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Summary

Economic factors such as the rise in cost of raw materials, labour and power, are
compelling manufacturers of cold-drawn polygonal sections, to seek new production
routes which will enable the expansion in the varieties of metals used and the inclusion
of difficult-to-draw materials. One such method generating considerable industrial
interest is the drawing of polygonal sections from round at elevated temperature. The
technique of drawing mild steel, medium carbon steel and boron steel wire into
octagonal, hexagonal and square sections from round at up to 850 deg C and 50%
reduction of area in one pass has been established.

The main objective was to provide a basic understanding of the process, with particular
emphasis being placed on modelling using both experimental and theoretical
considerations. Elevated temperature stress-strain data was obtained using a modified
torsion testing machine. Data were used in the upper bound solution derived and solved
numerically to predict drawing stress strain, strain-rate, temperature and flow stress
distribution in the deforming zone for a range of variables.

The success of this warm working process will, of course, depend on the use of a
satisfactory elevated temperature lubricant, an efficient cooling system, a suitable tool
material having good wear and thermal shock resistance and an efficient die profile
design which incorporates the principle of least work. The merits and demerits of die
materials such as tungsten carbide, chromium carbide, Syalon and Stellite are
discussed, principally from the standpoint of minimising drawing force and die wear.

Generally, the experimental and theoretical results were in good agreement, the drawing
stress could be predicted within close limits and the process proved to be technically
feasible.

Finite element analysis has been carried out on the various die geometries and die
materials, to gain a greater understanding of the behaviour of these dies under the
process of elevated temperature drawing, and to establish the temperature distribution
and thermal distortion in the deforming zone, thus establishing the optimum die design
and die material for the process.

It is now possible to predict, for the materials already tested, (i) the optimum drawing
temperature range,(ii) the maximum possible reduction of area per pass, (iii) the
optimum drawing die profiles and die materials,(iv) the most efficient lubricant in terms
of reducing the drawing force and die wear.
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Chapter One

1.0 Introduction and Literature Review

1.1 Introduction

Hot working takes advantage of the decrease in flow stress at high temperature to
reduce tool forces and, consequently, equipment size and power requirement.
Symmetric and non-symmetric products made from steel alloys, stainless steels,
aluminium alloys, copper alloys and other non-ferrous metals and their alloys are
required for use in the electrical appliance, automobile, and other industries. Economic
factors are compelling manufacturers of cold-drawn sections to seek new production
routes which will enable the expansion in the varieties of metals used and the inclusion
of materials which are difficult to draw because of their metallurgical structure or their
property of rapid work hardening. Thus consideration is being given to elevated
temperature section drawing from readily available standard round stock through a
single die. Increasing demand for this process is activated by a continual increase in the
price of rolled sections and a reduction in the range of sizes available. The lower cost of
round stock material for this process is therefore becoming increasin gly significant.
This method will effectively reduce the costs involved in stocking a variety of items, in
that only round bars will be stored in order to produce various sections, rather than
storing various shapes to produce smaller shapes using conventional section-from-

section drawing.

As an example, it is possible to warm-draw alloy steels at a temperature which is
sufficient to reduce the yield stress to less than that of mild steel at normal temperature,
thus high strength steels can be warm-drawn while only exerting the same tool loads as
conventional mild steel drawing, furthermore the resultant product is in an annealed

State.
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The success of the warm working process will, of course, depend on the use of a

satisfactory elevated temperature lubricant, a cooling system associated with a suitable

tool material having hot-hardness characteristics, and an efficient die profile design

which incorporates the principle of least work .

1.1.1 Objectives

To provide a basic understanding of the mechanics of the drawing of polygonal
sections from round at elevated temperature, in depth, both theoretically and
experimentally. The theoretical approach includes three dimensional-modellin g
of the process and the establishing of temperature, flow stress, strain and strain-
rate distribution in the deforming zone. The experimental programme comprises
the use of three different workpiece materials, four die materials and five die

geometries (three polygonal and two round die designs).

To obtain elevated temperature stress-strain data for the test materials used,
using hot torsion testing. Stress, strain, strain-rate and temperature will be
related mathematically. This enables 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 will calculated and used in the computer
program developed to solve the upper bound solution and obtain a three

dimensional-modelling of the process.

To use finite element analysis of polygonal dies, to gain a greater understanding
of the behaviour of the various die designs and die materials under the process
of elevated temperature drawing, thus establishing the optimum die design and

the die material to be used for the process.
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1.2 Types of deformation

Deformation processes can be divided into five basic types, depending on the nature of

the stress and strain acting during deformation. They are namely :-

1.2.1 Plane strain deformation.
1.2.2  Axisymmetric deformation.
1.2.3  Symmetric deformation.
1.2.4 Asymmetric deformation.

1.2.5 Plane stress deformation.

Asymmetric and plane stress deformations are not discussed further as they are

considered to be beyond the scope of this project.

1.2.1  Plane strain deformation

Plane strain deformation is said to occur when all the deformation takes place in one
plane. An example is the rolling of wide strip, where the straining in the direction of the
roll axes is either zero or very small ( little widening of the workpiece results ). It is
effectively restrained by the undeforming material on both sides of the roll gap and by

roll friction.

1.2.2  Axisymmetric deformation
The conventional drawing of wire, rod and tube through a circular die is an example of
this type of deformation, where the deformation occurs when all the straining is

symmetrical about one axis.

1.2.3 Symmetric deformation
Symmetric deformation is said to occur when the state of stress at a given point is a

mirror image of a similar point chosen about a symmetrical axis of the physical
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configuration of the deformation zone. Direct section drawing is an example, where an

axis of symmetry exists about diagonals and across flats.

1.3 Classification of drawing theories
1.3.1 Equilibrium approach
1.3.2 Slip line field
1.3.3 Upper bound solution
1.3.4 Energy approach
1.3.5 Visioplasticity

1.3.6 Finite element method

However, a comprehensive review is presented only for the equilibrium and the upper
bound approaches which form the basis of the method which will be used to obtain

solutions for the drawing of a polygonal section from round at elevated temperatures.

1.3.1 Equilibrium approach
The method is based on the equilibrium of forces, which is a lower bound approach,

and predicts a lower estimate of the drawing force, since redundant work is neglected.

1.3.1.1  Axisymmetric wire drawing
Drawing theories based on the equilibrium of forces can be derived using either
cartesian or polar co-ordinates. In these analyses the following assumptions are usually
made.

(1) constant friction

(i) no redundant work

(i11) non work-hardening material, i.e.Y is constant
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In 1927 Sachs(1, 2) derived a theory which proved the most important among the early

theories on wire drawing. He assumed that plane cross-sections of the workpiece
remained plane as they passed through the die and that the stress distribution on such

planes was uniform. Consequently, this method is known as the 'slab method .

By considering the equilibrium of forces acting on an element and assuming the Tresca

yield criterion, he derived the following expression for the drawing stress:-

s

where
B=pucota
Y = yield stress of material

Dy, D, are the diameters of the bar at the inlet and exit respectively.

This expression is generally known as the fundamental Sachs equation, and is regarded
as an expression which combines simplicity with accuracy. Later Davis and Dokos(3)
incorporated the strain-hardening effect into the Sachs analysis. They assumed that the
strain-hardening effect of the material follows a linear relationship. However, Atkins
and Caddell4) have shown, using the power law, that for a practical range of
parameters the error is about 8% when the mean yield stress is used instead of taking
into account the strain-hardening relationship in the governing force-balance differential
equations prior to integration. They also incorporated a redundant work factor into the

above equation.
Johnson and Rowe(5) have given a general expression to account for redundant work in

the drawing of cylindrical stock. Research workers Siebel(6) Korber and Eichinger(7)

and MacLellan(®) refined and improved the drawing theory. Comprehensive reviews of
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the work of the other investigators have been published by ‘Wistreich(9.10) and

MacLellan(®).

In 1957, Whitton(11) compared various drawing theories proposed by Sachs and
van Horn(12) Korber and Eichinger(7), Siebel(6) Davis and Dokos®) and Sachs with
experimental data and stated that the deviation between theory and experimental results

can be as much as + 20%.

In 1955, Shield(13) analysed the plastic flow of metal in a converging conical channel
using polar co-ordinates. The values predicted by Shield's equation under-estimates the
drawing force, because the redundant shear at the entry and the exit of the die was
neglected. This is of significance when the reduction of area is large and the die angle is

large.

Avitzur(14.15) further considered the flow through a converging conical channel
incorporating the redundant shear at the die entry and exit. His upper bound analysis
was developed using a spherical co-ordinate system with the assumption of T = mk.
Alexander(16), however, commented that the idea of a constant frictional stress (mk) at

the die interface was incompatible with the accepted idea of Coulomb friction.

1.3.2  Slip line field solutions

The slip-line method is a powerful technique for solving complex plastic flow problems
by establishing the maximum shear-line field. Its limitation is that certain restrictions are
placed on the material and, strictly speaking, only plane strain problems can be solved.
A full description is obtained from Johnson(17). The following assumptions are made in

using this technique:-
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(1)  the work material is isotropic and remains so during deformation and the

principal directions of the stress and strain rate coincide.

(i) the work material is rigid-plastic, i.e. elastic components of strain are
neglected, and it deforms with constant flow stress.

(iif) there is no change in the work material density during deformation ( volume
constancy ).

(iv) the deformation is plane strain.

In solving problems, it is the slip-line field, which consists of two orthogonal families
of curves ( the slip-lines ) representing directions of maximum shear stress and
maximum shear strain rate at each point in the plastic zone, which is treated as the
unknown which has to be determined. Both stress equilibrium and flow equations are
considered. These basic differential equations are hyperbolic and may then be solved by

the method of characteristics (18,19)

1.3.3 Upper bound solution

In 1951, Prager and Hodge(20) proposed an upper bound theorem for a rigid-perfectly
plastic material. It states that, " among all kinematically admissible strain rate fields, the
actual one minimizes the expression mentioned below ". Drucker@l) extended the
theorem to include the velocity discontinuities. With the additional assumptions that the
material obeys von Mises yield criterion and the flow follows the Levy-Mises stress-

strain relationship.

V3

J*ziyff\/ Ly dV+LtlAv{ as - [, v;as
v "

The actual externally supplied power, J*, is never higher than the value predicted by

using the expression. In the case of wire drawing, the externally supplied power is
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provided by the front pull. The first term computes the power of internal deformation

over the volume of deformation and 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 covers power supplied by predetermined body tractions. Those

tractions are, for example the back pull applied in wire drawing, or back and front

tension in rolling.

Incorporating friction in the upper bound integral poses a problem. Coulomb friction
could be allowed, when T = up where the tan gential stress at any point is proportional
to the pressure p, between the die and the workpiece. However, the inherent difficulty
of obtaining the die pressure distribution is added to the complexity of the deformation
zone. An indirect approach, the apparent strain method, has to be used to incorporate
friction in the case of Coulomb friction. An alternative to this is to assume a constant
shear stress T =mk, where 0 <m < 1, where k is the yield stress in shear. The factor m
takes a constant value for a given die and material under constant surface and
temperature conditions. It is taken to be independent of velocity and it suffers from the
disadvantage that the shear stress at the tools rarely bears a constant relationship to the

yield stress in shear of the workpiece.

1.3.3.1 Plane ( sheet ) drawing

Hill(22), derived a similar upper bound theorem based on the maximum work-rate
principle applied to plane-strain by a simple approximation to the slip-line analysis for
wedge-shaped dies. Johnson and Mellor(23) further simplified the slip-lines by
replacing them with the appropriate straight lines, in which the metal is subjected to
velocity discontinuities along these lines but moves between them as a rigid body. The
upper bound load so obtained will vary and depend on the sets of straight lines chosen.

The best solution is the one which minimises the load. However, all plastic flow
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energies are non-conservative and therefore the best upper bound solution is not

necessarily the actual solution in a real case.

Kudo®4) introduced the concept of a unit rectangular region in plane-strain problems
by using three different types of velocity fields in order to find a better upper bound
solution. He considered a parallel, a centred face, and a rigid triangle velocity field and
concluded that the rigid triangle velocity field lends itself best to the analysis of plane-

strain forming processes in which deformation zones are bounded by straight lines.

In 1986, Avitzur and Pachla(25) presented an upper bound solution for the plane-strain
problem. In their approach, the deformation region is divided into a finite number of
rigid triangular bodies which slide with respect to one another. They analysed
neighbouring rigid body zones in specific cases where the zones are (1) both in
rotational motion, (ii) one in linear, the other in rotational motion and (iii) both in linear
motion. They concluded that their analysis can be applied to such processes as sheet
and strip drawing, extrusion, forging, rolling , etc, as well as to the investigation of

failure flaws such as central burst, fir tree, and split ends.

1.3.3.2  Axisymmetric bar solution

In 1959, Alexander(26) extended the upper bound solution to represent the case of axial
symmetry. He used the velocity field proposed by Johnson, but the deforming zone in
this case is a single angular region which appears triangular in the plane of symmetry.
Deformation was considered to occur by shearing at the boundaries in addition to the

homogeneous deformation within the deforming zone.

In 1960, Kudo (27) extended his previous solution of plane strain to axisymmetric
problems where the unit rectangular regions were cylindrical. Triangular velocity fields

consisting of straight discontinuity lines in the plane of symmetry were then examined.
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He considered the deforming energy of the material within the individual zones.

Kobayashi(28) assumed curved surfaces as discontinuity surfaces for the admissible
velocity fields which results in an improvement of the Kudo upper bound solutions for
axisymmetric problems. However, the difference between his solution and Kudo's was

too small for critical comparison.

Kobayashi and Thomsen(29) proposed that the velocity field be composed of an
available number of separate triangles and assumed a constant value for the slope of the
entry discontinuity. The solution was thus dependent on the initial choice of the slope.
Thomsen et al30) have extensively reviewed the earlier work of Kudo and others in
their book. Pugh®31) analysed the hydrostatic extrusion of rod and included three

different shapes of shear boundaries in his study, namely :

(1) plane transverse boundary
(2) conical boundary
(3) spherical boundary

Pugh compared the contribution of the redundant work with the extrusion pressure for
the three different shear planes specified above. The graph in fig.1.1 shows that a plane
transverse boundary provided the highest value for the upper bound solution when
compared with the spherical, or conical shear boundary. Although a conical boundary
gives a lower value than a spherical boundary, Pugh suggested that the latter seemed to
be a more natural boundary for the conical flow in the die. He also declared that the
redundant work contribution is independent of the type of metal and extrusion ratio and

only depends on the angle of the die.

Avitzur(15) derived an upper bound solution in which he considered the deforming

zone to be bounded by spherical shear surfaces with their centres at the virtual apex of
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the die. The flow through the die was expressed by a kinematically admissible velocity

field. The distinctive part of Avitzur's work is that he expressed the power of internal

deformation as the homogeneous component multiplied by a factor greater than unity to

account for relative shearing of the material in the deforming zone. Avitzur et al(32)

used a triangular velocity field to predict the drawing stress fof flow through

converging dies.
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He compared the solution obtained by the spherical and triangular velocity fields and
found that the solution predicted by the latter is higher than by the former. He
concluded that, as the die semi-angle increases up to about 7°, the relative drawing
stress decreases and then increases with continuing increase in the die semi-angle; this
is for both velocity fields. The application of the Prager and Hodge upper bound

theorem using spherical boundaries detailed by Avitzur(33) .

1.3.4 Energy approach
The energy approach is generally used in complicated metal forming situations such as
hydrostatic extrusion and forging, and is formulated on the assumption that the work

expended in drawing consists of three energy components, namely ;

(1)  ideal loss-free ( homogeneous ) energy
(i) friction energy at the tool-workpiece interface

(ii1) redundant work

The work attributed to homogeneous and redundant deformation can be calculated from
an assumed kinematically admissible velocity field. The work done in friction at the die
workpiece interface is evaluated by means of equilibrium, either in a direct way by
assuming the frictionless die pressure distribution33) or indirectly by using the
apparent strain method(34). Avitzur(33) derived a solution for the drawing stress in wire

drawing, based on the energy approach and assuming Coulomb friction.

1.3.5 Visioplasticity

Visioplasticity is a semi-analytical technique based on the examination of a velocity field
developed incrementally within the deforming body which is obtained experimentally.
This method of deriving the instantaneous motion of the particles making up the body

is believed to have been developed by Thomsen et al(35.36,37),
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1.3.6  Finite element method

The finite element was called as such by Clough (38) Early applications were in
structural analysis, in which field the original developments were made . FE is a
powerful technique for stress analysis. In recent years, the method has gained wide
acceptance in solving metal deformation problems for plane strain and axisymmetric
processes39.40). The conventional methods of metal formin g analysis such as slip lines
and upper bounds are not sufficient in a mixed elastic-plastic problems. The finite
element technique is applied appropriately in such situations where elastic and plastic
deformations are accounted for in separate regimes. The application has recently
extended to metal working processes(41,42,43,44) 1o solve problems with irregular
shaped boundaries and elastic-plastic conditions. In addition, the technique finds
application in non-steady flow processes and is readily programmable to include
realistic material properties such as strain hardening. Computer facilities will be

required to solve even a relatively simple problem.

