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Summary

Although elevated temperature drawing of wire has ©been an
industrial process for a number of years it has not been investigated
systematically and many facets of the process have not been understood.
Consequently a continuous in-line heat treatment draw process was
developed. The technique of drawing mild steel, medium carbon steel
and M2 ‘high speed’ steel wires up to 700°C and about 45% area of
reduction was established.

The mechanics of wire drawing at elevated temperatures has been
studied in depth theoretically and practically. An upper bound
solution was derived and solved numerically, to establish the draw
stress and other data, for a range of variables.

The stress, strain, strain rate and temperature were related
mathematically by the power law and the velocity-modified temperature
respectively. This enabled the flow stress distribution in the
deformation zone to be calculated, after taking into consideration the
temperature rise due to deformation and frictional work. - Based on the
flow stress distribution, a mean flow stress was calculatéd and used in
the upper bound solution. Adiabatic conditions were assumed to
prevail. A special computer program was written to plot the strain,
strain rate, temperature and flow stress distributions.

The effects of draw temperature, area of reduction and lubricant

were investigated experimentally. For a constant draw speed of 20 ft
min~*, the strain—agei%§ region was found in the approximate
temperature range of 200°C - 400°cC. In general, the experimental

draw stresses required at elevated temperatures were lower than those
developed in cold drawing.

The experimental and theoretical results for medium carbon—steel
were in satisfactory agreement, except for draw temperatures of 600°C
and above. The results of mild steel and M2 “high speed’ steel could
not be verified theoretically due to a lack of suitable stress—strain
data but such evidence as is available leads to the conclusion that the
theory is in agreement with the experimental results.
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Forming temperature distribution
High temperature lubricants
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INTRODUCTION AND LITERATURE REVIEW



I. INTRODUCT ION AND LITERATURE REVIEW

1.1 INTRODUCT ION

Drawing in its simplest form, consists of 'pulling material”
through a die under pre—-determined conditions. There is evidence that
wire was cold drawn through dies successfully before ‘1350 BC during
ancient Egyptian civilizations (1’2). It is fascinating to note that
the material used had been strips of gold, formed into fine wire by
drawing through dies used for decorating garments.

Today, the drawing process is of fundamental importance to mankind
with the well established branches of wire, rod, tube and strip drawing.

The rapid rate of industrial development or markets compel an
expansion in the varieties of metal wires produced. With each
technological advancement, either materials of better quality are
required - and frequently these are more difficult to form into the
required shapes - or the costs of manufacture increase and it is
necessary to adopt new procedures to remain competitive. One of the
ways to achieve an article of better quality at lower cost is to
introduce a more efficent production process and the replacement of the
cold draw process by drawing at elevated temperatures falls into this
categorye. An elevated temperature is a temperature above the normal
ambient temperature.

Elevated temperature wire drawing has not been widely employed for
several reasons: it is difficult to change traditional methods and
practices, the flow of information has been restricted and many of the
techniques are considered to be confidential. However, there are

powerful advantages associated with elevated temperature drawing.



It is known that generally the resistance to deformation

decreases as the working temperature increases and this enables
difficult-to~cold-draw materials to be drawn more easily. Also, in
appropriate circumstances, with elevated temperature drawing, the
manufacturing costs of the wire can be greatly reduced by the
elimination of intermediate annealing, pickling and associated
operations, consequently production times can be shortened.

A very comprehensive literature review on the warm drawing of wire
was carried out by Loh and Sansome(3> and it is shown that elevated
temperature wire drawing is practised in various countries to an
increasing extent and is employed mainly for drawing materials which are
difficult to cold-draw. It is also wused in <conjunction with
appropriate heat treatments to yield products of the required tensile
strength and mechanical properties. The La Salle Steel Company(4> in
America claimed to produce steel bar with a hardness of 30 Rockwell C,
tensile strength of 62.5 tonf in™2 and a yield strength of 55.8 tonf
in-2 by selecting bars of the desired composition and drawing at the
required temperature and reduction of area.

The earliest history of warm or hot wire drawing is uncertain but

(5)

it is known that as early as 1932 Francis studied the behaviour of
wire drawing lubricants at elevated temperatures. Since then various
researchers and companies have employed this technique using lead bath
heating, resistance heating, induction heating and salt bath heating.
Various materials such as beryllium, high speed steel, stainless steel,
high alloy steels, titanium alloys and high chromium steel are drawn at
elevated temperatures. The commonly used lubricants are graphite and

molybdenum disulphide. The die material generally used is tungsten

carbide.



Though the art of cold drawing dated before 1350 BC, no serious
thought was given to the mechanics of cold drawing until about 1900.
The earliest papers on wire drawing are generally qualitative and
empirical in mnature. In 1927, Sachs(6) used the ‘slab’ method to
give a logical analysis of the drawing process. After the proposal of
Sachs’ equation, the theoretical development of cold drawing grew very
rapidly and various methods of analysis were used to improve theory and
advance knowledge of the process. Research workers Siebel(7), Korber

(10)

and Eichinger(S), Davis and Dokos(g) and Maclellan refined and

improved the drawing theory. With the development of plasticity

theory, wupper bound solutions were formulated by Avitzur(ll),

(12)

Kobayashi and others. In brief, extensive investigations in the
cold drawing of metals have already been wundertaken by various
researchers, and a comprehensive account of the theories can be found in

the standard textbook by Thomsen(lB).

Generally, the theories of
cold wire drawing assumed a flow stress which is independent of strain

rate and temperature.



1.2 EFFECTS OF STRAIN RATE AND TEMPERATURE ON THE

FLOW STRESS OF METALS AT ELEVATED TEMPERATURES

Most of the theories of cold metal working operations assume that
the work material is deformed with constant flow stress which is
independent of temperature and strain rate. This could be tolerated
for cold deformation but at elevated temperatures, the flow stress of
the material is sensitive to temperature and strain rate.

The strain rate of a metal is proportional to the working speed and
the temperature rise due to deformation and frictional work increases as
the speed inreases. Speed and temperature may have a positive or
negative effect on the friction between the material and the die. Thus
besides affecting the draw stress, the surface finish of the drawn wire
will be affected too.

(14) studied the effects of strain rate and

Alder and Philipp
temperature on the resistance of metals by subjecting them to

compression testings on the cam plastometer. The effects of strain

rate and temperature on aluminium with a 40 per cent reduction are shown

in figure 1.1l. As the strain rate increases the resistance to
deformation increases. As the temperature increases the resistance to
deformation decreases. Similar effects were also observed by

Cook(ls) in the compression testings of various steels at temperatures
of 9009Cc - 1200°C and a strain rate range of 1.5 sl to 100 s”1L.

Doraivelu(l6) studied the effects of temperature on the flow
stress of 1.5%C, 11.2%Cr steel at a strain rate of 10 s"l. He found

that there were two temperature ranges where the flow stress increased

as the temperature increased due to the strain~ageing effect and phase

transformation; they were 150°C-200°C and 800°C-900°C



Figure 1.

n

{tonf

Stress

2

2
)

n

{ tonf

Stress

10 —rerrTrTT—

0 IR EETEN !

Effect of strain
rate required to
] compress
aluminium to 407
reduction at
various
temperatures.

6 ] ] .
//////////;;;; After Alder (14)

Ll Ll

10

Log Strain Rate s

10
1

40

30

20

Nm\s 51/3 0.5 ¥ 300"
Y A /\
N
N 4 \
|
0 1 2 3 4 S 6

Temperat

yre (°C x100)

Ultimate stre
temperatures
Manjoine (18)

ss of mild steel at various
and strain rates. After



fespectively. Suzuki(”> also recognised the effects of strain-
ageing and phase transformation on the flow stress of mild steel, but
his compression data did not show the effects, due to the wider
temperature interval employed in his tests.

Manjoine(18> performed tension tests at elevated temperatures up
to 600°C and also found that a strain-ageing region occurs in mild
steel, and that this range extended from about 50°C to 250°C when a
slow strain rate of 0.00085 s™ was applied. When the strain rate
was raised to 300 s'l, the strain-ageing region moved to higher
temperatures, in the range of about 350°¢c-550°cC. The results are
shown in figure 1.2.

From the studies of the various investigators mentioned above two
things are clear. Firstly, the effects of strain rate and temperature
on the flow stress of a metal at elevated temperatures cannot be
neglected(89)Secondly, the work of Manjoine showed that for a particular
strain, it cannot always be generalised that as the strain rate
increases the flow stress increases, and as the temperature increases
the flow stress decreases, since the combined effects of strain rate and
temperature must be considered together.

It is appreciated, also, that the flow stress may be dependent on
macroscopic-microscopic metallurgical effects such as the non-uniform
transverse distribution of grain size and recrystallisation, but it was
felt that these effects would be small by comparison with the changes in
yield stress arising from the temperature and strain rate
characteristics of a metal.

As mentioned earlier, the mechanics of cold wire drawing

investigated by the various researchers all neglect the effects of

strain rate and temperature on the flow stress, and it is believed that



similarly no attention has been paid to these effects in studies on the
mechanics of wire drawing at elevated temperatures. Consequently, it
was 1in the light of the numerous potential advantages of elevated
temperature wire drawing and the lack of practical and theoretical
knowledge that this research programme was undertaken.

Unlike well-established cold drawing practices, elevated
temperature wire drawing posed laboratory problems. Since not much
light has been thrown on this subject, the art of drawing wire has had
to be developed in the laboratory before the mechanics could be studied.
Thus the first objective of the research was to develop a continuous in-
line softening heat treatment draw process and to establish the art of
wire drawing at elevated temperatures.

The next objective was the theoretical development of an upper
bound solution to predict the draw stresses at elevated temperatures.
The computer programme developed enables the temperature and flow stress
distributions to be  predicted so considerably enhancing the
understanding of the deformation process.

Due to the non-existence of papers on the specific problems
concerned with the mechanics of wire drawing at elevated temperatures

other elevated temperature deformation processes are reviewed.



1.3 COLD, WARM AND HOT WORKING

One definition of hot working is generally accepted universally as
"working at a temperature above the recrystallisation temperature of the
metal'. According to Ford and Alexander(lg), metals are said to be
cold-worked if they become permanently harder during the working
process. Thus, as pointed out by Ford and Alexander, steel is

(20) has reported

essentially cold worked at 500-600°C. Mamalis
that the term "warm working" refers to working a metal at a temperature
above the normal ambient temperature but below the recrystallisation
temperature; this is a generally accepted metallurgical categorisation.
The recrystallisation temperature of a metal is also dependent on
the speed and degree of deformation, thus in certain circumstances it
may be difficult to distinguish hot working from warm working. In view
of an emergence of definitions of "cold", "warm" and 'hot" working with
the passage of time and the difficulty in differentiating them with
precision, the author has adopted in the literature review that follows,

the term used by investigators at the time they wrote their respective

papers.



1.4 FORMULAE TO RELATE STRESS, STRAIN, STRAIN RATE AND

TEMPERATURE AT ELEVATED TEMPERATURES

It has long been recognised that the flow stress of a metal at

elevated temperatures is dependent on the strain rate and temperature.

These

effects could be studied and true stress~strain curves of metals at
elevated temperatures and various strain rates could be published.

The effects of the strain rate and temperature on the flow stress
is discussed in section 1.2 and will not be discussed here.

When stress-strain behaviour is examined over a range of strain
rates and temperatures it is cumbersome to report the results as a
complete series of stress-strain curves. Further, the dataare suitable
for conditions that prevail in the test, that is, at a particular
temperature, strain rate and strain. It is -improbable that
experimental data will be available for the exact deformation conditions
prevailing in the process. Thus attempts have been made by many
investigators to fit mathematical equations to the stress~strain curves
at different temperatures and strain rates to permit the properties
prevailing in the process to be predicted. While the limitation of
algebraic equations describing the stress-strain behaviour must be
recognised, it is advantageous to apply them to experimental data so
that constants can be evaluated from which the flow stress at any strain
can be subsequently computed. This is particularly useful if these
equations can be combined with those for strain rate and temperature.

A great amount of work has already been done in trying to correlate
stress—-strain curves by mathematical relationships, thus only the more

common formulae and those of relevance to this work will be reviewed.
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l.4.1 Stress—strain Relationships

Two of the common equations used to express the stress (g) = strain

(e) relationship at elevated temperatures are:

a) Power law

n
g = Be

b) Semi~logarithmic law

0 = A+ B lneg

where A, B and n are constants dependent on strain rate and temperature.

n is commonly termed as the strain-hardening index.

Hodierne(21) fitted the stress—strain data of mild steel at
temperatures from 30°C to 700°C and a strain rate of 10 s'-l to
lO3 s.1 to the power law. As reported by Rao(zz), Grothe(23)

(24) also fitted their data using the power law for low

and Doraivelu
carbon steels and 18-4-1 alloy steel for a wide range of temperatures
and strain rates.

Samanta(zs) found that the semi-logarithmic law fits the stress-—

strain data of tool steel at hot working temperatures reasonably well.

1.4.2 Combined Effect of Temperature and Strain Rate

l.4.2.1 Zener and Holloman Relationship

Zener and Holloman(Z26) proposed that the flow stress of a

material is a function of the strain rate and temperature and is



expressed as

o = f[ € exp é% ]
where € = strain rate
Q = activation energy of the metal
R = universal gas constant
T = absolute temperature

The above equation was originally employed by Zener and
Hollomon for steel and aluminium over a large temperature range and
small strain rate range. Based on this, values of activation
energy which are independent of temperature have been obtained for
a number of pure metals and simple alloys which are deformed at
temperatures greater than half the homologous temperature.
However, this has been found to be invalid at lower temperatures
and for more complex alloys in which precipitation processes can
occur within the temperature range of interest.

Since then the formula has been modified by wvarious

(27) (28) The

researchers like Jonas Sellars and Tegart
commonly used equation for hot deformation is that by Sellars and

Tegart and the equation is expressed as

. . n' -Q
€ = A(sinhao) exp(RT)

’

where A, © and n are constants which are independent of

temperature and stress.
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l.4.2.2 Velocity — modified Temperature

In 1946, MacGregor and Fisher(29) conducted slow speed

. - -1
tension tests (true strain rate in the range of 5 x 10 3 s to

500 x 1072 s-l) on annealed SAE 1020 steel, SAE 1045 steel and
brass in the temperature range 70°C - 665°C. A "velocity-
modified temperature' parameter was proposed by them. Instead of
expressing the flow stress as a function of three variables,
namely, temperature, strain and strain rate, they proposed the
temperature and strain rate to be combined in a single equation
termed the '"velocity-modified temperature Tm”. This leaves the
flow stress as a function of T and strain. The expression

given is,

T = T(l -« ln=)
m €
o)
where T = testing temperature in degrees absolute
€0 = a base strain rate
€ = true strain rate
k = material constant

This form gives the expected qualitative result that an
increase in strain rate is equivalent to a decrease in temperature.
This concept was examined by MacGregor and Fisher by comparison
with the tension data and found to give satisfactory correlation.

The constant €0 1s arbritarily selected and in their

-1
, -5 s
experiment was taken as 100 x 10 > . The constant k was

selected - presumably by trial and error - such that when the
stress is plotted against T_ for the various values of strain,

smooth curves result. The curves of true stress versus velocity-
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modified temperature for annealed SAE 1020 steel and brass are

shown in figures 1.3 and 1l.4.

(30) verified the same

1

Then in 1946, MacGregor and Fisher
theory with new data for strain rates up to 0.5 s = and found
that the expression can still be applied. Manjoine’s data for
mild steel was plotted by MacGregor and Fisher and this is shown in
figure 1.5. The points fall on a smooth curve.

More recently Inoue(3l>, as reported by Nakayama(32), has
applied the velocity modified temperature concept to tension data
of several steels at temperatures ranging from 830°C to 1230°C
and at strain rates of 0.8 to 75 s_l. Inoue found satisfactory
correlation by the use of the velocity-modified temperature Tm.
Nakayama, using MacGregor’s data for SAE 1020 plotted the stress-—

3 and lO4 s—'l

temperature curve for strain rate values of 10
as shown in figure 1.6. Manjoine(ls) has shown that as the
strain rate increases, the 'strain—ageing" region tends to move to
the higher temperatures and Oyane's(33) data indicated that for
mild steel at a strain rate of 430 s_l, a peak stress occurs ét
about 600°C. Both the observations are found in figure 1.6,
thus giving greater support to the reliability of the concept of
the velocity-modified temperature.

(34)

Oxley went further to simplify the use of the concept in

metal cutting by assuming that the true stress-true strain curve
for a particular combination of temperature and strain rate can be

represented by the power relationship:

0 = Bel

where B and n are dependent on T - It was discovered that he

had used log ¢ instead of ln ¢ in the velocity-modified

€ €

0 o)
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temperature equation. A typical plot of the relationship is shown
in figurel7. Thus by representing the curves mathematically, the

stress at any strain can be calculated, as B and n can be found.

1.4.3 Formulae Used in the Theoretical Analysis

The stress—strain data used in the theoretical analysis were found
to fit the power relationship. Also, graphs of flow stress against the
velocity-modified temperature yield reasonably smooth curves. Thus the
author used the technique established by Oxley to calculate the various
stresses at different strains, temperatures and strain rates. This
allows the effects of strain, strain rate and temperature of any point
in the deformation zone to be considered. Consequently, the theory
does not have to depend on the use of a mean temperature and strain rate
but rather to take into consideration the effects of the variations of
strain rate and temperature in the deformation zone. Besides being able
to predict the temperature distribution, the flow-stress distribution

can also be predicted.
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1.5 TEMPERATURE DISTRIBUTION IN THE DEFORMATION ZONE

During deformation the work done in the material and by friction at
the die-workpiece interface is dissipated as heat which is manifested as
a rise in temperature. ‘High’ temperatures can bring about undesirable
metallurgical changes such as '"hot shortness" in extrusion, poorer
lubricant performance, aggravating die wear, and can result in poor
drawn wire surface quality. Since the speed of drawing used in
industry is rather high, the heat is often evolved within a millisecond
or less, thus high temperatures and steep temperature gradients can be
expected near the surface of the wire. large differences of
temperature between the core and surface of the wire are the cause of
residual stresses which may be undesirable in subsequent use. The
frictional conditions at the die-wire interface will also be affected in
a complex manner.

It is difficult to measure the temperature distribution in the

(35) has measured the temperature

deformation zone, although Ranger
distribution at the die-wire interface. Thus a theoretical approach to
establish the temperature distribution in the deformation zone would be

advantageous.

Siebel and Kobitsch(36)

were probably the first to calculate the
distribution of temperature within the deforming wire during the wire

drawing process. An analytical approach was used with the following

assumptions being made:

a) homogenous plastic deformation, constant yield stress,
and a die pressure equal to the yield stress,

b) the temperature increase due to friction is parabolic



in or near the tool-material interface,
c) there is no heat flow in axial direction, and
d) only 20 per cent of the friction heat flows into

the die while the rest remains in the material.

The temperature distribution calculated for the cold drawing of
wire with an area of reduction of 36 per cent at a speed of 196.8 ft
vmin-l is shown in figure 1.8. It is clear that a wide temperature
gradient exists at the die-wire interface and the highest temperature
rise is about 175°C assuming a coefficient of friction of 0.05.

(37) who in

Perhaps the most unique contribution is that by Bishop
1955 used a numerical method to estimate the temperature field in plane
strain extrusion of an ideal plastic material. He neglected friction
and used a 90° die which allows square meshes to be used for the
numerical analysis. The necessary velocity and strain rate
distributions were derived from a simple slipline field. The complex
problem of heat generation, conduction and transportation was separated
into two parts due to difficulties in storing all the data in the
difference equation. Thus the heat generation and transportation were
regarded as occurring instantaneously, followed by a time interval in
which conduction takes place. The process was repeated until a steady-
state temperature distribution was reached. This method has the
disadvantage that the mathematics involved are rather complicated and as
claimed by Tay(38), the heat generation, conduction and transportation
can be handled simultaneously by modern computers with a large memory
core.

The slip-line field solution proposed by Alexander(39) for hot-

rolling was adapted by Johnson and Kudo(4o) for use as an upper bound
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to evaluate the temperature distribution through the roll-gap. The
whole operation was assumed to be adiabatic.

Altan(al) calculated the temperature rise for cold wire drawing
by assuming that deformation takes place under the die defined by an
entry boundary and an exit boundary, and that a volume element moves by
following the flow line in the deformation zone. The type of
boundaries assumed were not stated and from the diagram given, it was

inferred that spherical boundaries were assumed and the flow was towards

the apex of the die. The temperature rise due to deformation work AT
and frictional work A8 in a time interval At is given by,
=
AT = e At
J Cop

W oV S At

AB =
J Ca pa Va
where 0 = flow stress of the drawn wire
é = effective strain rate
J = conversion factor between mechanical and thermal
energies
C = specific heat of the material
p = specific weight of the material
B = per cent deformation energy transformed into heat
v = velocity at the interface
S = surface area at the interface
Va = volume element
Ca; Pa = average specific heat and specific weight at the

interface



Heat conduction was taken into consideration according to the technique
derived by Bishop.

Altan simulated the same drawing condition as Siebel and Kobitzsch
(see figure 1.8) and found that the temperatures in the wire and die
showed good agreement, though the maximum interface temperature at the
exit calculated by Altan is lower than that of Siebel and Kobitzsch by
about 18°C.

(42) the same approach was

In another paper by Altan and Kobayashi
applied to cold and hot extrusion of metals through conical dies. The
technique was extended to predict the temperature of the billet before
extrusion taking into account the cooling of the billet in air and the
transfer of heat to the container. The study was very comprehensive
and the effects of the various parameters on the temperature

distributions were investigated. The effects could be summarized as

follows:

a) the mechanical and thermal properties of the metal affects the
magnitude of the heat generated,
b) the temperatures developed increase as the following variables
increase in magnitude:
i) coefficient of friction,
ii) extrusion ratio,
1ii) strain rate and
iv) die angle
With the development of the powerful finite element technique
various investigators(43'45) have used it to establish the temperature
distribution for continuous dieless drawing, hot hydrostatic extrusion

and cold wire drawing. The heat generation and heat conduction could
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be taken into account simultaneously.

1.5.1 Calculating the Temperature and Flow Stress Distributions

for the Theoretical Analysis

The author also calculated the temperature rise due to deformation
and frictional work for points in the deformation zone and simplified
the calculations by assuming adibatic deformation. All the work done
was assumed to degenerate to heat. Also, mathematical relationships
between stress, strain, strain rate and temperature are assumed (see
section 1.4.3), therefore the flow stress distribution in the
deformation zone, taking into consideration the local temperature rise,
can be established. The upper bound solution developed for predicting
the draw stress takes into consideration the variations of the flow

stress in the deformation zone.
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1.6 FRICTION

Although a considerable amount of work has been done to understand
the mechanism of friction, it is an area where there still exist some
uncertainties because of the complexity of the surface conditions
prevailing under metal working situations. Friction is an important
parameter in any metal forming process, as it affects the forming loads,
the surface temperature and the life of the tools. There are several
theories formulated to define the friction phenomenon. The following
discussion will be limited to Coulomb’s law and the constant friction

factor.

l1.6.1 Coulomb Friction u

If the tangential stress T at any point on the surface (between two
bodies in contact) is proportional to the normal pressure ‘p’, between
them, and opposite to the direction of motion, then this state of

friction is described by the Coulomb friction law:

o~

Although the coefficient of friction in many metal deformation
processes may not be a constant, u is often taken as a constant for a
given die and material, for simplicity. Also, it 1is said to be

independent of the velocity for the same reasons.



1.6.2 Constant friction factor m

Sometimes, it 1is convenient to express friction as a fraction of
shear yield stress when one of the two bodies in contact is fully

plastic. Hence,

T = mk

where m friction factor

~
il

yield stress in shear.

For von Mises materials,

V3
where Y = yield stress of material.

Von Mises materials are materials which do not undergo elastic
deformation, do not strain harden and obey von Mises’ stress-~strain rate
law.

The friction factor m is taken as a constant for a given die and
material, and is also independent of both the die pressure and the
‘velocity. It was postulated that m varies between 0O and 1 for
frictionless case and maximum possible friction.

This concept of friction is preferred by some investigators because

the computations of friction losses are considerably simplified(46).

1.6.3 Determination of u and m by Experiments

The weakest feature in any theoretical approach is in making some
reasonable substitution for u or m. In this section, the wvarious

techniques employed in cold drawing to establish the coefficient of
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friction u and constant friction factor m are discussed.

l.6.3.1 Split Die Method

The problem of determining the coefficient of friction u for

cold drawing persisted until in 1952, when MacLellan<47) used the

split die technique to ascertain the mean die pressure in his
experiments in wire drawing. The die was in two halves and the
forces, tending to separate the two halves were measured
concﬁrrently with the draw force. The coefficient of friction u
between the die and the wire was assumed constant and an expression
was proposed to estimate its value using the draw force, die-
splitting force and the die semi-angle, all of which could be
obtained from experiments.

(48)

later, the split die method was improved by Yang then

(49)

modified by Major who simplified the procedure. However,

calibration of the die has remained a problem.

1.6.3.2 Oscillating Die Method

In 1965, Moore and Wallace(so)

developed a torsionally
oscillating die to determine the coefficient of friction in their
tube sinking experiments. With this technique it was found that
the calibration of the equipment used in the experiment was
considerably simpler than that required by the split die method.
In oscillating the die, inertia problems arose and it was deemed

necessary to rotate the die continuously to eliminate these

problems.



l.6.3.3 Die Rotation Method

It has been known for quite a long time that by rotating the
die, it is possible to draw with a lower value of draw load. In

(51), and Linicus and Sachs(sz), all

1931, Greenwood and Thomson
used the rotating die method to determine the coefficient of
friction between the wire and die in wire drawing experiments.
later, this technique was investigated further by Rothman and
Sansome(53) with experiments in drawing rods through a rotating
die. A theory was proposed by these authors to explain the
reduction in draw load when the die was rotated and hence the
difference used to calculate the coefficient of friction between
the rod and the die. It was noted that this method of calculating
the coefficient of friction is not accurate at high rotational
speed. This 1is probably due to the rise in temperature which
affects the viscosity of the lubricant film and hence the u.

Hofsten and Linstrand(SA) have reported temperature increases of

approximately 257% as compared with a stationary die.

l.6.3.4 Indirect Method

In 1968, an indirect technique to determine the coefficient of
friction u and constant friction factor m for cold drawing was

proposed by Evans and Avitzur(ss).

Using the wupper bound
technique, they derived amn equation for the draw stress which takes
into account u or m. The draw stress equation was then

differentiated with respect to the die semi~-angle & and the

derivative equated to zero to give the optimum die—angle.
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By determining the draw stresses experimentally with different
die-angles and reductions in area,the optimum die angle can be
found. If all the known parameters are substituted into the
equation, the only unknown is u or m (depending on the equation
used). The advantage of this method is its simplicity of
equipment used - only a load cell and a set of dies are required.
No calibration of the die is required and splitting of the die is

unnecessarye.

Although the importance of knowing the coefficient of friction
u or the constant friction factor m in establishing the frictional
conditions at the die-wire interface is appreciated, no attempt was
made in this research to determine u or m. For convenience, the
concept of constant friction factor m was used in the theoretical
analysise. Since the values of m have not been determined
experimentally, families of curves of draw stresses against draw
temperatures for various values of m were plotted. The results

are shown in Chapter Eight.
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1.7 UPPER-BOUND SOLUTIONS OF AXISYMMETRIC FORMING PROBLEMS

THROUGH CONICAL DIES

Perhaps, the most commonly used upper-bound theorem for
axisymmetric forming problems through conical dies is that by Prager and
Hodge(56). The theorem which 1is for von Mises ‘perfect’ plastic

material states that, "Among all kinematically admissible strain rate

fields, the actual one minimises the power." Drucker(57) extended
this theorem to include the velocity discontinuities. Thus, the
following expression is a minimum for the actual velocity:
g = = Y( b e, e, dV+§ T Av]ds - g T, v, dS
/3 1] 1] 1 1
v | St St
where J* = externally supplied power
éij = strain raté R
\Y = volume of deformation
T = resistance to shear
S = surface subjected to shear
Av = velocity discontinuity
Ti = pre-determined body traction
Y = flow stress
v, = veloCity at entry and exit surfaces hiaving T,

A kinematically admissible velocity field is defined as the
velocity field where the normal component of the postulated velocity
field of the deforming material equals that of the tool, over the
surface of contact, when it satisfies the relaxed continuity and
prescribed boundary velocity requirements, provided the velocity of the

die is predetermined. A strain rate field derived from a kinematically
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admissible velocity field is kinematically admissible.

The actual externally supplied J* is never higher than the value
predicted by using the expression given earlier. In the case of wire
drawing, the externally supplied power is provided by the front draw
pull. The first term computes the power of internal deformation, over
the volume of deformation. The second term expresses the shear power
over the surface of velocity discontinuities including the boundary
between the tool and the material. The last term includes the power
supplied by predetermined body tractions. The back stress applied in
wire drawing, or back and front tension in rolling, can be taken as an
example for traction.

When metal moves in and out of the plastic zone in the die, it is
sheared to -change the direction of flow and this constitutes the
redundant work in a deformation process. Theoretical analysis of the
redundant work, therefore, depends on the shape of the boundaries
chosen. There are, of course, an infinite number of boundaries which
can be chosen. In the absence of knowledge of the exact boundary
existing in nature, it 1is necessary to determine the upper bound
solutions for various different shapes and then to obtain the lowest
upper bound.

The use of Prager and Hodge upper bound theorem using spherical

8)

boundaries is available in detail in the book of A.vitzur(5 and thus

it is not repeated here.

(59)

Avitzur used a triangular velocity field to predict the draw

stress for flow through converging dies. The surfaces of velocity
discontinuity T, and 'y are conical surfaces as shown in figure 1.9
and they meet at the axis of symmetry. The position of their

intersection point along the axis of summetry is temporarily assumed
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rbritrarily and the power of deformation, computed using Prager and

odge’s wupper bound theorem, is minimised with respect to the

ntersection point, which is governmed by 1, Zones I and III are

igid bodies moving at an axial velocity of Vo and V. respectively.

hanges in direction occur at the surfaces Fl and Fz so that the

elocity in 2zone II is parallel to the surface of the die. The
erivation for the draw stress is complex and the solution is bulkier
han that for spherical field with a complex iteration procedure for one
f the parameters. Thus, the equation will not be presented here.

Avitzur compared the solutions obtained by the spherical and
riangular velocity fields. He found that the solution predicted by
he triangular velocity field is higher than that of the spherical
elocity field. For both of the velocity fields as the die-semi—angle
ncreases up to about 7° the relative drawing stress decreases and
‘hen it increases with continuing increase in the die semi-angle. This
.5 because smaller die angles are associated with long contact between
‘he workpiece and the die and thus with high friction losses. The
yptimum die angle is therefore 142,

Osakada(éo) derived an equation for the extrusion pressure in
ixisymmetric extrusion by assuming elliptical boundaries and flow is
:owards the virtual apex of the die. The upper bound value of the

axtrusion pressure p calculated is given by:

o
2 2y
‘g = ZIZR g sin6(g®cosb+ g g'sind) x j] + 7%. 3gg'cosf+(g' “+ga"-g")sing
sin“a o g?coss + gg' sind
o
4 1 .
+ = sin®e (g% + g'?) 46
Y3 sin®a

[cosa + g'(a) sina]




. 2
COSZOL + p2 s1in a

where g =
C0526 + p2 sin26
. dg
& a6
" —_ 1
g" = dg
de
R = extrusion ratio

The upper bound value is minimised with respect to p defined by

%; where 1, and 1; are as shown below.
1

11

1, —]

4

Elliptic _boundary
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1.7.1 A Brief Outline of the Upper Bound Solution

Developed for the Drawing of Wires at Elevated Temperatures

The concept of Prager and Hodge’s upper bound solution on the power
J* was used by the author to obtain the upper bound solution for the
drawing of wires at elevated temperatures. In an attempt to obtain the
lowest upper bound, the shape of the inlet plastic boundary was assumed

to be exponential in shape following the relationship:

P = poexp c(B=-0a)
where,

p = radial distance from a point on the inlet boundary
to the virtual apex of the die

Py = radial distance from the intersection point of the
die and inlet boundary to the virtual apex of the die

¢ = a constant which is varied to obtain the lowest upper
bound

6 = angle made by a point on the boundary with the axis of
symmetry

a = die semi-angle

Flow towards the virtual apex of the die was assumed and the upper bound
is minimised with respect to c. Chapter 2 gives a detailed analysis of

the theoretical solution.



