) were at 19°C and 20°C. Thus, the experimental lines were
drawn by visually compensating for the differences in the lubricant
viscosicy to be expected as a result of the variations in the
temperziure. These show clearly that the effect of an increasing
radial clearance was to reduce the generated pressure in the
lubricant.

i drawing the tubes in the second pass, the surfaces of
which had not been treated, pick-up between the plug and the tube
oceurred when the lubricant pressure was below about 500 1bf in~2,
Thus, for the given drawing conditions the largest radial
clearance to prevent pick-up was obtained by projecting from the
pressure axis at 500 1bf in=2 to intersect with the experimental
line. The unshaded regions of Figures (6.35 -6.37) indicate the
likely occurrence of pick-up. It is noted that the value of the
"gafe® radial clearance increases with the length of the plug=

attachment.

6.3.1.3 Lubricant viscosity

Although no attempts were made to study experimentally, the
influence of the lubricant viscosity on the generation of the

lubricant pressure, climatic changes, which altered the viscosity

of the lubricant, were noted to have a significant effect on the

pressure generation. Under identical drawing conditions such as

the draw speed, tools and tube sizes and the amount of plastic
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deformation, the amount of heat conducted from the metal deformation
zone to the plug-attachment and hence to the lubricant may be
assumed to be equal. Thus, the laboratory ambient temperature may
be used as an indication of the lubricant viscosity. With reference
to Figures (6.27) and (6.28), it.is seen that the pressures
generated at a laboratory ambient temperature of 19°C by the plug-
attachments providing a radial clearance of 0.007 in were higher
than those observed when the ambient temperature and radial
clearancs were 23°C and 0.006 in respectively. This effect is more
apparent in Figures (6.32 - 6.34) and was more pronounced with the
longer plug—attachments. This observation shows that the lubricant
viscosity and the radial clearance héve opposing influences on

the lubricant pressure generation.

6.3.2 Experimental results of Christopherson tubes

The tubes in the experiments with the Christopherson tubes
were drawn with a conventional plug since at that time
considerations had not yet been given to plug design. The internal
diameter of the four Christopherson tubes was not altered in
order to vary the radial clearance between them and the undrawn
tubes. However, the tubes drawn in these experiments were from two
different batches. These had slightly different dimensions and
thus provided two different radial clearances.

In drawing tubes from the first batch the following details

were recorded:

1. Initial tube dimensions = 0.997 x 0.107 in (outside diameter

x wall-thickness)
2. Radial clearance = 0.006 in

3. Percentage sink = 14.7%

4. Percentage reduction in area = 36.3%
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The following details were recorded in drawing tubes from the

second batch:

e Initial tube dimensions = 0.995 x 0.110 in (outside diameter

x wall-thickness)
9% Radial clearance = 0,007 in
3% Percentage sink = 13.8%

4. Percentage reduction in area = 37.7%

In addizion, the following items were common in each case:

1 Initial tube external surface condition = ground
D Initial tube internal surface condition = grit-blasted
3. Final tube dimensions = 0.830 x 0.081 in (outside diameter

x wall-thickness)

Draw speed = 15 ft min~1
5 Lubricant = EP 50
6o Die semi-angle = 12°

e 48 Tube material = AISI 347 stainless steel

in the experiments with Christopherson tubes it was more
convenient to mount the pressure transducer along the length of
the Christopherson tubes rather than at the entry to the die.
Thus, the lubricant pressures measured were those generated by
the hydrodynamic action some distances away from the die. Figures
(6.38 - 6.41) show the lubricant pressure generated by the same -
Christopherson tubes at four distances from the die. The influence
of the length of the Christopherson tube on the lubricant pressure
generation followed the same trend observed with the plug-

attachments in that the lubricant pressure generated was directly

Proportional to the length of the Christopherson tube. It is seen

that the lubricant pressures recorded were lower in magnitude at
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distances farther from the die. Thus, the lubricant pressure at

the die entry may be expected to be higher than those observed in

these experiments.

The ipfluences of the radial clearance and the lubricant
viscositf on the pressure generation were not studied experimentally
due to the lack of resources both in terms of time and material,
and also because the main objective of the present work involves
the devzlopment of a technique for the optimisation of lubrication
of the hore in tube-drawing. The results accumulated in these

experimznts were not sufficient for a rational discussion on the

influences of these two factors. However, since the mechanics of
the luhricant pressure generation by the Christopherson tube
technicue and the plug-attachment technique are based on the same

principles, the relevant discussions on the results of the

experiments with plug-attachments also apply here.