The basic process in finite element analysis is to divide the domain into pieces or
elements, approximate the equations governing the problem for each element as a
function of selected values, put all elements together, apply boundary conditions to

some of the those selected values, and solve for such values.

1.4  Friction
Friction is an important parameter in metal forming processes, since it determines the
surface temperature in high speed operations, and thus the life of the tools since it
increases the forming loads. Of the numerous mathematical descriptions of friction, two

are discussed here ; the Coulomb coefficient of friction and the constant shear factor.
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1.4.1 Coulomb friction

If the tangential stress T at any point on the surface is proportional to the normal

pressure p between the two bodies and opposite to the direction of motion, then this

state of friction is described by the Coulomb friction law.

The coefficient of friction W is taken as a constant for a given die and material, for

simplicity. It is also said to be independent of the velocity for the same reason.

1.4.2  Constant friction factor
The friction is expressed as a fraction of the shear yield stress, when one of the two

bodies in contact is fully plastic
mY

V3

The friction factor m is taken as a constant for a given die and material under constant

T =

surface and temperature conditions. It is also considered independent of velocity. The
assumption of constant friction factor is preferred by some investigators because the
computation of friction losses are easier(33). However, as mentioned above,
Alexander(26) commented on the idea of a constant frictional stress at the die interface as

being incompatible with the accepted idea of Coulomb friction.

1.5 Determination of the Coefficient of Friction

1.5.1 Die rotation technique

A survey of friction in drawing was carried out by Rothman($), indicating that die
rotation techniques have been used industrially in wire drawing in order to improve die
life and surface finish. Die life can be increased as a result of the even distribution of
wear and through the reduction in drawing force which is achieved, but, because of the

extra equipment and power needed the application of die rotation is very limited.
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Linicus and Sachs(46) evaluated the mean coefficient of friction from the measured

reduction in drawing load. Nishihara and Kakuzen®7) conducted a study on the rotating
die technique and successfully evaluated the mean coefficient of friction for wire
drawing by the measurement of the reduction in the drawing load and the torque.
Sansome and Rothman®8) proposed a theory to explain the reduction in load when the

die 1s rotated.

1.5.2  Split die technique

The measurement of the die separating force and the drawing force enables the mean
coefficient of friction and the mean die pressure to be determined, this method was
proposed by MacLellan(49) and applied subsequently by Wistreich(50) and
MacLellan(1) for axisymmetric drawing. Lancaster and Rowe(52) used the plug
technique in which two strips, separated by a flat bar, were drawn simultaneously. This

eliminates the dependence of the mean coefficient of friction on the die an gle.

Wistreich(30) clamped the die with a force greater than the expected splitting force.
Gradually this pressure was released until the two haves of the die stared to separate.
This clamping force is then almost equal to the separating force. The method was

successful but cumbersome, and cannot be adopted for continuous measurement.

1.5.3  Split rotating die technique.

Basily and Sansome(53) developed this technique to determine the mean coefficient of
friction and mean pressure in the cold drawing of polygonal bars from round stock.
The design involved "finger tipped" split dies through which the bar was drawn, while

a conical die rotated around the tips.
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1.54 Redundant work estimation

Redundant work is defined as the work performed in the die in which the external
constraint can cause appreciable internal distortion of the material in excess of that
which is necessary for change in shape alone. It can be determined by superimposing
the stress-strain curve of the drawn metal onto the basic curve of the undrawn metal.
The area under the stress-strain curve swept by the curve of the drawn material when
shifted to line up with it, gives a measure of the redundant work(54.55). However, the
method suffers from graphical errors inherent in curve fitting. Basily and Sansome(56),
overcame this difficulty by expressing the stress-strain relationship of the material
mathematically and obtaining the drawing parameters analytically. Thus, [ can be
derived analytically in terms of the drawing stress Oy,, flow stress of of the drawn bar,

reduction of area ', and the equivalent die semi-angle ‘o’ by

| 1 r n
\Gxalnﬁ_(l-r) k nr 1 —Gxa cot &

The redundant work was deduced analytically from the drawing parameters. The
method relied on the application of the apparent strain demonstrated by Thompson(57)
The accuracy of the results is therefore dependent on the theory, where the total work

done consists of three components

W =W, + W+ Ws
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W the total work done per unit volume or the drawing stress.

Wh  the homogeneous work, which is derived from the stress-strain curve with the
equivalent strain corresponding to the reduction of area.

Wr the component to overcome friction on the tool-workpiece interface and

Wr  the redundant work.

The measurement of either Wr or Wrleads directly to the other, W, is calculated from
the displaced area under the curve of the undrawn metal over the master stress-strain

curve or could be deduced analytically by the method used by Basily and Sansome(56).

1.6  Elevated temperature working of materials

Hot working takes advantage of the decrease in flow stress at high temperature to
reduce tool forces and, consequently, equipment size and power requirement. When a
metal is hot worked the conditions of deformation are such that the stock remains soft
and ductile, work hardening takes place but it is balanced by the dynamic softening
processes of recovery and recrystallisation. These processes, which are thermally
activated, lead to a flow stress that depends on strain rate and temperature as well as on
strain. Jonas et al(58) proposed that the lower limit of the temperature ran ge suitable for
hot working is taken as 0.6 T, where Ty, is the melting point of the metal in absolute.
On the other hand, when metals are cold worked, strain hardening is not relieved and
therefore the upper limit for this type of deformation can be taken as 0.3 Ty,. Warm
working can therefore be defined as a shaping process in which the deformation
temperature for the metal is 0.3 - 0.6 Tmy. In this temperature region a limited amount of
recovery occurs, thus the degree of strain hardening that occurs is considerably less

than when cold working.

According to the above definition, the warm-working temperature range for 0.11 %

carbon steel would be 250 - 775°C. This agrees closely with the 200 - 800°C
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temperature range which Hirschvogel(59), quoted as being suitable for the warm

working of this steel. In practice, however, due to the occurrence of “strain-ageing",
the lower limit of warm working for this material needs to be raised to 450°C. This
then avoids, for normal strain rates, the rise in flow stress and reduction in ductility

which occurs in this low temperature region(59.60),

1.6.1 Advantages of warm working

The major advantages of warm working over cold forming are the decrease in the flow
stress and the lower strain-hardening rate which occur at elevated temperature. At these
temperatures the flow stress is reduced and, furthermore, the resultant product is in an
annealed state(61). However, the temperature utilised for a low-carbon steel must be
above 300°C before these advantages are noticed; this is shown in fig.1.2, as reported
by Samanta(62). Hawkins(63.64) presented a review of the warm working of steels and
concluded that the mechanical properties resulting from extrusion at 660°C can give a
strength increase of up to 60 % together with an improvement in toughness with no

loss in ductility.

1.6.2  Effect of temperature on flow properties

At elevated temperatures, the rate of strain hardening falls rapidly in most metals, with
an increase in temperature. The temperature dependence of flow stress is closely related
to its strain rate dependence. Decreasing the strain rate has the same effect on flow
stress as raising the temperature. A number of investigations have been made of the
effectiveness of increases in temperature in reducing the flow stress of steels up to
700°C (65). Tt is these data, produced and converted into design charts, which enable
the calculation of maximum press loads and punch stresses to be made for commercial
forming operations. These charts include the variables of steel composition, die angle,
billet length-to-diameter ratio, temperature and extrusion ratio. Similar charts have been

produced by Yuasa(66), which enable the maximum die pressure for forward extrusion,
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or the maximum punch pressure for backward extrusion, to be determined for any of

twelve different steels at temperature from 400 - 1000°C, for reductions of area of 40,

60 or 80 %.

Of notable interest are the very early historic high-speed tension tests of Nadai and
Manjoine(67) whose results showed that there was an initial fall in the ultimate tensile
strength of stainless steel at temperatures slightly above ambient and then a continuous

decrease with further temperature increase.

1.6.3 Effect of strain-rate on flow properties

The rate at which strain is applied to a specimen can have an important influence on the
flow stress, where an increase in the strain rate increases tensile strength. Moreover,
the strain rate dependence of strength increases with increasin g temperature. The yield
stress and flow stress at lower plastic strains are more dependent on strain rate than the
tensile strength. High rates of strain cause a definite yield point to appear in tests on

low-carbon steel which do not show a yield point under ordinary rates of loading.

Flow stress measurements were carried out using compression testing by Samanta(62)
and by Osakada et al.(68). The strain during deformation has a significant effect on the
relationships between stress and temperature. 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 Alder and Philips (69) when studying
the strain rate temperature effects on compression of aluminium with 40% reduction
fig.1.3. Cook(70) reported the same effects in the compression testing of various steels
at temperatures of 900 - 1200 °C and strain rates of 1.5 /s to 100 /s. Osakada et al
observed that a minimum in the stress-temperature curve of mild steel occurred at near
room temperature at low strain, but at high deformation speeds the minimum appeared

at a temperature of about 400 °C.
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Manjoine(71) performed tension tests at elevated temperatures up to 600°C and also

found that a strain-ageing occurs in mild steel, and that this range extends from about
50 - 250°C when a slow strain rate of 0.00085 /s was applied. When the strain-rate

was raised to 300 /s, the strain-ageing region moved to higher temperatures, in the

range of about 350 - 550°C. This is clearly shown in fig.1.4.

Doravielu and Gopinathan(72), reported on the effects of temperature on the flow stress
of 1.5% C, 11.2% Cr steel at a strain rate of 10 /s. They noted that there were two
temperature ranges where the flow stress increased as the temperature increased due to

the strain-ageing effect and phase transformation; 150 - 200°C and 800 - 900°C.

Thomason et al(73), used a plane-strain cam plastometer to test nine different steels at
strain rates of 3 - 52 /s, to a natural strain of 2.3, at temperatures of 20 - 600°C. They
concluded that it is possible to obtain an immediate indication of the pre-heat
temperature needed to reduce the tool loads for alloy steels to an acceptable level, as
illustrated in fig.1.5. Since the extrusion or drawing loads for a wide range of En 2A
mild steel components give an acceptable tool life under cold working conditions, it
should be possible to warm extrude any of the alloy steels if the pre-heat temperature is
sufficient to bring their mean equivalent yield stress below the value for En 2A mild
steel at room temperature; i.e. below the line A-A in fig.1.5. The results suggest,
therefore, that any one of the range of medium-carbon and alloy steels could be warm-
worked with acceptable tool pressure, if the pre-heat temperature is in excess of 550°C.
They concluded that the pearlitic alloy steel shows relatively low ductility for pre-heat
temperatures approaching 600 °C. These steels show a large reduction in yield stress
combined with an increase in ductility; the effects are thought to be the result of the
accelerated spheroidization of the lamellar carbides, which is achieved normally at
lower temperatures, when the alloy steels have received a long and extensive

spheroidizing treatment(74),
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The Belgian cold forging group(’s), carried out tests at strain rates-of 3.5 and 20 /s, on
six steels of plain-carbon and low-alloy composition, at temperatures of up to 800°C
and strains of up to 50%. From their data, the reduction in flow stress, when compared
with room-temperature values and at a strain of 50 %, have been plotted for the six
steels at test temperatures of 500, 600, 700 and 800°C, as shown in fig.1.6. The
conclusion was that, by raising the temperature, maximum loads may be reduced by

30, 45, 60 and 65% respectively at the four test temperatures.

1.6.4  Concluding remarks

A considerable number of investigations have shown that the decrease in flow stress
which occurs when steels are warm worked, which emphasis the considerable effect of
strain rate and temperature on the flow stress(76). However, as already mentioned, the
generalisations that the flow stress increases as the strain rate increases cannot always
work and as the temperature increases the flow stress decreases, since the combined
effect of strain rate and temperature must be considered together. However, chan gesin
strain rate during deformation can cause similar effects to change in temperature. An
increase in strain rate gives less time for thermally activated events; consequently, it is

equivalent to a reduction in the temperature of deformation.

Fewer measurements have been made of the accompanying improvement in ductility.
Manjoine and Nadai(67) reported how the ductilities of mild and stainless steel varied
when tensile tested over a range of strain rates at temperatures of up to 1000°C. Later
work by Dean(77), also reported on the variation of the tensile ductility of mild steel
with temperature. In general, these results showed that it was necessary for the test

temperature to exceed 600°C before considerable improvements over the room

temperature tensile ductility could be achieved.
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In their earlier work, Macgregor and Fisher(8) showed that the effect of true-strain rate

on ductility, strength, or modulus of strain hardening is not known until the
temperature is specified. Increased strain rate may bring higher or lower stren gth and

greater or less ductility.
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1.7 Stress-strain data at elevated temperature

In metal forming processes, such as elevated temperature drawing, a basic
understanding of the plastic behaviour of the metals and alloys at various temperatures
and strain rates is required. It is therefore important to obtain flow curves at different
temperatures and strain rates in order to solve metal-forming problems by numerical

analysis methods. Stress-strain data used for this work are presented in Chapter 6.

In elevated temperature forming, the flow stress is a function of true strain €, strain rate

€, and temperature.

0=f(e,é,T)

When stress-strain behaviour is examined over a range of strain rate and temperature, it
becomes cumbersome to report the results as complete series of stress-strain curves,
i.e. the flow stress in terms of true strain at various temperatures and strain rates. More
commonly, a few typical curves are shown and characteristic values of flow stress are

reported as a function of temperature and strain rate.

Attempts have been made by many investigators to fit mathematical equations to the
stress-strain curves at different temperatures and strain rates in order to predict the
properties of the material during deformation. The required stress-strain data must be
obtained from experimental investigations carried out at the temperatures and strain
rates that actually exist during the forming operation for each material. The collection of
stress-strain data over a range of operating conditions can be very difficult, mainly due
to the limitations of the type of tests, the equipment used to conduct the test and also the
difficulty in matching the exact prevailing deformation conditions which occur in the

process with those in laboratory testing.
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1.7.1  Measurement of flow stress
Stress-strain behaviour under conditions appropriate to hot working can be measured in

tension, compression or torsion, each method having advantages and limitations.

1.7.1.1 Tension tests

The tension test is one of the simplest tests used to obtain stress-strain data and has
been performed over a range of strain rates up to 103 /s(67) but many researchers have
found that it has limited use. When using a constant cross-head speed, the true strain
rate decreases slightly during homogeneous deformation and then increases rapidly as
necking occurs. This increase in strain rate during necking results in an anomalous rise
in the flow stress. Hence the only useful data obtained are the data recorded up to

strains less than those prevailing during the onset of necking, which varies from

0.2 - 0.3 for steels(79),

1.7.1.2 Compression tests

Compression testing does not suffer the same strain limitation. Tests have been
performed to a true strain of 0.7 or more using cam plastometer giving constant true
strain rates in the range 0.1 - 300 /s, for the axisymmetric compression of

cylindrical specimens(68.69).

1.7.1.3  Torsion tests

Torsion of solid cylindrical specimens is an increasingly popular method of hot-
workability testing, since high strains can be attained at constant surface strain rate and
quantitative measures of both flow stress and ductility can be obtained. The advantages
and disadvantages of torsion and compression testing are considered elsewhere(79.80),

and will not be dealt with here.
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Singer and Evans®1) described a technique for the rapid measurement of high-
temperature flow stress which uses a relatively simple machine and allows
determinations to be made very rapidly. The method relies on the simultaneous
indentation of a hot surface by two projectiles with hemispherical ends. The projectiles
impact with velocities which are approximately in the ratio of 2:1 and the individual
impact velocity, together with the diameter of the indentations, are measured accurately.
A series of tests has been conducted on aluminium alloys at strain rates of up to
530 /s. From the knowledge of the above quantities, the effective flow stress and strain
rate sensitivity have been calculated. They claimed that the results produced reasonable
assessments of strength when compared with results obtained by cam-plastometer

compression testing.

1.7.2  Flow stress strain-rate temperature relations

A great amount of work has already been done in trying to correlate stress-strain curves
by mathematical relationships. The most common relationship used to correlate data at
constant temperature is the semi-logarithmic formula proposed by Ludwik(82), the form

of the equation being

6=0,+BIng -—----mmmmmuv (1)

where B and ¢, are constants.

Alder and Philips(69), in their work on copper, aluminium and steel were best able to

summarize their results in the strain rate range 1- 40 /s by the following power law;

C=0p€&l  ---mmmmeeee- (i1)

where ©, and n are constants.
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They also pointed out that if flow-stress data are obtained over a relatively narrow range
of strain rate, less than two orders of magnitude, it can be difficult to distinguish

whether equation (i) or (ii) best fits the results at different temperatures.

Hodierne(83), fitted results obtained by torsion on mild steel at temperatures from
30 - 700°C and a strain rate of 10-103 /s to the power law. Johnson and Mellor(84)
found that the power law provided a slightly better interpretation of their results than
did the semi-logarithmic law. Samanta(85) found that the semi-logarithmic law fits the
stress-strain data of tool steel at hot working temperatures reasonably well. Cook(70)

reported for more complex alloys that either equation may be entirely satisfactory.

To correlate data at different temperatures Zener and Holloman (86), proposed that ;
c=f { €, exp ﬁg'l:}
where
€ = strain rate
Q = activation energy for diffusion of the metal
R = universal gas constant

T = absolute temperature

The development predicts that if the strain rate to produce a given stress at a given

temperature is plotted on a logarithmic scale against 1/ T, a straight line should result

with a slope of (- Q/R).