...35_

1.8 OTHER FORMING PROCESSES AT ELEVATED TEMPERATURES

1.8.1 Hot Tube Drawing

It appears that little work has been done on the drawing of tubes
at elevated temperatures, but a patent(él) on the warm drawing of
‘tubes which are difficult to cold work was granted in 1971. As early
as 1944, Sachs(62) put forward a theory using the equilibrium approach
for the hot drawing of thin-walled tubing through a stationary die.
The assumptions made were : the material was rigid plastic, there was
no tube sinking ( ie. it is a close pass draw)and the tube was thin walled
(thus plane strain condition can be assumed). Realising the
dependence of the flow stress on temperature and strain rate, Sachs
assumed that the flow stress o depends primarily upon the strain rate
and was related by the equation

o = at¢
where a and b are constants and temperature dependent. He expressed
the strain rate in terms of its radial position in the deformation zone

by the formula:

V. h

& _ "o o (tana - tanB)
h2
where Vo, = velocity on entry to die
a = die semi-angle
B = mandrel semi-angle
hy, = thickness of tube on entry to die
h = thickness of tube

The theory developed predicted the die pressure distribution for mild

steel at a draw temperature of 650°C. The die semi-angle was 2°



and a parallel mandrel was assumed. The validity of the theory was not

supported by any experimental results.

Since then, it appears that there have not been any further

developments in this area.

1.8.2 Hot Rolling

Early developments in the theory of rolling were directed towards
the calculation of rolling load and torque.

Ekelund(63) developed an equation for the roll 1load in hot-
rolling of strip, taking account of the influence of strain rate on the
mean yield stress. The remainder of the formula is the same as for
cold-rolling, though the numerical value of the coefficient of friction

will be higher. The equation derived takes the form,

P . 2Y0R/R ) e <1 . 1.6u/Rah - 1.2Ah) s

v hy + by hy + hy
where P = deforming load

w = width of strip

o = static yield stress

V = velocity of rolling

n = viscosity of the hot material

Ah = reduction in strip thickness

R = roll radius

h, = strip thickness after rolling

b, = strip thickness before rolling

u = coefficient of friction
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He carried the empirical approach a stage further and gave formulae
for the "viscosity" of the hot steel, the coefficient of friction ,
and even the "static' yield stress , the latter in terms of percentage

composition of constituent elements. The formulae proposed were:

n = 0.01(19,910 = 1.42T)

U = 0.84 - 0.0004T (for billet temperature T
in excess of 7OOOC)

o = 100 (1.4 + C + Mn + 0.3 Cr)

The general form of the equation (a) is useful, though it is
usually desirable to determine the mean yield stress directly for the
temperature and strain rate conditions.

(64)

Then in 1943, Orowan put forward a general theory on roll-
pressure distribution based on the equilibrium method to cover both hot
and cold rolling, taking into account slipping and sticking friction.
The equations put forward were too complex for general use in industry.

(65)developed equations for

Utilising earlier work of Orowan, Sims
rolling load and torque. The analytical integrations of the roll
pressure is made possible by the use of small-angle approximations for
trigonometrical functions, and it is assumed that conditions of sticking
friction apply.

With the invention of the cam plastometer by Orowan(66)

in 1950,
the generation of true stress-strain curves of metals at elevated
temperatures and constant strain rate was made possible. This enabled
Cook and McCrum(67) to prepare curves of roll force and torque for a

wide range of rolling conditions and steels. The curves were prepared

based on the theoretical analysis of Sims. Mean values of the yield



stresses for the load and torque were used to compensate for the changes
in yield stress of the material being rolled due to work hardening and
thermal softening in the roll gap.

Cook and McCrum claimed that the loads and torques calculated using
the data generated by the cam plastomer and Sims’ formulae agree
reasonably with measurements made during the hot rolling of steel in a
‘laboratory mill,

With the introduction of ©plasticity theory, Alexander(39)
constructed a slip-line field solution for the hot rolling of strip.
He assumed sticking friction over the whole arc of contact. The
derivation is complex and difficult. Again, 1like the previous

researchers, the solutions can take no account of yield stress

variations due to strain rate changes in the roll gap.

1.8.3 Hot Extrusion

Hirst and Ursell(68), basing their work on the formula derived by
Johnson(69) from slip~line field considerations proposed the equation

for hot extrusion of aluminium alloy as:

T = (0.47 + 1.21og Ryexp “Uk
where
Y = flow stress corresponding to a particular
temperature, strain and strain rate
R = extrusion ratio
L = billet length

D = billet diameter



To facilitate the application of their theory to the problem of hot
lubricated extrusion, they introduced a useful diagram of interacting
the variables, strain, strain rate and temperature as shown in figure
1.10. The left-hand side of the diagram shows the limitations on the
extrusion ratio R set by the available capacity of the press. As the
temperature increases, so that maximum extrusion ratio achievable
increases owing to a decrease in yield stress of the material. The
right-hand side of the diagram defines the thermal limitations due to
temperature rise in deforming the metal.

Theoretically developed curves for an aluminium alloy were
established and compared with experimental results. They state that
the choice of suitable values for the yield stress is somewhat
arbitrary, and selected cam plastometer results obtained at a strain
rate of 30 s—l, thereby obtaining good agreement with experiment.
The author disagrees with their method of establishing the flow stress.
Farag and SellarsUO) extended the upper-bound solution derived by
Kudo(71) for cold extrusion to determine the pressures for

axisymmetric extrusion of aluminium at a temperature range of 230°C-

500°C, ram speeds of 0.5-55 ft rnin_l and extrusion ratios of 4.75-

3.6, They determined the flow stress of the billet material by hot
torsion testing at 3500Cc-5000C and strain rates of 2 x 10—3 to 4
s-l. The flow stress of the material was considered to be a function

of the Zener-Hollomon parameter Z as discussed in section l.4.2.1
The Zener-Hollomon parameter was modified to take into account

adiabatic temperature rise. Thus the modified Zener-Hollomon parameter

Z
mod ¢an be expressed as,

4 D 2V tan o .
Zmod = ° exp L (— + _L)

3/2
<Dod)/ 2R T, Tg
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where \ = ram speed
To = billet temperature
Tf = emergent bar temperature obtained by

considering the work done in extrusion

The flow stress corresponding to Z o4 @ be found from a plot of
Z against 0 which is a straight line. Values of the mean flow stress
'are then substituted into Kudo’s upper bound equations to determine the
extrusion pressure.

The equations for the round and smooth dies used by Kudo are:

1.06 + 1.55 1InR (rough die)

it

g |

0.88 + 1.30 1nR (smooth die)
The experimental points fall between values predicted by the above
equations.

In 1974, Childs(72) investigated the metal flow of mild steel in
hot extrusion. A split billet of mild steel was heated to 1170°C and
partially extruded through a 90° die. The strain rate and strain
distributions which occurred in the flow zone have been calculated from
measurements of the distortion of grids inscribed on the split surface.
Again, the steady state flow stress is assumed to be a function of the
Zener-Hollomon parameter Z (discussed in 1.4.2.1).

The mathematical representation above enables the temperature and
flow stress distribution to be calculated. Adiabatic heating was
assumed and frictional heat was neglected.

The equivalent strain rate was calculated from the general formula

e o= [y, <
13 13



and the internal energy dissipation rate was found by numerical
integration of the product of ¢ and c. By equating the energy to the
rate of external work, the average pressure on the ram was found.

The ram pressure measured experimentally was higher than the
predicted. This 1is obvious as the pressure calculated by Childs 1is

actually a lower bound value.



CHAPTER TWO

THEORET ICAL ANALYSIS OF THE DRAWING OF WIRE

AT ELEVATED TEMPERATURES



II. THEORETICAL ANALYSIS OF THE DRAWING OF

WIRE AT ELEVATED TEMPERATURES

2.1 INTRODUCT ION

This chapter presents the theoretical analysis of the drawing of
wire at elevated temperatures. A form of upper bound solution was
derived in the analysis of the process having as its main objective: a
study of the process variables which is compared with the experimental
results.

A form of minimum upper bound solution, based on the energy
approach was derived which gave the least work done in deformation.
The solution essentially comprised: firstly, an assumed inlet shear
surface of which the distance between a point on the shear surface and
the virtual apex of the die follows an exponential relationship which
can be varied; secondly, the deformation zone was divided into small
elemental areas and the temperature rise at each point due to
deformation and frictiomal work at the die-wire interface was
calculated. The new flow stress at each point was evaluated by
assuming mathematical relationships between the stress, strain,
temperature and strain rate. Thirdly, the power to overcome friction,
shearing at inlet and exit surfaces and deformation work were calculated
based on the flow stress distribution mentioned earlier. Finally, the
overall power of work was minimised by varying the shape of the inlet
shear surface. |

The upper bound solutions had to be solved numerically with the aid
of specially written computer programs which are discussed in section

2'3.
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2.2 THE UPPER BOUND SOLUTION FOR THE DRAWING OF

WIRE AT ELEVATED TEMPERATURES

The upper bound theorem formulated by Prager and Hodge(56) for

rigid perfectly plastic solids states that: '"Among all the kinematically
admissible strain rate fields, the actual one minimises the power."

(57)

Drucker extended this theorem to include the velocity

discontinuities. Thus, the expression

2 —_
J* = —y Vi g g v + T |Av ] ds - v. dS
/3 2 Eij Eij [ av | Tivy
SF St
is a minimum for the actual velocity. The actual externally supplied

power, J*, is never higher than that computed by the above equation.

The above expression combines three different power quantities.
The first term represents the internal power of deformation within the
volume of the deforming body. The second term expresses the shear
power at surfaces of velocity discontinuities including the frictional
boundaries. The last term includes the power supplied by predetermined
body tractions. These tractions are for example, the back tension
applied in a metal forming process, but, for this theoretical analysis,

the back tension was assumed to be negligible.

2.2.1 The Flow Model

The postulated velocity field model is shown diagrammatically in

figure 2.1. The inlet and outlet shear surfaces Fl and Ty

respectively were assumed to be exponential in shape. It was assumed

that under a steady flow, a particle enters the inlet shear surface Fl



a DIE

ZONE 1
ZONE 2

e}

DRAW AXIS

Figure 2.1: The flow model
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with a uniform linear velocity V, parallel to the draw axis. The

plastic deformation occurs only in zone 2.

2.2.2 The Shear Surfaces

The inlet shear surface Fl was assumed to be exponential in shape

and P, follows the equation:

1

Py = P exp(e(O =)y  mm——— (1)
where ¢ is a variable used to minimise the draw stress.

Due to volume constancy, the shape of Fz and Fl are

geometrically similar, therefore,

02 = P 1 -A exp(c(B=-02))  emee——— (2)

where A is the area of reduction.

2.2.3 The Velocity Field

The velocity field in the deformation zone was assumed to be
directed towards the wvirtual apex O of the drawing die. Using
spherical co=-ordinates, the velocities in the deformation zone in the

0 6and ¢ directions are u, Hg and u, respectively.

) o ¢

2.2.3.1 Derivation of the Velocity Field

To satisfy the continuity of flow at the inlet shear surface
Fl, the normal velocity component on each side of the inlet shear

surface must be equal. Therefore, with reference to figure 2.2a,

the velocity at shear surface ] is
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uy; sin(8 - 8) = v,sing

_ Vl sin B

U = o+
1 sin (8 - 6)
From figure 2.3,

tan(d8) = 3D

P1

(3)

Since d6 is very small, therefore it is justified to assume that:

tan(d6) = do@
OB = 0D
BD = plde

X FB = 90°

ED
tann = BD

do1
olde

1 doq

de

1 do exp(c(6-a))

de

Po
= ¢ __ exp(c(B6-a))
P1
From equation (1),

P = P, exp (c(8-a))

Therefore, tann = ¢

The relationships of the various angles can be established

(4)



from figure 2.3 as follows:

n = 9%-@- = (6)
g = 90-n+96  m——— (6a)
. . sinB = sin(90 - ( n-8))
= cosn cos® + sinn sine —==——s (7)
and sin (B =-8) = sin(90 =-n )
= cosn

Thus, equation (3) can be expressed as
Wy, o= Vl(c058 IS & < L ) T — (8)

This is the radial velocity of an element of distance © 1
from the virtual apex 0O, ie. a point on shear surface Fl to the
apex O.

Therefore, the velocity of the element at radial distance p

(see figure 2.1) within the deformation zone can be calculated from

the volume constancy requirement giving:

!
= V1<——> (cos® + ¢ sin®)

From equation (1),

= 8 -
o P exp(c( %))
2
pO
Therefore, u, = Vi <—;> exp(2c¢( ® - a))(cos 8+ ¢ sinb)=———— (9)

Similarly, maintaining continuity at the outlet shear surface



PZ and with reference to figure 2.2b,

VysinB = u, cos(90° - g+0)  emem——— (10)

From equation (3) and maintaining volume constancy, that is,

2 2
1P T Mafs

<
N
]
<
—
TN
I'O
'_A
\/
[7)
e
=1 X7}
[ mdd
~I|B
™
I | ™
D
N

The above equation satisfies the volume constancy requirement.

2.2.4 The Strain Rate Components

The strain rate components can be expressed in terms of the derived
velocity component up as Hg and U¢ and are both zero in value.
The strain rates expressed as a function of the velocity components

are given by:

Sy
€ = S
0 - (1)
P
1 Sug )
€e = > ?é— + e (12)
P
1 o u y
€& = — + £ + 8 cote 0 e (13
¢ i )
psinbd S 0 0
1 ) H
= = | Su 8
Yog =2 ?pa e e T R — (14)



y = 1 1 Sug 1 cot®

8¢ 2 T e T S -
psinb ¢ 58 Y
§

yooo= L2 my 1 sy

%0 2 Sp P psind g

Hence the strain rates can be obtained by

the appropriate

bstitution of the various derivatives of the velocity component i, in

2 above equations.

the appendix, A3.1.

2

The proofs of the following derivatives are shown

. p
g, = -zvl-—g exp(2c( g=q ))(cos g+ ¢ sing) = =———— (17)
P
p 2 '
g, = V, =2 exp(2c(8-a))(cos 8+ c sind) —-—=(18)
.
5 2
e = Vl-iz exp(2¢( 8=-a))(cos 6+ c sing) = ————— (19)
¢ 0?
. 1 po2
Yo =32 Vi [ 3c exp(2c(8-a)) cosp+
P
(2¢? exp(2c( -0 )) - exp(2c( 6-a)))
xsino] e (20)
Yoo = O e (21)
Yq)p = o e (22)

The incompressibility equation is given by:

€ =

stituting the respective values from eduations (17) = (22) into the

ve equation gives zero value.

Thus, the velocity fields derived
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satisfy the incompressibility condition.

2.2.4.1 Equivalent Strain Rate

The equivalent strain rate = is expressed as:
€

— = < (é 2 + é 2 + . 2 - o 2 . 2 . 2
€ JB 00 60 Y 20y ¢" + Yoy T Yoo )

Substituting equations (17) —= (22) into the above equation gives:

0 2

2Vl 2 exp(2c(6~-0)) [(cos g+ ¢ sine)2

]

€ 3
o

N

1
+ -E5(3C cosb + (2c2 = l)sine)2 } ----- (23)
The full derivation is given in the appendix A3.2

1e245 Equivalent Mean Strain

To calculate the temperature rise due to deformation at each point
.n the deformation zone, the equivalent strain at that point has to be
:nown together with other parameters.

For a particular flow line in the deformation zone, the radial
relocity is given by equation (9) as:

2

Y
Ho = ¥y (=2) exp 26(8 ~a)(cosd + ¢ sine)
Y

For a particle to move a small radial distance dp, the time dt

.:aken is given by:



it = G (24)
Ho
t
1e equivalent mean strain € = £ dt
o

ibstituting equations (23) and (24) into the above gives:

o 2

e = ?.Vl —Oexp 2¢(B6 - a) [(cos 8+ (:S'ine)2
3
Py P
1

+1L2(3caose + (2c2 - l)sine)2 jl 2

dp
X 002
Vi, exp 2c(8 = a)(cos® + csind)
P
o L
L 2 L+ 1 [ 3c cosf + (2¢?~ 1)sin® 2 2 do
- 0 12 (cos6 + ¢ sinB)
g L
2 ]2
P 2_ .
serefore, T = 21n L |1 + 1 [3c cost + (2¢ l)s1n8> —memm(25)
P 12 cosf + ¢ sinb
2.6 Establishing the Temperature and Flow stress

Distributions in the Deformation Zone

It was assumed that adiabatic conditions prevail and that both
.astic and frictional work degenerate into heat; redundant work is partly
itken into account.

To evaluate the temperature rise due to plastic and frictional
vk, the necessary velocity, equivalent strain and equivalent strain
ite at that point in the deformation zone must be known. The new flow

:ress at that point, taking into account the appropriate temperature

.se, was evaluated also by assuming mathematical relationships between
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1e flow stress, equivalent strain, equivalent strain rate and the new

amperature.

For the purpose of computing, the deformation zone was divided into

Np + 1) arcs, whose shapes are geometrically similar to the inlet and

xit shear surfaces. For a particular flow line, the distance (pl -
) were divided into Np equally spaced divisions. Similarly, the die
emi-angle was divided into Ne equally spaced angles. Thus, the whole

eformation zone can be identified by co—ordinates (I,J) as shown in
igure 2.4; any points on the inlet and outlet shear surfaces can be
dentified as (1,J) to (Np + 1,J). Similarly, any point on the conical

)art can be represented as (I,1) where I varies along the conical part.

2.2.6.1 Relationship Between Stress, Strain, Strain Rate and

Temperature

For the materials investigated, it was assumed that the true
stress=strain curve obeyed the power relationship:

c = BEY (26)
for a particular temperature and strain rate.

Thus, given a set of stress—-strain curves for the material
covering the whole range of temperatures and strain rates, the
value of B and n for a particular temperature and strain rate can
be found by plotting logo against loge.

In order to apply the B and n values obtained from the true
stress—strain curves to a range of temperatures and strain rates,
it was assumed that the opposing effects of temperature and strain

rate were related to a single parameter known as the velocity-
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modified temperature (see section 1.4.2.2), and expressed as:

€
Tm = T(1 -« lné—)
0

The above formula was modified to take into consideration the
temperature rise AT that arises in the compression tests. Thus,

Tm is expressed as:

T, = (T+AD)(1 -« 1n§—) ———=(27)
o

Before using equation (27), a suitable value of «k was found by

trial and error, using the computer sub-program ‘CONSTANT’, which

is discussed in section 2.3.2.

Having established x, 'the value of 'I‘m can be calculated for
various temperatures and strain rates. Since the respective
values of B and n are known, graphs of B and n against Tm were
plotted. The relationships between B and Tp,» and n and Tm’
are expressed mathematically by polynomials with the assistance of
the computer program °‘CURVE’ (see section 2.3.3). Thus, for a
particular value of Tm, the values of B and n can be evaluated.
Consequently, the flow stress pertaining to a particular equivalent
strain can be calculated by equation (26).

The stress—strain data used in the theoretical analysis can be
found in Chapter 6. The following graphs are also included in
that chapter:

a) logo against loge to determine B and n

b) curves of 0 against Tm for various strains

c) constant B against T
m
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d) strain-hardening index n against Tm-

Graphs (b) - (d) were plotted after having found a suitable

value of K for the Tm equation.

2.2.6.2 Temperature Rise Due to Deformation Work

In the deformation zone (ie. zone 2) work is done when a
particle travels from point to point along the flow streamlines eg.
(1,J) to (I + 1,J) and this work will be dissipated as heat.
Since the process is assumed to be adiabatic and that all work is
converted into heat, the temperature rise due to deformation work

at (I+ 1,J) is expressed in section 1.5 and can be written as:

° 8 (1+1 J)
Tarnn T == (28)
Q - sp - d
where,
A e _ _ ‘
(I+1,7) = equivalent mean strain between the
’ points (I,J) and (I + 1,J)
1/0 o
= = o +
o 2< (I+1,3) (I,J)>
o
O(I + 1,0) = flow stress at the point (I + 1,J)
b

without taking into consideration
the temperature rise due to
deformation and frictional work



9 = new flow stress at the point (I,J)
(1,7 taking into consideration the temperature
rise due to deformation and frictional
work

(The method of calculating AT is explained in section 2.2.6.4)

2.2.6.3 Temperature Rise Due to Frictional Work

The temperature rise at a point due to friction at the die-
wire interface (ie. J = 1) is expressed in section 1.5 and can be

written as:

mo u S At

AB _ 0 - 29
(I+ 1,3) /3qspdv, e

o}
-1/ 0° Y
whereo—7< (I+1,J)+ (I,J))

(The method of calculating A6 is explained in section 2.2.6.4.)

For computation purposes, A8 can be expressed as:

- 2
AB 3 mo sina | 1 (O(I,l) p(I+1,1))<p(1,1)_‘O(ZI+1,].)>

(I+ 1,1) ~ 2/3 Q spd cose(Z)-cose(l).

3 _ 3
P(1,1) P(1+1,1)

(The full derivation is shown in appendix, A3.3.)

The specific heat sp and density d of the material are assumed

to be independent of temperature.
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2.2.6.4 Procedure for Calculating the Temperature and

Flow Stress Distributions in the Deformation Zone

The initial temperature of a point in the deformation zone was
assumed to be that of the drawing temperature, denoted by T. For
a particular flow line, eg. at point (2,1), the equivalent mean
strain, equivalent strain rate and temperature (ie. T in this case)
are known, therefore, the flow stress at (2,1) can be calculated

and represented by o .
0(2,1)- When the particle travels from

(1,1) to (2,1), the temperature rise is given by equations (28) and

(30). Thus, the new temperature at (2,1) is given by:

T = T + A6 + AT
Nea.1) (2,1) 7 *2, D

Since the temperature at the inlet shear surface is assumed to be

that of the drawing temperature, therefore,

T,

Thus, T, can be expressed generally as:

N

N + AT
(I+1,J)

G (I+ 1,7) (I+ 1,J)

Taking the temperature rise into consideration the new flow

stress 0(2,1) at point (2,1) can be calculated as before, but the
temperature is now T instead of T.

Nez,1)
As the particle travels to the next point (3,1), the

equivalent mean strain 5(3,1), equivalent strain rate 5(3’1)



2.2.7

, are known, the flow
Ne2,1)
stress %% can be calculated. The additional work done
(3,1) )
per unit volume due to an equivalent strain increment Ae (3,1)

and the temperature, which is now T

(ie. 5(3 1y - 5(2 1)) 1is given by the area under the stress-
’ b

strain curve for the strain increment considered; thus:

oAg
(3,1)
where Y is taken as the mean between o and 0(2 1)?
. °(3,1) ’
defined as = (¢ + O ). Therefore, the temperature
0(3 1) (2,1)
bl

rise in travelling from (2,1) to (3,1) is given by equation (28).
The same teéhnique was applied at the die-wire interface in
calculating the temperature rise due to frictional work. The
whole procedure was repeated for each J line. Consequently, the
new temperature TN and the new flow stress O(I,J) distributions

in the deformation zone are known.

The Internal Power of Deformation Per Unit Volume

The internal power required to deform a unit volume of material can

be expressed in terms of the derived strain rate components.

rate

The
of internal work per unit volume is given by:

W

= 0 ¢ £ o€ y y y
1 0%t Te%et Tufet 2(T 0Y00 * TogTos T TopYp)

1]
Q
m
t
l
i
i
|

N
[9%)
—

N

ij ij



But the stress tensor is formed by a stress deviator tensor, ¢,
and the hydrostatic stress tensor,oh.

Therefore:

Expressing the equation (31) in terms of the corresponding deviator

tensors, gives:

oWy o= (Op +op)e, + (g + o) ey + (o¢ +0 ) €
+ 2(< ; + 1 % +1 oy )
56 o0 896700 ¢p o
=0 +0'c +o'¢ + (e +¢ +¢
0% T %9% T 9y, T leg Teg T e ) o
+ 2 (1 y + 1 v + v )
00 o0 Tog Yo 0 Yop
- C' é (0] é
= 43 43wt == (33)

Assuming constancy of volume, then:

(ép + ée+ ‘;qs) = 0

Hence, equation (33) becomes:

'.=0'e+0'é+o'.+2(r° + 1T v o+ y
Wi = 958, F Tgfg T 0yey 08708 T To§Y00 T TopTop’

= %5 Fij ——==(34)



For each strain rate component €45 substituting its value from

the von Mises stress-strain rate law (58), viz:

1. .
. 2€..€.. '
€., =1 1J R (35)

Substituting equation (35) for the corresponding strain rate

.tensors of equation (34), gives:

- ij 1j Gr2 4 g2 o ge2 2 2 2
i K o T % T +2(T06+T9¢+T¢o)
+ -;'EE
- 1 1
- e — (36)
K ij "1ij

Since von Mises suggested the second invariant of the stress
deviator Jz, as the criterion for the yield of the material and

therefore, at yield:

J, = (% + 02+ ¢"2) +12 4+ 2 4+ g2
2 2% ¢ p6 80 90
P — (37)
2743 1]

Substituting equation (37) in equation (36) gives:

1

. T
W= = ] 5] .2k
1
T _d /3
Wy = /3 lJ lJ

Y
y d/ 2 2 .2 .2 2 2
W, = — + + %) F2(3° + 45+ o
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Equation (38) expresses the internal power of deformation per unit

volume of material in terms of the derived strain rate components.

2.2.7.1 The Total Internal Power of Deformation

The total internal power of deformation Pd is obtained by

integrating the equation over the entire volume of the deformation

zone. Therefore,

Substituting equation (38) into the above gives:

_ d e 2, 2, -2 . 2, - 2., . 2
Pd— 7_;(/2&&04' €e+ €¢ ) +2(Y09+Y6¢+Y¢ )] dv

\
= Yd(- € 4dv ———==(39)
\
v = p%stnededede (40)
Substituting equations (23) and (40) into equation (39) gives:
2,27 pl o
P, = 2V,Y, — sin® exp(2c(®-a)) F d6 d¢ dp
d 17475
where, ° Py ° 4
- ey2 L 2 N2
F = (cos8 + csind)“ + 2 (3ccos8 + (2¢“~1) sind)
a
P 2 o1 ‘
4 = 4"V g0 1n > sin 6 exp(2¢c(6=a))F d8 = —e—e—x (41)
2

Due to the difficulty in integrating the above equation



analytically, numerical integration was used.

2:2.7.2 Calculation of Mean Yield Stress Yd

For a particular flow line, the flow stess 9(1,3) and
equivalent strain & (1,5) ©of the point (I,J) are known.
b
o] i € and then
Therefore (1,J) can be plotted against ¢ (I1,J)
integrated numerically to find the area under the curve. Thus the
mean yield stress gn(J) for that particular flow line is given

by:

ET(J) -
o] de
Ym(J) - g (1,J) (1,7

(1,7 T (42)

ET(J) - E(1,J)

where € = equivalent strain at shear surface T

T(J) 2

E(l J) = equivalent strain at shear surface Fl
? which is zero

The yield stress Y, used in equation (41) is given by:

g ETm Y (J) d £n(J)
_ - em(J
Yd = €T(J) m T

ET(I) - Ep(D)

As it 1s not feasible to represent mathematical relationships

——=—=(43)

between the flow stress and equivalent strain, therefore, equations

(42) and (43) were integrated numerically.
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2.2.8 Power Losses in Shearing at the Inlet and Outlet Shear

Surfaces

It was assumed that the shearing of material occurs on both the
inlet and exit shear surfaces causing velocity discontinuities of the
material., Such velocity discontinuities at the inlet and the exit
shear surfaces were obtained from the resultant tangential components of
velocities (along the shear surface) on one side relative to the other.

The velocity discontinuities for the shear surfaces T 1 and F2
are Avl and 2 v, respectively and their derivation is shown in the
appendix, A3.4.

The power losses in shearing at the shear surface are given by:

P = g T[Avl] ds . ————=(44)
S
where,
dS - ZTTI" dr
sinf

r = p, sin 8

= p exp(c (6~a)) sin 6

dr .
o = 0, exp(c (6=~0)) cosf + co, exp(c (6-a)) sing
dr = o exp(c (6-a)) [cos 6+ ¢ sinb]

From equations (1) and (7):

1 = P, exp(c (8-9)

sinf = cosn cos 0+ sinn sin @



Therefore,

2 p; exp(2c(6-a)) sinb(1+c tan®) d6 _____ (45)
cosn + sinn tanb

ds =

Substituting the various parameters into equation (44), the power loss

due to shearing at the inlet shear surface Pl is given by,

T Y

a
P, =§ % [sine(1+c2)]cos(n)|2w og exp(2c(6-a))sind{1+c tand} o

o cosn + sinn tanb
a

2”%2 Vlg exp(2¢(6~a))sin6 (1+c2) <

(1 + ¢ tanh) c0§n> de

cosn + sinn tanb
0

]

o
ZﬁTpg Vi ( exp(2c(6—a))sin26(l+c2) 1 + ¢ tand de
1 + tann tan8

o}

Since the von Mises yield criterion was assumed, T =
Y
Substituting equation (5) and T = 7% into P, gives:
3

Si [

o
ZWYd 2
- a2 2
P = 73 o Vlg exp(2c(®~a))sin“6 (1+c“)de ____ (46)

o}

Similarly, the power loss due to shearing at the exit shear surface is

given by:

a
Y
P, = 2n _d poz Vlg exp(2c¢(8-0))sino(l+c2)dg = mmm—e (47)

o}
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2.2.9 Power Losseé in Friction Between the

Die and Wire Interface

In practice, slipping friction occurs between the die and the
workpiece, consequently, work is done against these friction losses.

The velocity discontinuity Avf at the die-wire interface is the

velocity at the interface and is defined by equation (9) where 6 is now

equal to the die semi-angle o.

2
Po

Ave = Vil — | exp(2c(®-a)) (cos 6+ ¢ sing)
p

0 2
= Vl( 7§-> (coso + ¢ sina)

An element on the conical surface, dsf = 2mpsinoadp.

At the die-wire interface, where the wire first meets the die,

8 9 + a

n = 0
And since c = tann, therefore,

2

o
Ave = Vl — cos o ———=(48)
p
Assuming constant friction factor, the shear stress of the

material T is given by:

mY f

T = —=

/3

It is postulated that m takes values from 0 to 1, ie. zero for the

frictionless case and unity for sticking friction. The yield stress



Y. is the mean yield stress at the die-wire interface and from section
f

2.2.7.2, it is represented by Ym(l).

The power losses at the die~wire interface are defined by:

P,

1
Pf = g T ‘ Avf l dsf ----- (49)
P
2

Substituting the respective values into equation (49) gives:

p 2
bomy po
Pf = ) V1 :T cosa | 2mp sinadp
0 3
2
p

.2 o 2 1ol = .
= 7§ mYe V1 ° n 0, cosd sina ceee—— (50)

P, and o are al r
1 9 so represented by °¢1,1) @and PN + 1,1)

respectively.

Yf was eventually replaced by Y; (see section 2.2.7.2) in
equation (50). The reasons for using Y; to calculate the frictional

power are explained in Chapter Eight.
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2.3 THE COMPIIATIONS OF THE COMPUTER PROGRAMS

2.3.1 Introduction

The main computer program ’DRAW’ and two sub-programs ‘CONSTANT’
and ‘CURVE’, all written in Fortran77, were especially developed to
solve the upper bound solution stated in the preceding sections. The
necessity for the computer programs arose from:

a) the numerical solutions used in the theoretical analysis,

producing equations which cannot be solved using general

analytical methods

b) the need to determine by trial and error the numerical
value of the constant « which is used in the Tm equation.

Manual graph plotting would be time consuming

c) the need to represent mathematical relationships between

Band T , and n and T .
m m

A special program ‘CONTOUR’ was written to plot the strain, strain

rate, temperature and flow stress distributions.

2.3.2 Sub—Program ‘CONSTANT’

The sub-program ’CONSTANT’ was written to select the appropriate
value of « used in the '1‘m equation. It is basically a graph plotting
program based on the Ginograf routine available on the ICL 1904s

computers.



The following daﬁavmre fed into the program:

a) test temperatures, strain rates, flow stresses and
corresponding strains, all of which were extracted

from the stress—strain curves.

b) constant B and strain—-hardening index n which were found

from the plot of logo against loge.

For a particular value of K, the program performs two main

operations:

a) it computes the values of Tm taking into consideration

the temperature rise in the compression tests

b) it plots curves of flow stress against T, for various

values of strains.

The curves were all plotted on one graph which enabled the shape of
the curves to be easily compared.

Assuming that all work degenerates into heat and that adiabatic
conditions prevail, the temperature rise due to deformation work is

given by:

AT _0 de

il

Since the stress—strain curves were assumed to obey the power

relationship, the substitution could be made giving:



€
2
AT = Ben de
Q spd
€1

The graphs of log o against loge were generally linear in the strain
range of 0.2 to 0.4 (see Chapter Six), therefore a mid-value of 0.3 was
used as the upper integration limit. The lower integration limit was

0. The velocity-modified temperature equation thus becomes:

T

]

(T + AT) (1 -« 1n =)

€o

where T and AT are expressed in degrees absolute.

After computing T » the computer plots the curves of flow stress
against Tm for various values of strains.

The computations and graph plotting were repeated for different
values of « by using a do-loop in the computer programe. The various
graphs were studied visually, and the value of « which gave curves of

similar shape for the various strains, was chosen to be used in the Tm

equation.