6.4  HISCUSSION OF THE THEORETICAL RESULTS

The theoretical results computed by the theories developed
in Chapter 3 are discussed in this section. The relevant eqﬁations
were utilized to calculate the theoretical results under the
experimental conditions described previously. These allowed a
direct comparison between experimental observations and theoretical
predictions and thus enabled the validity of the theories to be
.ve£ified. In addition, the theories were applied to conditions

other than those observed in the experimental work, in ‘particular

the two—zone plug-attachments or "Christopherson” tubes, in order

to elucidate the influences of the various factors and also the

potential of the techniques in promoting hydrodynamic lubrication.
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6.4.1  Comparison between experimental and theoretical results

The lighter lines in Figures (6.26 - 6.37) for the experiments
with the plug-attachments and those in Figures (6.38 - 6.41) for
the experiments with the Christopherson tubes are the theoretical
results computed by the relevant equations developed in Chapter 3
for different values of the lubricant viscosity. These values
correspond to the viscosities of EP 50 at the indicated temperatures.

it is seen that in each set of experiments the trend of the
experimental results corroborate very well with those of the
theoratical results, For the experiments with the plug-attachments
close zgreement was found between the experimental and theoretical
resulis at a value of the lubricant viscosity corresponding to a
tempersziure of between 7°C and 8°C above the observed laboratory
ambient temperature. However, for the experiments with the
Christopherson tubes, this discrepancy between the theoretical
lubricant viscosity and that observed at the laboratory ambient
temperature was equivalent to a temperature difference of between
1°C and 2°C. These deviations from the theoretical results are
attributable to the heat conducted from the metal deformation
zone which reduced the viscosity of the lubricant. The theories,
on the other hand, assume isothermal conditions and thus neglect
thermal influences on the lubricant viscosity. Thus, since the
plug was thermally isolated it is to be expected that the heat
conducted to the attachment and hence to the lubricant in the
~annular space between the attachment and the undrawn tube would
Be higher than that conducted from the die to the lubricant when
the external Christopherson tube was used. Indeed this view is
reinforced by the observation that the plug-attachment was "warm"

after drawing whereas the Christopherson tube remained "cool".
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gpace limitations coupled with the high pressures involved, which
would present additional sealing problems, discouraged attempts
to measure the lubricant temperature when drawing with the plug-
attachment technique;

Howevér, a successful attempt was achieved to measure the
lubricant temperature in drawing with a Christopherson tube. The
thermocouple, which was mounted at the same distance from the die
as the pressure transducer, monitored a rise in the temperature of
the lubricant of 1.4°C from the start of drawing until the undrawn
tube h=d slid over the thermocouple. The traces of the lubricant
temperature and pressure in this draw is shown in Figure (6=:13)5

» remarkably good égreément was found between the results
predicted by the present theory and those recorded experimentally
by Christopherson et al.(3) in drawing mild steel wires. Figures
(6.42 = 6.,44) illustrate the results at draw speeds of up to 600
ft min~! for three reductions in area.

Thus, in general the theories developed in Chapter 3 were
found to be in good agreement with the experimental observations
and can be used with good confidence to design industrially
practicable tools.

The theoretical lubricant film thickness calculated at the
end of sinking at four values of the lubricant temperature oOr
lubricant viscosity corresponding to the conditions observed in
the experiments with the plug-attachments are tabulated in Tables
(A2.10), (A2.12), (A2.14), (A2.16), (A2.18) and (A2.20). Those
calculated at the die entry corresponding to the conditions
observed in the experiments with the Christopherson tubes are
tabulated in Tables (A2.22), (A2.24), (A2.26) and (A2.28). The

o
viscogity of EP 50 corresponding to the temperatures between 1°C

and 30°C are tabulated in Table (A2.8). It can be deduced that
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the lubricant film thickness is directly proportional to the
viscosity of the lubricant and the length of the pressurizing
devices and inversely proportional to the radial clearance which
they provided. Thus, the lubricant film thickness varies
proportionaily with the lubricant pressure, as expected.