Correlations of this type are very useful in relating temperature and strain effects.
However, such correlations may break down if applied over too large a range of
temperatures. In order to accommodate data better, and for some theoretical reasons, a

modification to the equation been suggested by Jonas, Sellers and Tegart (87);
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;3 &= A[ sinh (oc 0)]n exp (—é%)

where
A, o ,and n' are constants which are independent of temperature and stress.
The activation energy Q can be obtained from a plot of €, at & constant sinh as,

against 1/T.

MacGregor and Fisher(78) reported the results of tension tests for which the true strain
rate was kept constant by varying the rate of head motion, these tests were conducted at
the temperature range of -70 to 665°C and the range of true strain rates 50 x10-0 to
50 /s on SAE 1020 steels, SAE 1045 steel, and a brass. A single variable called the
velocity-modified temperature is used to represent the combined influence of true strain
and testing temperature i.e. for a given material, instead of having the flow stress as a
function of temperature, strain, and strain rate, it is a function of the strain and modified

temperature only. The expression given is;

®

T, = T| I-K n->
€

o]
where
T = testing temperature in degrees absolute
€, = a base strain rate ( constant )
€ = true strain rate

K = material constant

It should be possible for a given choice of €o to select a value of K so that when stress

is plotted versus Tp, a smooth curve will result. In their investigations, the

constant €, is taken as 10 x 10-6 /s, the value of K selected to obtain a smooth curve
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was 0.018 which is chosen by trial and error. MacGregor and Fisher(88), verified that
the velocity-modified temperature is equally applicable to tension tests conducted at
both slow and rapid rates, up to 0.5 /s, over a range of temperatures and found it to

give satisfactory correlation.

Inoue(®), as reported by Nakayama(90), has applied the concept of velocity-modified
temperature to tension data of several steels at temperatures ranging from 830 -
1230°C and at strain rates of 0.8-75 /s. Inoue found satisfactory correlation by use of
the velocity-modified temperature Tr. More recently Loh(91), has applied the velocity-
modified temperature concept in her work on the mechanics of drawing wire at elevated
temperature. The formula was modified to take into consideration the temperature rise

AT that occurs in the compression tests. Thus, Tp is expressed as:

T, = (T+AT) | 1-K In-
€

8]
and conclusion drawn was that the velocity-modified temperature concept does not
relate well at higher values of T, thus giving lower flow stresses. Oxley(92) presented
a paper which reviewed the attempts that have been made to include strain rate effects
on the flow stress of the work material and concluded that, in order to obtain
meaningful results, account must also be taken of the temperature of the material being
deformed. The power law relationship presented is

c=0; ¢l

where o and ¢ are the uniaxial flow stress and strain, and ¢; and n are material
constants which define the stress-strain curve for given values of strain rate and
temperature. By using the flow stress results obtained by Oyane at al®3) from high

speed compression tests with a strain rate of 450 /s and temperature range of
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0 -1100°C, he found that, for the given values of strain rate and temperature, the above

power law gave a good fit with those experimental results.

Oxley applied the concepts of velocity-modified temperature in order to extrapolate the
results to the higher strain rates in machining and to relate 01 and n to strain rate and
temperature in a convenient manner, finding a good fit to a single curve which gave
some support to the use of Tm. He also used the Oyane et al results to obtain values of

o1 and n for 0.16% carbon steel, as shown in fig.1.7.
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Fig.1.7. Relationship between B, n and Tm, based on the experimental data of

Oyane et al93)
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1.8 Temperature distribution in the deforming zone

During deformation the work done in the material, i.e. the essential deformation and
redundant work, is mostly transformed into heat, which is manifested as a rise in
temperature and, as a result, varying the thermo-mechanical behaviour of the material;
friction losses also raise the temperature at the die-workpiece interface. Therefore, the
influence of temperature change on the material behaviour and, hence, on the forming

load, must be taken into account in the process modelling of metal forming.

1.8.1 Calculation of plastic deformation and heat distribution
During drawing, heat is generated by deformation in the material and by friction at the
die-workpiece interface. Heat is transported with the drawn material and conduction

takes place simultaneously.

The process modelling includes the division of the deformation zone into many small
deformation steps which are continuously updated. In this way the material flow, the
stress and the strain fields are determined step-by-step from the beginning to the end of
the deforming process. This is achieved by using data obtained by elevated temperature
stress-strain analysis at various strain rates, thus simulating the behaviour of materials

at conditions which might be experienced during the actual deformation process.

In addition, the calculation of the power of deformation, heat generation and heat
transfer will be analysed in each time increment to obtain the temperature distribution,
and then material behaviour is updated due to the just - predicted field of temperature,
therefore the flow stress distribution in the deformation zone can be established. The

process will be repeated to the end of the deforming zone.

Total temperature increase of each element will be obtained from the heat balance :
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A=AQD-AQh
with
AQD=AQd+AQf
where
A Q'd = heat due to the dissipated forming energy
AQ'f = heat due to the dissipated friction

A Q'h = heat transferred over the element

1.8.2 Temperature prediction in drawing
Siebel and Kobitzsch(®4) were the pioneers in analysing the temperature in wire
drawing, and made the following assumptions.

(i) the temperature increase due to deformation is uniform across a section.

(i) the temperature distribution due to friction is parabolic in the vicinity of the

tool-workpiece interface.
(ii1) there is no heat flow in the axial direction.
(iv) only 20% of the generated friction heat flows into the die while the other

80% remains in the workpiece.

Kopp®3) in his work on rod drawing , which is a slower process, indicated that nearly
half of the friction heat remains in the drawn material while the other half flows into the
die. The amount of heat remaining in the drawn wire depends mainly upon the speed of
drawing, thermal conductivities of the wire and die materials, and the insulating

properties of the lubricant.
Ranger (96) measured the temperature at the external surface of a tungsten carbide die

insert and calculated the interface temperatures by means of an electrical analogue

technique. Ranger's work illustrated the difficulties involved in determining
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temperatures in wire drawing dies. Thus a theoretical approach to establish the

temperature distribution in the deformation zone would be advantageous.

Altan®7) used a numerical method for calculating temperature in drawing, and stated
that approximately 90% of the mechanical energy involved in the process is
transformed into heat. Perfect contact at the tool-workpiece interface is assumed for
heat transfer purposes, and the friction shear stress is assumed to be 0.05 times the
flow stress of the wire, whereas friction at the die land, which contributes to
temperature increase, was neglected, which is probably the reason for obtaining slightly
lower values of the temperature predicted than those obtained by Ranger(96). Altan
concluded that the large temperature gradient in the die shows that external cooling of
the die is an extremely inefficient way of cooling, and the best method is to cool the

wire between reductions.

1.8.3 Calculation of heat generation

The friction losses and forming energy are transformed into heat. The temperature

increase during a time interval At is calculated using the following :

The temperature increase due to friction is given by ;

mo A v At
vd cp V3

where
At =time interval
v = velocity at the interface
A = surface area at the interface
V = volume of the friction element divided into two equal halves on the

workpiece and tool side.
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¢, p = specific heat capacities and densities of the workpiece and tool
material respectively.

J = conversion factor between mechanical and thermal energies.

The temperature increase AT due to deformation is given by ;

AT:GgAt

Jcp
where
o = flow stress of the drawn material
®

€ = effective strain rate

¢ = specific heat of drawn material

p = specific weight (density) of the drawn material

1.8.4 Calculation of heat transfer

By solving the heat conduction difference equation, the temperature change in an
element after conduction during time interval At can be calculated. In a similar way to
the calculation of heat generation, the drawn material and the die will be divided into a
grid system, in order to derive the difference equations of conduction and to calculate
the local temperature changes; the temperature increase and heat transfer will be
calculated for each grid point. Heat transfer due to convection and conduction will not
be considered in the theoretical analysis because their contribution is small, especially at

high speeds, and to reduce computing time.

The time increment At of the heat calculation could be different from the time increment
of the plastic deformation. In order to increase the accuracy of the heat calculation, a
small time increment might be chosen for this calculation. Thus the time increment of

plastic deformation is divided into many time increments in order to predict the
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temperature field. Usually the temperature calculations are done by finite element
analysis and the upper bound technique is most common for determining flow patterns.

Sometimes flow patterns are determined experimentally.

Heat transfer due to convection appears mainly on the free boundaries of the workpiece

and tool. The heat flow through these boundary surfaces is given by :

q=04 (Ts-Tob)
where
q = heat flow
Ts = surrounding temperature
Tb = boundary surface temperature
o= average heat transfer coefficient, the heat transfer coefficient is related

to the surface conditions and the surrounding medium.

The importance of temperature calculations during a metal forming process has been
recognised for a long time. Until recently the majority of the work has been based on
procedures that uncouple the problem of heat transfer from the metal deformation

problem.

Several research workers used the approach of determining the flow characteristics of
the problem either experimentally or by calculation, and then of using these calculations
for the calculation of heat generation. Among these is the work of Johnson and
Kudo®8) on hot rolling and extrusion; no account of roll distortion, radiation losses,
conduction losses to dies or rolls, and variation of yield stress with temperature is
considered in their calculations. Tay et al(®9) concerning metal forming processes; in
general, take account of the dependence of the material flow stress on temperature, the

thermal properties are assumed constant, to reduce computing time.
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Another approach uses Bishop's(100) numerical method, in which heat generation and
transportation is considered to occur instantaneously for each time increment, followed
by an interval in which conduction takes place as for a stationary medium. Bishop's
solution, however, is for the special case of the plane-strain extrusion of an ideal plastic
material, where the velocity and strain rate distributions are determined from slip line

theory.

The new temperature distribution is used to calculate flow characteristics, which in turn
will originate the instantaneous heat generation and transportation for the next step.
This approach is represented by the work of Altan and Kobayashi(101) on extrusion,
Lahoti and Altan(102) on compression and torsion, and Lahoti et al(103) on selected

metal forming processes.

Avitzur(104) assumed the process to be adiabatic when he analysed metal flow through
conical converging dies. The work of internal deformation, redundant work, and
friction losses, are assumed to convert into heat. Material properties ( strength, and
specific heat ) are considered as variables. He proposed an alternative scheme for the
approximation of flow strength as a function of temperature, effective strain, and
effective strain-rate values, to compensate for the fact that formulation or tabulation of

these variables are not well studied and published data is scarce, as follows;

" For a strain-hardening material a typical steel was studied, obeying the following

strength equation:

T -
o, (k%nz) - (l—m) (2500 + 250 tan ")

= 250 (1-T§2—0)(10+tan'1¢)
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Where the results obtained should be considered valid only below the recrystallization
temperature T < 1100°C. At these temperatures steel is considered non-strain rate

sensitive, tan-1¢ is measured in degrees and ¢ is the strain".

Two points to consider from the above analysis;

- it claims that the recrystallization temperature for typical steel is above 1100°C,
where, in fact recrystallization temperature for a low carbon steel starts from 538°C
( Chapter 6 ).

- at such temperatures steel is considered non-strain rate sensitive .

In the stress-strain data obtained by torsion testing (Chapter 6), up to the temperature of
400 - 500°C there is no significant effect of strain-rate on the flow stress i.e. at these
temperatures steel might be considered as non-strain rate sensitive, but as the
temperature increased over 500°C, it is clearly shown that steel at these temperatures is
strain-rate sensitive. The data obtained are converted into mathematical expressions and
used in the theoretical analysis, to obtain flow stress, strain, strain rate and temperature
distribution in the deforming zone. Temperature rise due to deformation and friction
work are calculated assuming adiabatic deformation in order to simplify calculations.

All work done was assumed to degenerate to heat.
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Chapter Two

2.0  Section Drawing

2.1 Introduction

There are two types of section drawing, namely: symmetric drawing and direct
drawing. In the symmetric drawing of section, a section profile is drawn from an
original section of the same profile. This is the usual method adopted in industry for the
manufacture of section rods. The direct drawing of section involves the drawing of a

section from a round profile.

2.2 Symmetric drawing and extrusion of section rods

In 1975 Juneja and Prakash(105), derived an upper bound solution for the drawing of
polygonal sections, i.e. the drawing of section from section. They obtained a velocity
field for the deforming metal similar to that of Avitzur(33), by assuming spherical inlet
and exit shear surfaces. To account for redundant work, they further assumed that the
zone of plastic deformation is enclosed by two cylindrical surfaces of velocity
discontinuity, at entry to and exit from the pyramidal portion of the die. This
assumption was not appropriate because the shape of the deformation zone changes
with friction and reduction. They concluded that the drawing load for the symmetric
drawing of section rod is higher than that for the corresponding axisymmetric drawing.
This drawing load decreases rapidly to that of the axisymmetric solution derived by

Avitzur as the number of sides of the section increases.

In 1979 Prakash and Khan(106), presented a generalised expression for the spherical
flow field generated by the plastic flow of metal through a converging die of regular

polygonal cross-section. The surfaces of velocity discontinuity are assumed to be
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exponential cylindrical surfaces, and they optimised the solution by successive
approximations with respect to the shape of the deforming zone to obtain the lowest

upper bound value of the working stress.

2.3 Direct drawing and extrusion of section rods

In 1976 Basily(53) and Basily and Sansome(107) derived numerical upper and lower
bound solutions for the drawing of regular polygonal bars from round stock in a single
pass. In the upper bound solution, based on an energy approach and the apparent strain
method,the velocity field was obtained from a deformation pattern constructed by

conformal mapping of elemental areas between the inlet and exit shear planes.

In the 1978 paper by Yang and Lee(108), a method is proposed for the extrusion of
section through curved dies by conformal transformation, they formulated kinematically
admissible velocity fields in the extrusion of billets with generalised cross-sections

where similarity in cross-section is maintained throughout the deformation.

In 1979 Boer et al(109) a theoretical approach is presented for the analysis of the direct o

drawing of square section rod with various corner radii from round bar, as the first step
towards the study of more complicated shape drawing. An optimising factor was found
which gives the minimum value of the upper bound solution, obtained using a co-

ordinate transformation. In their analysis, the kinematic boundary condition is not
B rys
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In 1975 Nagpal and Altan(110) analysed three-dimensional metal flow with the use of
dual stream functions, applied to the cold extrusion of A1 1100 from round billet to an
ellipse-shaped product. Plane strain flow of an incompressible material can be
represented by a single stream function, another single stream function represents the

velocity field in axisymmetric flow. The use of stream function makes the method
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difficult to use with other, more complicated, shapes. In 1979, Yang et al(111) obtained
an analytical expression for the analysis of the three-dimensional extrusion of
arbitrarily-shaped sections from round billets through continuous dies by utilizing
external conformal mapping of sections to construct a continuous die surface and thus

to design an optimal die for the process.

In 1980 Hoshino and Cunasekera(112) presented an upper bound solution for the
extrusion of square section from round billet through converging dies. The geometry of
the die chosen for the analysis is constructed by an envelope of straight lines drawn
from points on the perimeter of the circular entry section to corresponding points on the
square exit shape. In 1982 the same authors(113) presented an upper bound solution for

the extrusion or drawing of polygonal sections through straight converging dies.

In 1981, Kiuchi et al(114) investigated analytically the extrusion and drawing of rods,
bars and wires with various kinds of non-symmetric cross-section. They presented a
generalized simulation technique based on the upper bound theory for various cross-
sections. By using this method, energy requirements, extrusion pressures, drawing
stresses, optimal die length and dimensions of the dead zone are successfully calculated
regarding the process from round, square and rectangular billets into rods, bars and
wire with square, rectangular, hexagonal, L-type, T-type, H-type and flower-type.
They concluded that it is possible to make systematic investigations into those
processes or to predict optimum dimensions of the die and working conditions

necessary for the required product.

In the Kiuchi et al investigations, the fact that symmetric and non-symmetric section
drawing is an extremely limited operation in which it has a minimum as well as a
maximum achievable reduction of area per pass (see table in Appendix Al), and that in

practice a material can only be drawn to a limited reduction of area before the drawing
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stress equals the maximum tensile stress of the material and tensile failure will take
place, is totally ignored. For example, in the drawing of round from round when the
coefficient of friction is zero the maximum reduction of area achievable is 63.3%.
When considering a square section, the minimum and the maximum achievable
reductions of area are 36.34% and 63.3% respectively. The maximum reduction of area
achieved in the present work was 50% when producing a square from round in one
pass and at 80°C, ( Jornaz et al(115) ). The effect of different materials 1s not expressed;
for instance, some examples where given with a reduction of area of 75% and
obviously, with single pass drawing, this is impossible. Other examples mention 73%
reduction of area from round to hexagonal shape; again this is impossible for single
pass drawing and may only be true for the extrusion process. To conclude, this paper
does not give the correct representation for section drawing, since most of the examples
apply to extrusion but not to section drawing. There is no mention of the type of
material used in the theoretical analysis; or that could be used with the analysis,
certainly this will effect the reduction of area achieved in any drawing process. Finally,
only very few sections can be drawn from round to the required shape successfully in a
single pass, and these will not include the L-type, H-type, T-type and flower type
cross-sections. These will require a very large reduction of area, and thus tensile failure
will take place; for example a minimum of 58.65% reduction of area needed to produce
a triangular section from round in a single pass and that is almost an impossibility
judging from the problems experienced with square sections. No attempt is made to
make quantitative comparisons of predicted with experimentally measured forces. The
author feels that Kiuchi et al added Drawing' to the heading of their published work
without studying the limitations of the drawing process as compared to the extrusion

one, when it is applied to the symmetric and non-symmetric production of sections

from round in a single pass.
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In the same work Kiuchi et al claimed that, as regards the extrusion from a round billet

Into a square bar, the extrusion pressure obtained by them is distinctly lower than that
obtained by Avitzur et al(109) and further added that this means that the analytical
method developed in their study can give quite resonable results and is better than the
method developed by Avitzur et al . The author feels that what Kiuchi et al claim is of
questionable scientific significance, because in their work, they compared the results
obtained by Avitzur et al(109) concerning the direct drawing of square section from
round bar with their results concerning the extrusion from round billets into round bars

and square bars; this comparison is presented in fig.5 in their work.