2.3.3 Sub~program ‘CURVE’

After establishing the value of K to be used in the Tm equation,
a graph of B against Tm was plotted manually. The curve of B against
Tm was divided into suitable sections for curve fitting, as it is
generally inadvisable to fit a general curve through all the points -
éspecially if the curve has peaks and troughs.

The program ‘CURVE’ determines least squéres polynomial

approximations of degrees 0,1,2,..... M for the set of data points (the

minimum number of data points is M + 1. Each polynomial is



represented in the Chébyshev series form. This form of representing a
polynomial was preferred to ﬁhe power series form since it leads to
greater accuracy. Special attention was paid to the selection of data
points so that they represented the actual shape of the curve under
consideration.

The corresponding values of Tm and B were fed into the program.
For each degree of polynomial, the program printed the residual, and the
values of B and T, calculated from the polynomial. Generally, the
smaller the residual, the better is the curve fit; however this may not
always be the case, and so to ensure the selection of the curve of ‘best
fit’, the printed values of B and T, were compared with the graph of B
and Tm and the most appropriate one chosen.

The same procedure was repeated for representing the strain-
hardening index n and Tm by polynomials.
The mathematical relationships between B and Tm, and n and Tm’

were fed into the main computer program ’DRAW’.

2.3.4 The Computer Program ‘DRAW’

2.3.4.1 The Co—-ordinate System Employed in the Computer Program

+ A co-ordinate system, referred in terms of a two-dimensional
array, was employed in the program. This two-dimensional array
system was defined on the basis of the number of intersection
points between the circular band and radial lines shown in figure

2.4 of section 2.2.6.
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2.3.4.2 The Coﬁputer Program layout

A detailed flow chart of the computer program is shown in
figure 2.5. The program was written to solve the upper bound
solution for the draw stresses, and also to predict the temperature
and flow stress distributions in the deformation zone.

The deformation zone was divided into twenty arc divisions (Np
= 20) and twenty angular divisions (Ng = 20). The program
computes the upper bound solutions for a given area of reduction,
draw speed, constant friction factor, wire diameter and a range of
draw temperatures. For a given draw condition, the various powers
mentioned in the preceding sections, the temperature and flow
stress distributions and the draw stress, were computed for a
particular value of c. The value of ¢ was varied using a do-loop
in the computer program. The range of ¢ used was from =0.2 to 0.2
in steps of 0.02. The minimum draw stress was established by
comparing the draw stress developed for each value of c.

A modified printout of a set of the results (ie. without the

temperature and flow stress distributions) is shown in figure 2.6.

2.3.5 The Computer Program ’CONTOUR’

The computer program ‘CONTOUR’ was also written in Fortran77 and

uses the Ginosurf routines which are available on the ICL computers.

The Ginosurf routine provides facilities for producing contour maps.

The program was used to plot the strain, strain rate, temperature and

flow stress distributions in the deformation zone.



Three variables were fed into the computer: the X-Y co-ordinate
points and the corresponding values of Z, the contour of which is
plotted. From the data given, an interpolation of the Z values is
carried out by standard routines available in the computer. The
contour map is produced from the interpolated values according to the
contour levels specified.

The main disadvantage of the Ginosurf routine is its inability to
smooth the interpolated points before drawing the contour, thus

producing irregular curves.



Figure 2.5: The flow chart of the computer program 'DRAW'
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Figure 2.6: The modified computer results

MEAN STRAIN-RATE BY ATKINS FORMULA 9.69753Q
MATERIAL:MEDIUM CAaRBON STEEL

DRAWING TEMPERATURE 1IN DEGREZES CENTRIGRADE 1CC.00C0
AREA OF REDUCTION 35.00000 PERCENT

DIE SEMI-ANGLE IN DEGREES 9.00000¢

ORIGINAL RADIUS OF WIRE IN INS, 1.120000E=-C1

FINAL RADIUS OF WIRE IN INS 9.513464E~C2

SPEED OF DRAWING IN FT. PER MIN ¢0.0G600C

CONSTANT FRICTION FACTOR M 1.0060C0E-01

EXPONENTIAL CONSTANT ¢ 1.600000e-01

POWER OF DEFORMATION PD IN FT LB PER SEC. 34C.0018
POWER OF FRICTION IN FT L8 PER SEC 122.7543

POWER OF SHEARING AT INLET IN FT LB PER SEC 48 .305554
POWER OF SHEARING AT GUTLET IN FT LB PER SEC 48 .05554
TOTAL POWER OF DRAWING FT LB PER SEC 558 8672

MEAN YIELD STRESS CYD IN TONF PER SG. IN 36.84350

MEAN YIELD STRESS AT INLET IM TONF PER SQ .IN 36 .8435(0
MEAN YIELD STRESS AT OUTLET TONF PER SQ. IN 26 .84350
MEAN YIELD STRESS AT CONICAL SURFACE TONF PER SQ.IN 37.78305
MINIMUM DRAW STRESS IN TONF PER S&. IN 26 .32425

MATERIAL:MEDIUM CARBON STEEL

DRAWING TEMPERATURE IN DEGREES CENTRIGRADE 200.00¢0
AREA OF REDUCTION 35.0G000 PERCENT

DIE SEMI-ANGLE IN DEGREES 9.G0006G0

ORIGINAL RADIUS OF WIRE IN INS. 1.180000e-01

FINAL RADIUS OF WIRE IN INS 9 .513464E~02

SPEED OF DRAWING IN FT. PER MIN 20.00000 *J
CONSTANT FRICTION FACTOR # 1.000000E=-01

EXPONENTIAL CONSTANT ¢ 2.000000E-01

POWER OF DEFORMATION PD IN FT LB PERZ SEC. 341.0745
POWER OF FRICTION IN FT L2 PER SEC 123.7311

POWER OF SHEARING AT INLET IN FT LB PER SE¢ 48 .96502
POWER OF SHEARING AT OUTLET IN FT LB PER SEC 48 .565072
TOTAL POWER OF DRAWING FT LB PER SEC 562.7356

MEAN YIELD STRESS CYD IN TONF PER SG. IN 27.13668

MEAN YIELD STRESS AT INLET IN TONF PER 3G .IN 27.13668
MEAN YIELD STRESS AT OUTLET TGNF PER SG. Iu 37.13668
MEAN YIELD STRESS AT CONICAL SURFACE TONF PER SQ.IN 36 .35354
MINIMUM DRAW STRESS IN TONF PSR SG. IN 26 .50646



CHAPTER THREE

EXPER IMENTAL EQUIPMENT AND DRAW PROCESS MATERIALS
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LS
ITI. EXPERIMENTAL EQUIPMENT AND DRAW PROCESS MATERIA

3.1 EXPERIMENTAL EQUIPMENT

3.1.1 The Bull Block

The drawing machine used was a horizontal bull block which was used

by Winsper(73)-and Dawson(74) for ultrasonic drawing. It consisted

of a fabricated steel frame on which was mounted an 18 in diameter drum

having an 18 in long working surface. The drum, which was carried on a
carboéﬁf;haft, was mounted horizontally and supported in heavy duty
roller bearings and driven through a totally enclosed wormgear. The
base of the frame formed a reservoir for the lubrication of the gears.
The bull-block was provided with a traversing table which was mounted on

guldes and was driven by a lead screw to give 0.75 in traverse per

revolution of the drum.
The drum shaft was driven through a variable speed Carter gear and
a four speed gear box by a 15 hp squirrel cage induction motor. The

bull-block wasg designed for drawing Speeds of 120, 240, 360 and 480 ft

min~! which are selected by means of the gear box. The drum speed ig

infinitely variable from 1.3 f¢t min-—1 up to 480 ft mipn-l, The

bull-block operates at constant horsepower and therefore with increasineg
(=]

draw speed the die pull available decreases pProportionally.

3.1.2 Induction Heater
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continuous output with an intermittent maximum output of 25 kW. For
control of the power during the heating cycle, an on-load current
control has been fitted; this control allows adjustment of the power
through a ratio of approximately 10:1.

There are various other methods of heating the wires for elevated
temperature drawing and these have been discussed by Ioh and Sansome

(3. The reasons for choosing induction heating and this particular

heater were:
(a) an induction heater was available
(b) it does not occupy é large area like the lead bath
(c) it does not emit noxious and toxic fumes as does a lead bath

(d) the risk of overheating with induction heating is less than
with resistance heating, which also has a tendency to damage

the surface of the wire.



3.2

3.2.1
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DRAW PROCESS MATERIALS

Drawing Dies

3.2.1.1 Chromium Carbide Dies

Chromium carbide dies were recommended by an established die
manufacturer for this particular research. This was preferred to
tungsten carbide as it is supposed to maintain its strength up to
about 800°cC.

In the preliminary trials, the dies were used to draw mild
steel wires. The lubricants used were hot rolling oil RH12 and
Dag 2961. Different methods of spraying the o0il onto the wire
were investigated but pick-up on the dies was a frequent
occurrence. The dies were polished to remove any welded metals.
Crack lines were observed on the die cone; this was due to. the

thermal stresses created when - the heated wire was in contact with

the die.

3.2.1.2 Die Design

To reduce the number of parameters to be

research,

made. Ten dies were designed for a4 wire diameter of 6 mm with

areas of reduction between 15 ¢to 60 per cent, in increment £ 5
s o

per cent. The studies of Wistreich(75) showed that the opti
mum

die angle varies with the area of reductio

n. Since the range of

area of reducti
lon used wag rather wide and in order to d
reduce the
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number of parameters to be studied in this research, a die semi-
angle of 9° was used. This value was selected as, according to
the findings of Wistreich, it is the optimum die semi-angle for a
45 per cent area of reduction and this is approximately the mid-
range value of the ten dies. The die relief angle was 15°,

As the intersection point of the conical section and the
radius arc might not blend smoothly, the die profile was designed
such that the wire would not meet the die at that intersection
point. This was achieved by making the diameter at the
intersection point to be 8 mm which is greater than the diameter of
the undrawn wire. A small land having a length of 0.2 times the
diameter of the drawn wire was made to maintain dimensional
stability. The die design is shown in figure 3.1.

Before the dies were used, plastic replicas of the profiles
were made to ascertain the shape of the die. As the die diameter
is rather small and with tapers at both ends, it is very difficult
to make an impression of the whole profile. Consequently, plastic
replicas extending from the conical section to the land were made.
Before the replicas were made, the dies were thoroughly cleaned and

degreased by Inhibisol. The exit end of the die was sealed with

plasticine. Releasing agent was smeared on the die with a fine
brush. Viscous liquid plastic was prepared to the proportion of
one volume of powder to one volume of the liquid. The mixture was

stirred for a few seconds and then poured immediately but steadily
into the die, thus avoiding pipe holes. The plastic was allowed
to set for about an hour. When the replicas had set, they were
ejected from the dies. The die profile was measured on a Nikon

profile projector having ten times magnification.
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Four of the dies had to be polished due to severe‘Pick—up_on

the die during the preliminary trials. Thus, new plastic replicas

were made for the four dies and the diameters of the cold drawn

corresponding area of

measured to establish the

wires were

reduction. The die semi-angle was again checked on the Nikon

profile projector and it was noticed that the die profile had
altered, probably due to the polishing given by this inexperienced

author. An example of one of the profiles is shown in figure 3.2.

The conical section essentially consists of two parts: AB and BC.

The angle made by BC with the draw axis has not changed

significantly, whereas that of AB has. For each plastic replica,
four measurements of the die semi-angle were taken along AD and EF
where DF is the diameter of the undrawn wire. This method of
measurement provides a better representative value of the die semi-
angle. The measured values are shown in table 3.1.

The polished dies were used to draw mild steel wires only.

Die No. 2 3 4 5
Average
die semi-angle 4.33° 4.13° 7.52° 6.33°

Diameter of

reduction (%)

cold drawn 0.2260 0.2170 0.2074 0.2016
wire (in)
Area of 15.0 18.0 22.84 27 .0

TABIE 3.1

Measurements of the chromium carbide die

profiles after polishing
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3.2.1.3 “Syalon’ Dies

Since chromium carbide dies were not suitable for drawing mild

steel wires at elevated temperatures, and in view of the fact that

more difficult to cold-draw metals were to be drawn, ceramic die

materials were investigated and it emerged that the then new
material ‘Syalon’ had properties which made it suitable for the
projected draw trials. The manufacturer of ‘Syalon’ was
approached - not a die manufacturer - and with his assistance the
dies were made in collaboration.

"Syalon’ is a member of the ceramic family and essentially
consists of aluminium nitride, alumina and silicon nitride. Other
elements can be added to make “Syalon’ display different

properties.

This material was chosen because:

(a) it remains stable at elevated temperatures and does not

weld readily to ferrous alloys

(b) it has high resistance to thermal shock. This is
particularly important as water is sprayed onto the

wire to increase its strength at the exit from the die.

(c) it is easier to fabricate than other ceramics, thus

reducing the cost of the die

The die design and the method of establishing the die profile

were similar to that used in chromium carbide diesg



For both the die materials, the wires were cold drawn through

i of
the dies and the wire diameters were measured. The areas

reduction were calculated from these preliminary tests. For the
‘Syalon’ dies, the semi-angles and the measured diameters did not
vary significantly from the specificétions, thus, computations of
the draw stresses were based on a die semi-angle of 9° and areas
of reduction as specified in the drawing. This also applies to

the two additional chromium carbide dies, 40 and 457 areas of

reduction, used in the experiments.

3.2.2 Test Materials

Unlike well-established cold-drawing practices, elevated
temperature wire drawing posed a number of problems; the art of drawing
wire in the laboratory has to be established. Thus, easily cold drawn
wires were the first test materials to be drawn at elevated
temperatures. When the drawing procedures were routine for the mild
steel, step-by-step the more difficult to deform alloys were drawn.

The test materials used in the research programme are listed below

in the order in which they were investigated:

3.2.2.1 Mild Steel EN2B

The preliminary trials were carried out with mild steel EN2B
as it can be deformed easily; it has a relatively 1low work
hardening rate, is readily available and is not unduly expensive

Wire of 6 mm diameter was chosen as this 1is commonly available



3.2.2.2 Medium Carbon Steel EN8D

This alloy was selected as one of intermediate difficulty for

drawing between mild steel and M2 ‘high speed” steel. Also, among

the range of medium carbon steel available, the EN8D type was

readily available in 6 mm diameter, thus costing less to purchase.

3.2.2.3 M2 ’‘High Speed’ Steel

M2 ‘high speed” steel is an expensive material used
increasingly as a tool material and for hack-saw blades. The cold
drawing of the alloy does provide problems because the wire rapidly
work—hardens when cold drawn. Pick-up on the die is often severe
with high speed steel and therefore it is common practice to avoid
high reductions of area per pass. This material was drawn at the
request of a company whose traditional method of drawing was
becoming increasingly expensive and would be more so with an
increasing demand for this product. Wires of 5.5 mm diameter were

supplied by the company.

In order to try to maintain uniform mechanical properties and
surface finish, each type of wire was requested to be supplied from the

same cast. The wires were supplied in the annealed condition, cleaned

and limed.

The chemical compositions of the materials are shown in table 3.2
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3.2.3 Lubricants

Before the drawing process can be carried out, a lubricant must be
specified which will perform efficiently at the draw temperature.
Since most lubricants have been formulated for cold drawing, their
constituents often decompose when used at elevated temperatures. A
suitable high temperature lubricant must prevent pick-up, excessive die
‘'wear and reduce the draw force.

The problems incurred as a result of poor lubrication cannot be

overlooked, thuse advice and suggestions were sought from various

lubricant manufacturers and the following lubricants were used:

3.2.3.1 Hot Rolling 0il RHI12

This lubricant was recommended by the manufacturer as it is
supposed to be capable of maintaining its lubricating properties up
to 1300°c. It is essentially an ester blend with minor
additions of lubricity and rust preventive additives. Initial
trials on mild steel gave undesirable fumes and signs of breakdown
were observed at about 350°c. The fumes emitted would be

unacceptable in industrial practice.

3.2.3.2 Dag 2961

It is essentially a water-based lubricant, comprising graphite

and molybdenum disulphide. This lubricant was chosen because:

a) The lubricant could be used at ambient temperatures up to

(o) .
about 700 °C, which covered the desired range in thisg
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research

b) The draw process and the lubricant developed by the
lubricant manufacturer, eliminated the necessity to pre-

coat the wire. The wire travels through the lubricator,

into the induction heater and the die. As it 1is a
water-based lubricant, the water evaporates when it is

heated thus causing the graphite to adhere well to the

wire, resulting in good lubrication.

All the tests on mild steel, medium carbon steel and M2 “high

speed’ steel were carried out with Dag 2961.

3.2.3.3  Dag 2543

Dag 2543 is a Water—based semi-colloidal graphite of higher
purity than Dag 2961. It is suitable for temperatures from
400°c - 1,000°c.

This 1lubricant was tried on mild steel wires only, at
temperatures above 400°C. The main purpose was to compare the
effects of using different lubricants.

Although the wuse of this lubricant produces a lower draw
stress than Dag 2961 for the same drawing conditions, its
disadvantage is that it could only be used for drawing at 400°c
onwards, whereas Dag 2961 could cover the desired range of 20°C

t (o] . .
0 about 700°C, and it is essential to be able to draw the first

two or ' ' i i
three feet cold, ie. until the temperature has been raised
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DESIGN AND MANUFACTURE OF

NON-MEASURING EQUIPMENT




IV. DESIGN AND MANUFACTURE OF NON-MEASURING EQUIPMENT

4.1 INTRODUCT ION

The design, manufacture, assembly, installation and commissioning

of the following items were undertaken during the preparatory period.

(a) cooling systems for the wire, die and induction

heating coils

(b) lubrication system

(¢) heating system

(d) instrumentation for the measurements of:

draw load, torque, speed and temperature

Items (a) = (c) are discussed in this chapter and item (d) will be

discussed in the next chapter.

At this stage in the narrative it is felt pertinent to include a
brief description of the drawing operation as this will assist in a
better understanding of the equipment described in this chapter.

The set—-up of the equipment wused in the laboratory is shown
diagrammatically in figure 4.1.

A set of five offset rollers was used to straighten and align the
wire before entry to the lubricating system and the die. By this means

a uniform coating of lubricant was obtained and the wire is kept within
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the focus of the temperature measuring equipment - ie. the infra-red

thermal monitor which used optical fibre.

The wire was straightened, immersed in lubricant, heated by the

The die
(76)

high frequency induction heater and drawn through the die.
casing was directly cooled with water, as suggested by both Fﬁchs
and by companies employing such techniques. It is the author’s
experience that the cooling of the drawn wire is essential, particularly
‘when drawing at higher temperatures and areas of reduction - when the
strength of the drawn wire drops and rupture occurs. This view 1is
supported by Schroder(77), who found that in the temperature range
600-800°C rupture and local necking in the titanium alloy often
occurred Thus, the wire emerging from the die was cooled immediately
by two sprays consisting of a mixture of water atomised by compressed
air at 40 1bf in-z. This fine high pressure spray quenches the drawn
wire increasing its strength and rendering it easier to handle. The
die was also cooled thus maintaining the shrinkage stresses.

As a horizontal bull-block with a traversing table was used, it was
essential for all the equipment for straighteniég, lubrication,
induction heating, drawing and cooling, to move traversely in step with
the wire accumulating on the drum. This was achieved by mounting all
the necessary parts on a thick base plate (see appendix A7) which was
driven by the traverse plate and its screw. Thus the whole system

moves as one unit.

4.2 NON~MEASUR ING EQUIPMENT

The description of the non-measuring equipment used can be broadly

divided into three categories, namely:




(a) 1lubricator

(b) induction heating assembly

(¢) die-holder assembly

The mechanical drawings of the various units will be found in the

appendix and are filed according to the order in which they are

mentioned.

4.,2.1 Lubricator Assembly

Prior to entering the induction heater, the wire passed through a
lubricator containing a well blended mixture of water and the
appropriate lubricant. The lubricator assembly is shown in figure 4.2.

The lubricator container was made from brass plate- and a brass
tube. Brass was chosen because: it is relatively soft and easy to work
on, it does not rust nor react with the lubricant. On the entry'énd of
the lubricator was a piece of sponge which prevented the lubricant from
overflowing. The sponge was prevented from slipping out of the
lubricator by a brass cover; thus was held tightly over the end of the
lubricator by a grub screw.

A ’“snugger’ was placed at the outgoing end of the lubricator tube.
It had tapered ends and a parallel portion, the diameter of which is
slightly larger than the diameter of the undrawn wire. This prevented
both excessive overflow of the lubricant and excessive lubricant being
carried with the wire. The “snugger’ was made from nylon material as
this can be easily machined, is non-reactive to water or the lubricant,
and being very soft it would not cause any damage to the wire surface.

The “snugger’ was held in the nylon cap by an ‘0’ ring of 1/8 in cross-




L1quosse 103eo11qN7

97

7% dand1y
dV] NOTAN ONIY .0,
buimbig o uot}2341Qg
J9NOdS
A\

| IWJJAM;

| 43A0)
d3D0NNS

M3YIS  anyo

INYITHanNT

4olviIdgni




sectional diameter.
The ’‘snugger’ and the nylon cap were held tightly against the end

of the 1lubricator by a bigger “0° ring of 3/8 in cross—sectional

diameter. This ‘0’ ring eased the mounting and dismounting of the

nylon cap and also prevented the possibility of lubricant overflow.

The ‘“snugger’ was easily machined and assembled to suit different

wire diameters.

4.2.2 Induction heating assembly

It has been pointed out that a horizontal bull-block was used, thus
the induction coil had to follow the movement of the traversing table on

the bull-block. This was achieved by:

(a) supporting the coil on the base plate
(b) 1including a flexible extension connecting the induction heater

and induction coil.

The flexible extension, which had to be made specifically for the
purpose, enables the coil to follow the movement of the traversing table
and at the same time provides the inductive effects from the induction
heater; also it allows the coil cooling water to flow from the heater,
through the coil, and back into the heater.

The compomnents in this assembly can be sub-divided into three
parts:

(a) flexible extension

(b) induction coil

(c) support for the induction coil and ceramic tube




4.,2.2.1 Flexible Extension

The assembly of the flexible extension is shown in the
appendix, A7. Four holes of 3/16 in diameter were drilled on the
smaller diameter copper tube. Slits from the holes down to the

end of the smaller tube were made to allow for a better flow of

water. The ends of the braided copper wires were silver soldered
to the copper tube. Silver solder was used because of its
strength.

A special type of tube used in brewing and which will be
called a brewer’s tube in this thesis, was placed over the length -
of the braided wires and part of the copper tube. The
distinguishing feature of the bfewer's tube is that it does not
contain carbon which is conductive; thus it provides adequate

insulation.

4.2.202 Induction Coil

The wires were drawn cold and in the temperature range of
100°c - 700°C 1in steps of about 100°c. As the drawing
temperature range was rather wide, and the wire would be drawn at
various areas of reduction at 20 ft min-l, no single induction
coil could be used for the whole experimental range. Thus, five
copper coils were constructed from annealed copper tube of 1/4 in
outer diameter. The design of an induction coil is shown in

figure 4.3 and the dimensions of the coils are:
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Coil internal diameter (d) Number of coil Coil lgngth (L)

in turns (N) in

2 1.50
1.6 4 1.22

8 2.80
1.25 12 4,25
0.7 16 5.87

It should be emphasized that optimisation of the input power
to the induction heater is not the primary concern in this
research, but rather achieving the desired draw temperature at a
speed of 20 ft min~!.

The coils were made by winding the copper tube round a mandrel
held in a large lathe. Even though the coils were water cooled,
and hence constrained to a low temperature, the outer suface might
be exposed to a much higher temperature; so high conductivity
copper was used. ‘The gaps between two successive turns are each
about 3/16 in which provided adequate insulation between the turns.

A ceramic tube was placed in the induction coil to prevent the
wire from touching the coil and to avoid causing shorts between
adjacent turns in the coil and the undrawn wire.

By an appropriate combination of induction coil design and

input power to the induction heater, the desired temperature could
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be obtained in the wire as it passed through the heater at a speed

of 20 ft min~l.

4.2.2.3 Support for the Induction Coil and the Ceramic Tube

The induction coil must be mechanically rigid and held firmly
in place as there are substantial electromagnetic forces on the
coil.

Holes of 3/16 in diameter were drilled at appropriate
positions in a piece of Tufnol. The hole positions were degigned
to accommodate the free ends of the various induction coils. The
Tufnol was divided into two halves through the horizontal centre
line, thus producing two parts termed the upper and lower coil
clamps. The bottom coil clamp was bolted to the coil support,
which is also of a Tufnol material, with its cut surface uppermost.
The coil support was held in position by screwing it onto an
aluminium plate to allow for axial ad justment.

The induction coil was held in position by allowing its two
free ends to sit in the appropriate holes, and by tightening the
top and bottom coil clamps with brass nuts.

The ceramic tube was held rigidly by a ceramic holder which
has a small slit along the upper part of its axis. This enables
its grip on the ceramic tube to be tightened by means of a brass
nut. A longitudinal slot was made on the ceramic holder to allow
vertical adjustment for the alignmept of the ceramic tube and the

induction coil. Figure 4.4 shows the ceramic support assembly.
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4,2.3 Die~holder Assembly

The die~holder assembly is shown in figure 4.5 and consists of

five components, namely:

(a) die-holder

(b) die-holder cover

(c) die support

(d) cylindrical Sindanyo

(e) 1load cell

To support the die on the loadcell, a die-holder was manufactured.
It was designed so that it could be mounted on an angle block by 8
SCrews. The die-holder was made from a solid bar and it has inlet and
outlet holes to water-cool the die.

The die was held against the die support by 3 pins, located over a
180° angle. The die support has an ‘0’ ring round its circumference
to prevent the cooling water from penetrating into the load cell. A
cylindrical tube was welded onto one face of the die support to drain
away the water for cooling the wire at exit. Silicone grease was
smeared over the surface of the ‘0’ ring and the inner surface of the
die=holder to reduce friction between the die-holder and the ‘0’ ring.
This frictional effect was further reduced by: ensuring that the inside
of the die-holder was machined with a good surface finish, and allowing
a small clearance between the die-holder and the ‘0’ ring.

The die-holder cover was screwed up to the die-holder by three
screws which retain the die in position. The die-~holder cover has two

‘0" rings to prevent leakage of water during the tests.
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The die~holder,vdie—holder cover and die support were all cadmium
plated to prevent rusting.

The load cell was placed next to the angle block followed by a 1/2
in thick Sindanyo disc to insulate the die thermally from the load cell.

A reservoir supplied through a rubber tube, the die-cooling water

and the water for cooling the drawn wire.




CHAPTER FIVE

DESIGN, INSTRUMENTATION AND

CALIBRATION OF MEASURING EQUIPMENT




- 107 -

v DESIGN, INSTRUMENTATION AND

CALIBRATION OF MEASURING EQUIPMENT

5.1 INTRODUCTION

The experimental investigations of the drawing of wires at elevated
temperatures involved the measurement of the following process

‘parameters:

a) draw force
b) draw speed

c) draw temperature

Initially it was also planned to measure the torque but this was
discarded due to friction in the bearings.

In all the electrical circuitry, any cross—coupling effects such as
noise pick-up were minimised using continuously screened cables.
Capacitors were also used to suppress ‘electronic noise’. Fixed
resistors of high values were used to»prevent possible damage to the
galvanometer.

All the calibrations were carried out with the incorporated damping
circuits. Before calibration, the equipment was switched on for about
an hour to achieve stability and any necessary zero ad justment of the

Wheatstone bridge circuit was made.
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5.2 THE LOADCELL

5.2.1 Design of the Ioadcell

The axially compact ring loadcell designed by Basily and Sansome
(78) works on the principle of measuring the axial thrust from bending
strains.

The ring loadcell used in this research was designed for a maximum
axial load of 2 tonf. The ring loadcell consists of a continuous ring
of rectangular cross-section. On one side were four integral sectoral
supports equally spaced, and on the other side a similar number of equi-
spaced supports placed in positions equal to half the pitch.
Consequently, the ring was formed from a continuous series of
circumferentially shaped beams which strain in bending and torsion.
When a compressive force is applied to the loadcell the active strain
gauges, which were bonded to the ring on the face opposite to the
sectoral supports, responded to a tensile bending strain. The
positioning of the sectoral supports and strain gauges are shown in
figure 5.1. Each of the strain gauges used had a resistance of 120
ohms and all were from the same batch. The inactive gauges were bonded
to the inner and outer peripheral surfaces in the circumferential
direction in line with the neutral surface. This arrangement was
adopted to compensate for temperature variations around the ring and any
distortion other than that caused by axial thrust. The stress and
strain distribution and the stiffness of this type of loadcell is
discussed elsewhere in detail by Basily and Sansome.

As the drawn wire was cooled with water, the ring loadcell was

specially made to prevent the ingress of water which might cause
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Figure 5.1

Alignment of the strain gauges and the circuit
diagram of the load cell
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possible damage to the strain gauges.

5.2.2 Instrumentation of the Ioadcell

The ~ircuit diagram of the loadcell is shown in figure 5.1.

An amplifier SGT304 was used to amplify the output of the loadcell
and to supply a voltage to the Wheatstone bridge. This voltage was
kept constant at 5 volts. Although a continuously screened cable was
used, the signal from the loadcell suffered from ‘pick-up’ noise. This
noise was suppressed by: connecting a 0.75 ohm choke in series with the

amplifer output and a capacitor across the galvanometer, together with

the use of a stiffer galvanometer.

5.2.3 Calibrating the Ioadcell

The loadcell was calibrated by compression between two platens in a
certificated 50 tonf Denison compression machine. The Denison machine
had been re-calibrated by the appropriate personnel a few months prior
to this loadcell calibration. Thus, the accuracy and reliability of
the machine were ensured.

As a variety of metals would be drawn at different areas of
reduction and temperatures, the loadcell was calibrated with five
different load ranges: 0-0.4 tonf, 0-0.6 tonf, 0-0.8 tonf, 0-1.25 tonf
and 0-2.0 tonf. The calibration graphs are shown in figures 5.2 - 5.6.

The loadcell was recalibrated but no detectable variation was found.
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Load range: O - 0.4 tonf
Bridge supply: 5 volt
Amplifier span: 2.8
036k Galvanometer: MB 1400
032
0.28 9
0.24 //o
020 o
016 d/
0.12 7°
008 ///
0.04 ///
0 2 4 S) 3 10
Galvanometer Deflection (cm)
Figure 5.2: Calibration graph of the load cell for

the load range 0 - 0.4 tonf
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042 /
0.36
030 ////v
0.24
018 y
012 |— /
0.06 “///
0 2 4 6 8 10

Galvanometer Deflection {(cmj)

Figure 5.3: Calibration graph of the load cell for
the load range 0O - 0.6 tonf
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080}

Load range: O - 0.8 tonf]

Bridge supply: 5 volt

| Amplifier span: 1.1
0.72 Galvanometer: MB 1400 /9
0.64
0.56
048 7
040
032
024 "
060 //7
0.08 /
0 2 4 6 8 10 12 %
Galvanometer Deflection (cm)

Figure

5.4 Calibratiqn graph of the load cell for the
load range O - 0.8 tonf
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100 J
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0.75
0625
050 ya
Q325
/\J
0.25 /0
0125 /
0 2 4 6 8 10 12 /A
Galvanometer Deflection (cm}
Figure 5.5: Calibration graph of the load cell for the

load range O - 1.25 tonf
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18

Load range: O - 2.0 tonf
Bridge supply: 5 volt
Amplifier span: 0.2

Galvanometer: MB 1400 ////

14

1.2

Load (tonf)

1.0

08

06

0.4

0.2

Figure 5.6:

2 b 6 8 10

Galvanometer Deflection (cm)

Calibration graph of the load cell for the
load range 0 - 2.0 tonf
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5.3 THE TORQUEMETER

5.3.1 Design of the Torquemeter

The torquemeter, originally installed by Winsper(73) and wused

subsequently by Ihwson(74), was found to be faulty. Consequently, a

new set of gauges was bonded on the drum shaft and re-calibrated.

The torquementer details are shown in figure 5.7 Four torque
foil gauges, each of 50 ohm, were bonded to the shaft of the bull-block
drum. This particular arrangement of the strain gauges results in
automatic temperature compensation for all gauges and the elimination of
the effects of all strains other than torsional strains.

The procedure for bonding the gauges was as follows:

a) The back of the gauges were roughened with fine emery paper
and then degreased by Inhibisol.

b) The shaft was also degreased and roughened with emery paper
and the surface chemically cleaned by Inhibisol.

c) The positions of the gauges on the shaft were marked and
coated with cyanoacrylate adhesive. The gauges were bonded.

d) After bonding, each gauge was checked for continuity and
insulation resistance to earth.

e) The gauges were sealed against moisture by lacquer and tape

and again tested for coninuity and insulation resistance.

5.3.2 Instrumentation of the Torquemeter

The loads from the torquemeter bridge were connected to a slip ring
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8 7
Figure 5.7: Alignment of the strain gauges and the

circuit diagram of the torquemeter
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which was mounted at the drive end of the shaft.