Under the experimental conditions observed when drawing
tubes with the plug—attachments the theoretical lubricant film
thickness at the end of sinking varied approximately from 0.5 pin
tol upin. Although these are much thicker than the mono-molecular
or several molecular layers associated with the boundary lubrication,
the brightly polished intermal surface of the drawn tubes and the
occurrence of pick-up between the plug and the tube suggest that
a full hydrodynamic lubrication regime at this interface had not
been chtained. However, significant reductions in the plug force
were noted and this together with the observation that the
appearznce of the drawn tubes were duller with the higher lubricant
pressures, or the thicker lubricant film thickness, seem to
suggest tﬂat a "quasi-hydrodynamic" lubrication regime had been
established. The influence of increasing the draw speed, which is
discussed in the following section, is to increase the lubricant
pressure and the lubricant film thickness. Thus, further improvement
to the lubrication at the plug-tube interface is to be expected
when drawing at speeds above the experimental draw speed of
15 £ minsl, o - |

Christopherson et al.(5) achieved full hydrodynamic
lubrication in wire-drawing, the experimental lubricant pressures

were shown to be in good agreement with those

predicted by the present theory in Figures (6.42 —6.44). The

lubricant film thickness at the die entry predicted by the present

theory were found to range from 240 pin to 1180 uin corresponding
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to a lubricant pressure range of 24640 1bf in~2 to 41888 1bf in-2

observed at draw speeds of between 200 ft min~! and 600 ft min-l

These results are tabulated in Table (A2.29). The lubricant film

thickness predicted under the conditions observed when drawing

tubes with ‘the Christopherson tubes were found to be typically in

the region of 2 pin. Thus, by comparison with those predicted

when full hydrodynamic lubrication was known to have been obtained

the lubricant film thickness predicted for the experiments with

Christopherson tubes seem to suggest that the regime of lubrication

at the die—-tube interface was also one of "quasi-hydrodynamic'.

6.4.2

Theoretical results of plug-attachments

The theoretical lubricant pressure generated at the entry

to the sink zone and the lubricant film thickness at the end of

sinking were calculated for the straight-parallel, straight-

tapersd, composite and stepped plug-attachments, These results

are tabulated in Tables (A3.1 - A3.10) and illustrated graphically

in Fisures (6.45 — 6.61). Unless otherwise stated the following

data were used in the calculations:

2.
3.
be
5.
6.
7e

8.

The radial clearance ratio, hl/hZ’

Initial tube dimensions = 1.0 x 0.10 in (outside diameter x

wall-thickness)

Percentage sink = 15%

Percentage reduction in area = 35%

Die semi-angle = 12°

Draw speed = 100 ft min

Lubricant viscosity = 3.503 x 10

=l

4 1bf s in~2 (EP 50 at 20°C)

Radial clearance, hy = 0.004 in

Radial clearance ratio, hy/hgy = 1.5

applies to the gtraight—tapered,
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composite and stepped plug-attachments. Thus, when hj/hy = 1.0 the
attachment has a straight-parallel profile,

In Figures (6.45-6.49) the calculated lubricant pressures for
the straight—parallel and straight-tapered plug-attachments were
plotted agdinst the length of the attachment, radial clearance,
lubricant viscosity, draw speed and the radial clearance ratio.

The corresponding influences of these factors on the lubricant

film th:ickness at the end of sinking are shown in Figures (6.50 - 6.54).
An obvious feature of these illustrations is that both the lubricant
pressure and the film thickness were of a magnitude much greater

than thocse observed experimentally or calculated under the experimental
conditions. Apart from the draw speed and the lubricant viscosity,
which were maintained at constant values of 100 ft min~! and 3.503 x
10~% inf s in~2, the other items listed above were compatible with
those under the experimental conditions. The draw speed was about

seven times, and the lubricant viscosity about twice that observed
experimentally. This explains the differences in the order of the
magnitude of the present theoretical calculationms and those observed
under experimental conditions and thus provides some indication of

the significance of these two factors.

Figure (6.45) shows the variation of the theoretical lubricant
pressure with the length of the plug-attﬁchment for three values of
the radial clearance, hp. Generally for a given length of the
attachment the lubricant pressure is highest when the radial

clearance is smallest. However, the situation can be reversed when

the attachment exceeds a certain length. This effect is reflected

in Figure (6.46) where it is seen that longer attachments tend to

exhibit an optimum radial clearance at which the lubricant pressure

is highest. Another interesting result is that with sufficiently

long lengths of the attachment the straight-tapered design generates
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a higher pressure than the straight-parallel design when the radial
clearance hp in both cases are equal. An explanation for this effect
may be found perhaps by a consideration of the design of journal
bearings in which the lubricant pressure generation and hence the
hydrodynamic lubrication is dependent on the geometry of the
lubricant wedge so formed between the journal and the housing.

As noted previously the effect of an increasing radial
clearanc2 was to reduce the hydrodynamic lubricant pressure. The
influence of the radial clearance on the lubricant pressure for
three izngths of the plug-attachments is illustrated in Figure (6.46).
For the range of clearances and lengths considered, it is seen that
generaily the straight-tapered attachment generates a lower pressure
than the straight—parallel design. An optimum value of the radial
clearznce is exhibited by the longer attachments and diminishes
with 2 decreasing length.