Drawing and extruding of metals are two different processes in that the state of stress in
the extrusion process consists of three compressive stresses, whereas, in the drawing
operation, it consists of two compressive and one tensile stresses. Furthermore the
drawing process is a more limited one in terms of the reduction of area achievable; this
limitation is further magnified when dealing with the direct drawing of sections from
round in a single pass due to the tensile failure that takes place when the drawing stress
'pulling’ exceeds the tensile stress of the drawn material. On the other hand, this
problem is non-existent in the extrusion process, where the deforming force is a
'pushing' one. To conclude, the author feels that this comparison does not present a

realistic or scientific result because both processes are different in many ways.

In 1984 Kiuchi(116) presented an upper-bound solution by assuming axial and
rotational velocity fields, the analyses are also based on the assumption of constant
axial velocity either over the whole cross-section or along the radial direction, when
applying this investigation into non-symmetric extrusion and or drawing of rods, bars
and tubular products with various cross-sections. In this work Kiuchi has generalised
the process by including extrusion, drawing of rods, bars and tubular products but

these processes have different limitations as explained earlier and this leads to questions
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which cannot be answered because most of these theoretical or semi-theoretical

methods lack experimental back-up, in that many parameters are not fully studied e.g.

the materials used and the limitations of reduction of area achieved especially when

drawing complicated shapes.

Recently, in 1985, Gunasekera and Hoshino(117), developed an upper bound solution
for the analysis of the extrusion of polygonal sections through streamlined dies. They
concluded that the streamlined die is superior to the straight converging die from the
aspect of reducing the forming stress, and that the forming stress required through the
streamlined die closely follows the pattern of the axisymmetric case with the increase in

the number of sides of a regular polygonal section.

In 1986, Han et al(118) derived a kinematically admissible velocity field for a
generalised three-dimensional flow. The analysis takes into account the effect of
product shape complexity, lubrication and reduction of area on extrusion pressure.
Computation is carried out for work-hardening materials such as aluminium and steel;

for a computational example, extrusion of clover sections from round billets is chosen.

In 1990, Chitkara et al(119) used a CAD/CAM bilinear representation of the die surface
to obtain a generalised upper bound solution for three-dimensional extrusion of shaped
sections from round. They concluded by claiming that the theory presented was in good
agreement with the experimental results, but that improvements, however, can be made
to the theory with respect to the variation in the axial-velocity of the extruded material

inside the deformation zone.
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2.4  The drawing of polygonal tube

In 1980, Karyawasam and Sansome(120) used the minimum energy approach to solve
the problem of drawing square section tube directly from round section tube. The bore

and outer periphery are both square and the drawn tube wall is of uniform thickness.

In 1981, Muriuki and Sansome(121) investigated the direct drawing of circular section
tube to a tube whose outer periphery is changed to any regular polygonal while the bore
remains circular. In 1985, Kiuchi and Kimura(122) presented a computer simulation of

the extrusion and drawing of tubular products having square cross-section with round

inner holes.

2.5 Limitations of cold drawing theories, techniques and
conventional section drawing.

- Most of the theories of cold metal working operations assume that the work
material is deformed with constant flow stress. It is assumed generally that the
deformed metal is not subject to strain hardening and the effect of strain-rate
is not considered. Temperature changes in the deformation zone are not taken
into account, thus the changes in material properties due to temperature
distribution, are neglected, but it must be borne in mind that temperatures

reach to between 200-300 °C in cold drawing.

- The variation of flow stress for steel as a function of temperature is very
complex, no adequate information can be found in the literature covering a

range of temperatures, strains, strain-rates and materials. Data used for this

work is presented in Chapter six.

When a material has been put into a highly strained condition by drawing, it

loses its ductility to such a degree that it is not practical to submit it to further
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drawing and it becomes necessary to restore the grains to the original form by

annealing. This process is sometimes used between drawing operations (inter-

stage annealing) and is sometimes carried out two or three times for a complete

job.

- Due to technological advancements, materials of better quality are required and
frequently these are more difficult to form into the required shape because of

their metallurgical structure or their property of rapid work hardening.

- Most cold drawing operations have to be followed by heat treatment to obtain

the desirable mechanical properties for a workpiece material, i.e an extra cost

is added to the process.

- There 1s a limited range of sizes and variety of rolled sections obtainable, and
the high cost of stocking these varieties of sizes and shapes as compared to the
lower cost of round stock makes the drawing of sections from sections a

limited process as compared with polygonal drawing from round.

- The continual increase in the cost of manufacturing rolled polygonal sections
compels manufacturers to seek better techniques for producing polygonal
sections to remain competitive. Such a technique is the drawing of polygonal

drawing from round at elevated temperature

The current work helps to overcome the combined limitations of cold drawing theories
and techniques and the conventional section-to-section drawing in a way that any

polygonal section can be produced from round at a increased reduction of area and at

the same time a heat treating operation is carried out while the material 1s being drawn.

Furthermore., in elevated temperature drawing, the flow stress is a function of true
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strain, strain-rate and temperature, therefore the effect of temperature on the flow stress

is considered in the development of the process modelling to predict the drawing stress,
temperature distribution and other data for a range of variables. The plastic behaviour of

the materials used at various temperatures and strain-rates are presented in

(Chapter 6).

Elevated temperature drawing has not been widely employed for several reasons; it is
difficult to change traditional methods of manufacture, the flow of information has been
restricted, and some techniques are considered to be confidential. However, there are
powerful technological and commercial advantages associated with elevated temperature
drawing, which may be listed as; (i) metals which are difficult to cold draw, or cannot
be drawn, can be drawn more easily, (ii) a greater reduction of area per pass is
possible, (iii) the reduction of repeated annealing, pickling and lubrication operations,
(iv) minimisation of handling costs, metal losses, surface decarburisation and

(v) shortening of the production route.

2.6 Finite element approach applied to the drawing and extrusion of
square from round

In 1978, Webster and Davis(123) developed a three-dimensional finite element computer

program to combine the finite element technique with the upper bound theory to provide

a means for analysing metal forming problems in which there are many parametric

effects.

In 1985 Boer and Webster (124) presented a comparison between the direct upper bound
solution and the finite element approach to round-to-square drawing. They obtained a
kinematically admissible velocity field in the deforming region and then obtained a
solution for the minimum power for the first method. In the second method they used

the finite element approach, where the deforming region is subdivided into small
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elements and the velocities are calculated at each node with the condition of minimising
the power required. They concluded that, when the relative drawing stress is plotted

against the semi-cone angle of the die, the agreement is fairly good.

The advantages of the direct upper bound solution are the possibility of incorporating
friction and of calculating a whole range of die angles in a very short computer time
(two minutes). The disadvantages are in the inflexibility of the solution. For any other

shape the velocity field has to be calculated or to be found by some empirical method

and converted into mathematical expressions.

The advantages of the finite element approach are mainly in its great flexibility to adapt
to almost any shape. But a new mesh has to be generated for every shape, and this is a

very time-consuming process.
The shape of the die passage through which an entirely circular wire-rod transforms to

a regular section is complex fig. 2.1. The associated flow is irregular and therefore a

velocity field is derived from a conformally mapped deformation pattern.
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Fig. 2.1. The direct drawing of polygonal sections from round.
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2.7  Construction of the deformation pattern

In the direct drawing of polygonal sections, the transformation of rod-wire from round
to a section is irregular and, therefore, the associated velocity fields are difficult to
analyse. Material flow is irregular and therefore a velocity field will be derived from a
conformally mapped deformation pattern. The deformation pattern will be obtained by
dividing the circular inlet section of the undrawn wire into triangular elements and it

will be assumed that they will be transformed into corresponding triangular elements at

the exit section. see fig.2.2.

Basily and Sansome(107) obtained the velocity field from a deformation pattern
constructed by conformal mapping of elemental areas between the inlet and exit shear
planes. They used the following:-

(1) the exit section was bounded by hyperbolic curves i.e. the exit plane was
divided into bands by a set of (N-1) hyperbolic curves of which the focal
distance was adjusted to suit the curvature at the corner.

(i1) conformally mapping elements, then the local axes (x,y) are transformed to
global axes (X,Y), which coincide with the entry section; this is done by

both rotation and transformation of the local axis to the global one.
Using the above technique, some numerical errors will take place, arising from ;

1) the area omitted at the end of the symmetrical section; this area is inclosed
between the hyperbolic curves and the sharp edges of the section, see

fig.2.3.

(i)  errors caused by fitting straight-sided triangular elements to the assumed

hyperbolic curves.
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(CB,ES)

(CB, 3)

(CB,2)

Fig.2.2. Conformal mapping of elemental areas of the inlet and outlet planes.

Area omitted

\

i

Fitting a triangle to
hyperbolic curve.

/

Fig.2.3. Area bounded by two hyperbolic curves on the outlet plane after Basily (107)
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The same technique used by Basily and Sansome for conformally mapping the
deforming elements will be used, with the following modifications in order to minimise
numerical errors and to simplify the analysis:-

(1) the exit section will be assumed to be bounded by straight lines, i.e. the
symmetrical section will be divided by straight lines, thus equations of
straight lines will be used instead of equations of hyperbola in the
calculations of the positions of the unknown-nodal co-ordinates.

(i)  conformally mapping elements with reference to a fixed global axis, from
the initial stages, will eliminate the process of rotation and transformation

of every local axis to the global one.

The deforming pattern will be obtained by dividing the inlet circular section area into
(BC - 1), equally spaced bands. These will be subdivided into (ES - 1), equi-spaced
sectors, the element area (ABCD) which, in turn divided into two triangles, a large
triangle AL (ABC) and a small triangle AS (CDA), both of known area. These triangles
were assumed to be transformed into corresponding triangular elements (abc) and (cda)

at the exit section as shown in fig.2.4.

Assuming a constant reduction of area, the area of the corresponding area of any
triangle on the exit plane is determined. For example, the area of the large triangle could
be defined by the co-ordinates (x,,y;), (X5.y,) and (X3,y3) of which (x3,y) lies on the
straight line ST,, and could be determined by considering the known area of the
triangle and the two known points (x,,y;) and (X5,¥5), if the start 1s to begin from an
axis of symmetry i.e., cross-flat length, the co-ordinate (x,,y,) relating to the
corresponding smaller triangle which lies on the straight line ST could be determined by
considering the known area of this triangle together with the know point (x;,y,) and

the height (x,-x,). The procedure continues until the whole area is built up. For greater
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accuracy, the total number of co-ordinate points along the x-axis, i.e. number of
circular inlet bands and the number of points in the circumferential direction (the

division of band area into sectors) should be as many as the computer time allows.

Since the centroids of both entry and exit triangles refer to the same fixed datum, and it
was assumed that the flow of the deforming material travels along the vector joining the
centroids of corresponding triangles, the angle of twist and inclination with respect to

the workpiece axis can be obtained and a velocity model for each element can be found.

The analysis of triangular elemental areas, obtained by conformal mapping, between the
inlet and the outlet shear planes, bears close resemblance to the finite element method,
where both methods deal with finite elements and combine the effect of entire elements

to give a complete solution. The procedure is illustrated mathematically as follows;

Assuming that the circular inlet bar is divided into (CB - 1) equal bands.

. M R 1
The thickness of a circular band T = CB-1)
. ) T Ur(zi)
Area of a designated section at the inlet plane 8A; = 2N
S
| ' T Ur(zi)
The equivalent area corresponding to the above area at the exit plane A, = m

Where R s the inlet bar radius.
Urgy=LT and I=1to (CB-1).

A, is the ratio of inlet and outlet area of the bar being drawn.
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/4

Fig.2.4. Conformal mapping of elements with reference to a fixed global axis.
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Assuming that there was no transfer of material between adjacent sections within a

regular polygonal section, then the distance Xj along the datum at the exit plane is

determined from the known equivalent area of triangular section

2
Ut~
l.Xi.Xi tanp = (0}
2 N, A,
2
X, =% ,\/_2__75___%_ @2.1)
2N, A, tanp

only the positive sign was chosen since the axes were taken as shown in fig.2.5.

Hence, the co-ordinates at point H and J were evaluated as

H(x1,y1) =(Xj,0)

J(x2,y2) =(Xi,0)
Dividing the area of the inlet section to (ES-1) equal sectors, the area of each elemental
area, say ABCD, fig.2.5a, is given by

area of band
number of sectors

2
t Ur 6

OAs=3 N, (ES - 1)

The elemental area of each sector, say ABCD is divided into a large ABC and a small
triangle ADC. If the angle subtended at the centre is df and the radial

increment T = dR, where Urg) = R ; then
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Y ‘ CB = circular bands
ES = equi-spaced sectors
OR = inlet bar radius

(CB,3)
(CB,2)
(LD | >
, 2,1 (CB, 1) X
B -

fig.2.5 a. Dividing the entry plane into (CB-1),(ES-1) sectors each sector
is further sub-divided into a small and a large triangle.

Fig.2.5 b . Division of a sector block into a large and
small triangle at the inlet plane.
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Area of large triangle ABC Ap =1/2. dR. R; d6
Area of small triangle ADC Ag=1/2. dR. (R; - dR) d@

A+ Ag = ABCD (2.2)
. 23
A, ®i-dR) (2.3)

Solving equations (2.2), (2.3) and for the area ABCD, the general expressions for the

areas of the large and small triangles are:

_ i _
A =0Ag ( 2Ri-dR) where dR=T
i A= 8Ag( _Ri ) (2.4)
1€ = )
L S 2R;-T
A (it T 2.5)
As =0As ( g —F) 2.

Each triangle at the entry plane is transformed into a corresponding triangle at the exit

section, with the constant reduction of area Ay

A= = & Alg=—>

Since the co-ordinates of the points H and J were evaluated, the unknown co-ordinate

K(X3,Y5) for the first triangle to be conformally mapped was found as follows
By considering the geometry of fig.2.6. Since area A", is known
Ay = ’;" (X2-X1)(Y3-Yy)

75



Y p— —
3TX,x, T 0 (2.6)

and X5 =X

Since the first sector includes only a large triangle, the co-ordinates of the small triangle
are equal to zero.

For subsequent sectors; point(X,4.Yy), is calculated from the known area A S
\ 1
AS=§‘(X2-X1)(Y4-Y1)

Y, = 2 A% +Y (2.7)
X,-Xy ! '

and X4= Xl

The above procedure of the conformal mapping of elemental areas was therefore
repeated for each circular band at the inlet circular section until the complete area at the

inlet was built up.
Since the triangular elemental areas at both the inlet and outlet planes were referred to
the same directional axis(X,Y), the co-ordinates of the centroids of such elemental

triangles were given by

For a large triangle (inlet plane )

LX g6 + EXigenjen + By
LX1Gj = 3

LY 16+ LY 1genjen) + B 1G41,))
LYy = 3
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Fig.2.6 a. Conformal mapping of elemental areas of the outer plane.

STy
ST
S
X3,Y3
_,_.—-"
X4,Y4 ,
AS
AL
S-1
X1,Y1 X2,Y2
C-1

Fig.2.6 b. Division of a sector block into a large triangle
and a small triangle at the exit plane.
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For a small triangle (inlet plane )

MX 16,5 + MX g jeny + MX 1,541

MX 5 = 3

_ MYy + MYy 500y + MY 600
3

For large triangles ( outlet plane )

LXoap + LXog e + LXogi1 )

LX) = 3
(Yo = LYo + LYa6e1501) + LY o001
26,) = 3

For small triangles ( outlet plane )

MXo 5+ MXoer,j41) + MXog 541y
3

MXo6hn =

MY 5 + MYog414+1) + MY 541y

MYy 5 = 3
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2.8 Material flow path parameters

A miangular element at the die entry is assumed to shear at an elemental surface inclined
at an angle (t 6) where -1 <t <1 to the die axis. The position of the element is defined
by a general spherical surface (p, 6, ) with the centre at the virtual apex of the

equivalent die cone. The parameter t is used to optimise the shear surface by minimising

the total shear work.

Similarly, a general pyramidical shear surface is defined at the exit of the deforming
zone and the parameter t optimises the geometry of the surface. If the centroid of a
triangular element at the entry is (x1,y;) and the centroid of its corresponding
transformed triangular element at the exit is (x,,y2), then the vector joining the two

centroids defines the flow.

The flow path parameters such as 6, 1 and s for a triangular element are determined
from the geometry of fig.2.7.d, is the horizontal distance that an element, with its

centroid, travels after shearing at the assumed discontinuity boundary, measured to the

entry plane. 9, is the horizontal distance which the particle travels after shear at the

assumed pyramidical discontinuity boundary, measured to the exit plane.