As the output from the torquemeter was Very small an amplifier was

used. A capacitor of 2500 nF was connected in series with the ultra-

/’ -
violet recorder connections so as to reduce the level of ‘electronic

noise’. The bridge supply was 4 volt.

5.3.3 Static Calibration of the Torquemeter

The torquemeter was calibrated by loading dead weights on a torque
arm which was fixed to the drum shaft. The torque arm had a radius of
2 ft and was mounted at the free end of the shaft. The whole set—up is
shown in figure 5.8. To prevent rotation of the drum during loading,
the shaft drive pinion was locked 1in position with the torque arm
horizontal.

The loads were applied in increments of 90 1bf, up to a maximum of
720 1bf. The loads were decreased to zero in a similar manner. For
each load increment a record was taken of the galvanometer deflection.

Initial calibration curves revealed an unacceptably high hysterisis
loop, considered to be due to friction in the drum. This was also

(74) ,

found by Dawson In an effort to overcome this, an extra 1load
was applied manually after each load change, and then removed gradually.
Thus the torquemeter always approached the load from the same direction.
This technique reduced the hysterisis in the calibration curve. The
mean values were taken and the calibration curve for the torquemeter is
shown in figure 5.9.

At that time it was still planned to employ the torquemeter, since

it was hoped that the magnitude of the friction drag on the drum under

test conditions would be reduced to an acceptable level. The
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torquemeter readings obtained in the preliminary tests showed wide

fluctuations of ‘peaks and troughs’, attributed to the friction in the

drum bearings. Consequently, its use was discontinued as the readings

would have been unreliable. Dawson found that the friction forces in

the drum bearings rendered the measurements inaccurate and also stopped

using it.
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| Bridge supply: 4 volt
Amplifier gain: 2000
Galvanometer: A-1000

2 4 6 8 10

Galvanometer Deflection (cm)

Figure 5.9: Calibration graph of the torquemeter
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5.4 THE TACHOMETER

As mentioned earlier, the bull-block was driven by a 15 h.p.

induction motor. This motor was connected to a Carter oil gear through
a belt drive. The oil gear was coupled directly to a 4 speed gear box
which was in turn coupled to the drum shaft by a worm and pinion gear.
The speed of the worm shaft was determined by a tachometer which gives
20.8 volt per 1000 rev min—l. Since the speed ratio of the worm
shaft to the pinion is known, the speed of the pinion and subsequently
the drum speed could be calculated.

A circular disc (see figure 5.10) was tightened to the end face of
the worm shaft by three screws. The tachometer was held and supported
in a vertical position by an IL-plate, as shown in figure 5.11. The
rotary motion of the circular disc was transmitted to the tachometer by
a plastic tube. The ends of the tube were shrunk onto the shaft of the

tachometer and the smaller end of the circular disc. These shrink fits

prevented slipping between the parts in contact.

5.4.1 Instrumentation of the Tachometer

' The voltage output from the tachometer was sufficiently high to be
passed directly to the galvanometer, eliminating the wuse of an
amplifier. The circuit diagram of the tachometer is shown in figure
5.12. Any damage to the galvanometer was avoided by connecting a fixed
resistor of a high resistance value of 68K ohm in series with the
galvanometer. The variable resistor of 100K ohm allows the
galvanometer deflection to be adjusted.

A capacitor of 500 uF was connected across the tachometer to reduce
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68 K ohm 100 K ohm
ANV NNV
l iy
TACHOMETER @ =F 00wk 5000uF L d@)

Figure 5.12: Circuit diagram of the tachometer
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the noise made by its brushes. The ‘electronic noise’ affecting the
galvanometer was suppresed by connecting a 5000 uF capacitor across it.
The output voltage of the tachometer was displayed on a digital

voltmeter. This visual readout assisted in easing the adjustment of

the draw speed.

5.4.2 Calibrating the Tachometer

As the tachometer had been used for other work before being used
for this research, the accuracy of the tachometer was checked. This
was carried out with a fixed field d.c. shunt motor which rotates at
uniform speed. The shafts of the tachometer and the shunt motor were
aligned axially and connected by a plastic tube, in the same manner as
described earlier. The set-up was allowed to run for 3 minutes to
attain stable conditions. The time taken to complete 50 revolutions was
recorded by a stopwatch. The corresponding output voltage was noted
from the digital voltmeter. The procedure was repeated 5 times; good
accuracy and repeatability were found.

Before the calibration of the draw speed was carried out, the old
oil in the Carter gear was replaced by a new supply. The bull-block
was run under no-load conditions for about half an hour to stabilise the
speed. The drum revolved in the same direction as that used in the
drawing process. The calibration was carried out in increments of 0.5
volt. For each increment a record was taken of the galvanometer
deflection. The same procedure was repeated for decrements of 0.5
volt.The calibration graph is shown in figure 5.13.

The tachometer was recalibrated at an appropriate time during the

experimental work but no detectable variation was found.
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5.5 THE INFRA-RED THERMAL MONITOR

5.5.1 Introduction

The temperature of the wire before entering the drawing die was
measured by the Vanzetti infra-red thermal monitor. It is a non-—
contact temperature measuring system making use of a flexible optical
.fibre bundle to receive the radiation from the target. The system
permits the observation of targets in remote or inaccessible places.
The basic system consists of an optical detector head assembly with an
optical fibre bundle connected by a cable, and an electronic chassis
with a digital display. A light source and a calibration source were
also available and their use will be mentioned later in the section.

As the temperature range measured (100°c - 700°C) was rather
wide, two sets of optical fibre bundles - for convenience termed: ‘low’
and ‘high’ optical fibres - were used to give increased accuracy. The
ranges covered were 80°cC - 350°cC and 300°cC - 1000°¢
respectively. The optical fibre bundle detects the amount of radiation
from a “spot’ of fixed dimension focussed within the wire. For the low
optical fibre the diameter of the spot size is 0.125 in. A rectangular

spot size of 0.055 in by 0.165 in was used for the high optical fibre.

5¢5.2 Instrumentation of the Thermal Monitor

The temperature was indicated in digital form on the electronic
chassis, remote from the drawing area. This temperature corresponds to
a linear output voltage of one mV per degree Centigrade. The output

was fed into an ultra-violet recorder. To increase the accuracy of the



galvanometer deflection for the lower temperature range, a two
temperature contact switch was used, namely the ‘low’ and ‘high’
contact. The circuit diagram is shown in figure 5.l4. The values of
the fixed resistors used were rather high so as to prevent damage to the
galvanometer due to excess current flowing through it.

Throughout the calibration and the experimental work, consistency
was maintained by using the “low’ and ‘high’ contacts for the “low’ and
-“high’ optical fibres respectively.

Before the thermal monitor could be used in the experiments, the
emissivities of the wires at different temperatures had to Dbe

determined, and this is described in section 5.5.4.

5.5.3 Calibration of the Thermal Monitor .

The resistance heating unit described in section 5.5.4.1 was used
to heat the wire for the calibration of the thermal monitor.

For each of the contact switches, the wire sample was heated to the
maximum temperature required, with the spot of the optical fibre
focussed within the boundaries of the heated wire. This focussing was
made possible by a light source which illuminated the spot. The
variable resistor was adjusted to give the desired maximum galvanometer
deflection. The temperature was then decreased in steps of 100°C and
the galvanometer deflection noted. For each temperature, the focussing
of the spot was checked and adjusted when necessary. This is
particularly important at the higher temperatures where the wire tends
to sag.

The calibration curves are shown in figures 5.15 and 5.16.
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5¢5.4

Emissivity Calibration

The emissivity calibration was carried out for each of the three

types of wire materials for the temperature range of 100°c - 800°c,

in steps of 100°c.

wire

A special a.c. resistance heating unit had to be built to heat the

sample because of the difficulties in measuring the temperature of

the heated wire.

5.5.4.1 The Resistance Heating Unit

The circuit diagram of the resistance heating unit is shown in
figure 5.17. Three turns of cable were wound round the
transformer to give low voltage secondary windings.

The power required to heat the wire sample to the required
temperature was measured. Although this is not wused in the
theoretical analysis, it gives an indication of the energy
consumed.

The current flowing through the secondary windings was
measured by an Avometer (model 7). As the test temperature

increased, a 400 amperes shunt was used in place of the 200 amperes

current transformer. An a.c. millivoltmeter was wused to
proportion the current flowing through the shunt. The voltage
across the wire sample was measured by an avometer. Thus the

power consumed could be calculated.
All the electrical wires used in the circuitry were twisted

together to nullify any electromagnetic current pick-up.
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5¢5¢4.2 Procedure for the Emissivity Calibration

The wire sample used for the emissivity calibration was
selected to be representative of the wires to be drawn. Each end
of the wire was brazed into an ‘Enot’ adaptor, as shown in figure
5.18.

A chromel-alumel thermocouple was used to measure the surface
temperature of the wire sample. A small wire diameter of 7.48 x
10—3 in (0.19 mm) was chosen to reduce the heat conduction and to
increase sensitivity.

The cleaned ends of the thermocouple were twisted together
with about two turns. The end of the twisted wires was formed
into a small bead by gas welding.

To measure the surface temperature accurately, the hot
junction had to penetrate the surface scale. - Thus the opposite
surface of the central portion of the wire sample was filed and
rubbed with fine emery cloth to give smooth ‘flats” on both
surfaces. The flats and the thermocouple bead were cleaned with
Inhibisol. The head was welded to onme of the “flats’ to give good
thermal contact by capacitor discharge welding.

Both the ends of the thermocouple were cleaned before
fastening to the temperature readout, to ensure good electrical

contacts.

The calibration of the emissivity was as follows:

a) The wire sample was coated with the appropriate lubricant
at all the areas except the spot weld region. The

lubricant mixture was similar to that used in the actual
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drawing tests.

b) The spot of the optical fibre was focussed onto the wire
sample at the lubricant coated area. The spot was
brought very close to the thermocouple bead thus ensuring
similar thermal conditions.

c) The wire was heated by direct resistance heating and the
temperatures adjusted by controlling the input voltage.
This was achieved by means of a voltage regulator.

d) When the temperature reached its steady-state condition,
the emissivity was adjusted so that the L?mperatures
indicated by the thermocouple and the infra-red thermal

monitor agreed to :2°C.

By adjusting the input voltage to the resistance heating unit,
the emissivity over the whole range of temperatures was found.

The focussing of the spot on the wire sample was checked for
every temperature reading thus giving reliability to the results
obtained.

The emissivity values of the 3 different wire materials at

different temperatures are shown in Table 5.1.
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Emissivity value
Temperature
(“c) Mild Medium M2 'high
steel carbon speed’
steel steel
100 0.90 0.95 1.00
"Low'
optical 200 0.90 0.91 0.90
fibre
300 0.86 0.91 0.86
400 0.86 0.91 0.86
500 0.82 0.80 0.83
"High'
optical 600 0.80 0.76 0.80
fibre
700 0.75 0.72 0.80
800 0.70 0.70 0.79
Table 5.1: Emissivity values for mild steel, medium carbon

steel and M2 'high speed' steel
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VI. STRESS-STRAIN DATA

6.1 COMPRESSION TESTING OF MATERIALS

6.1.1 Introduction

The present experimental tests were carried out with materials for
which there were insufficient stress—-strain data. Therefore it was
decided to conduct a test programme in order to obtain the required
data. This was the most difficult task to be organised in this
research.

The initial idea was to generate stress—-strain data in the
temperature range 100°c - 800°C, with at least three strain rate
values. From the data it was intended to relate the stress, strain,
strain rate and temperature mathematically as discussed in section
2.2.6.1,

Tension tests were studied and enqui;ies were made to locate

suitable test equipment. The idea was eventually abandoned because:

a) of the limitation in strain due to instability during necking.

(79)

According to Sellars the limiting strain normally varies

from 0.15 to 0.25 for testing under hot deformation conditions

b) the strain rate obtainable in many conventional tensile
testing machines 1s considerably lower than the strain rate
that prevails during deformation and that required in the

theoretical analysis.



- 140 -

In view of the limitations of tension tests, compression tests were

conducted on a cam plastometer. Two out of the four cam plastometers

available in the UK were not in working condition and shortage of time

did not permit further -delay. Thus the tests were conducted on the 5

tonf cam plastometer at Sheffield Polytechnic.

Helo2 The Cam Plastometer

The cam plastometer enabled wuniaxial compression testing of
materials at constant natural strain rates between 3 and 50 s—l. The
plastometer is described below.

The cam was driven by a 2 h.p. motor to the flywheel by a simple
vee~belt pulley drive. An eccentric plate clutch mechanism was used to
engage and disengage the cam shaft from the rotating flywheel. The cam
had a logarithmic profile, thus imparting constant natural strain rate
to the cam follower, providing the cam speed was constant. The
rotational motion of the cam was converted into vertical movement of a
piston mounted in a spring loaded guide block by means of a cam roller
follower. The downward movement of the piston was transmitted through
the upper moving platen of the die assembly to the specimen. The lower
die platen was mounted rigidly in the die assembly which was mounted on
an adjustable spacer assembly on top of the loadcell.

The die-assembly as shown in figure 6.1 consisted of a moving upper
platen and a stationary lower platen, between which the c¢ylindrical
specimens were axi-symmetrically compressed.

The displacement of the piston was measured by means of a linear
transducer. The speed of the cam shaft was measured by means of a

slotted disc, which was mounted on one end of the cam shaft. The
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magnetic head picked up the slots on the disc as impulses.

The calibrations of the loadcell, linear potentionmeter and the
magnetic head were performed by the personnel at Sheffield Polytechnic.
The outputs from the loadcell, linear transducer and magnetic head were
amplified and fed into an ultra-violet recorder to give a permanent
record of the results.

Adjacent to the cam plastometer was a furnance for heating the

‘specimens.

6.1.3 Preparation of Specimens and Test Procedure

Plain cylindrical specimens, 0.315 in, in diameter and 0.5 in in
height were manufactured from specially purchased annealed stock
material. The end faces of the specimens were surface ground to reduce
the effects of friction during the compression tests.,

The following test Procedure was adopted. To minimise further the
effects of friction, the specimen end faces were cleaned with Inhibisol
and coated with lubricant Dag 2961 prior to loading them into the die
assembly. The loaded die assembly was placed in the furnance which had
earlier been switched on to the required temperature for about one hour.
The specimen was allowed to soak for about 30 min at the required
temperature. The main motor was switched on and the speed regulator
was set to give a strain rate of 10 s-l. The die assembly was

removed quickly from the furnance and placed on the lower platen of the

cam plastometer. The spacer was adjusted until the Specimen was
positively held between the platens. The ultra-violet recorder was
started and the compression stroke initiated by engaging the canm. The

ultra-violet recording contains 3 traces: load, displacement and speed.
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After a few trials, the compression tests had to be discontinued

because:

a) the load capacity of the cam plastometer was exceeded when
compressing M2 ‘high speed’ steel at 700°C and medium carbon

steel at 600°C

b) the M2 ‘high speed’ steel specimen sheared due to its

relatively high height to diameter ratio of 1.5:1
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6.2 STRESS-STRAIN DATA USED IN THE THEORET ICAL ANALYSIS

6.2.1 Introduction

Continu ous efforts were made to gather suitable published stress—
strain data through: literature search, and making inquiries to the
British Steel Corporation and various companies. As the efforts were
futile, attempts were made to use the available data at hand. These

are discussed in the following sections.

6.2.2 Mild Steel EN2B

Oyane(33) conducted high speed compression tests for a range of

-1

plain carbon steels at a constant strain rate of 450 g™ -, The
results for 0.16% plain carbon steel are shown in figure 6.2. The
results were assumed to fit the power relationship:

g = BEln
The graphs of log O against log € are shown in figure 6.3. They were

generally found to be linear for the strain range 0.2-0.4.

Using the specially written computer program discussed in section

2.3.2, suitable values of X and €, were found for the velocity-

modified temperature equation. The graphs of o against Tm for the
various strains are shown in figure 6.4. The constant « and standard
strain rate éo were taken as 0.08 and 2.0 ss_l respectively. The
curves were similar in shape. A strain-ageing region and a peak stess

at about Tm = 500°K were clearly evident in all the curves.
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As the strain rate used in Oyane’s data was constant, some results
of Campbell(gl) were replotted against Tm‘ Campbell’s results
showed the effects of very wide ranges of strain rate and temperature on
the lower yield point of a 0.12% plain carbon steel. Lower yield
stress points taken from his results (see figure 6.5) at shear strain

rates 1, 10 and lO2

were replotted against Tm as shown in figure
6.6. The data was fitted reasonably well by a single curve, thus
giving support to the use of the velocity-modified temperature concept.
The relationships between B, n and T, are shown in figure 6.6.
A strain-ageing region was evident. The curves were represented
mathematically by polynomials. They were wused in the theoretical
computations for mild steel EN2B and medium carbon steel EN8D.

The assumed B and n for Tm greater than 780°K are shown as

dotted lines.

6.2.3 Medium Carbon Steel EN8D

Studies were made on the plane strain compression data of

Thomason (82) for EN8 medium carbon steel. Thomason’s data were
collected over a temperature range of 100°C - 600°C in steps of
100°C, and plane strain rate range of 3.12 s”! to 52 s~L.

Although the temperatures and strain rates were suitable for use in the
theoretical analyses, thermal softening was dominant. Consequently, it
was difficult to represent the stress-strain data mathematically. The
strain-ageing region was not evident as thermal softening and strain-
ageing occurred simultaneously. Eventually, Oyane’s data for 0.16%C as

discussed in 6.2.2 was used.

Oyane plotted the graphs of stress against temperatures for various



)

-2
n

Lower Yield Shear Stress({tonf i

Figure 6.5:

30

- 148 -

1

- h -2 2 4 [

10

10 1 10 10 10

Shear Strain Rate { s-1 )

Effects of strain rate and temperature
on the lower yield stress of 0.12% plain
carbon steel. After Campbell (81)



DUlUa pJDy -UIDI}S

Xop UJ

u

19935 uoqaeo uteyd Z91°0 ‘eaep $,2uefQ 10y EH pue u

‘g usamiaq diysuorieray $9°9 |and1yg
w
(Mo) 1 dinj)piadway Patjipow -A}12073A
0001 006 008 0oL 009 00§ 00% 0o¢ 002 ool
T T T T T T T T T T
//// Y
//// / x
— 00 S T
. ///////M/
/// X
= @/ /
X
~
[e] X
— 170 o /x
e 0 o < a !
" o \
o o
=]
. o D\
—Z0 \
o
° u
— €0 o\)o//
DAIND pAUNSSY —— ° \\\\ //
/|\0 Q
Blep s, 119qdwen Y
0 g
(.S T = 3 23B1 uTRilS piBpuBlg %
800 = > 3jue3suo) /

0!

0Z

0€

0%

0S

09

(Z_u1~ JUO}) SS31}S MO g



- 150-

carbon steels as shown in figure 6.7, A strain-ageing region and a
peak stress at 600°C were clearly evident in all the materials.

Oyane’s data for 0.16%C steel was used for the medium carbon steel

EN8D (0.39%C) by:

a) interpolating the stress in terms of the carbon content
according to the relationship shown in figure 6.7. The
stress was interpolated between 0.35%C and 0.45%C in intervals

of 100°C

b) expressing the interpolated value with that of the 0.16% plain

carbon steel as a ratio.

From figure 6.7, the ratio of the flow stresses of the 0.39%C and
0.16%C at various temperatures can be found. Since the data for the
various carbon steels was collected over similar strain rate and
temperature ranges, the ratio was expressed with respect to Tm' The
ratio could be represented by two straight lines as shown in figure 6.8,
It is assumed that at all strains the ratio of the stresses can be
correlated by the two straight lines for various values of T - Thus

the stress for EN8D is expressed as:
o= Be™ x a ratio

The ratio is dependent on Tm. B and n were values of the 0.167% plain

carbon steel.
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6.2.4 M2 “High Speed’ Steel

Attempts were made to use the stress-strain data of Samanta(33)
for the theoretical computations. Samanta’s data were conducted over a
high temperature range of 524°C‘ - 1055°C with strain rates of 450
s~! and 0.066 s™1,

The graphs of B, n and T, are shown in figure 6.9. Continuous
curves were not obtained for B and n. It is suspected that there are
boundary conditions to the velocity-modified temperature concept. In
this particular case, the difference in strain rate could be the cause.
Some of the values of Tm used in the theoretical analysis for the
lower temperatures would be less than 470°K. As Samanta’s data and
information on the properties of the material at elevated temperatures
were limited, the relationships of B, n and Tm could not justifiably
be assumed. Thus with regret the theoretical analysis of this material

was abandoned.
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VII. EXPERIMENTAL PROCEDURE AND TECHNIQUE

7.1 INTRODUCTION

The first objective of the research was to develop a continuous in-
line softening heat treatment draw process and to establish the art of
wire drawing at elevated temperatures. A second objective was the
‘theoretical development of an upper bound solution to predict the draw
stresses at elevated temperatures.

In order to compare the upper bound solution developed in Chapter
2, with practical data, experimental tests were carried out.

Before the experiments were made, all the measuring equipment and
the two air compressors were switched on for about ome hour. This
allowed the equipment to stabilise and the full capacity of the
compressors to be attained. The latter ensured a steady supply of air
during the drawing operation.

The loadcell supply voltage and the amplifier “span’ were checked
and adjusted if necessary. The various settings on the infra-red

thermal monitor were adjusted to the correct requirements.
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7.2 PRELIMINARY PREPARAT IONS

a) Preparing the wire before drawing

To enable the wire to be threaded through the die, the wire was
swaged at room temperature by a rotary swager. Depending on the degree
of reduction and the wire material used in the draw process, the wire
was swaged down to 3 different diameters: 0.18 in, 0.15 in and 0.12 in.

To ensure that the lubricant would adhere well to the wire, the
swaged section was cleaned with Inhibisol. A few turns of the wire
were coated with lubricant Dag 2961 using a brush and they were allowed

to dry in air.

b) Preparing the lubricant mixture

The lubricant used in the tests was mainly from the same drum. A
fixed proportion of 1 volume of soap solution was added to 5 volumes of
the lubricant. The mixture was stirred until well-blended. Although
efforts were made to keep the viscosity of the lubricant uniform
throughout the tests, some small variation was inevitable from one batch

to another, nevertheless every effort was made to ensure consistency.

c) Preparing the drawing die

The drawing die to be used in a test was cleaned with Inhibisol and

examined for pick-up; it was mounted on to the pins of the die-holder.

To prevent the water used for cooling the die from overflowing, silicone

grease was applied over the *0’ rings on the die-holder cover. The die
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was securely held in the die-holder by 3 screws pulled up tight.

d) Instrumentation

With the die in position, the loadcell supply voltage and the
amplifier ‘span’ were rechecked. The Wheatstone bridge circuit was

balanced to zero.

The galvanometer positions of the loadcell, infra-red thermal
monitor and the tachometer were recorded. These datum lines were set

at convenient markings on the ultra-violet recorder paper.
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7.3 THE DRAWING TECHNIQUE

When the lubricant coated on the undrawn wire had dried, the wire

was threaded through the roller straightener, lubricator, induction coil

and into the drawing die. The free end was pushed through the die and

gripped by the jaw of the bull-block. The starting of the drawing

operation is crucial especially in those circumstances in which the wire

could not be cold drawn. One of the three techniques discussed below

was adopted prior to the elevated temperature draw tests:

a)

b)

c)

For small areas of reduction or softer material the wire was

swaged once to the appropriate diameter

For larger areas of reduction or tougher materials the wire
was swaged successively two or three times.
In both cases, the unswaged wire was cold drawn through the

die for a short run and the drawing was stopped.

For wires that cannot be cold drawn, the point was swaged
three times. Generally, part of the third stage of swaging,
je. 0.18 in diameter was drawn through the die and part of it
passed through the induction coil. This enabled the unswaged
wire to be heated right from the start of its length. This
method was used together with a higher power setting on the
induction heater so that the unswaged wire would be heated
quickly to the safe drawing temperature.

It does not seem possible to draw M2 ‘high speed’ steel wire

below 300°C with a 40.5% area of reduction. Consequently,
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starting of the drawing process was crucial.

Generally, the undrawn wire held between the die and the roller
straightener had been straightened by the rollers. This enabled better
and more accurate alignment of the wire in the induction coil and
lubricator, and the focussing of the optical fibre. The ’‘spot’ was
focussed on to the stationary wire at a fixed distance of 1.5 in from
the die-holder cover. When part of the wire had been drawn through the
die, the water sprays were directed on to the drawn wire at exit and the
water supply was turned on. Thus, the casing of the die and the wire
were cooled.

Whenever possible, the wire was cold drawn for a short run with the
illuminated ’‘spot’ of the optical fibre focussed om to the wire and the
lubricator filled with lubricant. This served to check two points:
namely that the ’spot’ was focussed within the wire during the drawing
operation, and that the wire was thofoughly coated with the 1lubricant.
The lubricator was filled to the brink with the lubricant mixture to
ensure adequate supply during the drawing process.

Before the start of the drawing test, the galvanometer positions of
the thermal monitor and the tachometer were rechecked to ensure that the
zero datum lines had not shifted. Since the loadcell was now subjected
to a load, an ultra-violet recording was taken.

Having been satisfied that all the equipment had been set to the
correct requirements, the induction heater was switched on for warming
up. When the heater was ready, compressed air was supplied together
with the water for cooling the wire at exit. The set-up was ready for

drawing. The bull-block was started, followed immediately by the

induction heater coil.
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When the desired temperature was reached the wire was allowed to
run for several turns of the swift and an ultra-violet recording taken.
The moving drawn wire was marked with white paint. The emissivity
value, power 1input and speed were adjusted for the next desired
temperature. The recording and marking procedures were repeated.

The drawn wire was allowed to cool, the marked portion cut off,

labelled and examined for defects, and the diameter measured.




CHAPTER EIGHT

OBSERVATION AND DISCUSSION OF RESULTS
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VIIT. OBSERVAT ION AND DISCUSSION OF RESULTS

8.1 INTRODUCT ION

This chapter presents an account of observations and a detailed
discussion of results in the study of wire drawing at elevated
temperatures. The discussion of the results is dealt with under two

‘'main headings, namely the experimental results and the theoretical

results.

8.2 OBSERVAT IONS

In general, the process of drawing wire at elevated temperatures up
to about 700°C was successfully achieved. Mild steel wire and medium
carbon steel wire were drawn up to 457 area of reduction. It 1is
anticipated that the materials could be drawn with higher areas of
reduction. M2 ‘high speed’ steel wire which could not be cold drawn
for a 40.5% area of reduction was drawn at temperatures above 300°c.

Pick-up on the chromium carbide dies was evident during the
preliminary trials. This was almost absent when the draw technique was
established and suitable lubricants used. A smooth continuous sleeve
of graphite was deposited uniformly thereby causing drawing to occur
smoothly. No pick-up was noticed with ‘Syalon’ dies. Generally, the

drawn wire has a ‘graphoid coat’ resulting from traces of graphite being

drawn through the die. At the higher temperatures, about 400°c

upwards, the drawn wire has a smooth shiny surface as found by other

investigators.

The chromium carbide dies were not suitable for elevated tempera-
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ture wire drawing as crack lines were formed in the dies, probably due
to the thermal stresses set up in the dies. Although crack lines were
not seen on the “Syalon’ dies, wear rings and wear developed at the die
entry and the conical section. This indicates that the frictional work
at the die-wire interface must be of considerable magnitude.

Wire breakages were generally due to: insufficient cooling on the
drawn wire or excessive load on the first swaged section when the wire
‘was given three swages.

Generally, the diameters of the drawn wires were undersized,
especially at the higher temperatures. This was because the wire

expands when heated and contracts when cooled.
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8.3 DISCUSSION OF THE EXPERIMENTAL RESULTS

The experimental results for mild steel EN2B and medium carbon
steel EN8D are shown in figures 8.1 and 8.2 respectively. It is clear
that generally as the temperature increases the draw stress decreases
except in the approximate temperature range of 150°C - 400°c. This
increase in stress is attributed to strain-ageing; the range depends on
the material properties and the area of reduction.

Samanta(83) found the strain-ageing region of low carbon steel
(0.11%Z C), for a mean strain rate of 0.066 s-l, to be between 150°C
and 300°C. Manjoine(lg) conducted slow tension tests on mild steel

1

at a strain rate of 0.5 s*~ and found the strain-ageing region to lie

between 150°C and 350°cC.

In the experimental tests, the speed of drawing was 20 ft min_l.

The mean strain rate calculated wusing the formula proposed by

(84) was in the region of 10 s-l. As the tests conducted by

Atkins
Samanta and Manjoine were also performed at moderately low strain rates,
the strain-ageing range found experimentally for mild steel is in
reasonable agreement with their range. The shape of the curves shown
in figure 8.1 is similar to that obtained by Manjoine.

Thomason(SS) found that medium carbon steel of 0.41%7 C showed low
ductility in the temperature range of 200°c - 300°C, for a mean

strain rate of approximately 2.7 s~L. This was supported by

Glen(86) who performed tension tests on medium carbon steel. Thus,
the strain-ageing region found experimentally for the medium carbon

steel is in reasonable agreement with the results of others.

The deformation mechanism involved in the drawing of wire at

elevated temperatures is indeed complicated as strain-ageing, strain-
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hardening, recovery and recrystallisation may have significant effects.
Generally for mild steel and medium carbon steel, at temperatures above
400°C, the stress variations between each area of reduction decreases,
indicating that recovery and perhaps recrystallisation predominate.
The draw stress drops as the temperature increases.

In summary, the three types of response to elevated temperature

drawing of mild steel and medium carbon steel are:

i) a gradual softening after a normal degree of work hardening at
ambient temperatures
i1) a strain-ageing region at about 200°C - 400°cC
iii) a rapid rate of softening after the peak strain-ageing stress

has been passed.

The experimental results for M2 ‘high speed’ steel are shown in
figure 8.3. A low ductility range was observed between the temperature
range of 100°C - 400°cC. As there is insufficient information on
the properties of M2 ‘high speed’ steel at elevated temperatures, it is
suspected that the low ductility was due to strain-ageing. In this

case, the strain-ageing was not promounced enough to show the effects

clearly.

8.3.1 Effects of the Developed Lubricants

The use of an appropriately formulated lubricant reduces the draw

stress further as shown in figure 8.4, It is clear that ‘Dag 25437 is

a ‘better’ lubricant at the higher temperatures; its composition, which

consists mainly of graphite, has been formulated for use at
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high temperatures. On the other hand, ‘Dag 2961’ consists of a mixture
of graphite and molybdenum disulphide which renders it most suitable for

a wider range of temperatures.
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8.4 DISCUSSION OF THE THEORET ICAL RESULTS

An  upper bound solution for the drawing of wire at elevated
temperatures was derived in Chapter Two. The initial plan was to use
the mean flow stress Yf at the die-wire interface to calculate the
frictional power as defined in equation (50). Figure 8.5 shows the
results for a 457 area reduction. As the constant friction factor
‘increases, the difference in draw stress for a particular temperature
decreases. The correlation between the experimental and theoretical
resulﬁs was poor; the constant friction factor is much greater than one.
fhe cause of such an anomaly can be explained as follows. As the
constant friction factor increases the temperature at the die-wire
interface increases tremendously, especially when heat 'conduction is
neglected. It is felt that the velocity-modified temperature concept

proposed 1in section 2.2.6.1 does not relate well at higher wvalues of

’I‘m thus giving lower flow stresses. As a result, the mean flow
stress Yf decreases which gives a lower frictional power.

Eventually, Y. was replaced by the mean flow stress in the deformation

zone Yd (see section 2.2.9), for all the theoretical computations.

The effect of variation of the constant friction factor on the

optimum die semi-angle

The upper bound solution for two different draw speeds is shown in

figures 8.6 to 8.1ll. The upper bound solution shows a tendency for the

value of the optimum die semi-angle to increase, as the value of the

constant friction factor increases for a given draw condition. This

may be explained as follows: the friction force component of the draw
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force increases with. the increasing value of the constant friction
factor, causing a higher draw stress. This higher draw stress produced
by the increase in friction, may be minimised by reducing the contact
length of the die, ie. by increasing the die semi-angle.

From figures 8.7 and 8.11 it 1is seen that the curves are rather
irregular. Figure 8.7 seems to deviate from the other results in that
the optimum die semi-angle remains almost constant as the constant

friction factor increases from 0.15 to 0.3. The reasons for this

irregularity will be explained later.

The effect of varlation of temperature and strain rate on the

optimum die semi-angle

Figures 8.6 to 8.11 indicate that the optimum die semi-angle is
dependent on the draw speed and temperature.