The lubricant pressure is directly proportional to the
viscosity of lubricant and the draw speed as illustrated by Figures
(6.47) and (6.48). Thus, for a given design of the plug-attachment
a higher lubricant pressure can be generated either by using a more
viscous lubricant or by drawing at a higher speed. Figure (6.49)
shows the influence of the radial clearance ratio hj/hj on the
lubricant pressure at two values of the radial clearance hy for
thres lengths of the straight—-tapered plug-attachment. The radial
clearance ratio is a measure of the taper on the attachment. It is
seen that the graphs exhibit an optimum value of the ratio hy/hj
for the longer attachments at the small value of the radial clearance
ho.

Influences by these factors, on the generation of the lubricant

film thickness at the end of sinking, follow closely the trends
discussed above on the generation of the lubricant pressure as
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evidenced by Figures (6.50 - 6.54). A logarithmic scale was used
for the lubricant film thickness., These results correspond to the
conditions under which the lubricant pressures discussed above were
calculated. The theoretical lubricant film thickness can be seen
to vary between 10 uin and 2000 pin., These values are compatible
with those predicted by the present theory for the Christopherson
tubes under the conditions in which Christopherson et al.(5) obtained
full hyérodygamic lubrication. However, these are seen to be
generally much thicker than those quoted from the literature,
tabulatad in Tables (2,1) and (2.2), which considered conventional
metal-forming processes, i.e. without lubricant pressurization. The
measur=d lubricant film thickness in wire~drawing was found to be
between 4 pin(62) and 320 pin(64) while those predicted by
hydr@éyﬂamic lubrication theories were in the range 6 pin to
240 1:4n(93-96,99,98), Thus, under the conditions in which the
~ present theoretical lubricant film thickness was calculated it
may be concluded that lubrication at the plug-tube interface varied
from 2 "quasi-hydrodynamic" to a full hydrodynamic regime.

it was seen earlier that the lubricant pressure, and hence
the lubricant film thickness, bear a directly proportional relationship
to the draw speed and the viscosity of the lubricanmt. Thus, it is
convenient and useful to consolidate these two factors into one by
taking their product and study its effect on the design of the plug-
e haeRe Y Iy fdite Vi seee ity I6E73./505 "G4 "1bf 's 112 and a

draw speed of 100 ft min~! at 35% reduction in area yields a product

of MU= 4.554 x 1073 1bf in-! and it changes according to the

manner in which the individual factors are altered.

Figures (6.55) and (6.56) show the influence of the product

NoU on the lubricant pressure for two lengths of the plug-attachment

at four values of the radial clearance ratio hj/hy. The trend of
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these graphs 1s similar to those obtained when the lubricant pressure
was plotted against the lubricant viscosity and draw speed as in
Figures (6.47) and (6.48). It is seen that for the same value of
noU the longer attachment generates a higher pressure, Conversely,
to generate the same lubricant pressure the shorter attachment
requires a higher draw speed or the use of a more viscous lubricant.
Figure (6.57) compares the lubricant pressures calculated for
the four designs of plug-attachments when the value of nyU is
0,001 ibf in~l. The lengths of the two zones of the composite and
the stapped attachments are equal, i.e., 13/1; = 1.0. The radial
clearance hp is 0.002 in and the radial clearance ratio hj/hp is
1.5. For the fange of the length of the attachments considered, it
is sesn that for a given length,the lubricant pressure generated by
the four designs of attachments in a decreasing order is straight-
paraliel, composite, stepped and straight-tapered. The explanation
for this order canlbe'found by a consideration of the overall radial
clearance which these attacﬁments provide. The straight-parallel
attachment provides the smallest radial clearance and thus generates
the highest pressure while the largest clearance is provided by the
straight-tapered design which generates the lowest pressure. The
radial clearance in zone 2 provided by the composite and the stepped
attachments are equal. However, in zone l the composite attachment
has a tapered profile which provides a smaller radial clearance
when compared with that of the stepped attachment which has a
parallel profile., Thus, the composite attachment generates a higher
lubricant pressure. Judging from the trends of these graphs it
appears that the order seen in Figure (6.57) would be altered when

the length of the attachment is increased. This is attributable to

the influences of the radial clearance and length of the attachment

on the lubricant pressure generation as discussed previously.
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The effect of other values of the product nN_U at other

radial clearances and clearance ratios are shown in Figures (6.58 - 6.60)

It is seen that the order of the graphs is the same as that described
above. A higher value of the product n,U, i.e. a higher draw

speed or a-more viscous lubricant, has two significant effects. It
enables the same lubricant pressure to be generated by a shorter
plug-attachment and also allows the radial clearance and the radial
clearance ratio to be increased. These two effects can be seen by a
comparison of Figures (6.57 - 6.61).