The equivalent die semi-angle of the direct drawing of polygonal sections was defined
as the die semi-angle of the corresponding conical die for the axisymmetric
drawing Appendix (A1) which gives the same area reduction and the same die length,

and its exit diameter is given by

sC
D, =
L

where Ag is the area of the drawn section
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The length of the flow path Dy for each element, and the relative angular deflections

and y as the element flows through the deforming zone are determined from the

geometry of fig.2.7.

Ry = VX]+ Y’
R, = VX5 + Y5

Radius of shear

length of die * R,
cosa, * (R;-EqR,)

< 124

P =

The die length of a die semi-cone angle o is therefore given by

R, - EgR
[ = 1 qko
tanoce

8, = p,(cosh, - cosa,)

The inclination p, to the axis is given by

W
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at exit

(X
%2 = tan 1(“@) (2.13)

where

FOR ¢, < B

-1 X2
fan ?g
q)Z = . B X2

DA = py(1l-cosag)

FOR ¢, > B

2 cos O,
R,

Diagonal length of die )
-R,

5, = DA*

(2.14)

From fig.2.7, the total horizontal distance covered by the particle in the deforming

zone 1s

Dy = L+8,-8, (2.15)

The total travel of the element of area is therefore given by

D= V(X;-X3)24(Y,-Y,)?+D2 (2.16)
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The angle of twist ' lateral displacement ', 1, for the same triangular element is given

=t
n an D. (2.17)
where
_ Xy 1%y
W = tan Yl—-tan Y—z (218)
2
D, = ’\/ (R,- EqR,cos®) + D> - (2.19)

The angle of inclination ' deviation ' y, from the corresponding angle 6, for any

elemental area is given by;

V = 0 (atexit) - 91 (atentry) (2.20)
.1} Ry - EgR, cosw
0, = tanlf e (2.21)
\ Dg
Therefore
- EqR 0] R
v = tan’ Ry - EaR;cos ) - sin L 2.22)
Py
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Having found the material flow path parameters i.e. p, 6, M, Y, D¢, Dg. The

. corresponding associated velocity field was computed, using the above known flow

parameters.
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CHAPTER THRERE

THEORETICAL ANALYSIS




Chapter Three

3.0 Theoretical Analysis of the Drawing of Polygonal Sections
from Round at Elevated Temperatures

3.1 Introduction

An upper-bound solution was developed and solved numerically with the aid of the
specially written computer programs in 'Matlab' computer language, discussed in
section (3.2.11), to predict the drawing stress, temperature and flow stress
distributions and other data for a range of variables. The prime objectives of the
theoretical solution were : to model the process numerically, i.e. a study of the process
variables, comparison of the validity of the solutions with the experimental results and a
proposition for a technological approach to the design of optimised section drawing

tools and other parameters for industrial application.

The upper-bound method is a very practical technique for determining the velocity,
strain rate and strain distributions in the deforming metal. This method considers a
velocity field that satisfies the incompressibilty of metals and the velocity boundary
conditions. Since the deformation of rod-wire from round to a section is irregular and,
therefore the associated velocity fields are difficult to analyse, a velocity field is derived
from a comformally mapped deformation pattern. This method is described in detail

in section 2.7.

Based on this velocity field, the deformation, shear and friction energies are computed
to give the total forming load. In order to obtain the variation of flow stress as a
function of strain, strain rate and temperature within the deforming material, a grid
pattern was constructed. Initially, a kinematically admissible velocity field was selected.

At each subsequent step, new values of velocity fields, strains, temperature and the
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corresponding values of the flow stress were calculated at the nodal point. This method

is described in detail in section 3.2.

The value of the forming load calculated is higher than the actual load required by the
process and, therefore, it represents an upper-bound to the actual forming load. Thus
the lower this upper-bound load, the better is the prediction. The considered velocity
field includes a parameter which varies the shape of the inlet and outlet shear surfaces

and the overall work was minimised by varying this parameter.

3.2 The upper bound solution

In the upper bound solution, the minimum energy required to deform the metal is
calculated. The material is assumed to shear as it crosses the shear surfaces at the inlet
and outlet regions of the deforming zone. If a velocity field is assumed and the
deforming material obeys the von Mises yield criterion and the Levy-Mises flow
rule, the upper bound solution, discussed in section ( 1.4.2) indicates that the actual

strain rate 1s the one which minimises the expression

_ Yf/\/ %éijéijdV+Lr[Av[ dS-fS:FiVidS
v r

2
Tk = 2
V3

3.2.3 Velocity field

The working region of a pass is divided into a number of zones distinguished by the
fact that particle velocity in each of them is continuous. Different velocity distributions
may exist in adjacent zones but discontinuity may occur only in the tangential
components of velocity along the actual zone interfaces and the tool material
boundaries. Discontinuities, of course, imply the presence of shear, and the existence
of velocity distributions in each zone indicates the presence of plastic strain and,

consequently, dissipation of energy.
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Within the die, the velocity of a particle is expressed three-dimensionally by the
spherical system of co-ordinates, {J = {I ( I}p, 69, 64, ) and changes as the deformation
proceeds. The flow of the metal was assumed to be in the direction of the vector joining
the centroids of the corresponding triangles at the exit and the entry plane. Therefore the

magnitude and the direction of the resultant velocity Uy, ¢ ¢ are governed by the

co-ordinates of the particular set of corresponding triangular elements chosen, fig.3.1.

There is, generally, no means of determining the shape or exact position of the different
boundaries stated earlier. The surfaces normally assumed are plane, spherical or
conical3D). However, since the deformation mode of the problem is complex, a
streamline on entry to the deformation zone is assumed to shear at a surface inclined at
an angle (10) to the drawing axis. The position of the particle is defined on the spherical
surface (p,0,¢) .The parameter t, where -1 <t <1, is used to optimise the shear surface
by minimising the shear work. Similarly, a general pyramidical shear surface is defined
at the exit from the deformation zone and the parameter t is used to optimise the

geometry of the surface.

From the calculated material flow parameters, (see Chapter two), and the flow path, the

velocity field and, therefore, the strain rates are established.

If V1 is the velocity of an element before shear and fj = 6 ( fjp, 69, {Jq, ) is the
velocity after shear, then, to satisfy the continuity of flow at the entry shear surface, the
normal velocity components on each side of the inlet shear surface must be equal.

1.e.

V, cos(t) = U cosy cosn cos(® - t6)

87



Y A Material flow path

Spherical inlet shear Vi1
plane /
/
/7 | X1
y 3
// Inlet
, plane
, Y1
/
/
/
/ e} 7
Pyramidical outlet shear / / d
plane / / n 7
/ / d
Y / 7
A/ , ,
7 /
Y /
/
/ /
X2 v/
/ /
/ /

/ v Z Outlet

/ 2 , utle

y, Y plane

/ / X

/

Uy

Fig.3.1. The flow model of the direct drawing of polyogonal sections.
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U = v, cos(t6)

(3.1)
Cosy cosr cos(6 - t6)

Assuming a linear convergence of the deformation passage with an equivalent die semi-

angle Ok, the virtual apex is the centre of the spherical co-ordinate system (p.6,0).

( equivalent semi-angle is discussed in Appendix Al ). The cross-sectional area of the

material at any radius p is given by,

2

A=mx(p sinoce) (3.2)
since - it
— _& V . E ) g b ‘f'"
Al 1 ' / ,“i

\‘,\:

Therefore, the velocity of an element at any radial disiance p is given by :-

2
P1

p

cos(16)

U=V (3.3)

cosy cos cos(6 - t6)

Resolving the velocity vector into its three principal polar components, namely Up,

Ug, Ug as shown in fig.3.1.

U, = U cosn cosv (3.4)
U, = U cosn sinv (3.5)
U, =U sim (3.6)

substituting equation (3.3) in equation (3.4), (3.5) and (3.6), gives

2

cos(t6) (3.7
cos(d - t6)

P
p

Up =V1(
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2

U, =V (9_1 cos(t6)
"1o) cose-19) any (3.8)

2

U, = Vv, (81) cos(19) tan
P/ cos(8 - t6) cosy

(3.9)

Similarly, maintaining continuity at the exit shear surface where P = p,, the exit

velocity can be obtained from;

V, cos(t9) = (U,), cos(® - t0) (3.10)

substituting equation (3.7) in equation (3.10) gives

2

V, cos(t8) = V, (El) _cos®) cos(6 - t6)
P2) cos(6 -16)
2
V2 S Vl &
P2
=V, A, (3.11)

The above relation can also be obtained directly from volume constancy.

3.2.4 Strain rates

Using the general spherical polar co-ordinates (p,8,¢) and the previously derived

velocity field ﬁp, Ug, Uy the strain rate components are given by

é _ - (3.12)
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N ; (3.13)
. 18U U U
g = —0 L TP T e (3.14)
psin® 8¢ p p ’
; 18U U 1 80,
o= ~|—2 20, 1% 3.1
P 2 Sp p p o6 1)
° 1 1 5U SU .
Yoo = & __9+}___9_E9£‘1U¢ (3.16)
p siné 8¢ p 36 p
. 1 SU U 1 dU
Yoo = 5 —0 _ =0 e (3.17)
3p p p sin® 80

Substituting the various derivatives of the velocity component equations (3.7), (3.8)
and (3.9) in equations (3.12) to (3.17), the corresponding strain rate will then be

obtained. The proofs of the following derivations are shown in appendix (A2).

2
. P1  cos(tB)
= 2V, —m 3.18
% 13 cos( - 19) C19
P
2
- P1  cos(t9) { ] i 0 16) - 0 1
€ 17T o) 1+ tdn\y((l t) tan(® - t6) - t tan(t ))} (3.19)
P
2
:g¢ = _p_; _cost®) (1+ tany cot) (3.20)

cos(6 - t6)
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2

Vi P1 cos(t9)
= — 2 22 11-1) tan(® - 10) - - 0
Yoo 2 "3 s 19) (( ) tan( - ) - 3tany - t tan(t )) (3.21)
2
. v 0
Yoo = 71 E.;_ cos(t9) tanm ((l-t) tan(e-te)-ttan(te)-cote) (3.22)
0 cos(9 - t0) cosy
2
;’ A A _P_L cos(t8) tanm (3.23)
o 2 p3 cos(6 - t8) cosy .

3.2.5 Effective strain rate

The effective strain rate is an acceptable measure of the combined effect of the

components of strain rates and is expressed as

= 2 1" "

ﬁ 2 71Ty
/JZ 2 W2 .2 o2 <2 .2
= ‘3‘ 8p+89+8¢+2 Ype+Ye¢+Y¢p

substituting equations (3.18) to (3.23) into the above equation gives

2
= & P1 cos(t6)

(3.24)
V3 p3 cos(d - t0)

where

2 2
4+ 1+tanw((1 t) tan(0 -t6) - ttan(te))) +(1+ tany/ cote) )

2 2
(1 -t) tan(6-t0) - 3tany - ttan(te)) +((l~t) tan(6 -te)-ttan(te)-cote) >

2
-3tannsecw )
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3.2.6 Effective mean strain

For a particular flow line in the deformation zone, the radial velocity is given by

2
P1

p

U = v, cos(t0)

cosm cosy cos( - t9)

The time taken for a particle to move a small radial distance dp is taken as dt, and is

given by
dp
dt = —— (3.25)
U
The effective mean strain € = f edt
0
substituting equations (3.24) and (3.25) into the above expression gives
P,
- 1 1
£ = = — {¥J cosn cosy) d
V3 .I. o ( M “J p
p
e = L lnP—l- (\/T cosT cosw) (3.26)
3

3.2.7 Internal power of deformation
The internal power required to deform a unit volume of material can be expressed in

terms of the derived strain rate components and is given by:

lev—%“— 2\ep+ee+e¢+2

Therefore the expression for the total internal power of deformation becomes,

2 .2 L2
Ype+Ye¢+Y¢p
Py =| W, dv =ijedv
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2
P1 cos(10)

Vi
3 cos(6-1t6
o )

=

2
The elemental spherical volume dv = p sin6 dp d6 d¢

substituting equation (3.28) in equation (3.27) gives

r p‘
Yo 2 1 cos(t6)
= — V p —
(3 ! p3 cos(® - t8)

J Px

$=0

€

0=0

e

Yo, 2 Py cos(19) )
= =V — 7 {J sin6ded
3 1P h‘<p2) f cos(® - 1) . ¢
=0

0=0

and p, =

substituting equation (3.30) into equation (3.29) gives

a‘

2 n
P, = YmVviDy 1n_D_1.) f__c.o_s(i)_ﬁ sin® do do
0

4y3 sinzoce

D, cos(® - t8)

0

2
The elemental spherical surface area at entry dA;= p, sin® dé do
Equation (3.31) can be re-arranged to give:
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VT p sin d6 do dp

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)



(.
2
Y, viD D
P, = —m1L 1n(_5l) cos(t®) y dAy (3.32)
M3 sinfa, D2 cos(@ - 19) 2
J, )
since
R,
P1 = —
sinor,,
substitute for p1 in equation (3.32) gives:
Y,,v,D; r
viDy (D cos(to
P, = 2= 10(-1)—‘) S8 _ vy ga, (3.33)
4V3 R; 2 cos(® - t6)
Equation (3.33) can be written as
P, = Y, V, D, ln( )ﬂs)
where
. 2n
0
fig) = — _cos®) 7 ga, (3.34)
43 R} cos(6 - t6)

f(s) is the shape transformation factor since it is a function of @, t and the shape of the
section rod. It cannot be further simplified, so it is evaluated numerically for a section

rod having Ns number of sides, and is given by:

fls) =

o) 7 ga, 3.35
4\/_ Rl E’JZI cos(8 - t6) ( )
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3.2.8 Power losses in shearing the material

It was assumed that the shearing of material occurs at both the inlet and the outlet shear
surfaces, causing velocity discontinuities in the material. A particle travels parallel to the
drawing axis before shear at entry with a velocity V1 but, after shearing, its velocity is
defined by {J ( {Jp, I}e, {J(p ). Therefore, the worked material has been subjected to a
velocity discontinuity, fig. 3.2, tangential to the shear boundary. The resultant velocity

of the tangential components on both sides of the shear surface gives the velocity

discontinuity.

The velocity discontinuities for the shear surfaces I't and I'2 are Av, and Avy

respectively. In order for a particle to change direction the work material has been

subjected to a velocity discontinuity Av tangential to the shear boundary. The resultant

velocity of the tangential components on both sides of the shear surface gives the

velocity discontinuity, fig.3.3.

For the inlet shear surface

Resultant velocity component U tangential to the shear surface and the p — 6 plane,

14

U¢, component of velocity normal to p — 0 plane.

22 -
Avy =~ U+ U,

where

U, = -V sint8 + Ugcos(8-t0) + U,sin (6-16)

Therefore

o 2
Avy = ’\/U¢ +(-Vysint + Ugcos(8-10) + Ugsin (6-16))

Substituting for U¢ , {]e and Ion derived in equations (3.7), (3.8) and ( 3.9), gives
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12

2
+ { $inté + costd tany + costd tan( 0 - 0 > (3.36)

Av, = V, costb tanm
cos(6-16) cosy

For the exit shear surface

Similarly for the outlet shear surface, the velocity before shear is ( pr, [39 ,['Jq) ) but,
after shear, the particle travels parallel to the drawing axis with a velocity V,. From the

volume constancy i.e. equation (3.11) the resultant tangential velocity is

2

Av, = Av, (ﬂ) (3.37)
P2

Thus the power consumed along these surfaces is given by:

P:frlAvS ds = [« |av] aAy + |t |av] aa,
r,r, r, r,
. . . Ym
since the von Mises yield criterion was assumed, T = ey

The rate of work dissipation at the entry and exit shear surfaces is given by ;

o _{r&j | dA, (3.38)
Y3 Jr cost®
2 2
- L B
Ve =, ! p,| costd \p,
= Xﬂ:f IAVll A (3.39)
3 U, costd
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Fig.3.2. A diagram showing the velocity discontinuity in the deformation zone

98



The total power to shear the material at the inlet and outlet shear surfaces is

=75 Yn Vi RO (3.40)

2

2 dAl

costo

costo tan .
R(s) = ( LN { sint6 + costd tany + costé tan( 0 - t8 }

cos(0-19) cosy

This equation is expressed in terms of the associated conformally mapped elemental

areas as follows;

12
2

dA,
costb

N M 2
0 tan .
=Ny 22 ( cost AL { sintb + costd tany + costd tan( 0 - t0 }
i=1j=1

cos(0-10) cosy

(3.41)

Since t is an arbitrary parameter, values of -1 <t < 1 will be used to select the value

which gives an optimum shear surface for the given drawing conditions.
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a) The flow model showing the resultant velocity compound (Ur)
tangential to the shear surface.
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b) Uq> Velocity component normal to thre shear surface

Fig.3.3 . Flow model diagram showing velocity discontinuity of an
element at the entry shear surface
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3.2.9 Power Losses in Friction

Surface I'3

Assuming the condition of constant friction, where the shear stress of the material 7T is

given by :
% here 0 <m<1
T = where 0 <m <
V3

the power required to overcome friction which occurs between the die and the

workpiece 1s given by:

W, = Jm |Avq ds; (3.42)

For a particular flow line in the deformation zone, the radial velocity is given by

equation (3.3)

8_1) cos(18)
cosm cosy cos(6 - t0)

substituting the respective values into equation (3.42)
2

Pl) cos(t6)
p

dA, (3.43)

cosn cosy cos( - t0)

where

dAg is the area of an element of the contact surface from fig.3.4 .

dA = dp dx
X = ptany = psino tand
hence

dx = p sino sec2d  dd
dA = psina sec2¢p dd dp
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substituting for dAf in equation (3.43)

p 2
: mY 5
Wi St Bl) N p sinot sec’9 do dp
0 p cost cosy cos(0 - o)
pz
mY 2
[ = f v, p. In P1 cos(16) o ™
3 P,| cosm cosy cos(d - t6) N
since
R,
pl = -
sinoL,
mY R2 R
. ¢ | . i}
Wf = Vl In (——) R(t} tan(—) (3.44)
3 sina . R, N
where
R(Y) = cos(t6)

cosn cosy cos(® - t0)

Surface I'4

The power loss due to friction in land portion of the die along surface of discontinuity

I'4 for constant friction factor is given by:
W MYt ., EqR, LNt B (3.45)
= —V s an .

fi ﬁ 2 Bk,
Where
L = Length of land portion.