Figures 8.7 and 8.11 indicate that at the peak of the strain-ageing
region, the curves of draw stress against the optimum die semi-angle are
rather irregular. This can be explained as follows.  The pe@} stress
for a draw speed of 300 ft min~! is at about 500°C, and the flow
stress distribution in the deformation zone for the various die semi-

angles varies over this peak region. As a result, the mean flow stress

for the different die semi-angles varies in stages. This affects the
draw stress. For clarity, take for example the case of m = 0.1 for
figure 8.11. The mean flow stress increases as the die semi-angle

increases up to about 12°. The frictional and redundant work balance

each other and a minimum draw stress is seen. As the die semi-angle

increases to 14°, the mean flow stress drops suddenly causing a

o
decrease in draw stress. For angles above 147, the mean flow stress
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does not vary much and the draw stress increases as the die semi-angle
increases.

As the draw speed was reduced to 20 ft min_l, the same effects
were observed, except that the curves were irregular at 300°C instead
of 500°C. This is because for a speed of 20 ft min~! and an area

of reduction of 35%, the peak stress is at about 300°C.

Such irregularities in the curves can be expected also near the

‘valley’ of the strain-ageing region.

The effect of variation of area of reduction on the

optimum die semi-angle

Another tendency revealed by the upper bound solution is for the
optimum die semi-angle to increase with an increase in area of
reduction.

This may be explained as follows: for a fixed inlet wire diameter
and die semi-angle, the contact length at the die-wire interface
increases as the area of reduction increases. Thus the frictional work
increases. Hence, in order to reduce the frictional work the contact
length at the die-wire interface needs to be reduced. This could be
achieved by an increase in the die semi-angle.

Figures 8.12 to 8.17 show the results for two different draw speeds

of 20 ft min-1 and 100 ft min-l.

The effect of strain rate on the draw stress

As seen in figures 8.18 to 8.21, the strain-ageing region shifts to

higher temperatures as the draw speed increases, that is as the strain
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rate Increases. Since strain-ageing is a time dependent phenomenon,
the “hump’ can be shifted to a higher temperature with increasing strain
rate. This shift was also found by Manjoine(ls), Oyane<33) and

Samanta(83).

Figures 8.18 and 8.19 show that as the area of reduction increases,
the strain—ageing region is narrowed. This is also seen for medium
carbon steel in figures 8.20 and 8.21. Similar observations were also
noticed by Manjoine.

The mean strain rates calculated using the formula proposed by
Atkins(84) for the various draw speeds are indicated in the figures.

For mild steel, the strain—ageing regions shown in figures 8.18 and
8.19 for a draw speed of 5 ft min"l (approximately 2 s—l) are
reasonably close to that found by Oyane, Manjoine and Samanta for slow
strain rates. Osakada(87) conducted tests on 0.03%7 C steel at a
strain rate of 0.003 s-.1 and 380 s_l. For a strain of 0.16, he
found that the étrain—ageing regions were about 100°c - 240°C and

400°Cc - 600°cC respectively. The strain-ageing regions for a draw

speed of 300 ft min ! are also close to those found by Manjoine for a

strain rate of 300 s-l.

The strain-ageing region for medium carbon steel for a draw speed

of 5 ft .min_l, as shown in figures 8.20 and 8.21, 1is also in

86
reasonable agreement with that of Thomason<85) and Glen( ).

Thomason performed the heading operation at a strain rate of about 2.7

7L The strain-ageing region extends from about 200°C to 300°C.
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The effects of temperature, constant friction factor and area of

reduction on the theoretical draw stress

The theoretical results for mild steel and medium carbon steel are
shown in figures 8.22 to 8.32. The experimental results are
superimposed onto the theoretical results. This is done in order to
show clearly the three different regions mentioned earlier, that is
‘gradual softening, strain-ageing and rapid softening.

It is evident from the figures that the response of the two
materials to temperature is similar to that found experimentally,
although the strain—ageing regions do not coincide.

As the constant friction factor is increased, the draw stress
increases .also. Apparently the constant friction factor does not
affect the strain—ageing regiomn.

Generally, the experimental results of mild steel fall below the
theoretical reéults at temperatufes below 350°C and the strain-ageing
regions do not coincide. The first discrepancy could be due mainly to
the use of a 0.15% C stress-strain data in the theoretical computations.
The wire material used in the experiments was a 0.04% C. Osakada(87)
indicated that aﬁ increase in carbon content will increase the flow
stress. Consequently, the theoretical results are higher than the
experimental results. Another possible reason could be the form of the
assumed relationships between, B, n and ’Rn as shown in figure 6.6.
It is suspected that the actual values of the flow stress are lower than
those shown in figure 6.6 for the Tm range of 275°K - 400°K. For
a draw sbeed*of 20 ft min-1 and draw temperatures of about 300°C and
below,the Tm values are generally below 400°K. Thus the values of

: o
the draw stress were over—estimated for temperatures of 300°C and
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below. The second discrepancy could be attributed to one or several of

the following factors:

a) the use of stress-strain data of a different material.
Glen(86) showed that the addition of alloy elements affects
the strain—ageing region

b) the velocity-modified temperature concept discussed in Chapter
Two introduced error especially at higher values of Tm

c) heat conduction and cooling of the wire were neglected in the
theoretical studies, thus the theoretical strain-—age

is displayead
region , over a lower range of temperatures than occurs in

practice.

Figures 8.22 to 8.27 show that as the temperature increases from
4OOOC upwards, the constant friction factor also increases. If the
stress~strain data for the actual condition of the material was used,
the constant friction factor would be higher than that shown in figures
8.22 to 8.27. This is because the flow stress would then be lower.

The theoretical and experimental results for medium carbon steel
shown in figures 8.28 to 8.32 are replotted, as shown in figures 8.33 to
8.40. As the area of reduction increases, the draw stess increases for
a given draw temperature, draw speed, die semi-angle and constant
friction factor.

At a temperature of 100°C, (see figure 8.34) a good fit between
the experimental and theoretical results was found for m = 0.03. In
the strain-ageing region of 200°C - 300°C, the experimental results
fall below the theoretical results (see figures 8.35 and 8.36), for
areas of reduction up to 40%. This is because the predicted strain-

ageing regions do not coincide with the experimental strain-ageing



- 171 =

regions. The cause could be attributed to the factors mentioned for

mild steel.

As the temperature increases to 400°C and 500°C, the constant
friction factor also increases. The increase is more significant for
an area of reduction of 45%. This 1is probably due to a greater
increase in temperature at the die-wire interface causing the lubricant
to be less effective.

The constant friction factor continues to increase as the
temperature increases. It is thought that at temperatures of 600°C
and above the velocity-modified temperature concept does not hold well,
predi cting lower flow stress. Although the flow stress of the medium
carbon steel was derived from that of a 0.167Z steel, as discussed in
section 6.2.3, the error introduced would be small by comparison with
that incurred in using the velocity-modified temperature concept.

Figure 8.41 shows the true stress—-stain curves for medium carbon
steel based on the assumptions made in section 6.2.3 and used in the
theoretical computations. The results of Dean(88) for medium carbon
steel EN8 at temperatures of 600°C were also shown on the same figure.
It is clear that the flow stresses calculated were much lower than those
of Dean. This explains the high values of constant friction factor
at the temperatures of 600°C and 700°C (see figures 8.39 and 8.40).

The presence of wear on the dies and the shiny surface finish of
the drawn wire for temperatures above 400°C suggested that the
frictional resistance is rather high. The upper working temperature of
Dag 2961 is about 700°C. Thus it can be concluded that the friction
at the die-wire interface increases at draw temperatures above

400°c, The value of the comnstant friction factor was increased
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further due to the error introduced by the velocity-modified temperature
concepte.

The theoretical and experimental results for mild steel EN2B could
not be confidently compared because of the the lack of appropriate
experimental stress-strain data for the material. | Nevertheless, the
shape of the theoretical curves was similar to that of the experimental
curves. This gives some support to the theoretical analysis developed
in Chapter Two. Further, figures 8.22 to 8.27 show that the constant
friction factor increases as the temperature increases from 400°c
upwards. This was to be expected as the frictional resistance tends to
increase with temperature.

The theoretical results obtained from the upper bound solutions for
the medium carbon steel generally agreed satisfactorily with the
experimental results (see figures 8.33 to 8.40). The experimental
results can be relied on because they were obtained with reliable
instruments which were accurately recalibrated wusing established
procedurese. Hence, it can be concluded that the upper bound solution
derived can be used to predict the draw stress with reasonable accuracy,
if the constant friction factor is known.

The upper bound solutions developed were dependent on several

assumptions. The main ones were:

a) the relationships between B, n and T
As explained earlier, it was not intended to correlate
the relationships over a wide range of strain rates.

as suitable stress-strain data is non-existent, the

(33)

However,

high speed compression data of Oyane was used. The

-1
strain rate used in this test was 450 s .
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The velocity-modified temerature concept does have limifs,
Since the mean strain rates that prevail in the
drawing process 1is about 10 s—l, the error introduced in

using Oyane’s data could be significant.

b) the relationship between the stress-strain data of the 0.16% C

steel and that of the medium carbon steel (see section 6.2.3)

c) the shape of the shear surface. The assumed surface was
chosen to facilitate theoretical analysis. In reality, the
shear surface is more complex as seen in visoplasticity test

patterns.

Retrospectively, as the theoretical and éxperimental results for
medium carbon steel were in adequately close agreement it is concluded
that: the main assumptions made were not significant”enough to impair
the wvalidity of the. theoretical solutions, except perhaps for draw
temperatures 600°C and above, where the velocity-modified temperature

concept does not relate very well.
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8.5 CONTOUR PLOTTINGS

The contour plottings of straim, strain rate, temperature and flow

stress in the deformation zone are shown in figures 8.42 - 8.53. The
x-axis is the axis of the drawing die. The numerical values on the x—
axis represent the distance (in) from the virtual apex of the die. The

value on the y-axis represents the radius (in) of the wire in the
deformation zone. The inlet shear surface is represented by a contour
of zero value.

The contours are compared under identical conditions with one only
variable. The variables studied are: exponential constant c, constant
friction factor m, material properties, area of reduction, draw speed
and die semi-angle. In all the contour plottings, the following

parameters are assumed unless otherwise specified:

Mild steel wire of 0.236 in diameter
9° die semi-angle

Draw speed of 20 ft min~l
Draw temperature of 100°¢

Exponential constant c is 0.2

Constant friction factor m is 0.l

Effects of the exponential constant

The strain, strain rate, temperature and flow stress distributions

in the deformation zone are shown in figure 8.42 - 8.45 for different

values of c. The shape of the exit shear surface is represented by the

largest contour shown in figure 8.42.
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The sign of the exponential constant ¢ affects the shape of the
shear surface as shown in figure 8.42. For negative values of c: the
radius from the inlet shear surface to the virtual apex increases as its
inclination with the die-axis decreases, the equivalent strain increases
as ¢ decreases. When ¢ is positive, the reverse is true. The shapes
of the various strain and strain rate contours are similar to the shear
surfaces because of volume constancy.

The temperature distribution is shown in figure 8.44. Temperature
is greatest at the die-wire interface due to localised heating. The
temperature developed in the deformation zone is highest for c¢ = -1l.
This is because the deformation and frictional power increases as the
strain increases.

Among the three temperature distributions shown in figure 8.44,
that of ¢ = 0.2 is the most likely temperature distribution to be found
in the deformation =zone. This is because the temperature increases
from the die-axis to the die-wire interface. When ¢ is negative, the
reverse happens and this is most unlikely for steel.

Figure 8.46 shows the temperature distribution calculated by
Altan(Al). Heat conduction was taken into account, according to the
method proposed by Bishop(37). The shape of the contours of figure
8.44(1) and figure 8.46 are quite similar. In Altan’s work the
temperature increases from the centre to the die-wire interface.

The theoretical computations of the draw stress for the four values
of ¢ shown in figure 8.42, indicated that the draw stress for ¢ = 0.2 is
the lowest. This supports the argument that the isothermals of c = 0.2
is the most likely to be found in the deformation zone.

(The temperature and flow stress distributions for c¢ = 1.0 are not

Plotted because the contours were Very irregular; the computer program
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does not smooth the curves. The temperature and flow stress values are

greater than that for c = 0.2.)

Figure 8.45 shows the flow stress distributions for different
values of c. The flow stress distributions is greatest for ¢ = =1.0.
This 1s because the strain values for ¢ = -1.0 are greater than those
for the other two values of c (see figure 8.42). Another possible
factor is due to the higher strain rate values for ¢ = -1.0. For a
‘draw temperature of 100°C, an increase in strain rate will give a

lower value of Tm. This probably gives higher values of B and n.

Consequently the flow stress will increase.

Effects of the material properties

The mechanical properties of the wire affect the magnitude of the
heat generated due to deformation and frictional work. The temperature

distributions of mild steel and medium carbon steel are shown in figure

8447 The strain and strain rate distributions are the same for the
same draw conditions. The temperature developed in the deformation
zone for medium carbon steel is higher than mild steel. This 1is

because the former is a stronger material and thus has a higher flow
stress. Consequently, the deformation and frictional work are greater

than mild steel, giving a higher temperature rise at exit.

Effects of the constant friction factor m

The important factor determining the heat genmeration at the die-

Wwire interface is the constant friction factor. Figure 8.48 shows the

temperature distributions for various values of m. The frictional
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effect is represented by a localised temperature rise at the die-wire
interface, especially when heat conduction is neglected in the
theoretical analysis. As m increases the temperature at the interface

increases too.

The emerging wire is hotter at the surface than at the centre and

the highest temperature occurs at the die exit.

‘Effects of the speed of drawing

As the speed of drawing increases, the equivalent strain rate

increases as shown in figure 8.49. The equivalent strain is not
affected by a change in speed. The temperature rise increases with
increasing draw speed (see figure 8.50). This is because the

deformation and frictional work increase with increasing draw speed.
Figure 8.51 shows the flow stress distributions for the two draw

speeds. In this particular study, the flow stress distribution

increases as the speed increases. This cannot be generalised as both

the temperature and strain rate must be considered together.

Effects of the area of reduction

The effect of the area of reduction on the temperature distribution
is shown in figure 8.52. In the case of the larger area of reduction,
the exit temperatures are higher due to greater deformation work, and

higher frictional work as the contact length at the die-wire interface

is increased.



-178 -

Effects of the die semi-angle

As the die semi=-angle decreases, the strain and strain rate also
decrease in magnitude. Figure 8.53 shows the temperature distributions
for two different die semi-angles. Although the temperatures at exit
(excluding the die-wire interface) do not seem to differ as shown in the
figure, the exit temperatures for the 9° die semi-angle are only
‘slightly higher than those for the 6° die semi-angle.

The temperature rise at the die-wire interface is greater for the
smaller die semi-angle. This is because the contact length between the
die-wire interface increases as the die semi-angle decreases. The exit
vtemperatﬁre for the 6° die semi-angle is 482°C, this is about 90°C
higher than that of the 9° semi-angle. This greét difference in

temperature is because of the assumed constant friction factor of 0.1l.



Section 8.6: Graphical results and contour
plots.
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Material: Mild steel

Die semi-angle: Various
Drawing speed: 20ft min~!

43 Die material: Chromium carbide
Lubricant: Dag 2961
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various areas of reduction (AR) and temperatures
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Material: Medium carbon steel

Area of reduction: 457

Die semi-angle: 9 degree

Drawing speed: 20ft min~—!

Constant friction factor m: 0.0,
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Theoretical results

0——o Experimental results

A

NI
\/

NS

]

100 200 300

400 500 600 700 800

Drawing Temperature ‘o)

Comparison of the experlmental and the

theoretical results using the mean flow
stress at die-wire interface to calculate

the frictional power



Draw Stress (tonf in~2)

80

72

64

56

48

40

32

24

16

- 184 -

Material:

Medium carbon steel

Area of reduction: 357

Drawing temperature:
Drawing speed:

100°C
20ft min~!

e e

\\ ____/; mioas
I~ L L s 0
x//? m= 0. 05

\ /%/ m= 0.0

. —
g "”’,,//:::,////////f
==
//
7 5 12 16 20 24

Figure 8.6:

Die Semi-angle (degree)

Variation of the draw stress agalnst the die
semi-angle for various values of constant
o

friction factor m

28



Draw Stress (tonf in~?%)

80

72

64

56

48

40

32

24

16

- 185 -

Material:

Medium carbon steel

Area of reduction: 35%

Drawing temperature: 300°C

\\ Drawing speed: 20ft min~*
\ \ = 0.3
“"“_:::::::::::::::::—::::: ms 025

. /m:O.Z
— e M= 0.15
N N R L P

Figure 8.7:

£~
oo

12

16

20 24

Die Semi-angle (degree)

Variation of the draw stress against the die
semi-angle for various values of constant
o

friction factor m

28



Draw Stress (tonf in~ %)

- 186 -

40
Material: Medium carbon steel
Area of reduction: 353
36 Drawing temperature: 500°C
Drawing speed: 20ft min™'
32 \\
s |\
\\ / ms= 0.3
24 = m= 0.25
'R T
\___// m= 0.15
//? m= 0.1
20 \ N / / / m= 0.05

/

T

16 7
~_ ////
12 ///
8
4
0 4 8 12 1 20 24 28

Figure 8.8:
semi

Variation of the

friction factor m

Die Semi-angle (degree)

draw stress against the die
-angle for various values of comnstant



. 2
Draw Stress (tonf in™ )

- 187 -

80
Material: Medium carbon steel
Area of reduction: 35Y

79 \ Drawing Temperature: 100°C

Drawing speed: 300 ft min™}

64
. \\
48 \ \\ —
—
40 \ \\\——""%/ - Ei?s
Nl
— "
I — 1
. \ ///
—
24
_
16
8
0 4 8 12 16 2C 24 28

Figure 8.9:

Die Semi-angle (degree)

Variation of the draw stress against the
die semi-angle for various values of
constant friction factor m



Draw Stress (tonf in~ %)

- 188 -

80
Material: Medium carbon steel
Area of reduction: 35%
72 Drawing temperature: 300°C
Drawing speed: 300 ft min~!
64
56 \\\
48 \\
40 \ \\
\\__——-—__—_—_/ m= 0.3
32 e §'§5
— m:i b4 1s
\\ // rr?1= 01
\_//7 m=z 0. 05
” \\—/ ///
16
8
0 4 8 12 16 20 24 28
Die Semi-angle (degree)
Fisure 8.10: Variation of the draw stress against the die

semi-angle for various values of constant
friction m



Draw Stress (tonf 1n—2)

50

40

35

30

25

20

15

10

Figure 8.11:

- 189 -

\\ Material: Medium carbon steel
Area of reduction: 357
Drawing temperature: 500°C
Drawing speed: 300 ft min™!

\\\ :

NN

<

(@
\
\\\?\i\\

/
\

—

NN
((

\\ \\

12

16 20 24

Die Semi-angle (degree)

. s iie
Variation of the draw stress against the ¢

sem

friction factor m

1 ' nstant
i-angle for various values of co



Draw Stress (tonf in~?)

- 190 -

Die Semi-angle (degree)

Figure 8.12:

semi—-angle for various areas of reduction

(AR)

Variation of the draw stress against the die

50
Material: Mild Steel
Drawing temperature: 100°c
45 Drawing speed: 20ft min™!
Constant friction factor: 0.1
40 \
35 \\\
\ / 4L0°%| A.-R
) 30 \ //
\—_-_-—-‘/
25
\\\ ’//,,3oze AR
’//,.zoea AR
, \\ //////,///////////
\___/ / 10 % A. R
0 /'
\—_//
5




Draw Stress (tonf in—2)

- 191 -

50
Material: Mild steel
Drawing temperature: 300°C
45 Drawing speed: 20ft min~!
; Constant friction factor: O.1
i
40
35
S, .R
/ 4L0 %A
/
\-——/
25
/ 30°/o A-R
20
- 20% AR
\ /
\”"'--..____—
10 % |AR
10
/
5
o . 12 16 20 24 28
Die Semi-angle (degree)
Figure 8.13: Variation of the draw stress against the die

semi-angle for various areas of reduction

(AR)



)

Draw Stress (tonf in

- 192 -

40
Material: Mild steel
Drawing temperature: 500°C
16 Drawing speed: 20ft min~!
Constant frictionm factor: 0.1
32
28
24
40 %/ |A.R
20 L

16—

\ A

AL

Figure 8.14: Vari

Die Semi-angle (degree)

D | 30% |AR
v S~ —] / // 20 % (AR
’////////’ 10 % | A.R
8 / //
4 1/
__/
0 4 12 16 20 24

ation of the draw stress against the die

semi-angle for various areas of reduction

(AR)




Draw Stress (tonf in—2)

- 193 -

50
Material: Mild steel
Drawing temperature: 100°C
45 Drawing speed: 100 ft min™!
Constant friction factor: O.1
40
35
30
\ 40 %| A.R
25 \‘
30% | AR
/
20 N
20%| AR
15 \\ /
\— 10%| AR
10
5
o 4 3 12 16 20 24 28

Figure 8.15:

Die Semi-angle (degree)

Variation of the draw stress against the die
semi-angle for various areas of reduction (AR)



Draw Stress (tonf in™2)

- 194 -

50
Material: Mild steel
Drawing temperature: 300°C
45 Drawing speed: 100 ft min~!
Constant friction factor: 0.1
40
35
30 \ \\\
°% | A.R
\\\\\\\\\~ 0% A
\-_—__-—//
25 \
30 % |A.R
20
\ /
\_/
15 AN _— 20%]|AR
10 _— 10 % |A.R
\_———/
5
0 g 12 16 20 24
Die Semi-angle (degree}
Figure 8.16: Variation of the draw stress against the die

i - rious areas of reduction
semi-angle for va

(AR)

28



Draw Stress (tonf in—2)

40
Material: Mild steel
16 Drawing temperature: 500°C
Drawing speed: 100 ft min~!
Constant friction factor: O.l
32
L0 %] A.R
28
24 ’/////
\\\ ,,/,/’//////, ,//// 0
s //
\ / / 20 % A.R
e
///////// 10 % | AR
’ ///////,/ =
\\\\\§_—_——”/ /////////
8 //////////
4 \\\\A////////
12 16 20 24

Figure 8.17:

(o]

Die Semi-angle (degree)

Variation of the draw stress against the die

semi—-angle for va

(AR)

rious areas of reduction



2)

Draw Stress (tonf 1in

- 196 -

20
Material: Mild steel
Area of reduction: 20Z
\ Die semi-angle: 9 degree
18 \ Constant friction factor: O.1
16 )
\
\
\
\
\
\
14 \
\
\ /'\
12 \\
\\\é‘ N
- \
\
\ N 500 ft min
10 N \ (254 1)
\
\
\ 300ft min’
\ \ (152 sty
8 \
\
\
\
. \1?JfTT1
(505"
6 \
4 \\\
20 £+ min'
(10 sT1)
2
S ft mi n'1
(2s1)
|
. 0
Drawing Temperature (" C)
Figure 8.18: Theoretical results for various draw

speeds and temperatures




Draw Stress (tonf 1in~2)

- 197 -

40
Material: Mild steel
\\ Area of reduction: 40%
26 Die semi-angle: 9 degree
\\ Constant friction factor: 0.1
32
28
24 N
\
\ 500 ft min |
2 - \\ (238 s1)
\ 1.
\ . 4
\ 300Ft min
\ (162 1)
\
16 :
\ AN
\
\
\
00 ft+ min!
(a7 s
12 )
\
38 N\
\
N20 # min”
\ (9 st
4
S £+ min!
(2 s
]
0 100 200 300 400 500 600 700 800
Drawing Temperature (°c)
Figure 8.19: Theoretical results for various draw

speeds and temperatures




Draw Stress (tonf in—?2)

- 198 -

speeds and temperatures

40
!
: Material: Medium carbon steel
Area Of reduction: 20%
Die semi-angle: 9 degree
36 Constant friction factor: O.1
32
28
24
20
\
\ \
N P
iy . \//«X/’\\\ , . ///\\(/*\\
\\y/ ! /\// )
500 f min '
12 (254 s
1
300 min|
N (15257}
N
AN
8 ) -
007t min!
\ {505
\\ N )
N
4 - 1
\\ 20 min
(19 s
5 # min”!
(2 sty
0 100 200 300 400 500 600 700 800
Drawing Temperature 0
Figure 8.20: Theoretical results for various draw

.



Draw Stress (tonf in~2)

80

72

64

56

48

40

32

24

16

- 199 -~

Die semi-angle:

Material: Medium carbon steel
Area of reduction:

9 d

Constant friction factor: 0.1

407

egree

\\ 500t min’

(238s)

300t min!
(143 s-1)

<100¢+ min

(47 571

20% min"
(9 s

gft min-1
{2 s)

0 100

Figure 8.21:

200

300 400 500

0
Drawing Temperature (°C)

600

700 800

Theoretical results for various draw

speeds and temperatures

o



Draw Stress (tonf in—2)

20

Material: Mild steel

Area of reduction: 157

Die semi-angle: 4.13 degree
Drawing speed: 20ft min~!

18

Constant friction factor m: 0.0,
0.1, 0.2, 0.3

Theoretical results

o—o Experimental re~ults

I

14

12

10

8
6
4
2
0 100 200 300 400 500 600 700 800
Drawing Temperature (°0)
Figure 8.22: Comparison of experimental and theoretical

results at various temperatures



Draw Stress (tonf in~2)

10

30 | Material: Mild steel
Area of reduction: 183
Die semi-angle: 5.2 degree
Drawing speed: 20ft min~!
45 // Constant friction factor m: 0.0,
0.1, 0.2, 0.3
——— Theoretical results
o—o [Experimental results
40

TN

25

N
N

BA

20—
o

N

5
0 100 200 300 400 500 600 700 800
Drawing Temperature (“c)
Figure 8.23: Comparison of experimental and theoretical

results at various temperatures




Draw Stress (tonf in~?2)

40
Material: Mild steel
Area of reduction: 22.84%
| Die semi-angle: 7.52 degree
6 ‘ Drawing speed: 20ft min~!
Constant friction factor m: 0.0,
) 0.1, 0.2, 0.3
| Theoretical results
! o—o Experimental results
32 ,
28
24
20

IO
N

L

\

12 \\\\\\\\-—’/////,~

4
0 100 200 300 400 500 600 700
Drawing Temperature (°c)
Figure 8.24: Comparison of experimental and theoretical

results at various temperatures



Draw Stress {(tonf in—2)

40

Material: Mild steel

Area of reduction: 27.0%

Die semi-angle: 6.33 degree
Drawing speed: 20ft min~!

36 Constant friction factor m: 0.0,

0.1, 0.2, 0.3
Theoretical results
o—-o Experimental results

32

0 100 200 300 400 500 600 700 800

Drawing Temperature (°c)

i 1 i tal and theoretical
Figure 8.25: Comparison of experimenta
results at various temperatures



-2)

Stress (tonf in

Draw

45

40

35

30

25

20

15

10

- 204 -

Material: Mild steel
Area of reducticn: 40%
Die semi-angle: 9 degree
Drawing speed: 20ft min~!
Constant friction factor m: 0.0,
0.1, 0.2, 0.3
Theoretical results
\—/////////“\\ o—o Experimental results
\\\\\\\_/// o
d.
\\\\\ °
° i
\/CP _—1
\
m=0.3
= 0.2
= 01
= 0.0_
0 100 200 300 400 500 600 700 800
Drawing Temperature (°C)
Figure 8.26: Comparison of experimental and theoretical

results at various temperatures



Draw Stress (tonf in™2)

Material: Mild steel
‘Area of reduction: 457
Die semi-angle: 9 degree
45 Drawing speed: 20ft min™!
Constant friction factor m: 0.0,
0.1, 0.2, 0.3
40 \\\\\\//////////\\\\\\

Theoretical results
35

o——o Experimental results
30 ————%/

o]
20 —9\\\\\
°vo

15

10

5

0 100 200 300 400 500 600 700 800
Drawing Temperature (°c)

Figure 8.27: Comparison of experimental and theoretical

results at various temperatures



Draw Stress (tonf in™2)

- 206

40 T .
Material: Medium carbon steel
Area of reduction: 20%
| Die-semi-angle: 9 degree
36 ; Drawing speed: 20ft min~!
i Constant friction factor m: 0.0,
6.1, 0.2, 0.3, 0.4
Theoretical results
o—o Experimental results
32
28

N\

(

20 / ‘\
P N N Sy
\_—/

| /7
R EZZE RN AN

8 \\\
[+
lm:O,lo
m=0.3
20,2
‘ \::041
m=0 0
0 100 200 300 400 500 600 700 800
Drawing Temperature (°c)
Figure 8.28: Comparison of experimental and theoretical

results at various temperatures



Draw Stress (tonf in—?2)

50
| Material: Medium carbon steel
? Area of reduction: 30%
Die semi-angle: 9 degree
45 Drawing speed: 20ft min~!

Constant friction factor m: 0.0,
0.1, 0.2, 0.3, 0.4
Theoretical results

© Experimental results

\ O

Figure 8.29:

200 300 400 500 600 700 800

Drawing Temperature °c)

Comparison of experimental and theoretical
results at various temperatures



Draw Stress (tonf 1n~2)

- 208 -

50
Material: Medium carbon steel
1 Area of reduction: 357
i Die semi-angle: 9 degree
Drawing speed: 20ft min™!
45 Constant friction factor m: 0.0,
0.1, 0.2, 0.3, 0.4
Theoretical results
\\ﬁ_//// °—o Fxperimental results
40
35
30
25
20
15
10 m=0.4
m=0.3
mz 0.2
m= 0.1
5 m= 0.0
0 100 200 300 - 400 500 600 700 800
Drawing Temperature (°C)
Figure 8.30: Comparison of experimental and theoretical

results at various temperatures

r



Draw Stress (tonf in—2)

- 209 -

80
Material: Medium carbon steel
Area of reduction: 40%
Die semi-angle: 9 degree
79 Drawing speed: 20ft min~!
Constant friction factor m: 0.0,
0.1, 0.2, 0.3, 0.4
Theoretical results
o—o Experimental results
64
56 \\ \\\_’///////
40 \\\\\\\\_’///
. N
]
\_\/_’
24
16
m=0.4
;m=0.3
m=0.2__]
8 \ﬁm: 0.1
lm: 0.0

Figure 8.31:

Drawing Temperature o)

Comparison of experimental and theoretical
results at various temperatures



Draw Stress (tonf in~2)

80
Material: Medium carbon steel
Area of reduction: 459
Die semi-angle: 9 degree
79 Drawing speed: 20ft min-—!
- Constant friction factor m: 0.0,
0.1, 0.2, 0.3, 0.4
Theoretical results
o—o Experimental results
64
56 [ N
48 — —
40
32
24
16
8
0 100 200 300 400 500 600 700 800
Drawing Temperature °c)
Figure 8.32: Comparison of experimental and theoretical

results at various temperatures




Draw Stress (tonf in~?2)

- 211

50
Material: Medium carbon steel
Drawing speed: 20ft min~!
Drawing temperature: 20°C

45 Die semi-angle: ¢ degree
Constant friction factor m: 0.0,

0.03, 0.1
o——o Experimental results
Theoretical results

40

35

30

25

20

m=0.1
15 m=z0034
m=0.0
10
5
V- 30 35 40 45 50

0 10 15 20 25

Area of Reduction (7)

Figure 8.33: Compariso

n of experimental and theoretical
results for different areas of reduction

e



Draw Stress (tonf in™?2)

50

40

35

30

25

20

15

10

Material: Medium carbon steel

Drawing speed: 20ft min™!

Drawing Temperature: 100°C

Die semi-angle: 9 degree

Constant friction factor m: 0.0,
0.03, 0.1

o——o Experimental results

Theoretical results

»

0

10

Figure 8.34:

15 20 25 30

35 40

Area of Reduction (%)

Comparil
results for different areas o

son of experimental and theoretical

f reduction

50

e



Draw Stress (tonf in™%)

50
Material: Medium carbon steel
Drawing speed: 20ft min™!
Drawing temperature: 200°C

45 Die semi-angle: 9 degree
Constant friction factor m: 0-0,

0.03, 0.1

o——o Experimental Results
—— Theoretical Results

40

35

30

25

20

15

10

5

LA 0
Area of Reduction (%)
Figure 8.35: Comparison of experimental and theoretical

results for different areas of reduction



Draw Stress (tonf in~?%)

50
Material: Medium carbon steel
Drawing speed: 20ft min~!
Drawing temperature: 300°C
45 Die semi-angle: 9 degree
Constant friction factor m: 0.0}
0.05, 0.1
o——o Experimental results
Theoretical results
40 - '
35
|
]
30 %
25
20
15
10
5
‘ 25 30 35 40 4 50

Figure 8.36:

15 20

Area of Reduction (%)

Comparison
results fo

of experimental and theoretical
r different areas of reduction



Draw Stress (tonf in—?)

50
| Material: Medium carbon steel
Drawing speed: 20ft min~!
Drawing temperature: 400°C
L5 Die semi-angle: G degree
Constant friction factor m: 0.0,
0.1, 0.2
o—o Experimental results
Theoretical results
40
35
30 £
25
0
o
7
20
15 m=0.2
m= 0.1
10 m= 0.0
5
F—A' 5 15 20 25 30 35 40 45 50
Area of Reduction (%)
Figure 8.37: Comparison of experimental and theoretical

results for different areas of reduction

.