The variation of the overall length and length ratio of the
composite and the stepped attachments in generating a given lubricant
pressure at different values of nN,U are summarised in Figure (6.61).
Aﬁ any value of n,U it is'seen that the required length of the
composite attachment is shorter than that of the stepped attachment.
Furthaermore, the length of both attachments decreases as the length
ratic is increased. The effect of increasing the length ratio is to

increase the length of zone 2 which provides the smaller radial

clearance.

6.4.3 Theoretical results of Christopherson tubes

Unless otherwise stated, the appropriate data used in the
theoretical calculations for the plug-attachments were used again
in the calculations for the straight-parallel, straight-tapered,
composite and stepped Christopherson tubes. The results are tabulated

in Tables (A3.11 - A3.21) and illustrated graphically in Figures

(6.62 = 6.77).

It is seen that the influences of the length of the Christo-

pherson tube, radial clearance, lubricant viscosity, draw speed

and the radial clearance ratio on the generation of the lubricant

pressure and the lubricant £ilm thickness at the die entry are
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similar to those observed for the plug-attachments, Thus, it is
not intended nor is it desirable to repeat the discussion on the
influences of these factors in this section unless necessary.
Generally, the theoretical results obtained for the Christopherson
tubes were of a greater magnitude than those obtained for the
plug-attachments. This is attributable to the difference in the
lubricant film geometriés formed at the entry to the metal deformation
zone between the undrawn tube and the Christopherson tube and that
between the undrawn tube and the plug, as shown in Figures (3.1)
and (3.%). In the case of the Christopherson tube the lubricant
film iz convergent in the die entry region whereas in the case of
the plug=—attachment there is an expansion in the lubricant geometry
at the end of the attachment before it converges in the sink zone.

“he influences of the various factors on the lubricant film
thickness are summarised in Figures (6.67 - 6.69). The lubricant
film thickness calculated under these conditions were found to be
in the range associated with a hydrodynamic lubrication regime.

in Figures (6;70-6.73) the lubricant pressure is plotted
against the product nyU for the straigh-paréllel and straight-
tapered Christopherson tubes of various lengths, radial clearances
and radial clearance ratios. It is seen that the lubricant pressure
increases with the value of nyU. An interesting feature of these
illustrations is that as n,U increases, a stage is reached at
which the lubricant pressure generated by the straigh-tapered
Christopherson tube rises above that gemerated by the straight=

parallel design. Further increments in NoU result in the lubricant
pressure attaining a peak value, equivalent to the yield stress &
the tube material, before it decreases. The theoretical analysis
limits the lubricant pressure to the yield stress of the tube
material and does not account for pressures above this value.
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Thus, at values of n,U greater than that corresponding to the
highest lubricant pressure the tube has deformed within the
Christopherson tube. When this occurs the pressure to the right
of the peak is therefore invalid. Experimentally, the occurrence
of metal deformation, at values of the lubricant pressure above
the yield stress of the work material, before the work enters the
die had been reported by other workers (5,9,10,11) apnd it is on
this principle that the technique of dieless wire-drawing (171)
was deveioped recently. Within the valid regions of these figures,
as in e case of the plug-attachments, the effect of a higher
value ¢f N, U is to enable the same lubricant pressure to be
generated with a shorter length of the Christopherson tube and
allows the radial clearance and the radial clearance ratio to be
increased.

“igures (6.74) and (6.75) compare the variation of the lubricant
pressure with the product n,U for the straight—-parallel, composite
and stepped Christopherson tubes at two length ratios. The variation
of the lubricant pressure with the length of the four designs of
Christopherson tubes at n U = 4,554 x 1073 1bf in—l, equivalent
to a draw speed of 100 ft min~l at 35% reduction and a lubricant
viscosity of 3.503 x 1074 1bf s in~2, is shown in Figures (6.76) and
(6.77). TFor short lengths of the Christopherson tubes, it is seen
that these four designs generate a lubricant pressure in a decreasing
order according to straight—parallel, composite, stepped and straight-
tapered, which is identical to that observed for the plug-attachments.
However, as was postulated previously, the order is altered as the
length is increased. The peak lubricant pressure equivalent to the
yield stress of the tube material is also evident in these
illustrations and when it occurs, the pressure to its right is no
longer valid.
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SECTION 6.5: GRAPHICAL RESULTS
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