Geometrical relationships are explained in Appendix (A1l).
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Fig. 3.4. Geometry of an element at the die-material interface.
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3.2.10 Flow stress and temperature distributions in the deformation
zone

The method used is a practical technique for determining the velocity field from the

flow path which is found from conformally mapping the deformation zone. Strain rates

are determined from the appropriate velocity gradients and, by integrating these strain

rates with respect to time, the strains along the flow lines are determined.

In metal forming processes, such as elevated temperature section drawing, a basic
understanding of the plastic behaviour of the tested metals at various temperatures and
strain rates is required. It is therefore important to obtain flow curves in order to solve
metal forming problems by numerical methods, If these calculations are carried out
manually they are extremely time-consuming and, for this reason, a computer program
in Matlab has been developed, see Appendix (A3). The stress-strain data used in the

theoretical analysis can be found in Chapter 6.

It was assumed that adiabatic condltlons prevall and that the work of internal
deformation, shear losses, and redundant work are converted into heat and that the flow
stress of the work material will be a function of strain, strain rate and temperature and is
represented by;

o, =f (T, €, a )
It is assumed that, for a given strain rate and temperature, the flow stress and strain can

be related by the well known empirical equation

c=Be (3.46)
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where B and n are constants which define the stress-strain curves and can be obtained
from plotting log strain against log stress for the given values of strain rate and

temperature.

The velocity-modified temperature is a single variable which is used to represent the
opposing effects of strain rate and temperature in a single parameter, see section
(1.7.2). It has been demonstrated that velocity-modified temperature is a useful
parameter for collating flow stress data at high strain rates and over a wide range of

strain rates and temperatures and it is defined as

T,y = T|1-kin— (3.47)
€

[¢]

It is possible, for a given choice of €, to select a value of k so that, when stress is
plotted against Ty, a smooth curve will result. In some cases .80 was taken as 1 or 2 /s,
the values of k selected to obtain a smooth curve were 0.08 / 0.09 for steel, these

values being obtained by trial and error.

The values of B and n are plotted against velocity-modified temperature. For given
values of strain rate and temperature, the flow stress can now be found in the following
way; the strain rate and temperature values are substituted in equation (3.47) to give Ty,
and the corresponding values of B and n found from the curves ( represented
mathematically). These are then used together with the strain in equation (3.46) to give
the flow stress. However, since full stress-strain data at elevated temperatures are
obtained experimentally, the complete data are stored in the shape of polynomials and
used directly to obtain the mathematical modelling required for this process. However

should this technique prove to be negative, the former would be used.
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To establish the temperature rise due to deformation and friction, the deformation zone
is subdivided into several regions and, for each individual region, the process is
assumed temporarily to be isothermal. Initially, a kinematically admissible velocity field
was selected: at each subsequent step, new values of the velocity field, strains, strain
rates, temperature and the corresponding values of the flow stress which change
accordingly, were calculated. The temperature rise due to plastic and frictional work in
each region is determined by successive approximations, and, step by step, the
procedure is repeated for the next region in the line until the entire deformation zone is

covered.

For the purpose of these calculations, the deforming zone, i.e. the distance between the
inlet and outlet surfaces, was divided three-dimensionally, making used of the already

available division of the inlet and outlet sections into sectors and triangles as shown in

fig.3.5.

Calculations of Heat Generation
3.2.10.1 Temperature increase due to deformation work
When a particle travels from nodal position 1 to nodal position 2 along a flow line in
fig(3.5), work is done and this work will be dissipated as heat. The temperature rise
due deformation work refrred to in section ( 1.83 ) at the nodal position 2 is given as:

c ; At

ATy, = (3.48)
Jcp

this can be written as

c Ae
Asz =

Jcp
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where

1
G = E Opnode1 T Gnode2)

Ae =g At is the effective strain generated during time interval At

= equivalent mean strain between the nodal positions 1 and 2

Therefore the change in temperature in the deforming zone is given by:

fzcds
AT = &2
J ¢ p

with all the mechanical work being assumed to be converted into heat and the specific

heat and density of the material assumed to be independent of temperature.

3.2.10.2 Temperature rise due to frictional work

The temperature increase due to friction between workpiece and die can be written as:

At
T, = MOVAA (3.49)
V3JcpV

It is assumed that each arc Na represents a surface of a sphere

2
elemental spherical volume dv = p sin6 deé d¢ dp

2
volume of a sphere = f p sin®dé dodp

P2

. 2
V = f 2 7t (cos8(2) - cosé(1)) p dp

P2

x|

0(2) - 0(1 3 3
cosd( )3cos ( )) Pl Pl
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YA

Fig. 3.5. The division of the deformation zone for computation purposes
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dA = an element of the contact surface ( section 3.2.9, fig.3.4.)

= p sina SCCZQ) do dp

N

Py
A = f p sinQ sec2d) do dp
P,
( 2 2) sino tan’,,
= PP 2

During a time interval At a particle moves a small radial distance Ap; the velocity is

given by:

A
yoAe
At

Substitute for V, A and v in equation (3.49)

2 2
m (5—4—B sinat tan% M At
AT At 2
f —_
’ cos8(2) - cosb(1) 3 3
Y37J cp2n( 3 ) (p(l)—pm)

since Ap = p(l)—p(Z]
where (1) and (2) represent two points successively in the deformation zone.

Therefore,

3mo sinoctan£ (p2 ——pz) (p -p )
AT - N (P~ PR) {P)=PR) (3.50)

3 3
4an V37 cp (cose(Z) - cose(l)) ( P1)- p(Z})

3.2.10.3 Mean yield stress calculation

Having established the flow stress and equivalent strain distribution in the deforming

zone, the mean yield stress Ym(J) for a particular flow line can be found by plotting the

flow stress against equivalent strain for a certain flow line, and the area under the curve
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can be integrated numerically. Thus the mean yield stress for a particular flow line is

given by:

1)) _
f Oy ey

Ewn

Ymg = —=—= (3.51)
Em - €@

g, = Effective mean strain at shear surface F2

g, = Effective mean strain at shear surface (I'; = zero)

Therefore mean yield stress for the deformation zone, is given by:

ET(!)

Yo oy det (g

€T

Y= — — (3.52)
€Ty - €T

Equations (3.51) and (3.52) were integrated numerically. The value of the mean yield

stress Yt at the outer surface of the die was obtained in the same way using the outer

surface of the deforming zone, where friction takes place.

3.2.11 The process modelling programs

A computer program was developed to solve equations 3.24, 3.26, 3.35, 3.41, 3.44,
3.48, 3.50, 3.51, and 3.52 numerically. The detailed computer program is given in
Appendix ( A3).
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3.2.11.1 The computer program

The flow chart for the computer program shown in fig.3.6. consists of :

1

input of various parameters and constants.

- the main program including major and minor 'for' loops.
- three "data" programmes.

- three sub-programmes.

- print-out statements of results.

The main purpose of the computer program is to obtain the following

- the conformal mapping of the deformation zone.

- calculation of the flow path parameters.

- the optimisation of the entry and exit shear surfaces.

- calculation of the theoretical effective mean strain and the effective mean
strain-rate.

- establishing the temperature distribution in the deforming zone.

- using stress-strain data at elevated temperature to obtain the flow stress
distribution in the deformation zone.

- estimation of the internal power of deformation.

- estimation of power losses due to the shearing at the entry and exit planes.

- estimation of power losses due to friction between workpiece-tool interface.

- finally, the tabulation of the total power of deformation, mean drawing stress,
and other variables such as reduction of area, speed of drawing, die semi-
cone angle, coefficient of friction, and the drawing temperature, as well as
strain, strain-rate, and temperature distribution in a three dimensionally

deforming zone.
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The complete program is presented in Appendix ( A3 ). Table 3.1 presents a sample of

results obtained for various parameters.
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Input dimensions, speed, geometry
of pass , reduction of area , shape

parameters and other constants,

Divide the entry cross-

section into equal bands

—(For K=1:CB-1 )

Division of band area
into sectors

Division of sectors into
a small and large triangles

Refering areas of triangles
into outlet section

——C ForK=1:CB )

Establish the x and y co-
ordinates along across
flat lengths

&
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Fig.3.6. The layout of the computer program for a 3D process modelling.

——-( ForK=2:CB )

Establish the co-ordinates
along diagonal length

For i=2:CB

Forj=2:ES

Mapping the deformation

Zone
For i=2:CB
Forj=2:ES

Calculation of the centroid
of the triangles at outlet

Calculation of the centroid
of the triangles at_inlet

&



Input the drawing
temperature

For EQ=2:1:20

ForFR=0:0.1:03

For i=3:CB

For j=2:ES

Generate equivalent die
semi angle and coefficent
of friction

Computation of the
velocity field

Optimisation of the
inlet and outlet shear

surfaces
Fori=3:CB
Forj=2:ES

Forii =1 : increment )

Division of the deformation
zone into a grid system

Calculation of the
effective strain-rate &
effective strain

Calculation of the flow
stress

Calculation of temperaturej
rise due to deformation

Calculation of
temperature rise
due to frictional

work

New temperature
TT=T+2T.+ 4T
f d
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Calculation of the new
flow stress

New temperature NT = TT|
for next nodal point

Set temperature for a new
line in the grid system

Computation of internal
power of deformation

Computation of frictional
and shear powers

Computation of the mean
draw stress

Tabulation of results

END
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Test material : Mild steel

Test results

Test temperature

:20 deg C

Test speed : 6 m/s Coefficent of fricticn : 0.05
Section : Square Reduction of area : 36.34 %
Die semi-angle :12
Nodal position | Temperature |[Effective strain rate] Effective mean strain | Flow stress
deg. C N/mmA2

1 20 0 0 -
2 95 1 0.9 599
3 258 13 1.85 582
4 429 1.6 2.9 517
5 20 0 0 -
6 95 1 0.9 599
7 259 1.3 1.86 581
8 430 1.6 2.9 516
9 20 0 0 -
10 48 043 0.38 524
11 112 0.53 0.79 587
12 186 0.68 1.23 559
13 20 0 0 -
14 55 0.52 0.46 545
15 136 0.65 0.96 587
16 226 0.83 1.5 595
17 20 0 0 -
18 48 0.43 0.38 524
19 113 0.54 0.79 587
20 187 0.69 1.24 558
21 20 0 0 -
22 55 0.52 0.47 545
23 37 0.66 0.97 587
24 227 0.84 1.5 594
25 20 0 0 -
26 39 0.29 0.26 488
27 80 0.37 0.54 582
28 131 0.47 0.85 589
29 20 0 0 -
30 40 0.33 0.29 489
31 87 0.41 0.6 572
32 143 0.52 0.94 584
33 20 0 0 -
34 39 0.29 0.26 489
35 81 0.37 0.55 582
36 133 047 0.86 588
37 20 0 0 -
38 41 033 0.29 489
39 88 0.41 0.61 572
40 144 0.52 0.95 583

Drawing stress : 440 N/mmA*2

Ym = 421 N/mmA2
Yf = 553 N/mmA2

Table. 3.1. Tabulated results of the three dimensional modelling
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Chapter Four

4.0 Experimental Equipment and Draw Process Materials

4.1 Experimental equipment
3.1.1 The bull block
3.1.2 Die-holder assembly
3.1.3 Induction heating equipment
3.1.4 The lubricator assembly

3.1.5 Wire and die cooling system

4.1.1 Horizontal bull block

The drawing machine used is a horizontal bull-block, which has a 450 mm diameter
steel drum with a 450 mm long working surface, mounted in a fabricated steel frame.
The drum is supported on a steel shaft which is mounted horizontally and supported by
heavy-duty bearing and driven through an enclosed wormgear, Plate 4.1. Attached to
the bull-block is a traversing table which is mounted on the guides and is driven by a
Jead screw to give approximately 4 mm traverse per revolution of the drum. The steel
traversing table was extended and used for mounting the straightening rolls, the
lubricator, and the air wipe assemblies, the heating coil and the die holder. In order to
prevent the traverse table from bending, a support, which is mounted on a wheel
arrangement, is fitted to the end of the table to facilitate its movement with respect to the
lead screw. The set-up of the equipment used in the laboratory is shown

diagrammaticaly in fig.4.1, and Plate 4.2

The block was designed for drawing speeds of up to 146 m/min, which were selected

by means of a four-speed gear box, and is described in detail by Winsper(125),
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The drum shaft is driven through a variable speed gear and a four speed gear box by a

11.2 kW squirrel cage induction motor. Gripping jaws are supplied for gripping wire

up to 9.5 mm in diameter.

4.1.2 Induction heating

A solid state 20 TQ 50 generator which has an output of 20 kW at a nominal frequency
of 50 kHz, manufactured by Radyne Ltd, is used, Plate 4.3. Matching load procedures
are shown in Appendix (A4 ). The reasons for choosing induction heating for the

research were:

- health and safety are improved since there are no explosive gaseous mixtures
needing elaborate precautions, no noxious fumes, and no risk of burns from
furnace casing.

- the time spent in heating the workpiece is much shorter than that spent in a
radiant heater or a lead bath. As a result, the time available for scaling is
reduced. Such scaling results in scrap and the accelerated wear of dies.

- since there are no combustion products in the heating region, the fast heating
produces clean bars, virtually free of oxidation and decarburisation.

- the accurate temperature control, coupled with absence of scale, results in
longer die life.

- since induction heating is rapid, it fits well into automated production lines.

- the rapid start allows the heater to be switched off for die changes, speed
alterations, production hold-ups and for meal breaks, thus saving energy. The
equivalent furnace takes a longer time to reach working temperature and is

normally left running during breaks etc.
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Plate 4.3. Details of the Equipment

a) Die Holder

b) Infra-red Detector

¢) Induction Heater Coil
d) Lubricator and Air wipe

e) Straightening Rolls
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4.1.3 Die-holder assembly

A schematic drawing of the die-holder assembly is shown in fig.4.2; it is basically

made up of five components.

1 die-holder

2 die-holder cover

3 die support

4 insulator ( Sindanyo )
5 loadcell

The main purpose of the die holder is to support the loadcell so that the drawing force
could be measured. It was designed by Loh®Y), so that it could be mounted into a block
which is welded at right angles to the steel traversing table. The die is held in position
by the use of a three-pin supporting system, these pins situated at 60°, 120°, and 180°
so that they provide a strong support to the die. The die support is fitted with an 'O’
ring around it is circumference to prevent the die cooling water from penetrating into the
loadcell. A semi-circular tube is welded on to the die support to drain away the water
from the wire cooling system. Most of the parts and the 'O’ rings had to be changed
because they allowed cooling water to penetrate to the load cell, then covered in silicone
grease to reduce the friction between the various parts and also as a protection against
water. The die-holder cover was screwed to the die-holder to hold the die in position, it
also had two 'O’ rings to prevent cooling water reaching the hot wire before it entered
the die. The loadcell was placed against the welded block, behind a disc of Sindanyo
acting as a heat insulator from the hot drawing die, and to maintain the temperature of
the strain gauges fitted in the loadcell at an acceptable level in order to obtain a

reasonable accuracy when measuring the drawing load.
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Fig.4.2. Schematic diagram of the drawing die holder
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4.1.4 Lubricator assembly

The most successful method of lubrication is by spraying the lubricant on to the wire;
this provides an even, continuous coating of the graphite-based lubricant. The lubricant

mixture is pumped into the spray arrangement, then flows over the wire. The thickness
of the coating depends up on the speed of the wire or the flow rate of the lubricant.
Thus, the flow of lubricant is controlled by a valve before it reaches the spraying
system. The excess lubricant is collected in a steel container, from where it is
recirculated. The use of a gear pump in the system ensures good mixing of the lubricant

mixture used in the testing. The lubrication assembly used is show in fig.4.3.

4.1.5 Wire and die cooling assembly

An essential part of the process of hot wire drawing is the cooling of the drawn wire,
particularly when drawing at the higher temperatures and reductions of area when the
strength of the drawn wire drops, and local necking, followed by rupture of the wire,

occurs.