Draw Stress (tonf in—?2)

- 216 -

50
Material: Medium carbon steel
Drawing speed: 20ft min~!
Drawing temperature: 3500°C
45 Die semi-angle: 9 degree
Constant friction factor m: 0.0,
0.1, 0.2, 0.3
| o——o Experimental results
Theoretical results
40
35
30
///////o
) o/
o
20 /
|
15 (
m:0.3|
m=0.2
10 —
m=0.1
m:O.OI
5
;—-4, " P 20 25 30 35 40 45 50

Area of Reduction (Z)

Figure 8.38:

results for different areas of reductlon

Comparison of experimental and theoretical

s



Draw Stress (tonf in—?%)

40
Material: Medium carbon steel
Drawing speed: 20ft min—!
Drawing temperature: 600°C
36 Die semi-angle: 9 degree
Constant friction factor m: 0.1,
0.2, 0.3, 0.4
0——o Experimental results
Thecretical results
32
28
24
20
16
12
m=0.4
Q
8 m:0,3
m=0.2 l
m=0.1
4
6‘“& 10 15 20 25 30 35 40 45 50
Area of Reduction (%)
Figure 8.39: Comparison of experimental and theoretical

results for different areas of reduction

e



Draw Stress (tonf in~2)

- 218 -

40
Material: Medium carbon steel
Drawing speed: 20ft min™!
Drawing temperature: 700°C
26 Die semi-angle: @ degree
Constant friction factor m: 0.4,
0.6, 0.7
o o Experimental results
Theoretical results
32
28
24
20
16
12
8
m=90.7
m= 0.60
m= 0.4
4

Figure 8.40: Compa

20

25 30 35 40 45

Area of Reduction (%)

rison of experimental and theoretical

results for different areas of reductilon

e



True Stress (tonf in—?2)

80

64

56

48

40

32

24

16

- 219 -

Generated results
Dean's results

Strain rate: 12 g—!

20° ¢

-]
100° C
300 C

2000 €

o
400 C

500° C

600° C

600° C

700" €

800 C

Figure 8.41:

Natural Strain

The ccnerated stress—strain curves for
o
carbon steel

med Lum

e



220

Figure 8.42:
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IX. CONCLUSIONS

Since an extensive study has been conducted both experimentally and

theoretically, on the drawing of a selection of wire at

elevated

temperatures and at a variety of reductions of area, and since the

process and lubrication were developed specifically for the research

programme,

the following conclusions can be drawn:

The art of wire drawing at elevated temperatures had been

successfully developed in the laboratory.

Mild steel and medium carbon steel wires were drawn up to
700°C and 45% area of reduction without rupture. M2 'high
speed’ steel wire which could not be cold drawn for a 40.5%
area of reduction was successfully drawn at temperatures above
300°cC. In general, the experimental draw stress at
elevated temperature is lower than that at room temperature,

for corresponding draw conditions.

The draw stress and surface finish were noticeably affected by

the lubricant; the draw stress was reduced when a ‘better’

lubricant was used.

For mild steel and medium carbon steel wires, the experimental

draw stress decreased as the temperature increased up to about

or _ )
200°C. In the temperature range of 200°C 4007C  the

draw stress increased with temperature. This is attributed

o
to the strain-ageing phenomenone. Above 400°C, the draw

e
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stress decreased rapidly with temperature.

Low ductility was observed for M2 ‘high speed’ steel in the

temperature range of 100°C - 400°C.

In general, the ©process of wire drawing at elevated

temperatures was successfully analysed both theoretically and

experimentally.

There was satisfactory agreement between the theoretical and
experimental results on mwmedium carbon steel for draw
temperatures below 600°C. At higher temperatures, the
velocity-modified temperature concept does not seem tO relate

well.

Although the results for mild steel could not be compared
under identical conditions, nevertheless, the theoretical

results showed 2 similar trend.

Ipgically accountable trends were observed in the derived

upper bound curves which supports the validity of the

theoretical solutions.

The theoretical results showed that:

a) An increase 1in the constant friction factor does not

affect the strain-ageing region. Increases in the area

of reduction narrowed the strain-ageing regiomn.
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c)

d)
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The draw speed affects the strain-ageing region; as the
speed increases the strain-ageing region shifts towards
the Thigher temperature. Thus, the effects of

temperature and strain rate on the flow stress must be

considered together.

The optimum die semi~angle was affected by area of
reduction, constant friction factor, temperature and

speed of drawing.

Frictional resistance at the die-wire interface was
generally high (this was supported by the presence of a
wear ring at die entry) and as the temperature was raised

the frictional resistance increased.

11. The isothermal graphs showed that:

a)

b)

In general, an increase in the following variables will

increase the temperature at exit
i) the strength of the material

ii) the area of reduction

1ii) the exponential constant c, if c takes positive

values

If ¢ is negative, then a decrease in ¢ will increase the

temperature at exite.

An increase in the constant friction factor will increase

the temperature at the die-wire interface. As the die

re
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semi-an
1gle decreases the temperatures developed at the

die-wire interface increases.

c) The temperature for mild steel and medium carbon steel

was highest at the die-wire interface but it decreases

towards the die-axis.

The proposed theory could also predict the effects of a change
in speed on the draw stress. However, this has not been

verified experimentally.

The process of drawing wire at elevated temperatures 1is
technically feasible. Since the draw stress can be predicted
within reasonable accuracy, the work can be scheduled

effectively on bull blocks.

.
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X SUGGEST IONS FOR FURTHER WORK

This research is one of the first into the mechanics and practice

of wire drawing at elevated temperatures. There is a necessity for

further investigations and original work to gain a wider and deeper
understanding of the process and its mechanics, and thus to enable the

industry to benefit from new technological developments.

In the light of the experience gained and conclusions formulated
from this research programme, further work is suggested in the following

directions:

1) Experiments with different wire materials

The draw material used in this project was limited to mild
steel, medium carbon steel and M2 ‘high speed’ steel. It would be
valuable to extend the draw technique to austenitic and stronger
ferrous and non-ferrous materials. Also, since the workpiece
diameter was 6 mm and since there is interest in drawing fine wire

or filaments at elevated temperatures it is suggested that research

be initiated in that valuable area.

Non-ferrous materials such as aluminium bronze, niobium

bronze, some nickel alloys and some brasses are difficult to cold

draw and require frequent interstage annealing operations.

Consequently, it may well be advantageous to draw these materials
1

at elevated temperatures. Other forms of heating, such as

resistance heating might be more guitable for heating non—-ferrous
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materials but much work needs to be done to advise on the

appropriate method of heating the wire.

2) Experimentation with ‘better’ die materials and lubricants,

higher draw temperatures and areas of reduction, and a range

of draw speeds.

The draw stress is affected by: die material and design,
lubricant, draw temperature, area of reduction and draw speed.
Thus, by an appropriate combination of the various variables, the
optimum draw condition can be established.

The chromium carbide and ’‘Syalon’ dies wused in the
experimental work were unsuitable or not wholly suitable for
elevated temperature wire drawing. Crack lines were formed on the
chromium carbide dies, and wear at die entry was clearly visible on
the ‘Syalon’ dies which in other respects was promising. It is
felt that other forms of silicon nitride might prove to be a
‘better’ material. The wear could be reduced also by improvements

in the lubricant. It was shown earlier that a ‘better’ lubricant

will decrease the draw stess.

o .
In this research, the wires were drawn up to 700°C with a

constant speed of 20 ft min-l. It would be valuable

industrially and academically to see the effects of temperature and

strain rate on the draw stress by drawing wires at different speeds

and at a range of temperatures.

It is felt that it may be inadvisable to draw the wires at

: wire is subjected to
very much higher temperatures because: the h|

tensile stress and will neck easily if there is insufficient
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cooling, and phase transformation may occur giving a higher draw

stress.

3) Experimenting with redrawing the wires at elevated

temperatures without interstage annealing.

If the wires could be repeatedly redrawn without interstage
annealing, production routes and costs would be further reduced and

the technology of in-line processing substantially advanced.

4) Developing the techniques of warm drawing of tubes, which are

difficult—-to-cold draw.

The warm drawing of stainless tubes has been studied

elsewhere(6l). The draw stress was reduced to 60% - 70% of that

in cold tube drawing.

5) Production of wires with a unique combination of physical and

mechanical properties

There is a continual demand for wire possessing a wider range

of mechanical properties than those currently catalogued. Some of

these properties, which are unobtainable by cold-drawing, can be

achieved by drawing wire at the specific temperatures and area

reductions which give the desired metallurgical properties. Heat

treatments can also Dbe used 1in conjunction with elevated

temperature wire drawing to yield microstructures having high

tensile properties which are not possible with cold drawing alone.
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Refinement of the proposed theory and extending it to include

other wire materials.

Improvements in the theoretical analysis could be made by:

a)

b)

c)

d)

The value of the constan

conditions could be establis

generating stress-strain data of the actual wire material
over appropriate temperature and ,strain rate ranges.
Attempts could then be made to relate the stress, strain,
strain rate and temperature mathematiéally. The
formulae for relating the four variables would probably

be different for different wire materials

taking into consideration heat conduction, back tension
and the effects of the land.

The cooling of the die casing and the wire at exit
should also be taken into consideration. This would
give better estimates of the temperature and flow stress
distributions in the deformation zone.

The estimation of the temperature distribution could

also be extended into the die region.

improving the velocity-modified temperature concept

the use of more realistic shear surfaces and velocity

flow, eg those seen in slip-line fiewv solutions .

t friction factor for specific draw

hed by suitable techniques, such

rr
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as the rotating die method. This will provide a check on the

accuracy of the theoretical analysis.



CHAPTER ELEVEN

APPENDICES




- 241 -
APPENDIX Al

ACKNOW LE DGEMENTS

Tq my supervisor, Professor D H Sansome, I wish to express my thanks
for his encouragement, guidance and patience throughout the course of
this work.

and

I am grateful to the Science, Engineering Research Council for their

financial support and Mr N Marsh for reading through the manuscripts.

I would also like to thank:

Members of the technical staff in the Department of Production
Technology and Production Management for their assistance, especially
Messrs G M Jones, T Rudge and P McGuire

Mr T Hopper of Acheson Colloids, Mr N Cother of Iucas Industries and Mr
Bolam of Peter Stubs Company for the supply of lubricants, dies and wire
material

Dr Hashmi of Sheffield Polytechnic for making the arrangements to use
the cam plastometer.

I am indebted to Mrs J Neale for typing this thesis and Miss S N Iau
for helping in some of the drawings.

To my brothers and sisters in Christ who have given their
encouragement and support during this work; space does not allow me to
mention them all, but to them also I wish to express my thanks.

Finally, I wish to express my deep appreciation to my mother,
brothers and sisters for their understanding, encouragement and

unfailing support throughout this work.

.



1)

2)

APPENDIX A2

Supporting Papers
Two papers entitled:

‘A review of the warm drawing of wire’

Presented by N H Loh and D H Sansome at the Fine Wires
International Conference, 30th-31st October 1980, Aachen,

West Germany.

’Drawing of wire at elevated temperatures’

Wire Industry, 1983, March, 148-153

ented earlier at the Wire Asia 82
4Lth-8th October 1982, sponsored
Machinery Association.

The above paper was also pres
Conference held in Singapore,
by the International Wire and

Ve



APPENDIX A3

Supplementary Proofs ' ,:g‘,"}




= 258~

A3.1 perivation of Strain Rates in Terms of the

Velocity Components

From Equation (9),

2

p
0
b, = Vl (_E)—) exp 2¢(® -a) (cos® + ¢ sinb)
and since ue = uq) = 0, the following strain rates can be found:

1) €

S
. _ up
e = —=
P o
2
= - 6- 9 inb)
= -2Vl 3~ exp 2¢(6-0) (cosf + ¢ sin
o

For simplicity, let
g = exp(c(b-a))

g’ = c exp(c(8-a))

g" = o’ exp(c(®-))
o 2
. o 2 -
Therefore, &, = -2V; 3 8 (cosb + c sind)
2
P ) .
9 (o2 cost + cg“sind)
= = cos
= 2V1 03 (g

) e

Since ug =uy = 0,

therefore, €4 Mo
p
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4)
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2

o 2
Vl ?3— g~ (cos® + ¢ sin®)

o 2
= o 2
- Vl 03 (g” cosh + gzc sing)

€
¢
= =O
g = My
. UD _c
Eq)——p——se
2
. o, 5 . o)
€¢_Vl——03 (g cos g~ ¢ sin
Yoo
= =O
Mg = Hy
. 1 Gup
= 1 o X
Therefore, Ype -
Y 2 § exp(ZC(e-a))(cose + ¢ sinb)
=4V, —5 56
2 l p
o ing) +
2. 2¢(6-a))(cosp + ¢ sind
=1V) =3 [2¢ exp(2c(

exp(2c(8=0))(c cost = sing)]

2

- 2c(p-a)))cosd
; -507[(2c exp(2e(g=a)) + ¢ exp( c(g=a)))co

1]
X!
<
—

0- ind
+ (2c2 exp(ZC(e-“)) - (exp 2c( d)ﬂS1n ]
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2

Y
= 47, S5 [3 exp(2e(8-))cos0

+ [2e2 exp(2¢(0-q)) - exp(2¢(8 -a))]sing)

= 3V] 53 (9¢ 8% cost + (2282 - 2)sing]

= %Vl 9_3 82 [3¢c cosf + (2¢2 - 1)sing]

5) v = 0 )
e¢ ) Since ue = ud) =0
)
Y-
2 bp 0 )

A3.2 Derivation of the Equivalent Strain Rate

Substituting equations (17) - (22) into the equivalent strain rate

formula gives:

€

Nl—

b . . . . 2 .
(2/3(5992 + 8682 + e¢¢2 + Z(YDGZ + g4 +Y¢p)))

2
\A _“[ 11 6(g cosb + cg 31n9)

m I=

+3g%(3c cosg t+ (2¢% = 1)sing) 1]

2
Q . 2
Vi [g [4(cos® + c sind)

2913
+% 1 (3c cos® + (2¢2-1 1)sin8) ‘1]

D 2
— [ ghl(cos® *+ ¢ sind)?

2V1

1 (3c cosb + (2¢2-1)sin®) ]]
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2
2V, —p%“ g%[(cosg + ¢ sing)?

I}

1
+§ (3¢ cosg + (2c2_1)sin6)2]§
where g 1s defined in appendix A3.].

A3.3 Temperature Rise due to Frictional Work

The mesh employed in the deformation zone is very fine, therefore
for a small d6 between the J=1 and J=2 line, it can be assumed that the

I lines are a surface of a sphere, that is

e,y T P(r,2)

Volume of a sphere J pz sing do d¢ dp
v

°(1,1) -
J‘ 2 1 (cosd(J+1) = cose(J))p” dp
"(1+1,1)

; (1,

P
Therefore, Va 27 (cosB(2) - cos8(1)) (—3—)

°(1+1,1)

271 (cosB (2) - cosB(1)) (o
3

P(1,1)
J 2 mo sina dp

P(1+1,1)

3
(L1 " P(mL,L)

dS

Therefore, S

2 2y
T sinot(o(l,l) - P(mL,1)

istance A in a time
For a particle to move 2 small radial dista o

Interval At, the velocity is given by:

_ Lo
up At
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Substituting the various values into equation (29) gives
]

Ap

A i 2 -
mo At T s1na(p(I,1) p(I+1,1)2) At
v3.Q sp d 2m(cos6(2) - cosh(l - 3
. 086 ( ))‘(p(I,l) - p(I+I,1)3‘)”

8 (m1,3) T

bo = P(1,1) T P(1+1,1)

Therefore,

3 . -
m o 51na(p(1,1) Q(I+1’1))(p(1,1)2 - p(I+l,1)2)

26 = —
(H1,J) 2V3 Q sp d{cos 8(2) - cos8(1)]

3 2
® 1) 7P,y )

where o =14 (o + 0 )
2 O(I,J) (L)

A3.4 Derivation of the Velocity Discontinuities Avy and

AV2 at the Inlet and Outlet Shear Surfaces

Inlet shear surface I‘l

From figure 2.2a of section 2.2.3.1:8

Avl = up cos (B—e) —Vl COSB

At the inlet shear surface, up = ¥

Therefore, Avy; = ¥} COS ®-6) - Vi cost

i uation gives:
Substituting equations (6a) and (8) into the above eq

) =V sin(n=6)
AV1 = Vl(cose + ¢ sinf) cos(90 n) 1
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Vl[(co:s@ + ¢ sinb) sin(n) - sin(n~g)]

Vl[(cose + ¢ sin®) sin(n) - (sinn cosg - cosn sing)]

pivide throughout by cos(n), then,

Wy o= Vl[(cose + ¢ sin®)tan(n) - tann cosp + sing] cos(n)

= Vl[sine(c tan(n) + 1)] cos(n)
Since tan{(n) = ¢,
therefore, Avl = Vl[sine (l+c2)] cos(n)

Outlet shear surface I‘2

Since I‘l and I‘2 are geometrically similar in shape therefore

sz = Vz[sine (1 +‘c2) cosn]

The above relationship can be proved as follows:

From figure 2.2b of section 2.2.3.1:

cos
Avy = up sin(90 - (B-8)) - vy 8

d
t on the outlet shear surface T, an

Yy is now the velocity at a poif

an be represented by H2°
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from equation (10),
_ vV, sing
2 7 cos(90-())
V., sinf

2
cos (90-(g-5))  cos®-8) - v, cosg

Therefore, sz

V2 sinR
T Simggay 0 7Ty cost

The first part of the equation is similar to equation (3) and can be

expressed as V2 (cosb + ¢ sinB)

sz = Vz(cose + ¢ sinB) cos{(B=9) - V2 cosB

From equations (6) and (6a) it can be shown that,

sin(n-6)

cosB

cos(8-6) sin(p)

Therefore, Av, = Vz[(cose + o sing) sin(n) - sin(n=6)]-

2

i nl
The above equation is similar to that derived for Av,, the only

can be expressed
difference is the linear velocity V. Therefore, AV,

as:

2
Avy = Vz[sine(l+c )] cosn
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[
(
Material: Mild steel
¢ ee
Area of reduction: 157
Die semi-angle: 4.13 degree
Drawing speed: 20ft, min-l
Drawing Draw Mean flow Drawi
Tawing Draw Mean flow
temperature Stress Stress Y ¢
o) (cont in_z) cont 1 g) emperature Stress Stress Y
on - e PR
m (°c) (tonf in 2) (tonf in~2)
20 6.39 28.99 20 10.13 28.92
100 5.47 24,81 100 8.70 24.83
200 5.79 26.24 9.20 26.2
Constant Constant 200 ’
friction 100 6.29 28.55 friction 300 9,95 28.37
factor factor
400 4.53 20.56 400 7.17 20.45
m=0.0 m = 0.1
500 3.24 14.68 500 5.13 14.63
600 2.02 9.14 600 3.20 3.10
700 0.86 3.90 700 1.36 3.87
17.61 28.85
20 13.89 28.93 2
0 15.12 24.77
100 11.93 24.85 100
200 15.93 26.12
Constant 200 12.58 26.20 Constant
fricei friction 300 17.21 28.19
ron 300 13.59 28.27 actor
factor 400 12.41 20.33
m=0,2 400 9.79 20.38 m=0.3
500 8.38 14.54
500 7.01 14.57
600 4,37 9.08 700 2,35 3.84
700 1.86 3.85
e ————
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Material;

Area of reduction:

Die semi-angle:

Drawing speed:

Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in-z)(tonf in=2)
20 8.20 30.21
100 7.06 26.01
200 7.31 26.96
Constant
friction 300 8.21 30.26
factor 5.91 21.78
400 . .
m= 0.0
500 4.32 15.92
600 2.78 10.23
700 1.35 4.97
20 15.77 30.15
100 13.62 26.04
.93
Constant 200 14.08 26
fricei
riecion 300 15.68 29.96
factor
maQ.2 400 11.32 21.63
500 8.28 15.82
600 5.33 10.15
700 2.59 4.93

o
(
(
Mild steel
182
5.2 degree
20 fr. min "}
Drawing Draw Mean flow
temperature| Stress Stress Y
(°c) (tonf in~z) (tonf in~2)
20 11.97 20.13
100 10.33 26.02
200 10.72 27.00
Constant
friction | 300 11.96 30.05
factor 400 8.62 21.68
m = 0.1
500 6.31 15.86
600 4.06 10.20
700 1.97 4.94
20 19.53 30.09
100 16.86 25.96
200 17.43 26.86
Constant
friction 300 19.40 29.87
factor 2
14.00 21.57
m = 0.3 400
500 10.25 15.76
500 6.59 10.13
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Material:

Area of reduction:

Die semi-angle:

Drawing speed:

—
Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in-z)(tonf in=2)
20 11.65 31.98
100 10.13 27.81
200 10.12 27.78
Constant
friction 300 11.73 32.19
factor
400 8.67 23.80
m = 0.0
500 6.49 17.79
600 4,23 11.59
700 2.47 6.74
20 18.86 31.91
100 16.45 27.84
Constant 200 16.42 27.78
friction 300 18.89 31.96
factor
m=0,2 400 13.98 23.63
500 10.47 17.69
600 6.84 11.56
700 3.98 6.69
e —————

Mild steel

22.847

7.52 degree

[a NN

20 ft. mint
Drawing Draw Mean flow
temperature Stress Stress Y
B .. =2
(°c) (tonf in )| (tonf in=2)
20 15.23 31.89
100 13.28 27.81
200 13.30 27.84
Constant
friction 300 15.31 32.06
factor
400 11.33 23.68
m= 0.1
500 8.49 17.74
600 5.54 11.58
700 3.22 6.70
20 22.44 31.87
100 19.57 27.78
200 19.52 7.1
Constant
friction 300 22.45 31.87
factor 400 16.61 23.56
m = 0.3 -
500 17.65 12.45
600 8.14 11.52
700 4,73 6.67
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Material:

Area of reduction:

Mild steel

277%
Die semi-angle: 6.33 degree
Drawing speed: 20 ft. m.in-l
Drawing Draw Mean flow Drawing Draw Mean flow
temperature Stress Stress Yd temperature Stress_z St:ress'Y22
(°c) (tonf in %){(tonf in-2) Q) (tonf in 7| (tonf in™%)
20 13.19 32.65 20 18.48 32.56
100 16.09 28.34
100 11.44 28.30
200 16.86 29,73
200 12.00 25.73 Constant
Constant ] friction 300 18.16 11.97
friction 300 13.03 32.1
factor 400 13.22 23.29
factor 400 9.45 26.69 2 = 0.1
@ = 0.0 500 9.82 17.26
500 7.02 17.36
- 600 6.47 11.38
600 4.63 11.41
700 3.41 5.98
700 2.44 6.03
20 29.00 32.40
20 23.78 32.50
100 25.23 28.18
100 20.69 28.28 200 26.41 29.50
. Constant
200 .66 29.60
Censtane 2 iccion 300 28.41 31.73
frii
friction 300 21.92 31.84 factor 0 20.70 23.12
factor m=0.3 “0
a=0.2 400 16.97 23.20 500 15.37 17.15
500 12.60 17.20 - Lo.14 11.28
I
600 8.31 11.35 700 5.3 5.93
700 4,38 5.94
—

o o
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Material:
Area of reduction:
Die semi-angle:

Drawing speed:

Mild steel

Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in—z)(tonf in=2)
20 22.39 35.14
100 19.72 30.94
200 20.87 32.76
Constant
friction 300 21.92 34.39
factor
400 16.27 25.48
m = 0.0
500 12.34 19.36
600 8.23 12.85
700 4,98 7.74
20 35.29 34.97
100 31.15 30.86
Constant 200 32.87 32.57
frices
riction 300 34.32 33.96
factor
ma0.2 400 29.42 29.11
500 19.38 19.18
600 12.94 12.78 |
700 7.81 7.69
e —————

407
9 degree
20 ft, min~t
Drawing Draw Mean {low
temperature Stress Stress Yd
(°c) (tonf in-z) (tonf in~2)
20 28.89 35.09
100 25.50 30.98
200 26.61 32.71
Constant
friction 300 28,12 34.11
factor
400 20.91 25.36
m=0.1
500 15.24 19.25
600 10.34 12.82
700 6.40 7.71
20 41.63 34.79
100 36.73 30.70
200 38.79 32.45
Constant
friction 300 40.49 33.84
factor 25.16
m 0.3 400 30.10 .
500 22.86 19.07
600 15.26 12.69
RRR—
700 9.21 7.63
L

oo
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Material: Mild steel
Area of reduction: 457
Die semi-angle: 9 degree
Drawing speed: 20 ft. min -1
Drawing Draw Mean flow Drawi
temperature Stress St T Prav fean flow
u“:"c) (tonf in~2){ i Yg ferperacure) Stress | Stress 1,
[ in~ ° -
onf in tonf in=-2) (°c) (tonf in Z) (tonf ia~2)
20 25.81 35.63 20 33.51 35.56
100 22.93 31.65 100 29.83 31.66
200 24.85 34.30 200 32.22 34.19
Constant Constant
friction| 300 24.88 34.34 Eriction| 399 32.11 34.07
factor factor
400 18.55 25.61 400 23.99 25.41
m=0.0 m=0.1
500 14.11 19.43 500 18.24 19.32
600 9.43 12.98 600 12,21 12.94
700 5.65 7.72 700 7.31 769
20 48,564 35.23
20 41.02 35.39
100 43.21 31.36
100 36.55 31.51
200 46.68 33.88
Constant 200 39.47 34.02 Constant
Eriction friction 300 46,52 33.72
300 19.31 33.84 factor
factor 400 34.75 25.19
@=0.2 400 29.38 25.29 m=0.3 ]
500 26.43 19.12
500 22.35 19.24
; 600 17.70 12.77
600 14.97 12.88 - 10.57 7.60
700 8.95 7.66
e —————

a A
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Material:

Yedium carbop steel

Area of teduction: 207

Die semi-angle:

Drawing speed:

—
Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in™%){(tont in=2)
20 13.91 39.98
100 11.78 33.85
200 11.02 31.67
Constant
friction 300 13.68 39.31
factor
400 10.12 29.04
m= 0.0
500 7.30 20.95
600 4,61 4,61
700 2.73 2.73
20 20.34 39.81
100 17.25 33.80
Constant 200 16.20 31.72
Fricp:
Fleflon 409 19.95 39.06
factor
ma0,2 400 14.76 28.88
500 10.66 20.86
600 6.73 13.09
700 3.98 7.75
\.—

9 degree
20 fr. min~!
Drawing Draw Mean flow
temperature| Stress Stress Yd
(°C)  [(tonf in”®)| (tonf ia-2)
20 17.11 39.85
100 14.39 33.77
200 13.62 31.73
Constant
friction 300 16.82 39.18
factor
400 12,44 28.95
m = 0.1
500 8.98 20.91
600 5.60 _13.16
700 3.32 7.76
20 23.56 39.78
100 20.01 33.78
200 18.74° 31.64
Constant
friction | 300 23.06 38.96
factor
17.07 28.81
m s 0.3 400
500 12.32 20.77
600 7.78 20.69
700 4.60 7.74
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Material: Medium carbon steel
Area of reduction: 20%
Die semi-angle: 9 degree
Drawing speed: 20 ft. min -1
Drawing Draw Mean flow Drawing Draw Mean flow
temperature Stress Stress Yd temperature| Stress Stress ‘{d
(°c) (tonf in 2){(tonf in-2) (°c (tonf in 0| (tonf in=2)
20 26.75 39.70 20 36.23 39.48
.76 33.53
100 22.71 33.72 100 30
' 200 28.79 31.38
Constanc 200 21.27 31.59: Constant
- icti 35.47 38.68
friccion 300 26.17 18.88 friction 300
factor factor 400 26.23. 28.55
w04 400 19.36 28.70 m =0.7
500 500 18.95 20.63
13.99 20.74
600 11.95 12.96
600 8.83 13.06
700 7.07 7.66
700 5.22 7.69
S
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Material:

Area of reduction:

Die semi-angle:

Drawing speed:

Medium carbon steel

Drawing Draw Mean flow
temperature Stress Stress Yd
(°C) (tonf in~2)(tonf in-2)
20 20.38 62,23
100 17.36 35.96
200 17.06 35.38
Constant
friction 300 20.09 41,62
factor
400 .
a = 0.0 14.40 29.83
500 10.46 21.67
600 6.61 13.66
700 3.89 7.99
20 31.21 42,03
100 26.66 35.91
.26
Conseanc 200 26.19 35.2
friction 300 30.58 41.18
factor
ma0,2 400 21.96 29.52
500 15.97 21.46
600 10.11 13.59
et
700 5.93 7.92
T ————

307
9 degree
5 . =1
20 ft. min
Drawing Draw Mean flow
temperature| Stress Stress Yd
°0)  |(eonf in"H)| (zonf in-2)
20 25.80 42.11
100 22.04 35.98
200 21.68 35.39
Constant
friction 300 25.36 41.36
factor
400 18.19 29.63
m= 0.1
500 13.22 21.53
600 8.37 13.63
700 4.91 7.94
20 36.55 41.88
100 31.21 35.77
200 30.65 35.13
Constant
friction | 300 35.82 41.04
factor 400 25.71 29.42
m = 0.3
500 18.70 21.40
600 11.85 13.48
-
700 6.95 7.90
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Material: Medium carbon steel
Area of reduction: 302
Die semi-angle: 9 degree
. -1
Drawing speed: 20 ft. min
Drawing Draw Mean flow Drawing Draw Mean flow
temperature Stress Stress Yd temperature| Stress Stress Yd
(°c) (tonf in-z) tonf in-2) °0) (tonf in_z) (tonf in=%)
20 41.85 41.75 20 57.82 41.33
. 35.39
100 35.75 35.66 100 49.33
200 48.48 34.82
Constant 200 35.11 35.02 Constant
icti iction 56.79 40.75
friction 300 41.04 40.94 frictio 300
factor factor 400 40.72 29.17
D= 0.4 400 29.45 29.34 o = 0.7
500 29.59 21.20
500 21.42 21.29 - -
600 18.71 13.37
600 13.56 13.45
700 10.96 7.81
700 7.95 7.86

A A
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Material:
Area of reduction:
Jie semi-angle:

Drawing speed:

Medium carbon steel

Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in—z)(tonf in=2)
20 23.92 42.96
100 20.52 36.86
200 20.69 37.15
Constant
friction 300 23.33 41.84
factor
400 .98
2= 0.0 16.72 29.9
500 12.18 21.85
600 7.75 13.84
700 4.51 8.04
20 37.16 42.64
100 31.97 36.69
Constant 200 32.18 36.96
frier
rieston) 309 16.02 41.34
factor
m=0,2 400 25.87 29.63
500 18.87 21.61
600 12.01 13.72
700 6.99 7.95

357
9 degree
20 £r. min 7!
Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in-z) (tonf in~2)
20 30.59 42,86
100 26.32 36.84
200 26.50 37.13
Constant
friction 100 29.68 41.54
factor
400 21.31 29.82
m = 0.1
500 15.54 21.69
600 9.89 13.80
700 5.75 7.97
20 43.67 42.47
100 37.57 36.54
200 37.83 36.82
Constant
friction | 300 42.36 41.19
tor 5
fac ) 400 30.41 29.52
m=0. | et
500 22.18 21.54
'—_-——_—_——_ -~
600 14.20 13.67
| eemsam et -
700 8.21 7.92
..—-—-_‘---—-——__—_
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Material:
Area of reduction:
Die semi-angle:

Drawing speed:

Medium carbon steel

Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in-z) tonf in-2)
20 50.18 42.33
100 43.15 36.40
200 43,46 36.68
Constant
friction 300 48.72 41.10
factor
0.4 400 34.95 29.45
300 25.49 21.47
600 16.22 13.64
. 700 9.43 7.87

35%
9 degree
20 ft. it
Drawing Draw Mean flow
temperature| Stress Stress Yd
(°c) (tonf in-z) (tonf in~2)
20 69.79 42.15
100 59.97 36.21
200 60.44 36.49
Constant
friction 300 67.85 40.93
factor 400 48.65 29.29
a =0.7
500 35.46 21.35
600 22.54 13.57
700 13.07 7.84

1ed
red



- 277 -

Material:

Area of reduction:

MYedium carbon steel

407
Die semi-angle: 9 degr
ee
Drawing speed: 20 ft. min
Drawing Draw Mean flow Drawing Draw Mean flow
temperature Stre?s-z Stress Yd temperature| Stress Stress Yd
(°c) (tonf in ") tonf in-2) (°c) (tonf in-Z) (tonf in-2)
20 27.67 43,42 20 35.64 43.29
100 24.01 37.69 100 31.02 37.68
200 24.79 38.90 200 31.96 38.81
Constant Constant
friction| 390 26.61 41.69 friction| 300 34.08 41.34
factor factor
400 19.17 30.03 400 24,60 29.84
m=0.0 m = 0.1
500 14.01 21.95 500 17.99 21.83
600 8.95 13.96 600 11,50 13.92
8.00
700 5.17 8.03 700 6.64
20 51.24 42.86
20 43.46 43.06
100 44.59 37.26
100 37.84 37.44
200 45.96 38.43
t
Constant 200 38.97 61 const 49.06 40.98
frictio friction 300 .
n 300 41.55 41.12 actor -
factor ] ; 400 35.39 29.52
s 0.
ma 0,2 400 30.00 29.69 m , -
500 25.89 21.39
500 21.96 21.68 — .
600 16.56 13.
600 16.06 13.86 o0 | 9. 7.91
{\ 700 8.10 7.94 I



- 278 -

Material:
Area of reduction:
Die semi-angle:

Drawing speed:

Medium carbon steel

Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in-z)(tonf in=2)
20 59.06 42.71
100 51.35 37.14
Constant 200 52.95 38.32
friction 300 56.57 40.91
factor
n 0.4 400 40.81 29.46
> 500 29.84 21.55
600 19.07 13.77
700 10.98 7.85

407
9 degree
-1
20 ftain
Drawing Draw Mean flow
temperature| Stress Stress Yd
¢y |(tont in”%)| (tonf in"d)
20 82.59 42,53
100 71.76 36.97
200 74.05 38.17.
Constant
friction 300 79.21 40.76
factor 400 $7.08 29.37
m =0.7
500 41.72 21.43
600 26,64 13.62
700 15.32 7.83
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Material:

Area of reduction:

Die semi-angle:

Drawing speed:

Drawing Draw Mean flow
temperacure Stress Stress Yd
(°c) (tonf in-z)(tonf in=2)
20 31.65 43,67
100 27.93 38.55
200 29.40 40.58
Constant
friction 300 29.97 41.36
fact
aetor 400 21.77 29.99
m=0.0
500 15.97 21.98
600 10.23 14.04
700 5.86 8.00
20 42.79 43.23
100 44.38 38.25
W17
Constanc 200 46.60 40.1
friction) 349 47.22 40.65
factor
mx0,2 400 34,38 29.60
500 25.24 21.73
600 16.21 13.86
700 7.93
L_____ﬁ 9.27

Medium carbon steel

457
9 degree
20 fr. min "L
Drawing Draw Mean flow
temperature| Stress Stress Yd
°c) (tonf in-z) (tonf in~2)
20 41.02 43.51
100 36.28 38.48
200 38.01 40,41
Constant
friction 300 38.60 40.89
factor 400 28.10 29.77
m=0.1
500 20.62 21.84
600 13.23 13.98
700 7.57 7.97
20 59.30 43.05
100 52.46 38.06
200 55.11 39.99
Constant
. < 40.54
friction | 300 55.92
factor [ | 5
ac 400 40.69 29.30
m=03 |
500 29.86 21.66
—
600 19.14 __—iifl__
—T . 87
1
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Material:

Area of reduction:

Die semi-angle:

Drawing speed:

Drawing Draw Mean flow
temperature Stress Stress Yd
(°c) (tonf in~2) tonf in-2)
20 68.54 42.95
100 60.57 37.92
C 200 63.68 39.91
onstant
friction) 399 64.64 40.41
factor
400 47.03 29.39
m*0.4
500 34.48 21.55
600 22.09 13.77
700 12.62 7.81

Medium carbon steel

457
9 degree
20 ft. min
Drawing Draw Mean flow
temperature| Stress Stress Yd
-2
(°c) (tonf in )| (tonf in~2)
20 96.28 42.77
100 85.03 37.78
200 89.46 39.77
Constant
friction 300 90.84 40.24
factor 400 66.07 29.32
m =0.7
500 48,41 21.44
600 31.01 13.74
700 17.68 7.79
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Area of reduction:

Die semi-angle:
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Material;

Diameter of wire:
Lubricane;

Die macteriaj:

157

4.13 degree

Drawing Drawing Draw
temper- speed stress
ature (£t min=1) | (tonf in~2)
°c
20 19.98 4,06
100 20.25 3.41
233 18.36 2.98
300 19.44 3.63
373 19.44 3.7t
487 19.44 3.60
500 20.52 3.26
700 20.52 1.81
Area of reduction: 22.847

Die semi-angle: 7,52 degree

20 18.90 8,18
100 18.36 7.83
200 19.44 8.82
300 18.90 10.01
400 19.44 10.00

7.95
500 20.52
600 19.98 5.83
]
700 19.98 3.82

Mild steel EN2B

Dag 2961

0.236 in

Chromium carbide

Area of reduction: 187

Die semi-angle: 5.2 degree

Drawing Drawing Draw

temper=- speed stress

ature (ft min-‘) (tonf in-:)

(°c)
20 20.52 7.19
100 19.44 5.42
200 20.52 5.42
317, 19.44 7.11
400 19.44 7.36
480 19.44 6.69
597 20.52 5.08
700 19.17 3.51

Area of reduction: 277

Die semi-angle:

6.33 degree

20 19.44 10.00

100 19.44 8.90

200 19.44 8.80

300 19.44 10.72

400 18.90 10.63
IEE—

so0 | 19,4 | 9.68
———;3—7__— 19.70 ___Z_J—9____
o0 | 20.25 4.96



Area of reduction: 407
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Material: Mild steel EN2B

Diameter of wire:

Lubricant: Dag 2961

Die material:

Die semi-angle: 9 degree
Drawing Drawing Draw
temper- speed stress
ature (£t min~!) | (tonf in~?)
0
20 19.44 18.08
100 18.90 16,32
200 19.44 15.67
300 19.17 19.50
387 19.71 17.25
487 20.52 13.92
580 19.71 11.00
700 19,44 7.82

0.236 in

Chromium carbide

Area of reduction: 45%

Die semi-angle: 9 degree

Drawing Drawing Draw

temper speed L stress

ature (ft min=!) | (tonf in~?)

(°c)
20 19.44 20,34
100 19.44 18.61
193 19.98 18,48
300 19.44 22.40
386 19.17 20.55
500 19.98 16.18
586 20.52 13.82
700 19.98 9.64
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Materiayl;: Medium carbon stee] EN8D

Diameter of wire: 0.236 in

Lubricane: Dag 2961

Die material:

"Syalon'
Die SEmi~angle; 9 degree
Area of reduction: 202
Area of reduction: 30%
Drawing Drawing Draw Drawi i
temper= speed stress tramug Orawing  Draw
agure (ft win~2) |(tonf in=2) a::g:r- ?gied. - stress
¢y o ®in~4) |(tonf in~2)
20 19.44 14.75 20 20.25 21.57
100 18.90 12.33 100 20.52 18.52
200 19.17 10.75 2‘00 20.52 16.75
300 18.90 13.01 300 20.54 18.37
415 19.17 12.61 400 19,44 18.15
500 18.36 10.78 495 19.98 16.33
600 18.68 8.62 600 19.98 12.76
700 20.52 6.45 700 20.25 9.69
Area of reduction: 357 Area of reduction: 40%
. 29.59
20 18.90 24.49 20 19.98
q.44 25.51
90 19.44 22.52 100 L
19.44 24.66
200 19.44 20.07 200
00 19.44 25.36
300 19.17 22.07 3
400 19.98 26.51
400 19.44 20.96
500 20.52 22.53
500 19.44 19.15 S
575 20.52 19.98
600 19.17 15.70
700 20.52 13.26
700 19. 44 11.63 -
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Material: Medium carbon steel EN8D

Diameter of wire: 0.236 in
Lubricant: Dag 2961
Die material: "Syalon!

Die semi-angle: 9 degree

Area of reduction: 432

Drawing Drawing Draw
temper= speed stress
ature (ft min=!) | (tonf in=-?)
(°c)
20 = =
100 = -
200 20.52 31.92
300 20.54 33.12
400 19.44 30.80
500 19.98 26.90
600 19.08 22.26
700 21.06 17.56
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Materia]. i
rial: M2 "high Speed’ streq]

Diameter of wire: 0.2165 ig
Lubricane, Dag 296

Die material:

"Syalon’
Die semi-angle: 9 degree
Area of reduction: 22,487 Area of req
3 of reduction: 23,67
Drawing Drawing Draw Drawi .
temper- speed . stress tem:::g Draw;.ng Draw
s - PR - Spee
ature (£t min™!) | (conf in-2 ature (gt nin=1) ?Erezs' -2
(°c) (c) onf in=¢)
20 18.90 25.08 20 19.80 31.61
205 19.44 21.16 207 19.80 26.81
300 19.44 20.75 307 19.25 26.11
410 19.98 18.50 400 18.90 24,39
500 19.44 16.75 520 19.80 21.31
600 19.98 15.44 607 19.80 19.73
700 19.53 17.49
. - ion: 40.57
Area of reduction: 34.52 Area of reduction 0.3
. 20 - -
20 - = ’
0 - -
103 19.80 .53 10
. 200 - -
200 19.80 32.67
300 - -
307 20.40 29.96
390 19.464 35.064
400 19.44 28.19
s 480 19.80 32.39
520 19.98 26.
625 20.25 28,62
573 19.98 25.67 58
710 19.80 26.5
700 19.98 22.76
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Computer Programs
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COMPUTER PROGRAM '"DRAW'

THIS PROGRAM CALCULATES THE MININUM daay 574
05AWING OF 4IRES AT ZLEVATED Tempzaaryses b oo
STEEL . ES

T FGR The
FOR MEDIYM Cagson

THE READER IS ADVISED TO CONSULT THE nac arors.
19145 ICL COMPUTERS FOR A 8z7Teg UNDERQ?A;Egllﬁtaoa THE
STANDARD ROUTINES USED IN THE nogeqss L

R33RADIUS OF GRIGIVAL WIRS

IAR=AREA OF REDUCTIGN

¥33=QUTLET VELOCITY IN FT. PER wry
ALP=DIE SEMI-ANGLE IN DEGREE

NO=NO. OF ANGULAR DIVISIONS

NPENO. OF W0TAL DIVISIONS

M=CONSTANT FRICTION FACTOR

NC=NO. OF VALUES OF SXPONZNTIAL CONSTANT ¢
TT=0RAWING TEMPERATURE

OO0 OO0 0

PROGRAM LOH
REAL EQUIV(21,21),C0F(21,21),NT(21,21),14R
LOF(21,21),07€21,21),5TR(21,21),
CD(21),CR(21,21) ,CEAUIV(Z1,21),05TRAI(21,21),
CSIGMA(21,21) ,CNTC21,21),C0T(21,21)
LR1(21) ,R2(21),Y"(21),3516¢21,21)
LST(21),C5TC21),€CC(50),CC5T(21)
REAL JM,4,INDEX,INTRGT,INTP1,INDEXT,INDEX2
PARAMETER (PIE=3.1615826535)
COMMON/C31/STRAINC21,21),SIGHAC21,21)
COMMON/C32/R(€21,21)
COMMON/C33/F(21)

Q0 Wo @O PO Qv

¢ INPUT THE DATA

READ+*,R]R
READ¥, IAR
READ#*,V33
READ*,AL?
READ®,NO
READ* ,NR
READ# .M

READ*,NC

C READ THE EXPONENTIAL CONSTANT C
DO 65 KJI=1,NC,1
READ*,CCC (KJ)
PRINT* ,CCC(KJ)
65 CONTINUE
901 READ®,TT
IF(TT.6E.1003.0)60T0 902
ALPHA=(PLIE~ALP)/180.0
A=ALPHA
R1(1)=RRA
R2C1)=R1(1)*(SQRT(1.0-1AR*0.01))
V13INS PER SEC
VI1=FT PER 41N
VI=INS PER SEC
V11=((R2(1)/RR)*x2)#V33
Vi=v11+0.2
VI=v33«g.2

[ Xa e

C FIND THE MEAN STRAIN-IATE EQUIVM
‘ ' N . -1aR*0.01))
EQUIVMaYI*#TAN (A) *((1-1AR*0.01) +SQRT(1=IARY
§ /R2(1) T
PRINT#, *MEAN STRAIN-RATE 3Y ATKINS FORIULAT,
PRINT»,
. - RISION
SET THE POWER TO MAXINUM JALUE FOR COMPARIS
WORK=1_.0240
TaTT
R1(1)=R1a e ss
RO=2K1(1)/SINCA) cATURE AND STPES
¢ covpuTINg TiELgTRAIh,STRAIN ATE,TEPERATY
00 700 <=1,58C,1
C=CCCc(x)
F()=a=(ax1.2/80+1.D)
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coMPUTING THE JTH L=NE
¢ 50 500 J=1,N3+1I1
JJ:J—1
F(J)=A-(A*JJ*O.1/(:‘10*0.1))
D:F(J)
R1(J)=R3*EXP(C*(U'A))*SIN(D)
RZ(J)=R1(J)i(SQDT((1OQ‘IAR)/100.3))
R (1,J)=RO*EXP (Cx(D=A))

pARAMETERS AT INLET SHEAR SURFACE
gQUIv(1,3)=0.0C
STRAINC1,42=3.0
NT(1,4)=TT
9T ¢1,4)=3.0
DFC1,42=2.G
0§16¢1,4)=0.2
SIGMACT,J)=0.0

¢

COMPUTING THE ITH LINE
po 5GC I=2,NR+1,1
IFCJLEQ. (NO+T))ITHEN
R(1,NO+1) =RI*EXP (C*x(D~A))
R(NR#1,:3+1;?2(1,N?+1)*SQRT(1.O-IAR*0_91)
R(I,NO+1)= SHOHT)=RNR+T,40+1) )%

8 : #FCRINR+1,N0+1)) pHO+1) )X (NR*1.0+1.(=1+1.0) / (NR¥1.0)
G0TO 81
ENDIF
RCI,4I=CCCRICII=A2CIII/SINCDII* (NR*10+1=1)/ (A5%1.0))

& +(R2CJI/SINCDI). ‘

81 E=(COS(D)+C*SINCD) I x*2+

3 ((3.02C*COS(DI+(2.0%CxC=1,3)*SIN(D))**2)

g /12.0
EQUIVCI, ) =2.0aV 1% (RO*#2)*EXP (2.0%Cx(D=4))*3QAKT(E)

& /(RCI,J)*=*3)
STRAINCI,J)=2.0*LOGC(R(1,JI/R(I JI)*

$ (SARTCEI /(CIS(D)+C*SIN(DI))
STRCI,JISSTRAINCI,J)=STRAIN(CI=1,J)

¢

¢ FINDING THE FLOW STRESS
CALL TMK1(TT,0.0,EQUIV(I,Jd),31,INDEXT, THK2)
IF(TMK2.LT.530.0) THEN
ADO=((S500.0-TMK2)*0.06)+114.0
ELSE
ADD=( (725 .0-TMK2)#0.0628)+112.0
ENDIF
0SIG(I,d)=81% (STRAINCI,J)**INDEX1)ADD/100.0
LF((31.LZ «06.3).02.(INDEXT.LE.0.0))60TO 902

¢ JAz CONVERSION FACTOR BETWEEN MECHANICAL AND THEFMAL ENERGILES
¢ C4= SPECIFIC HEAT OF wIRE
¢ RM=DENSITY JF WIRE
¢ CALCULATING THE TEWPERATURE RISE AND
¢ ESTABLISHING THE NEW FLOW STRESS
CM=0.1124
JM=9336 .2

RM=0.2863366

TEMP=0. 5% (0SIGCL,J)+0SIG(I=1,J))*STR(I,HI/ULIN = Ko+ RM)
DT(I,d)=TEMP*0.55556

IFCJ.EQ.1)G0TO 310

C TEMPERATURE 3158 DF IN DEGREES CENTRIGRADE DUE TO
C FRICTIONAL WORK
C IF NO FRICTIONAL WORK

DF(L,4)=2.0

g SOTO 329
VA=(R(LI=1,d)=R(I,J))* z 0=5(I,d)**3.0)
& (2(1-1,J)*.z-a—a(1,J)~*2-3>/(“‘1'1'J)**J'?vaX/Q.O*JM*CH'

TEMPFa3. Samed Sx (0518 (1,40 +05S16(I=1,d)) SN
§ Ran1.732(C0S(F(2))=CasCFCIIN)
IF(TEMPF.LT.D.0) THEN
PRINT# ,*TEMPF I3 =-VE'
GOTO 992
ENDLF
DF(I,J)=TEMPF#0.55556 arse
- g RISE
CTHE NEw TEWPERATURE TAKING INTO ACCOUNT TEMPERATU
330 NTCI,i)=0T(L, )+DFCL, 04T
TTT=0T(L,J)+0F (I,J)
FINDING THE NEW STRESS
CALL TH<1(T,TTT,EaUIv(L, )3, 1Y
IF (TMK3.LT.500.0) THEN
ADD1=( (530 .0-THK3)*0.00)+114.0

DEX,T\\Ks)

ELSE 2 Q
ADD1=((725.0-ThK3)*0.0028)%1 12

ENDLF : 100.9
P -A;-\1-~ArMIYA.I)*'l"lo;x)fé?\olfﬁ')



GeT T(LY TO THE NIW TIMPERATURE fop 1
¢ FENT (I, ) FOR THE MNEXT 1-Lrne

%0 CONTINUE

=T

ST(J)=0.5773502%(1.05CC)aTaN (s

2 IrCrTANCRCIy ) FEY
500 CONTINUE

CALCULATING THE VARLOUS POWER

DEFORMATION POMYER

FIND THE MEAN FLOW 3TRESS
CALL INTPD(NO,NR,YD,YF,YS)
HD=INTRGT (3.3,A,C,A)
1F(HD.LE.G.O) THEN
PRINT*,'HD =VE',d0
GOTO 902
ENDLF

¢ CHANGE TO FT. L3 PER SEC

PD=4 O*PIE*VI*YD*RO*RO*LOG (R (1) /R2C1) )+ H0/12 .0

s Xz XKs)

¢ CALCULATING THE SHEAR POWER
H=INTP1().0,A,C,A)
IF(H.LELJ.0)GOTO %02
P1=1.1547*PIZ*YD*xV1* (RO**2 J)*H/12.0
p2=P1

¢ FRICTIONAL POWER

PF=(1.154*PIE*M*YD*V1*RO*RO*LOG(R1(1 /
g *SINCA)D/12.0 Y/R2(1))I*{0S(A)

¢ TOTAL POWER IN FT L3 PER SEC
PT=(P1+P2+PD+PF)

¢ COMPARING THE POWER AND RETAINING THE PARAMETERS
IF(PT.LT.WORK)THEN
CM=M
cc=¢
CYF=YF/2240.0
cYD=Y0/2240.0
CPO=PD
¢Pi=pP1
cP2=p2
CPF=PF
CPT=PT
CH=H
CHD=HD
DO 300 JJ=1,NR+1,1
p0 200 Il=1,N0+1,1
EDCJII=FLIL)
CRCII,JII=RCII I
CEQUIVCII,JJ)=EQUIV(II )
CSTRAICII ,JJ)=STRAINCILI, I
CSIGMA(II,JJ)=SIGMA(II,JJ4)/2240.0
CNTCII,J3)=NTC(IL, )
CDF(II,Jd)=DF (LI, JJ)
CBT(II,dd)=DT(IL,JJ)
200 CONTINUE
CST(JII=STWI)
CCSTCJI)=CST(JJ)+CSTRAI(NGHT 4D
300 CONTINUE
ENDIF
CYS=CSIGMA (NO+1,NR+1)
C SET TOTAL PO4ER FOR COMPARISON
WORK=CPT
700 CONTINUE

¢ FIND THE MINIUM DRAW STRESS IN TONF PER & TU
STRESS=(CPT~12.O)/(PIE*RZ(1)*R2(1)*V3*2240'0)

¢ PRINT THE RESULTS .
PRINT+* ,*WATERIAL:MEDIUM CARBON STEEL g CENTRLERADE',TT
PRINT#,'DRAWING TEMPERATURE IN ?EGREE“T.‘ ’
PRINT*,*&4REA OF REDUCTION®,IAR, St
PRINT+,*)>IE SEMI-ANGLE IN DEGREES TNt LR
PRINT#,'ORIGINAL RADIUS OF 4IRE e Rz (D
PRINT*,*FINAL RADIUS OF WwIRE IN IER MIN' V33
PRINT*,*SPEED OF DRAWING IN FT- Pw » M
PRINT*,*CONSTANT FRICTION FACT?RCE
PRINT# ,*EXPONENTTAL CONSTANT € Iy FT LB PER SEC. ',CP0
PRINT* ,*POWER OF DEFORMATION PO 5 pER SEC s, CPF
PRINT¥ ,"PQWER OF FRICTION IN FT ET [N FT L3 PER sec ' CP]
PRINT#* ,'PQWER OF SHEARING AT INLE T }n F7 LB fER SEC v,cee
PRINT#,*20uWER OF SHEARING AT OUE;EL
PRINT#,"TOTAL POwER OF pRAWING !
PRINT,'MEAN YIELD STRESS CY? ILcr ry TONF PES SG-IN /oy
PRINT»,"MEAN YIELD STRESS AT INL= Nt 0y

F PER 3G. - 1
QUTLET TON ane pER 3G .INT,CY
PR ' Lp STRESS AT  FACE TORE T

INT» , *MEAN YIZLD 17277 o CONICfLAEBPm_ 1
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JRITING THE VARIABLZS foR

INTEGRATION D01AGF

INTEGRATION USING MILLER

- 289 -

CONTO

D0 400 J41=1,vR+1,2 e
PO 400 I1=1,40+1,2
PRINT*,CICI),C2(11,41),¢5

TRALI (2
CERUIVCIT, i1y fnrerst o

CONTINUE T,

COMNTINUE
PRINT*,
GOTO 301
sTOP
END

INTEGRATION FOR SHEAR POWER

REAL FUNCTION INTP1(XLO“,XHIGH,C2,
COMMQON/C36/A,C

PARAMETER (MAXDIV=64,EP321.36-2 acc
INTEGER IFAIL,%O0FUN

REAL A,3, SRROR,ANS,FUN

EXTERNAL FUNG

A=A2

c=C2

IFAIL=1

CALL DOTAGF(XLOW,XHIGH, FUNG,MAXDIY
IFCIFAIL.GT.I)THEN
PRINT*,"FALLED I+ DOTAGF!'

STOP

ELSE

INTP 1=ANS

ENDIF

RETURN

END

REAL FUNCTION FUN&(D)
COMMON/C36/A,C

TTINGs

,J1),CST(J1),CCST(J1)

’

CSIa#A(11,, 1)

AZ)

=C.0)

,EPS,ACC,ANS,E?RCR,NOFUN,IFAEL)

FUNG=(SIN(D)I*SIN(DI* (1+C*CI*EXP(2.0%Cx(D-A)))

RETURN
END

INTEGRATION DOQO1AGF

INTEGRATION FCR DEFCRMATION POWER

REAL FUNCTION INTRGT(XLOW,XHIGH,CZ
REAL Y(32)

COMMON/C36/A,C

PARAMETER (MAXDIV=64 ,EPS=1.0E-4,ACC
INTEGER IFAIL,HOFUN

REAL A,2, ERROR,ANS,FUN

REAL A,3,C,0,E,F

ALL=0.0

AREA=0.2

A=A2

c=C2

DX=A*1,0/90.0

D0 30 I=t,91,1
D=A*x(I~-1)%x1,0/90.0
3=(COS(DI+CHSIN(D)II**2
E=(3.0*C*COS(D)+(2.0%C*xC~1.0))**2
FRSINC(D)*EXP(2.04C*(D=4))
YCI)=F*(SQRT(3+E/12.0))
IF(I1.EQ.1)GOTO 70

ALL=ABS (] .5+DX* (Y (I)+Y(I-13))
GOT3Y 75

ALL=0.0

AREA=AREA+ALL

CONTINUE

INTRGT=AREA

RETURN

END

<
SUBROUTINE INTP0<~0,NR,Y°fo;Y”
COMMON/C31/STRAIN(21,21),SI6%
COMMON/C32/R(21,21)
COMMON/C33/F(21) "
RE&L X(SO),Y(SJ),YY(3OG§¥X(3O)'Y

-~ Co

INTEGER IFLAu,oi,Saff_? METHOO
DO 90 J4=1,N0+1,1
D0 50 I=1,NR+1,1
XCI)=R(NR*+2=1,J)

VL YN .o s a y - Y

a(2t,

LA2)

=0.0)

INTEGRATION F oHER
FINDING THE YIELD STRESS #OR ERIC:égNAL P
FINDING THZ MEAN YIELD YD STRESS

DEFORMATION W08K

21

30
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20

7@
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C

C
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CALL DO1SAF(X,Y,.R41,;
IFCZLLELIL0)PRINTS
YMCID=2Z/ (R, 4) -4 ¢(

v ;ERROR,IFLAG>

’ 10 =VE In Iy
R HOINT2p
IFCYMCI)LLEL0.0)mq N

IFSIFLAG)9G,90,Z1 TH,'YM 1S -y Iy INTPO®

IF~IFLAG.EG.1)PiZNT*,'FAch IN

TSR T 1 e
-EQ.3IPRINTA,'FAILS Ty In7es INTS g oL EAS ING

STOP AS POINTS NOT 0ISTINCT®

CONTINUE

YF=YM(1)

YS=YmMe21)

AREA=0.0

00 70 I=NR,1,-1

DX=SINCFCI))*R(NR+1,])=

IF(DX.LE.C.O)PRINT*:{;XR£32+§§I;;;;EEN(F(141x)

A=0.S*DX* CYMCI)+fMCT+1)) ’

AREA=AREA +A

CONTINUE

YD=AREA/(R(NR+1,1)*SINCF(1))~

IFCYD.LELOLO)PRINTx, YD Is)iv:(¥:¢;§¥g;3)*SIN(F(N0+1)))

RETURN

END

FINDING THE 3 AND N VALUES
THIS SUBROUTINE EXPRESS THE VALUES GF 8 1IN
LBF PER SQ.IN
SUBROUTINE TMK1(T,TOF,3,3,N,THK)
REAL NXMAX , NXMIN,NX,N,NTG,NT1,NT2,K
K=0.03
so=2.0
coNv=22640,0
TMK=(T+TDF+273.0)»(1-K*LOG(E/SQ))
FINDING THE VALUES JF 8
IF(TMK.LE_203.0) THEN
3=2((200.)-TMK)I =3 .095+57,0)*CONV
N=J.08 '
GOTC 30
ENDIF
IF(TMK.GE.775.0) THEN
3=(16.,0=-C(TAK=775.0)7/50.0)*%4.0)*CONV
IF(3.LE.T.Q)THEN
3=2.5*%CONV
ENDIF
N=0.12
GOTO 30
ENDILF
POLYNOMIAL OF DEGREE 1
IF (TMK.LE.350.3)THEN
8= (200.J=-TMK)*0.095+57.0)*CONV
GOTO 10
ENDIF

POLYNOMIAL OF DEGREE ¢
IF (TMK.LE.425.])THEN
AQ0=88.,37642
A1=1,.39463
A2=2.189%34
A3=0.0
A4=0.0
A5=0.0
XMAX=440.0
XMIN=325.0
GOTY 5
ENDILF

POLYNOMIAL OF DEGREE 3
IF (TMK.LE.525.0)THEN
AQ=94.0
A1==0.665
A2=-2.642857
A3=-0,03333
AL =0.0
AS =0.0
XMAX 3525.
XMIN =425.
GOTO 5
ENDILF

[ay]
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SQLYNOMIAL OF DESREE 3
1F (TMK.LE.775.0)THEN
A0=55.95
A1=-13.33451
a2=0.8361
a3==0.727
ab = 0.0
A5 = 0.3
ymax = 7750
XMIN = 525.0
GOTO
ENDLF

u

W

FINDING THE VALUE OF B
X = (Z.D*TMK-XMA(-XMIN)/(XMAX-XMIN)

10 = 1.0

T1 = X

T2 = 2.0% X * X~1.0

T3 = L Ox(x*#3)=3,0%X

T4 = 8.0‘(X*'6)-8.0*(X**2)+1.0

TS = 16.3% (X*%5)=20.0#(X**3)+5.,0*X

8

1F(3.LE.J.O)THEN

PRINT*,*VALUE OF 8 IS NEGATIVE AND EQUALS TO °',8
ENDLF

FINDING THE N VALUES
oQLYNOMIAL OF DESREE 2
IF (TMK.LE.275.3)THEN
A0=0.3057

A1=0.05325
A2=-0.015468

NXMAX = 275.0

NXMIN = 200.0

GoTo 15

ENDIF

POLYNOMIAL OF JEGREE 2
1F (TMK JLE .400 .0) THEN
AQ=0.386417
A1=0.00137325
A2=-0,00007459
NXMAX=400.0
NXMIN=2275.0
GOTO 15
ENDIF

POLYNOMIAL OF DEGIEE 2
IF (TMK.LE.525.0)THEN
AO=0.37631
A1=-0.033
A2=-0.023905%
NXMAX = 525.0
NXMIN = 600.0
GOTO 15 :
ENOLF
IF(THK.GE.525.0)THEN
N=0.12
GoTo 30
ENOLF
Nx=(z.o.rnx—uxnmx—anln)/(NXHAK—NX“IN’
NTO=1.0
NT1=NX
NT2=2.0*NXeNX=1.0
N=0.S+AQNNTO + AT*NT1 * A2*NTZ

- -.' - N “-G’. : :
IF(N.LE.D.Q)THE ex LESS THAN Cotle'?

IND

PRlNT*,'STRAIN-ﬂARDENING 'srRAINRATE'rE'

PRINT*,'rnK=-,TwK,'TEMP‘,Tr
ENDLF

RETURN

ENC

(0.5*AQ*TO + AT*T1 + A24TZ + A3*T3 ¢+ AbxTs4 + AS*TS)*CONV

AT®
1se',T0F
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SUB-PROGRAM ' CONSTANT !

THIS PROGRAM PLITS THE sTxgss
A ALY = S
VALUES GF STRAIN AND CONSTANT <TMK PURVES For vaszous

THE READER IS ADVISED T CONSULT the conne.

THE 19C4S ICL CIAPUTERS M= GINOGRAF RoLTINE gy
K=CONSTANT IN THE VELICITY-nq o

NCURVE=NO. 3F GRAPH S "OPIFIZD TemperaTuRe FeowuLs
NSETS=NO. JF CURVES PER Gaapy

NPTS=n0. OF PAOINTS PER Culrve

SRATE=STANDARD STRAIN RATE

OO0 OO0 OO0 0 0

PROGRAM LOH
REAL X(10,20),Y01C,20),TMK(10,20) ¢ «

J VAL(20), Y14
g 2¢15,20) 0010 LIVAL20)
INTEGER wveTscioy o 18.200,v€18,20), 05 (10 20y

READ* NCURVE

READ=* NSETS

READ* ,SRATE

CALL OPEN
XDIST=(NCJRVE+3)x250.0
CALL DEVPAP(XDIST,350.0,0)
CALL CHASAJI(1)

CALL CHASIZ(2.5,2.5)

CALL SHIFT2(23.G,20.0)
CALL MOVTJ22¢3.0,0.0)

¢ INPUT ACTUAL OATA¥TENP.,STRESS,STRAIN RATE,3 N
90 55 I=1,NSETS,1
READX ,NPTS (1)
50 60 J=1,NPTS(I) 1
READ* X (I,4),YCL,4),2¢1,4),U¢L,d),v(I, 0
50 CONTINUE
55 CONTINUE

210 REAO*,X
PRINT*,°K="*,K,*ST2. RATE',SRATE
IF (K.GE.1Q0003.G)G0TO 115

¢ FINDING THE MAXIYUM AND MININUN X=Y VALUES
XHIGH==10000000.9
YHIGH==10300000.0
XLOW=100030000.0
YLOW=100020C090.9
PRINT«, i s
PRINT*,* TEMP. STRESS STRAIN-RATE THK

¢ CALULATION JF TEMPERATURE RISE AND INCORPORATING INTO TMK
00 75 I=1,NSETS,1
DO 80 J4=1,NPTS(I),1
DT=1650.0% CUCL,J)/V(L,3)+1.0))
8 (3336.0%0.2840364%(420.

F .55556 SRATE
2né§fij:ZI;?I35§+25(:,J>+z73.0)r<1-K*<AL°G(1‘I“”“R“T°”]

2 (0 3ex 13V (T, EN)/
0+0.5CL*X(I,J))i0.000239)

¢ FIND MAX THMK I.E. MAX X
IF (TMK(I,J).GT.XALGH)THEN
XHIGH=TMK (L ,J)
ENDIF
IF(TMKCTI,J).LELXLIWITHEN
XLOW=TMK (I ,J)
ENDIF
¢ FIND MAX Y
IF (YCI,J).GT.YHIGH)THEN
YHIGH=Y(1,J)
ENDILF
IFCY(I,J).LT.YLOA)ITHEN
YLOW=Y(I,d)
ENDIF ,
SRINT*,XC(L,d),Y(L,4),2¢,4).U
?2 CONTINUE ]
CONTIN E epy ¥ AW, YLOW,
=Rzwitg'xLow',xLam,'xnisn',xH;Gﬁ' yLew s,
ARINT=,

T )
1 J),V(I,J),DF(I,J), MK (1,4
’

tYHIGH',YHICGH
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GaApH PLOTTING
SCALING THE GRAPH

CALL
CALL
CALL
CALL
cAaLL
CALL

DRAW

AXIP3S(1,0.3,3.0,20
AxIPas(1,0.5,0.2:523'3’1)
AxISCA(3,10,stu,§H1éH'§)
AXISCA(3,1G,VLQN,Yn15H'>)
AXIDRAC=1,1,1) ’2)
AXIDRACT,=1,2)

THE SRAPH

50 65 LI=1,N3ETS,1

50 73 JI=1,8PTSCII) 0
YVAL (JJ)=THK (I, JJ)
YVALCJI) =Y (11,dJ)
CONTINUE

ISy ™=

I

CALL GRASYM C(XVAL,YVAL,®
CONTINUE AYVALASPTS (LI 1578, 0)

CALL
CALL
5070
CALL
5TOP
END

SHIFT2(250.3,0.0)
M0VT22¢0.0,3.0)
210

DEVEND
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SUB-PROGRAM ' CURVE

THIS PROGRAY FINDS THE 3:3

-2 ' 55T CURVE T R

THE STANDAZD 20UTINZ USED IS :07ADF0 A SET OF POINTS.
COMPUTERS . =se ON THE 15048 1L

THE REACER IS ADVISED TO CONSULT THAT ROUTINE

w=NO. GF DATA
K=DEGREE OF FREEDO®
T=TEMPERATURE

PROGRAM LJH
INTEGER R,R2
REAL X(C130),Y(100),%(200),A(50,50),5(50) ,40RK1(3,10),

g 3% (10),EX (50 ,WIRK
NROWS=50 ’ HORK2E2,8)

READ M
IF(.GE.10000)60T2 30
SET THE MAXIMUM DEGREE AS 7
IF (M.GE.3) THEN
k=7
GOTO 12
ENDIF
K=2M=1
KPLUS1 MUST NOT 25 GREATER THAN M
KPLUS1=K+1

READ THE INPUT VALUES
po 460 R=1,M
X VALUES MUST 3E IY ASCENDING ORDER
READ® X (R) ,EX(R)
4 (RI=1.0
Y(R)=EX(R)
CONTINUE

EXECUTING THE NAG ROQUTINE
IFAIL=1

CALL EDZAoF(n,xpLus1,Naous,x,v,u,HORx1,uORKZ,A,s,rFAIL)

IF PROGRAM FAILS<-c--e
IFCIFAIL.NE.O)GOTO 300

PRINT THE RESULTS
b0 160 IPLUS1=1,KPLUST
1=1PLUS1-1
PRINT*, 0EGREE=",1
PRINT#,'CIEFFICIENTS =’ )
PRINTt:(JPLUS1,A(IPLUS1,JPLUS1),JPLU51‘1'IPL”S1)
PRINT*,'RESIDUAL‘,S(IPLUS1)

QNI
COMPUTING THE COEFFICIENTS OF THE pOLYNOMIALS

o 100 J4J=2,M

XMINZX(1)

XMAX=X (M)
00 80 4=1,5
ax (1)ax(3d=1
83X (5)=X (JJ)
S tBx (5)-3x (1) r(a=1/6:0
pX=X (J4=1)+0I
xx=( (0 X-XMIN)
T0=1.0
T1=xX
ra=2.0eC0re)=l
T334 .0% (Xx=*3)-3.0"
T6=8.0*(XX**k)—S:0*(ix*'2)f;;2_a,xx -
T5=1é.0'(XX*'5)‘f’- T sk L1808 (X272 0
T6=32.0*(XX"6)‘“5'0:52;::,;)+56_0.(xx¢13)zz.n'*x

-t1c. XX **

18123 3-(xx.¢5)-zsa.C*(xx*‘°)*’°°'G'(

2 -32.Jr(XX**2)*1

‘(XNAX-OX))/(XRAX-XHIN)
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IFCI.EQ.0) THEN

Y1=0.5%A(1+1,1)*70

ENDIF

IFCILEQ.1) THEN

Y2=0.5%A(1+1

ENDIF

IFCI.EQ.2)THEN

Y3=0.5%a(1+1,1)+T0 I T

13=0- , + A(&+1,2)*l1*ﬂ(1+1'3)*T2

IFCI.EQ.3) THEN

Y6=05%ACI+1,1)+T0 + a¢

vé=0. , I+1,2)471 = A(I+1,3)*TE+A(I+1,L)*T3

IF(1.EQ.4) THEN

Y5=0.5%a(1+1,1)*TO+A(I+1.2
:A(I+1’s)*r4,.)*T1+A(I+1,3)*TZ*A(I+1,4)*T3

'1)*Tﬁ*k(1+1,2)*71

ENDIF
IF(I.EQ.3)THEN
Y6=Q.5%A(I+1,1)%T0+A(I+1 2)*T1+A(
’ I+
+A(I*1,5)*TQ+A(I+1,6).TS 1,3)*T2+A(I+1,6)t?3
ENDIF
IF(I1.EQ.5) THEN
Y7=0.5%ACI+1,1)#TO+ACI+1,2)+T1+ACI+1,3)4
! T2+A
$ACTHT,5) 2 TarACI+1,6)+TSHACI+1,7) 016 (11,4013
ENDIF
IF (Il JEQ.7)THEN
Y8320 5*ACI+T, 1)*TO+ACI+T, )4 TI+ACI+1,3) T2+A (141, 4)#T3

+A(I+1,S)*TL+A(I+1,6)*r5+g(1+1’7)*76*5(1‘1’8),r7
ENDIF

IF(l.23.0)YY=Y]
IF(IER.NYY=SYZ
IF(I.E.2)YY=Y2
IF(L.EA.I)YY=YS
IF(I.EQ.4)YY=YS
IF(L.E3.5)YY=YS6
IF(I.EQ.6YYY=YT
IF(I.EI.7IYY=YS
IF(DX.EQG.RC(JJI=1))THEN
EY=YY

PRINTING THE ACTUAL AND CALCULATED VALUES

PRINT*,DX,"® CYYL,Y T r -, VLEY, ! PLEXCId=T)
ELSE
PRINT*,DX," LYY
ENDIF
CONTINUE
CONTINUE
CONTINUZ
60T0 20

PROGRAMS FAIL DUE TOesceceocns

GOT0(320,340,345,380,400) ,1FAIL

PRINT*,"NON POSITIVE WT'

GOoTo 28

PRINT*,*VALUES JF INDEP

GoTo 20

PRINT*,"VALUES OF INDEPENDENT VARAIBLE
c NDENT VALUE®

ggISTE?'TOO Fcw DISTINCT VALUES 0F INDEPENDENT V

GOTOo 20

PRINT*,*NRO4S FAILS TO EXCEED MAX .

GoTo 20

STIP

END

ENDENT VALUES NOT INCREASING®

s ALL EQUAL®

DEGREE’
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SUB~PROGRAM ' conpyg

CONTOUR PLOTTINGS F R sTR
TEMPERATURE AND STx
DEFORMATION ZONE

AIN,S

. TRALN v
S5 DISTRIZyTiong 10

UTIONS gy The

THE READER IS ADVISZD 19 ¢
ROUTINE ON THE ICL 19G4§ .
BETTER UNDERISTANDING gFf

ONSULT Ty

GINGS
_LOMBUTZR £gp 4 Gsure
THIS 2RQGAAM,

NUMBER=NO. JOF CIONTOUR LEVELS
NP=NO. OF JATA POINTS
11=CONTOUR VALUES

PROGRAM LJH

REAL X(250),Y(253),2(250),4(4 R
g 21¢10),L,CCC10),xx(250) 332;§S§(;0'AU)'
g LA(250),3(252) ‘ /210250
CALL OPEN

CALL CHASJICT)

CALL CHASIZ(2.5,2.5)

NUMX =40

NUMY=40

[sM=1

INPUT DATA
AEAD* ,NUM3ER
DO 12 II=1,NUMBER
READY,21(II)
CONTINUE
READ® NP

SET THE VALUES JF X AND Y FOR ESTABLISHING

THE MINIMUM AND MAXIMUN VALUES OF X AND Y
XLOw=100Q3000300.C
XHIGH=-10200000030.0
YLOW=10003000300.9
YHIGH=-100000000352.0

READ THE X,Y,STRAIN,STRAIN RATE,TEMPERATURE
AND STRESS VALUES
b0 100 I=1,NP,1
READ* XX (L) ,YYC(I),2(1),22(D)
READ* ,A(CI) ,B(I)
X(I)=YY(I)>*COS (XX (L))
YCID)=YY(ID)*SINCXX (L))

COMPARE THE X AND Y VALUES TO FIND THE MINIMUN
AND MAXIMUM VALUES IF X AND Y
SO AS TO SET THE X AND Y SCALE
IF (X(I).LT.XLOW)THEN
XLOw=aX (1)
ENDIF
IF(XCI).GE.XHIGH) THEN
XHIGH=X(1)
ENDIF
IF (Y(I).LT.YLOW)THEN
YLOWw=Y(I)
ENDIF
IFCYCI).GZ.YHIGH) THEN
YHIGH=Y(I)
ENDIF
CONTINUE

THE CONTOUR PLOTTINGS
NWI2«NUMX*#NUMY + SL*NP
CALL CIRPTS(5Q) ,
CALL RANGRO(NP,X,Y,Z,
CALL WINDDZ(30.0,190.3,20.0,14
CALL SET3CA(C.01,0.C1, 1) ’
CALL DRACON (NUMX,XLOW, XHIGH,N
DO 65 [=1,NUM3ER ‘

CALL ADDCINCZT(I) ,I5M Nu,¥)
CONTINUE

CAL! mNCuUZuSN

. N
MUMX ,XLOW XHIGH,
e 5.07

Wy, YLC

Ny, YLOW YHIGH, AL,

W, YH1GH AL, 0, 1SMAN

Nw W)

Wyn)



APPENDIX A7

Mechanical Drawings



- 297 -

THIWIOVHYW NO11INO0¥d
5 AD0TIONHI3IL NO11INC0Yd

1°(v 2an31yg

HO1 'H 'N 6L70L°0L NMY YO
HOT 'H N 6L°0L0L§dINDISIC
01=4 ERAERS

31v1d 3svd

40 IN3W1YVdId
WYHONIWYIG NI

NOLSV 40 ALISH3AINO

Q3LV1S 3ISIMYIHLO SSITHN
390 1 [ XI0 S3IHINI NI SNOISHIWIO 11V 011di¥)S30
1331S CIIW

TILV W

GILvis .

ISIMYIHLC SSITINN — 50% ES
5000 3 37vy¥Iiol
lgz oz 9v €L oL

<+
m
-+
mis
=
m
mje
)
m|+
m
m
m|+
o
m

it e

m

50%+Y1L

51
il
|
L
L le
—+
N ’ |
/‘7?—"“‘?”’7’

501l

4se d
S310H 03ddVL 8

i
Tl
mh
Lo
4
8

4°s'8 ¢ S

S310H A3ddV1l 7 —

Z ¢

S370H 8

‘3°s g Jm. ../
370H 03ddVvl Z—




- 298 -

S7T0 »

A

HO1 H N _[18°9°9] Nmvy0 LHIHIOVHYH NOLLINO0Y¥d
. HO1 H N_ [ V899 |0INDIS3C 3 ADOIONHI3L NOILINOOYd
7LV 21n314 - 40 INIWLYV430
t=b 31VIS 4I9ONNS
031V1S 3ISIMYIHIO SSIINN WYHONIWYIE NI
330§ [TAI0 | S3HINI NI SHOISNIWIOQ 11V NOTLd1y)s3a [NOLSY 30 ALISYIAINN
NOTAN
1LV M
50070 7 3INVYIT0L




- 299 -

HO1 H N JeL6Sz] NMvyo IN3WIOYNY NCi1IN00¥d
HO1 H N 60652 103NDIS30 ? ADOICNHI3L NCTI1INAJY¥d
€' /v 2an314 3755 0l 1on 37v3< ] NOISN3LX3 37dIX373 40 1N3IW14Vd3d
03IVIS 3SIMY¥IHIO SSITNA WYHONIWYIG NI
330 ¢ [ K10 S3HINI Ni SNCISNIWIO 10V NO11ldix3s30 [NOLSY 40 ALISHIAINN
SIYIM Y¥3dd0)
—/ / L Coar—r 1|..QJ1L\ VAR A4
( )| _
ﬁ S — 7/ \t Z

dI11)

O

EERDSIINS

jgnli

|

r/////é/////ﬂfﬂ
@umah 43d4d03

s.43m3ye

\




- 300 -

INIWIDYNVW NOI1INQ0¥d

HOT "H 'N 18°9°9 NMY YA
01 H - 9" : 2 ADOIONHI3L NOI1Jn00Yd
be,y 21n814 H N M@H@N@ owﬂwmwo dWVv 13 40 IN3W1¥Vd30
Q3L71S 3ISIMYIHIO SSIINA 1102 d3IMO1 WYHIONIWYIE NI
340 | [ Lo SIHINI NI SNOISN3IWIQ 17V NO11d143s3a [NOLSY 30 ALISHIAINN
10N4N01L
“JLVH
5000 ¥ IINVY3II0L
X=X NOILD3S Nm]m IIWII-1H3IS 40 Sniavy
SN S T T
G \ 4\
\ \\ \\ WT\\
(440 %) _ _ _
&.m. ] N ' I ' _ ' 1 ] [
T T T TIT T[T TIT TIT T ." ____ T
DN .. AL m
- A A { T [ | At ] A | : N} o T
bl il | il 1 iR
° T ® TVt




HOT H'N [1899] NMVYa LNINIOVHVH NOILINQ0Y¥d
e 5 dWV12 3 A0D0TONHI3L NOILINQ0d d
HO1 H'N | 1899 |aiNoisad 1anaod
G*Ly @an31j €=¢ 31vJS 7100 ¥3ddn 40 LN3IW1¥Vd30
Q3LVLS 3ISIM¥IHLIO SSIINM WVHINIWYIE NI
330 ¢ [TA10 | S3HINI NI SNOISN3WIQ 17V NOTLd1¥2s3a |[NOLSY 30 ALISHY3AINN
JoN4NL
“ILVH
50007 IINVEII0L
X=X NOILJ3S 28 3uI) -IW3S 40 Sniavy

€

K _ _ !
| m
J

Y / | |

- 301 -

S O O
\

%ﬁl

¥

L/

>

J,.___— e
e~




HO. H N J08°99] NMVYUO IN3IWIOVHVYW NOT1INQ0Y¥d
HO1 H N |08 99|03NOISI0 3 AD070LHI3L HOILINOOYd
97(V 2in314 75 37935 | Y3010H JIWVY3AD 40 INIWLEYA30
031VLS 3ISTMYIHI0 SSITINN WYHONIWYIE NI
440 1 [ "ALD S3IHINI NI SNOISNIWIT 1V NOILdI¥IS30 | NOLSY 40 ALISHIAINN
10N4NL
"1LVH .WL
5000+ 3INVY3101

- | O
i C

b e

91 wme
: P2
S wm_s
oY
_ iz
‘vg 2 _ Nﬁf
3JI0H 03ddvi i 9
<
T
1
1 !
Hi
v I | 1
o i/ - 128 j
i T pe Y 1/
=~ “ “ T 1
1 !
P
!

~

(a4
o~
m

(Og==,




HO1 'H 'N 08'9°9 NMY YO LNIWIOVEYW NOILINOOYd

- 303 -

HO1 H N 08'9°'9 [QINDIS30 8 AD07ICHHIIL HOILINCOYd
A wHDw.m.m 9=6G 11V IS 1¥0ddns ° 11093 40 1N3IW1Yvdid
031VLS 3ISTMY¥IHL0 SSITND WYHONIWYIE NI
140 ¢ [0 | S3HINI NI SNOISNIWID 11V Nor1d1y3Is30 [NOLSY 40 ALISHYIAINN
TON3NL
. 0t
1LVH
00 0 7 FINVEIT0L . e N
] 1] Pt -
- bt b
i H .m\_ "w" i J}Oo_rt
£ H1d3g © S310H € 6
Ve ¢ 9L 4 3408, ) s

STI0H 03dd¥l T 6

9

. &

R CE
. 458 $s310m
03ddVL ¢ —

\

® 2




- 304 -

HOT "H "N 18°9°9 NMYYQ

HO "H "N 18°9°9 | 3NDIS 30

LN3IWIOVYNYW NOILINQgOoY¥d
3 A90710HHIIL HOILINGOYd
40 1N3W1Y¥Yd30

HE

. 3
87LV ®Indid 9 =5 3IVIS JLVvd
Q3LVLS ISTMYIHLO SSIMN WVHIONIWNYIG NI
340 | [ a0 SIHINT NI SNOISNIWIG 11V NOT1d1¥)s30 |[NOLSY 30 ALISHIAINN
WNINIWNTY , .
LY € Hld0 ¥'se ¢
$00° 0% JINVEII0L SI10H 03ddVl m|/
|
V_rc b oot @ - & - LV'I
T
g
3
]!
U 1 1
SN ¢
K : D
b~ a
\.m. + + ~Nj—
] ! !
]




- 305 -

HOT H N leLotL] Nmvda LINIWIOVNYIW NOTLINQ0Yd
. HO1 H N | 6L01°L|G3NDIS3A 3 ADOIONHI3L NO11JN00¥d
6LV 210814 I7v3S 0L IoN  37V3S ¥30710H-310 40 IN3W18Vd3a
03LV1S 3SIMY3IHLIO SSIINN WVYHONINWYIE NI
740 ¢ [ "x10 SIHINI NI SNOISNIWIQ 11V NOILdI43s3a |NOLISY 40 ALISYIAINN
(Q3LV1d WNIWAYI) ,
1331S G1IW
LYK X-X NOILIJ3S
1000 ¥ IINVYII0L
Y
+"
} s Y
8 d's'g
3 U t
; 4 -
3
+* 3
2 7 Z £
- N7 Q3I¥dS A11vno3 :\
. 3 03d
N ENIEERN
3 S310H 03ddVl €
K[ T’ — 1A P e ) i i
T of | b
033vdS A11vno3
\ 3 ! y
/ : 16 '0°)d
x > ~ ¢ lm S3I10H 8
7 77 7 7 2
+I




- 306 -

HO1 H N | 6L65Z] NMvYQ INIWIOVNYK zmrwxgwmm
HOT H N | 6L6SZ[03ND1S30 3 ADOTONHI3L NO._1JAC
01",V 2an31d ST 37v9c| ¥3A0D ¥3QN0H-3Id 40 LN W18Vl

440 | | x1D

g3LVLS 3ISIMYIHLO SSITINN
SIHINI NI SNOISNIWIQ 11V

NO1Ld1¥Is3a [NOLSY 40 ALISHIAINN

WYHONIWYIG NI

{Q31V1d WNIWAVY3)

1331S Q1IN
TLVHW

100°0 % 3JINVY3II0L

X-X NOILJ3S

—

il

03I¥dS A11vND3
X 4's'g € S310H 03ddVL €

ONlY O, T

)
T 404 <336 4
—3a1y & 101s

ki
\\HA ONTY .o_ T
lllll 43

- 404 4330

d
Z€
301y, g 107S




307

11°(V 2an814

HOT H N Joseol] NMVAHQ
HOT 'H N [08°e0i}0d3NDIS3A
9=5 31v1IS

1430ddns 31d

330 1 [ XD

Q3LVLIS 3ISIMYIHLO SSITINN
SIHINI NI SNOISHIWIO 11V

INIWIGYNYIW NOILINCOYd
3 AD0TONHIIL NOILINCOYd
40 LN3WLYVd30

WYHONIWYIE NI

NOTLdIYIS30 | NOLSY 40 ALISH3AIND

{031V 1d WNIWAV3)
T331S 01N

“TLVH
1005 3 3INVYII0L

@.W S310H 03ddVL €

T¢ 0 ) d
i'sg 1

X-X NOILJ3S

g
S

roj—

304 4330 lmm




APPENDIX A8

List of References



- 308 -

APPENDIX A8 , REFERENCES

10.

11.

Sansome, D H '"Metal forming processes'

Dept of Prod Tech & Mgt,
Univ of Aston in Birmingham
Sansome, D H 'People, Pence and Plasticity’
Inaugural Lecture,
Univ of Aston in Birmingham, 1975

Loh, N H 'A review of the warm drawing of
Sansome, D H wire'
Fine Wires International Conference,
30 = 31 Oct 1980, Aachen, West
Germany

Anon 'Elevated temperature drawing gives
' steel unique properties'
Iron and Steel Engineer, 1957, 34,
191

Francis, E L 'Studies of the wire-drawing process'
Part III - Lubrication’
Carnegie Scholarship Memoirs,
Iron and Steel Institute, 1932,
1 - 34

Sachs, G . Z Ang Math Mech, 1927, I, 235 - 236

Siebel, E 'Der derzeitigestand der Erkemntnisser
uber die mechanischen Vorgange bein
Drahtsichen'
Stahl und Eisen, 1947, 66 - 67, 171

Korber, F Die Grundlagen der bildamen
Eichinger, A Verformung, Mitt KW Inst
Eisenforsachung, 1940, 22, 57

Davis, E A "Theory of wire drawing'

Dokos, S J J Appl Mech,
1944, éé_, Al193 - A210

MacLellan, G D S 'A critical survey of wire drawing
theory'
J Iron and Steel Inst,
1948, 158, 347 - 356

'Analysis of wire drawing and
extrusion through conical dies of
small cone angle'’

Trans ASME, J Eng Ind,

1963, 85, 89 - 96

Avitzur, B



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kobayashi, S

Thomsen, E G

Alder, J F
Phillips, V A

Cook, P M

Doraivelu, S M
Gopinathan, V

Suzuki,
et al

Manjoine, M J

Ford, H
Alexander, J M

Mamalis, A G
et al

Hodierne, F A

- 309 -

'"Upper bound solutions of axi-
symmetric forming problems - II'
Trans ASME, J Eng Ind,

1964, 86, 326 - 332

'"Mechanics of plastic deformation
in metal processing'
The MacMillan Company, 1965

'The effect of strain rate and
temperature on the resistance
of aluminium, copper, and steel
to compression'

J Inst Metals,

1954 - 55, 83, 80 - 86

'True stress-strain curves for
steel in compression at high
temperatures and strain rates,
for application to the calculation
of load and torque in hot rolling'
Proceedings of conference om
properties of materials at high
rates of strain. 1957, 86 - 97

'"Development of a tool set-up for
studying the influence of
temperature on compressive flow
strength under dynamic conditions’
Proc 18th Int MIDR Conf,

1977, 37 - 42

'Report of the Institute of
industrial science'

University of Tokyo, 1968, 18,
No 117

'Influence of rate of strain and
temperature on yield stresses
of mild steel'

J Appl Mech, 1944, A211 - A218

'Advanced mechanics of materials.
Part IV'
Longmans, 1963, 578

'A current state review of the
warm-working of metals'

Proc 18th Int MIDR Conf, 1977,
173 - 180

'A torsion test for use in metal-
working studies'’



22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

33.

Rao, K P
Doraivelu, S M

Grothe, M

Doraivelu, S M

Samanta, S

Zener, C
Holloman, J H
Jonas, J J

Sellars, C M
McG Tegart, W J

MacGregor, C W
Fisher, J C

MacGregor, C W
Fisher, J C

Inoue, K

Nakayama, K

Oyane, M
et al

- 310 -

J Inst Metals,
1962 - 1963, 23, 267 - 273

'Flow curves and deformation of
materials at different
temperatures and strain rates'’
Journal of Mechanical Working
Technology, 1982, 63 - 88

PhD Dissertation,
Berlin, 1969

PhD Thesis,
IIT, Madras, India, 1979

'Effect of strain rate on
compressive strength of tool
steel’

Deformation under hot working
conditions, 1966, 122 - 130

'"Effect of strain rate upon
plastic flow of steel'
J Appl Phys, 1944, 15, 22 - 32

Acta Met, 1969, 17, 397 - 405

Mem Sci Rev Met,
1966, 63, 731 - 746

'"Tension tests at constant true
strain rates'

J Appl Mech, 1945,

A217 - A227

'A velocity-modified temperature
for the plastic flow of

metals'

J Appl Mech, 1946,

All - Al6

J of Iron and Steel Inst of Japan,
1955, 41, 593 - 601

'Studies on the mechanism o:
metal cutting'

Bulletin of the faculty of
Engineering. Yokohama National
Univ, 1959, 8, 1 - 25

'The behaviour of some steels under
dynamic compression’
The 10th Japan Congress on testing
materials, 1967, 72



34.

35.

36.

37.

38.

39.

40.

41.

42.

Oxley, P L B

Ranger, A E

Siebel, E
Kobitsch, R

Bishop, J F W

Tay, A O
et al

Alexander, J M

Johnson, W
Kudo, H

Altan, T

Altan, T
Kobayashi, S

- 311 -

"Allowing for strain rate effects
in the analysis of metal working
processes’

Conference series no 21, The Inst
of Physics, 1974, 359 - 381

"An electrical analogue for
estimating die temperatures
during wire drawing'

J Iron and Steel Inst, 1958,
383

'Die Erwarmung des Zie-hgutes
beim Drahtziehen'

Mitt Kaiser Wilh Institute,
1941, 23, Nr 410

'"An approximate method for
determining the temperatures
reached in steady motion

problems of plane plastic

strain’

Journal of Mech and Applied Math,
1956, 9, Pt 2, 237 - 246

'A numerical method for calculating
temperature distributions in

metal working processes'’

Int J Mech Sci, 1980, 22, 41 - 57

'A slip-line field for the hot-
rolling process'

Proc Inst Mech Engrs, 1955
169, 1021 - 1028

"The use of upper-bound solutions
for the determination of
temperature distributions in

fast hot rolling and axis—-symmetric
extrusion processes'

Int J Mech Sci, 1960, 1, 175 = 191.

'"Heat generation and temperature in
wire and rod drawing'
Wire Journal, 1970, 3, 54 - 59

'A numerical method for estimating
the temperature distributions in
extrusion through conical dies'
Trans ASME, J Eng Ind, 1968, 90,
107 - 118



43.

44,

45.

46.

47.

48,

49.

50.

51.

52.

53.

54.

Asada, Y
et al

Kobatake, K
et al

Nishihara, M
et al

Avitzur, B

MacLellan, G D S

Yang, C T

Major, H

Moore, G G
Wallace, J F

Greenwood, H

Thompson, F C

Linicus, W
Sachs, G

Rothman, D
Sansome, D H

Hofsten, V &
Linstrand, E

- 312 -

'"Analysis of temperature distribution

in wire and tube drawing processes
by the finite element method'

J Japan Soc Tech Plasticity, 1981,
22, 488 - 494

'An analysis of temperature
distribution in continuous die-
less drawing'

Proc 18th Int MTDR Conf, 1977,
253 - 258

'"Hot hydrostatic extrusion of non-
ferrous metals'

Proc 18th Int MTIDR Conf, 1977,

91 - 96

'"Metal forming : the application
of limit analysis'
Marcel Dekker, 1980

'Some friction effects in wire-
drawing'

J Inst Metals, 1952 - 53, 81,
1 -13, 713 - 714

'On the mechanics of wire drawing’
Trans ASME, J Eng Ind, 1961, 83,
523 - 530

'Studies in cold drawing. Pt 3'
Trans ASME, 1956, 78, 19

'A method for investigating the
coefficient of friction in tube
sinking through conical dies'

J Mech Eng Sci,

1965, 7, No 3, 279 - 282

'An investigation of rod drawing
with die rotation’
Nature, 1931, 128, 152

Mitt Dt Mater Anst 'Spanlose
Formung der Metalle'
1931, 16, 38 - 67

'An investigation of rod-drawing
with die-rotation'

Proc 10th Int MIDR Conf,

1969, 179 - 192

Jernkontovets Ann,
1958, No 3, 128 - 164



55.

56.

57.

58.

©59.

60.

61.

62.

63.

64.

65.

66.

Evans, E

Avitzur, B

Prager, W &
Hodge, P G

Drucker, D C

Avitzur, B

Avitzur, B

et al

Osakada, K

Niimi, Y

Semenovna, N

et al

Sachs, G

et al

Ekelund,

QOrowan,

Sims, R

Orowan,

E

B

E

S

- 313 -

'"Measurement of friction in drawing
and rolling'

Trans ASME, J Eng Ind, 1968,

90, 72 - 91

"Theory of perfectly plastic
solids'

Chapman & Hall Ltd, London, 1951
J Appl Mech, 1954, 21, 71

'"Metal Forming'
McGraw Hill, 1968

'Limit analysis of flow through
conical converging dies'

Journal of the Franklin Institute,
1975, 299, 339 - 358

'A study on radial flow field for
extrusion through conical dies'

Int J Mech Sci, 1975, 17, 241 -

254 T

'"Method of warm drawing of metal
workpieces'
British patent 1234111

'Drawing thin-walled tubing with a
moving mandrel through a single
stationary die'

J Appl Mech, 1944, A199 - A210

'"The analysis of factors influencing
rolling pressure and power
consumption in the hot rolling of
steel’

Steel, 1933, 93, Nos 8 - 14

'The calculation of roll pressure
in hot and cold flat rolling'
Proc Inst Mech Engrs, 1943,

150, 140 - 167

'Calculation of roll force and torgque

in hot rolling mills'
Proc Inst Mech Engrs, 1954, 168,
191 - 200

British Iron and Steel Research
Association Report No MW/F/22/50
1950



67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

Cook, P M
McCrum, A W

Hirst, S
Ursell, D H

Johnson, W

Farag, M M &
Sellars, C M

Kudo, H

Childs, T H

Winsper, C E

Dawson, G R

Wistreich, J G

Fuchs, D G

Schroder, G

Basily, B B

- 314 -

"Calculation of load and torque in
hot flat rolling'’

The British Iron and Steel
Association, 1958

'Proceedings of the Conference on
Technology of Engineering
Manufacture', London

(Inst Mech Eng), 1958

BISRA Report MW/E/55/54

'Flow stress in hot extrusion of
commercial - purity aluminium'
J Inst Metals, 1973, 101, 137 -
145 -

'Some analytical and experimental
studies of axi-symmetric cold
forging and extrusion-I'

Int J Mech Sci, 1960, 2, 102 -
127 -

'Metal flow in the hot extrusion of
mild steel’
Metals Technology, 1974, 305 - 309

'An investigation of the mechanics
of wire drawing with the super-
position of an oscillatory drawing
stress'

PhD, 1966, Univ of Aston

'A study of the application of low
frequency oscillations to multi-
tool drawing' :

PhD, 1972, Univ of Aston

'Investigation of the mechanics of
wire drawing'

Proc Inst Mech Engrs, 1955, 169,
654

'Tndustrial tests on hot drawing of
high strength steels'
Stahl und Eisen, 1977, 97 154 - 158

'On the cold and hot drawing of the
titanium alloy Ti Al 6V4'
Wire, 1980, 184 - 187

'The mechanics of section drawing'
PhD Thesis, 1976, Univ of Aston



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Sellars, C M

McG Tegart, W J

Hastings, W F
et al

Campbell, J D

Thomason, P F
et al

Samanta, S

Atkins, A G

Thomason, P F

Glen, J
Osakada, K
Dean, T A

Sturgess, C

- 315 -

"Hot workability'
Int Met Reviews, 1972, 17, 1 - 24

"Predicting a material's machining
characteristics using flow stress
properties obtained from high-
speed compression tests'

Proc Inst Mech Engrs, 1974, 188,
245 - 252 T

Philosophical Magazine, 1970, 21, 63

'"The effect of temperature and strain
rate on the cold and warm working
characteristics of alloy steels'
Proc 1l4th Int MIDR Conf, 1973,

791 - 798

'Resistance to dynamic compression

of low carbon steel and alloy steels
at elevated temperatures and at

high strain-rates'

Int J Mech Sci, 1968, 10, 613 - 636

'Consequences of high strain rates
in cold working'
J Inst Metals, 1969, 97, 829 - 898

'An investigation into the effects
of pre-~heat temperature on
ductility in a warm heading process’
Proc Instn Mech Engrs, 1969 - 70,
184, 885 - 895

'"Effect of alloying elements on the
high temperature tensile strength
of normalized low carbon steel'
Journal of Iron and Steel Inst,
1957, 186, 21

'Mechanical properties of mild steel
after cold and warm high-speed
forging'

Proc 13th Int MTIDR Conf, 1972,

357 - 362

'Stress-strain characteristics of
various steels over a wide range
of strain-rates and temperatures'
Proc Instn Mech Engrs, 1973, 187,
523 - 533



- 316 -

89.  Eleiche, A S '"A literature survey of the combined
effects of strain rate and elevated
temperature on the mechanical
properties of metals'

Brown Univ. AFML-TR-72-1308, 1972