A direct cooling system which employs spray jets is used. Water is introduced on to the
wire immediately it leaves the drawing die, where the temperature is highest, and only
left in contact for a short time. It is important that the cooling water is prevented from
splashing into the die, causing sudden cooling and quenching, which will result in
thermal stresses being set up in the die and even if a high thermal shock resistance
material is used, cracks will appear. The cooling water is prevented from reaching the

die by the use of an air jet which will ensure that excess water is kept away from the

die.

The system employed fi g.4.4, consisting of a spray of water atomised by compressed
air at approximately 276 kN/m?2 and an air regulator to control the compressed air,

which is delivered to an air and water mixer. This fine, high pressure spray quenches
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the drawn wire, increasing its strength and rendering it easier to handle; compressed air
alone is used to drive excess water away from the die during elevated temperature
drawing. Cooling of the die assembly is achieved by water which is fed into the top of
the die holder and circulates round the drawing die before draining away from the

bottom of it, as shown on the die holder diagram fig.4.2.
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Fig.4.3. The lubricating assembly
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Fig.4.4. Diagram of the cooling system
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4.2 Draw process materials

Each metal forming process is different, presenting many parameters and problems to
study, including the shape of the product produced. Some of these parameters are
variables of product material, forming temperature, lubrication and forming speed,
making it difficult to select materials for particular processes. This, unfortunately, often
means that each tool design and material has to be proved and tested for each process,

forming condition and geometry.

In commercial production, the most important qualities required from a metal forming
tool are wear resistance for long life and resistance to both cyclic and suddenly applied
loads. Unfortunately, the resistance to abrasive wear, the most predominant wear
mechanism in metal forming, and the resistance to fast fracture and fatigue are
incompatible for most materials. The other significant properties of a tool material are

those associated with its surface and ability to transfer heat.

Quite clearly, it is difficult to specify particular tool materials for individual processes,
workpiece and forming conditions. To prove and design a tool and tool material for a
particular application requires, at present, specific knowledge of the process and its

traditions, and a time-consuming design and trial period.

However, the rapid growth in technology, especially in the computer field led to the
establishment of specially orientated packages that can be used to perform different
tasks with a high grade of accuracy. Packages such as Finite Element Method ( FEM)
can be used to test and verify different materials for different purposes in a relatively

short time with no time wasted in trial and error techniques. The finite element analysis

of polygonal dies at clevated temperatures is presented in Chapter eight.
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4.2.1 Selection of die materials

The selection of die materials for metal forming processes is extremely important. This
is due to the fact that different materials have different life time. Therefore, the die
should be carefully made from a well chosen material to provide an adequate die life at
an acceptable cost. However, there are three factors commonly considered as criteria

whenever a die material is selected. These factors are the process, type of die loading

and the mechanical properties of the die material.

There are several factors that effect die conditions and bring about a need for a
replacement. These reasons include changes in dimensions and deterioration of the
surface finish which are both caused by die wear, breakdown of lubricant, and by the
thermal fatigue, which takes place on the surface of the die during the hot forming
process. This thermal fatigue is created from cyclic yielding of the die surface due to the
contact with the hot forming material which causes the surface layers to expand and
because of the very steep temperature gradients, the surface layers are subject to
compressive stresses. At high temperatures, these compressive stresses may cause the
surface layers to deform. The tension will be created after the die surface cools down,
and the stress reversal occurrs. After repeated cycling in this way, fatigue will cause the
formation of a crack pattern and, finally, breakage or cracking which is caused by the

overloading of the die and the high stress concentration.

4.2.2 Drawing dies

In section drawing, which is a steady state process of the reduction of a continuous
workpiece through a shaped orifice, the tool material has to resist wear, heat build-up
and fatigue at the entry angle. Variables such as workpiece material, lubricant, forming

temperature, drawing speed, product and die geometry, make it difficult to generalise

and optimise die materials for any forming process. The die materials used include

chromium carbide which is commonly used for extrusion tooling and forging dies
I H
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because its toughness and ductility give resistance to fracture, higher wear resistance
and hot hardness(126), together with tungsten carbide, Stellite and Syalon, which is a
member of the ceramic family and essentially consists of aluminium nitride, alumina
and silicon nitride, chemical and mechanical properties for these materials are presented
in Appendix (A4). Different die geometries are also used; these include die designs
used by Basily and Sansome®3), conventional section drawing dies and others
designed for this present work. These designs are illustrated in more details in Chapter

eight and technical drawings are shown in Appendix (A4 ).

4.2.3 Test materials

The preliminary trials were carried out with mild steel, since it has excellent
workability, a relatively low work hardening rate and is readily available since it is
relatively inexpensive. The choice is in line with the previous research on the mechanics
of drawing bars from round. Therefore, for comparisons to be drawn, mild steel is
selected as the experimental metal. Another important point is the limitation of section
drawing i.e. minimum and maximum reduction of area achievable. Thus, when the
drawing procedures and limitations are understood for mild steel, the more difficult-to-
draw materials are introduced. Boron steel and medium carbon steel were introduced in
the second stage of the research in order to study further the limitations of section
drawing and the advantages of elevated temperature drawing when dealing with

relatively difficult to draw materials. The chemical compositions of the materials used

are shown in Table 4.1.

4.2.4 Lubricants

Lubrication is a very important aspect of metal working processes, especially when the
processes are being conducted at elevated temperature. In all metal working operations,
the workpiece is constrained to flow in the required manner by the configuration of the

tooling and frictional forces are generated at the interface between the workpiece and the
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tooling. In some operations, the generation of friction forces is necessary for the
process to work successfully e.g. rolling and Conform process. In other processes,
frictional forces are a hindrance and result in large deformation forces, high tool
stresses, inadequaf? flow and, frequently, poor surface finish. Under these conditions, -
a lubricant is necessary in order to reduce the effects of friction at the workpiece-tool

interface. Lubrication is much more critical when the workpiece is being deformed at

elevated temperatures.

Conventional liquid lubricants are not usually suitable at high temperature since they
become thermally unstable and increasingly volatile. Most oils and greases show
considerable oxidative or thermal degradation in the range 260 - 320°C. It is therefore

necessary to look for other forms of lubricant for temperatures above 300°C.

4.2.4.1 Lubricant requirements
In the selection of materials for possible use as metal working lubricants in the

temperature range 300 - 800°C, the following requirements should be considered:-

- the lubricant should be stable, unaffected by temperature, oxidation, repeated
exposure to high pressure and the minor contamination which is normally
unavoidable in industrial practice.

- it should not be corrosive to the product or the tooling.

- the possibility of removing the lubricant film without much difficulty after

drawing, in order not to interfere with subsequent finishing operations such as

painting, annealing, welding, and electro-deposition.

ability to reduce the drawing force and die wear.

it should be non-toxic and non-flammable.

the cost of the lubricant should be compatible with its function. Where the cost

of the raw material is low the cost of lubricant should be low.
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Tests were conducted on different graphite-based lubricants supplied by Acheson
Colloids Ltd including; Dag 2543, MolyDag 709 ( which is used with a quick drying

agent such as toluene) and MolyDag 15 details of the lubricants used are presented in

appendix (A4 ).
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CHAPTER [FIVE

INSTRUMENTATION AND CALIBRATION
OF MEASURING EQUIPMENT



Chapter Five

5.0 Instrumentation and Calibration of Measuring Equipment

5.1 Data collection and analysis used previously

5.1.1 Ultraviolet recorder

In an ultraviolet (uv) recorder, the amplified signal voltage deflects a miniature mirror
galvanometer, which directs a beam of ultraviolet light on to moving light-sensitive
paper to produce a trace of the signal variation with time. The uv recorder is generally a
multi-channel system with up to one input channel per centimetre of paper width.
Recorders with 6,12, and 20 channels are the most common. A grid is put on to the
paper by fixed light beams within the recorder to assist in the analysis of the traces.
Because of the exposure time required for the light-sensitive paper, the uv recorder as

an on-line method of display is restricted to low frequency tests.

5.1.2 Storage of data

The trace produced can be retained as a permanent record of the test and for post-
processing purposes. However, since there is a gradual degradation of the trace caused
by continual exposure to daylight, the trace should be chemically fixed for permanence.
The reduction of the trace into a form suitable for post-processing must be manual, the

acquisition of any detailed information is tedious and requires good on-site

documentation.
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5.2 Installation of new instrumentation System

Elements of Data
Acquisition and Analysis

Systems

Data Capture Data Analysis
& 28 e &

Control Formatting

Data Acquisition Signal processing

Analogue, Digital, Simulation/ Loops

Counters Formatting

The following three components make up a complete data

system.

- Data Capture and Control

- Data Analysis and Formatting

- Data Presentation and Management

A typical application involves acquiring the data, formatting and analysing the data, and
presenting or saving the data for later use. It is important to chose carefully the type of
sensors required, the conditioning module that matches the output of that sensor and the
hardware required to capture the output of the signal-conditioning module; this could be
an amplifier, a comparator, filter, potential dividers etc. Once the signal reaches the

personal computer, the rest of the application is totally dependent on the software

developed.
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5.2.1 Data collection

There are two options for capturing data with micro computers. The first is to use an
analogue-to-digital converter (A/D) board or chip that is installed inside the computer.
The signals to be captured are connected to the A/D converter and a software program
performs the capture operation. The program configures the A/D converter then
acquires the data. The second option uses instruments. The instrument normally has an
interface board that enables data and command transfer from or to some controller. The
personal computer must have a similar interface to communicate with the instrument;
the signals are connected to the instrument. The software program sends commands
through the interface bus to the instrument to perform an acquisition. When the
acquisition operation is complete, the instrument is instructed to send the captured data
to the computer over the interface bus. The software program controls the instrument

through the interface bus, while the instrument performs the data acquisition.

5.2.2 Interfacing

Ry
% '4:?.. .-.fx.? S

e T
Data Capture Hardware
General Block Diagram

Conditioning
.84 Sensors Modules

Option 1 Ontion 2 Computer
3 A/D Converter l

~

Instrument

Interface Boardj

v Interface Board

The above is a general block diagram of the data capture process. The final objectives is

to monitor an experimental "physical phenomenon". The phenomenon is translated into
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electrical signals through sensors. The electrical signal from the sensor is conditioned

by a conditioning module. The signal from the conditioning module is captured using

either A/D converter or instruments.

The second option was selected because, the BBC micro computer has two useful
facilities, the A/D converter and the User port. The presence of these two facilities
makes it suitable for a wide range of serious tasks such as controlling experiments and
other machinery, and making measurements automatically. The BBC micro is ideally
suited to this sort of application; its graphics capabilities can be put to good use for
displaying either results or the current state of the equipment being controlled; the high
speed calculating power of the Basic computer language can be used to process the
measurements, and even the sound generator can be used to draw attention to an
abnormal condition. The difficulty with the A/D converter lies in the electronics that

should be connected to it rather than the programs which will be written afterwards.

5.2.3 Analogue to digital converter (A/D)

A/D Parameters

Sampling rate
Resolution
Range

Accuracy

The sampling rate determines how often conversions take place. Resolution is the
number of bits which the A/D converter uses to represent the analogue signal. In the

BBC micro, the converter forms a 12 bit representation of the signal; the converter is
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said to have 12 bit resolution. The larger the resolution, the larger the number of
divisions the range is broken into and, therefore, the smaller the voltage change
detected. Range refers to the minimum and maximum levels that the A/D converter can
quantize. The BBC has a range of 0 to 1.8 V, and will produce a corresponding
number in the range 0 to 65520. The accuracy of an A/D converter determines how

closely a measured value represents the actual value. The accuracy depends upon the

resolution and range.

The BBC micro ( model B ) is equipped with an A/D converter a (L pd 7002) which
is a four channel 12-bit converter. This means that it can select any one of four inputs to
convert. A 12-bit number lies in the range 0 to 4095 and this indicates how finely the
A/D converter divides up its input range. This means that the smallest voltage change

that can be detected is Vmax/4095 or roughly 0.02% of the maximum reading.

The A/D converter in the BBC micro takes 10 ms per conversion, this limits the sort of
application that it can perform. If the four channels are in use and each channel is
treated in turn, any one channel is read every 40 ms. This is fast enough for position

measurement, temperature, and speed measurements etc.
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5.2.3.1 Analogue to digital technology

B
A/D Techology
- IA 3 Bit A/D converter Input Range: 0 to 1.8
Input Range 3 Bit Equivalent

0.000 - 0.224v 000
0.225 - 0.44%9v 001

0.450 - 0.674v 010
0.675 - 0.899v 011
0.900 - 1.124v 100
1.125 - 1.349v 101
1.350 - 1.574v 110
1.575 - 1.799v 111

For simplicity, an example of a three bit A/D converter is considered. Three bits result
in eight different levels. The signal range is then divided into eight different segments
and each segment is assigned a binary value. Any voltage reading within a given
segment is assigned that binary value. In this example, any voltage reading between
0.450 and 0.674 V is assigned the binary value 010. Thus the A/D converter forms a
binary representation of the voltage signal depending on the range of the input voltage.
The BBC converter has 4095 levels and is thus able to detect very small voltage

changes, as indicated earlier.

5.3 Simulation of working conditions

It is of paramount importance to simulate the working conditions before any major
instrumentation changes take place that involve the simulation of four input voltages to
be connected to the four A/D converter channels, available with the BBC micro. The
advantages of such an undertaking are the simulation and anticipation of any problems

before any connection is made to the measuring devices. This includes checking the
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range of voltages that the A/D converter accepts and the corresponding number obtained
for any conversion. As an example, the A/D converter accepts the range 0 to 1.8 V and
will produce a corresponding number in the range 0 to 65520. But in actual testing it
only produces a range of 0 to 63250 for a maximum of 1.8 V. This is a very important
point to notice, because this figure will be used to convert the values back to voltages

and then to m/min, degrees, and N/mm?2.

To simulate the system, full use is made of the voltage reference available with the BBC
micro. The Vit is used to supply a maximum of 1.8V, thus the A/D converter will not
be damaged in the case of malfunction. Four potentiometers, resistance 100k, 10
turns each, are connected in parallel to the Ve (1.8V) and zero. A digital voltmeter was
used to check the input signal to the potentiometers. The value obtained depended on
the adjustable turns, i.e. 10 turns maximum, zero turns 0 voltage. The output from the
potentiometers is then connected to the BBC's A/D converter, and four inputs into the
converter are available which can be adjusted as desired. The circuit diagram is shown

in fig.5.1.

The major problem encountered when connecting transducers to an A/D converter is
getting the voltage range of the output of the transducer into the range which is required

by the A/D converter .
The problem of reducing a large range of voltages is easily solved using a voltage
divider, fig.5.2. A small capacitor is used to remove any spurious signals (its exact

value being unimportant). If the maximum voltage input is Vip then the maximum

output Vo to the A/D converter is given by

Vour = R2. Vin/ (R1+ R2)
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25k
ref 1.8V
R1 R2 R3
100kn 100kq E 100ka
Ov
V1 V2 V3 V4

(A/D Converter )

Fig.5.1. Circuit diagram for the Simulation of working conditions

Input
Voltage

Output Voltage

- 100 L F
" To A/D

Fig.5.2. Circuit diagram of a voltage divider
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Obviously, R1 and R2 should be chosen to keep the maximum input voltage to the A/D
converter lower than Vyr to avoid any damage. Also the value of (R1+ R2) should be
kept large to avoid taking too much current from the transducer, ( R1+ R2 ) should be

large compared with the impedance of the transducer.

5.4 Instrumentation and calibration of measuring equipment
The experimental investigation of the drawing of metals at elevated temperatures

involves the measurement of the following parameters

5.4.1 drawing force
5.4.2 drawing speed

5.4.3 drawing temperature

5.4.1 Measurement of drawing load

5.4.1.1 The loadcell

The die loadcell formed from a continuous ring which strained in terms of bending and
torsion when subjected to an axial thrust. The bending stress and the strain distribution

and the stiffness of this type of loadcell is discussed elsewhere in detail by Basily and

Sansome®3),

The active strain gauges were bonded at the position of maximum bending moment
derived from stress analysis. Dummy gauges were bonded also on both the outside and
the inside surfaces of the ring at the positions of zero bending moment, the dummy
gauges compensated both for the temperature and any distortion caused by axial thrust.

The arrangement of the gauges, as shown in fig.5.3, compensated for any offset load.
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The loadcell designed for a maximum axial load of 20 kN, consisted of a continuous
square cross-section. On one side were four integral supports equally spaced and on the
other side were an equivalent number of the equi-spaced supports in positions at half
the pitch. The ring was thus formed from a continuous series of circumferentially
shaped beams which strained in terms of bending and shear when subjected to an axial
thrust. One set of the sectoral supports was bolted to the thrust block and the other set
to the die holder plate. Care was taken to ensure that the presence of threads did not

affect the stress distribution at the points at which the strain gauges were bonded.

The loadcell used by Loh®D could not be used because it suffered from noise
interferences, instability, and drift. Therefore the loadcell was re-gauged and re-wired
using a 350 ohm rather than 120 ohm gauge because the higher resistance is preferable
in reducing the heat generation rate by a factor of three ( for the same applied voltage
across the gauge ). Higher gauge resistance is also advantageous in decreasing lead
wire effects, and spurious signals caused by lead wire resistance changes with
temperature fluctuations. Similarly, the signal-to-noise ratio can be improved with high

resistance gauges (by using higher voltages).
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Bridge supply 12.5 Volts

Gauge Resistance

Amplifie

I/p is 350 Q
- < 16
Voltage N
protection
circut

Computer

A/D converter

Fig.5.3 Circuit diagram of the loadcell
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5.4.1.2 The effect of temperature on the loadcell

During preliminary experimental work, three thermocouples were attached to the
loadcell casing using a quick-set adhesive and the temperature was monitored during
actual testing. The rise in temperature was only in the order of 10-15°C, at the highest
temperature used. The increase is small, because the die cooling water is allowed to
overflow and cool the loadcell. Nevertheless, this slight temperature increase affects the
strain gauge output because all electrical conductors have a temperature coefficient of
resistance, which means that a strain gauge made from these materials will undergo a
change in resistivity with temperature. In a bonded resistance strain gauge there is an
additional effect producing a change resistance with temperature. When a gauge is
bonded to a test material which has an expansion coefficient different from that of the
gauge material, a change in temperature will produce a strain in the gauge and, hence, a
resistance change due to the difference in expansion. This is clearly noticeable as an
off-set from the origin. When the loadcell is warmed up with no load applied, then
loading takes place, the change in load will be a continuation from the off-set position,
and thus introducing a shift in the readings. The amount of shift is represented by a
reading on a digital voltmeter, after the applied load is released; this reading should be

approximately zero in the case were the effect of temperature is not experienced.

The combination of these changes of resistance which occur is interpreted as a
mechanical strain and is referred to as temperature induced apparent strain. This is

apparently a serious potential source of error in the practice of load measurement with

strain gauges.

Some of the material used in strain gauges is processed by heat treatment to adjust the
basic temperature coefficient of resistance to compensate for the resistance change due

to the differential expansion effect on various materials. These are referred to as self-
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temperature-compensated gauges. This is the type used in this research, however; even

this type is effected by even a slight change of temperature.

The problem of the temperature effect on the loadcell is dealt with in these ways:

- calibration of loadcell under the same temperature conditions, i.e. raising the

temperature while loading.

- fitting protective covers and insulators around the loadcell.

5.4.1.3 Calibrating the loadcell

Calibration of the loadcell was conducted by compression between the platens in a
500 kN Instron compression machine. The loadcell was calibrated with four different
load ranges to accommodate the different loads achieved at different areas of
reductions. Readings were taken for both an increasing and a decreasing load. The load
ranges are : 0-2 kN, 0-5 kN, 0-10 kN, and 0-20 kN. The calibration graphs are

shown in Appendix (AS).

5.4.2 Measurement of drawing speed
The rotational speed of the drum was measured by using a tachometer giving 20.8 V

per 1000 rev/min, attached to the worm shaft of the motor. The calibration graph is

shown in Appendix (AS5).

5.4.3 Measurement of the drawing temperature

5.4.3.1 Infra-red thermal monitor

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 the infra-red radiation which is received from the target. The principle

feature of this system is the use of a flexible optical bundle which permits the
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observation of targets in remote or inaccessible places. The system consists of an
optical detector head assembly with an optical fibre bundle and a connecting cable, and
an electronic chassis with controls and with a digital display. The detector head

assembly contains an infra-red detector, a radiation chopper assembly with electronic

driver, and a pre-amplifier.

Alignment of the fibre assembly lens cell with the wire is performed by " black
illuminating " the fibre assembly using a light source. Calibration of the infra-red
thermal monitor is carried out using a calibration source which is used for checking the
energy-collecting ability of the thermal monitor optical system and the accuracy and

repeatability of the entire system.

Two sets of optical fibre bundles termed " low " and " high "optical fibres were used to
accommodate the range of temperatures used 100 - 800°C . The ranges covered were
80 - 350°C and 300 - 1000°C, respectively. Each type of fibre assembly has its own
calibration voltage, and the correct data is used with each assembly. 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 3.2 mm, for
the high optical fibre a rectangular spot size of 1.4 mm x 4.2 mm is used. For best

focus, the working distance is 127 mm.

5.4.3.2 Calibration of the infra-red thermal monitor

The calibration source box was used to calibrate the two optical fibre bundles. A
resistance heating unit was used to heat the wire for the calibration of the thermal
monitor. The wire sample was heated to the maximum temperature required. The spot
of the optical fibre focussed on the heated wire, this was possible by using a light
source which illuminated the spot. At the higher temperatures the wire tends to sag and

therefore there is a necessity to check the focussing of the spot and to adjust if required.
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The temperature was decreased in steps of 100°C and the optical fibre sensor was

changed when the appropriate range limit was reached. The calibration curves are

shown in Appendix (A5).

5.4.3.3 The resistance heating unit
The circuit diagram of the resistance heating unit is shown in fig.5.4. All the electrical
wiring used in the circuitry was twisted together in order to nullify any electromagnetic

current pick-up. Three turns of cable were wound round the transformer to give low

voltage secondary windings.

5.4.3.4 Emissivity calibration

Before the thermal monitor could be used in the experiments, the emissivity calibration
was carried out for the temperature range of 100°-800°C in steps of 100°C.
Representative wire samples from each of the materials tested were used for the
emissivity trails. The wire samples were heated to the required temperatures by using
the a.c. resistance heating unit referred to earlier. A chromel-alumel thermocouple was
used to measure the surface temperature of the representative wire sample. The end of
the thermocouple was formed into a small bead by gas welding, and was attached to the

surface of the sample to give good thermal contact.

The calibration of the emissivity was as follows:-

- the wire sample was coated with the same lubricant as that used in the drawing

tests.

- the spot of the optical fibre was focussed very close to the junction of the wire
sample and thermocouple, thus ensuring similar thermal conditions.

- the wire was heated by an a.c resistance heating and the temperatures adjusted

by a voltage regulator.
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when the temperature reached its steady-state condition, the emissivity was

red thermal monitor agreed to within 2°C.

adjusted so that the temperature indicated by the thermocouple and the infra-

The emissivity values of the materials used to date are shown in table 5.1.

Emissivity Value
Temperature
deg C mild steel boron steel  |medium carbon steel
low 100 0.90 0.93 0.95
optical 200 0.90 0.91 0.91
fibre 300 0.86 0.88 0.91
400 0.86 0.88 0.91
high 500 0.82 0.83 0.80
optical 600 0.80 0.76 0.76
fiber 700 0.75 0.72 0.72
200 0.70 0.70 0.70

Table 5. 1. Emissivity values for mild steel, boron steel and medium carbon steel.
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5.5 Instrumentation and conditioning modules

5.5.1 Loadcell

(D

(2)

3)

an amplifier was used to amplify the output of the loadcell and to supply a
constant voltage of 12.5 V to the Wheatstone bridge.

a filter was used, when the signal from the loadcell suffered from " pick-up "
noise, and to suppress any background electrical noise such as noise from the
induction motor which is used to drive the bull block and noise from the
induction heater.

a voltage protection circuit was used to protect the computer built in A/D
converter which has a range of 0-1.8 V; the converter will be damaged if the

signal exceeds 1.8 V. Its circuit diagram consists of :-

operational amplifier, called the voltage follower circuit which has a unity gain
with a high impedance of 2 M€, thus preventing the circuit from overloading.
Comparator, set at 1.8 V, comparing the Vi, signal with that received from a
potentiometer, and trips whenever a discrepancy arises.

electronic switch " diode "; whenever a discrepancy takes place this cuts out
and the voltage switches to zero.

potentiometer, which is pre-set at 1.8 V.

The input signal is compared with a signal received from a pre-set potentiometer. If its

less than 1.8 V, the electronic switch will be set at open and the signal is transferred to

the A/D converter to be processed, but if the signal exceeds 1.8 V the comparator

switches to zero and the electronic switch gives a zero reading, thus ensuring that any

signal received by the A/D converter will be < 1.8 V. A 10kQ resistor was used to

prevent short-circuiting. The circuit diagram is shown in fig.5.5. The output voltage of

the loadcell was displayed on an oscilloscope and a digital voltmeter. This assisted in
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easing the balancing of the Wheatstone bridge and checking on the noise affecting the

load measurements.

5V
To A/D
100 KQ convertor
BC 108
Vin sV L o8V | >
4 319 »!
-5V ov
-4 =S

Fig.5.5. Voltage protection circuit

5.5.2 Tachometer

The voltage output from the tachometer was sufficiently high to be passed directly to

the A/D converter, eliminating the use of amplifiers ;

- a capacitor of 500 UF was connected across the tachometer to reduce the noise

made by its brushes.
- a voltage protection circuit was used, to make sure that the A/D converter

would not be damaged if the speed was increased accidentally.

- a filter was used to suppress any " electronic noise ".
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5.5.3 Thermal monitor

The temperature is indicated in digital form on the electronic chassis. This temperature
corresponds to a linear output voltage of 1 mV/°C. The output was fed into the A/D
converter, since the maximum temperature achieved could only be 1000°Ci.e. 1.0V,

and that is well within the working range of the converter.

The output voltage of the loadcell, tachometer, and the thermal monitor were displayed
on the computer screen before the beginning of any testing. These readouts assisted in

the checking, adjusting and balancing of signals prior to the commencement of tests.
5.6 Data Acquisition and Analysis

Data Acquisition & Analysis System

Section Drawing

\

Computer

-~

A/D Board

Tachometer
Thermal monitor

O RO 'Uc)

The output of the instruments and conditioning modules which are used to measure the
voltage generated by the loadcell, tachometer, and thermal monitor, are connected to the
A/D converter. In the computer program developed, a subroutine is used to capture data

from these channels. These data are in the form of several readings from multiple
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channels at a set rate. The output of these subroutines is passed to other subroutines to
be formatted, analysed and displayed, i.e. the conversion of the three voltage readings
into drawing stress, drawing speed, and drawing temperature. The layout of the flow

chart used for real-time data acquisition and analysis is shown in fig. 5.6.

A straightforward approach is used for data capture which includes a timed " for " loop.
which executes that function for the desired number of times. The speed of execution is
timed so that the three measurements are spread out over the duration of the test and not
simply made as quickly as possible. While the test is performed, the three parameters

are displayed on the visual display unit so that the user monitors the whole process.

The next step is to analyse the data. For many applications the data acquisition is done
in real time and the analysis is done later. Two versions of the application were
developed, one that analyses in real time and the other that accesses a data base to
analyse stored results. The application uses the captured test data to analyse and present
the results. The data are passed to the maximum, minimum, and average functions from
the analysis library to compute the minimum, maximum, and average of the three

measured variables.
When this application executes, it captures the data at the set rate, scales the data and

analyses it, and finally displays the results. A sample of test results and the computer

program developed are presented in Appendix (A3).
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Fig. 5.6 The layout of the flow chart used for real-time
data acquisition and analysis
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STRESS-STRAIN DATA



Chapter Six

6.0 Stress-Strain Data

6.1 Introduction

The fluctuations of flow stress for steel as a function of temperature is very complex;
no adequate information can be found in the literature covering a range of temperatures,
strains, strain-rates and materials. The present experimental tests were carried out with

materials for which there were insufficient stress-strain data. .

Stress-strain data was generated in the temperature range 20 - 800°C, for mild steel,
medium carbon steel and boron steel, with three strain-rate values. The data obtained
are represented by mathematical polynomials and fed into the theoretical computations
to establish temperature and flow stress distributions and other data for a range of

variables.

The results show that below 500°C both the strain-rate and temperature had a small
effect on the flow stress but above 500°C, when there is sufficient energy to activate
the internal stress relieving mechanisms of dynamic recrystallization, increasing
temperature causes a large reduction in flow stress and increasing strain-rate causes the
flow stress to increase. In addition it was found that increasing the temperature from
room temperature to 400°C causes the strain where the material undergoes to failure to

be reduced by 50%, but from 400 - 800°C the strain to failure increases until it reaches

the original value of tests at normal temperature.

Stress-strain behaviour under conditions appropriate to hot working can be measured in

tension, compression or torsion, each method having advantages and limitations, see

section ( 1.7.1).
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Tensile tests are of limited use to a true strain of 0.3 before necking occurs. The
necking causes a complex stress state and locally raises the strain-rate. The advantages
of tensile tests prevails in the simple calculations of stress from normal tensile tests.

Special techniques have to be used to obtain a constant strain-rate.

Compression tests do not suffer the same strain limitation, were higher strains can be
achieved. However, friction between the specimen and the anvils causes barrelling to
occur. Loh®1D) conducted compression tests on a cam plastometer, the tests were
discontinued because problems were experienced with the experimental equipment,
technique and specimen size, and finally she decided on using the limited published
data after interpolating the stress in terms of the carbon content, i.e. expressing the

interpolated value to that of the 0.16% plain carbon steel as a ratio.

Torsion of solid cylindrical specimens is an increasingly popular method of hot
workability testing, since high strains can be attained at constant surface strain-rate and
quantitative measures of both flow stress and ductility can be obtained. It is capable of
producing strains of up to 20, however most existing torsion machines have an upper
strain-rate limit of € = 10 /s, though this could be extended by using specimens of
smaller gauge-length. In the present work, the length of the specimen is controlled by
the size of the furnace used, thus it was not possible to increase the strain-rate any

further.

The torsion test has been used for forty years as a method of assessment of hot

workability as well as a method of study of micro-structure. It has certain advantages

for particular purposes.

- Torsional shear tests can give more representative values for the plasticity of a

material than is obtainable in tension or compression tests, because no
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attenuation, like that of the necking in tension, takes place and, with a suitable

test piece, the instability and friction effects of compression testing are

avoided.

On the other hand there are certain disadvantages;

- Analysis of results is often relatively difficult, either because of the presence

of a stress gradient in torsion or of bending in direct shear.

By stress gradient it is meant that the induced shear stress normal to the torsion axis is
not uniform and varies from a maximum at the outer surface to zero at the axis. Many
different methods have been devised to overcome these difficulties. Probably most use
is made of hollow cylindrical test pieces in an effort to keep the stress differences
between the inner and outer surface small, but buckling becomes a progressively

greater difficulty as the wall thickness is reduced and length is increased.

Torsion tests were chosen for this work for of the following reasons.

- the limitations of the tensile test referred to earlier

- the difficulties and limitations encountered by Loh®1) when she tried to use
compression testing namely, the friction effect, availability of a machine and
problems with the technique, referred to earlier.

- the availability of a cold torsion machine at the University, which was
modified in order to carry out tests at elevated temperatures.

- the availability of computer packages such as Cricket graph with various
curve-fitting subroutines to help in interpreting the results obtained, and finally

- data obtained by tensile and compression tests were used in many theoretical
analyses with some limitations at certain temperatures or strains, i.e. the need

1o use torsion data in the analysis to establish the accuracy and limitations of

data obtained by torsion testing.
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All graphs obtained are represented mathematically by polynomials using the
aforementioned computer packages, and fed into the computer programs developed in

order to solve the upper-bound solution numerically.

6.2 Testing machine

The layout of the equipment used for the torsion testing at elevated temperature is
shown in fig.6.1, the machine used is an Avery testing machine equipped with four
scales for the torque measurement, they range from 170-1700 Nm, four speeds of

rotation are obtained, and these are 90, 30, 10 and 3.5 deg/min.

6.2.1 Torque measurement

A displacement transducer is fitted to the machine to replace the torque dial, in order
that a more accurate result is obtained and more important a signal which could be fed
into an analogue-to-digital converter; this enables the use of a computer to read and
record the instantaneous torque readings. The displacement of the static chuck is
proportional to the torque applied, this displacement is picked up by a system of
mechanical linkage which connects to a dial which registers the torque being applied to
the static chuck and hence to the sample. The reading on the dial is directly proportional
to the displacement of the last mechanical link. By placing a displacement transducer on
this link a direct correlation between displacement of the bar and torque can be
obtained, the signal from the transducer is fed into a computer equipped with an A/D
converter, this enables the continuous reading of the torque values, with the help of a

computer program written for this purpose.

6.2.2 Angle of twist measurement

The torsion machine has no built-in method of measuring the angle of twist which a
sample undergoes during testing. Normal methods of measuring twist, such as marking

the sample or the use of electronic type microscope vernier, reflective mirrors, etc are
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impractical, because of the presence of the furnace and the need to obtain an
instantaneous torque verses angle of twist readings. To achieve this, a thin disc with
180 slots was machined and located behind the rotating chuck fig.6.1. An optical
transducer which gives a reading each time a slot comes into view i.e. gives a reading
every 2°. The readings is fed into a computer equipped with an A/D converter, which
counts the number of slots and keeps a total of the angle the moving chuck has rotated
through. A supply of 5V, 0.5A from a stabilised power supply was fed to the
transducer. Depending on the time interval used in the computer program, torque and

angle of twist measurements were taken and retained for further processing.

6.2.3 Temperature measurements

The temperature was read by a K-type thermocouple, ( Cr-Ni, Al-Ni ). This type of
thermocouple gives readings accurate to one degree over arange of 20 - 1000°C. The
voltage from the thermocouple is fed into a digital unit which converts the voltage

readings into a temperature which is displayed on a digital readout.

6.2.4 Heating the sample
A small radiant heater is used to heat the specimen to the required temperature. It was
chosen because it was small in size to accommodate the specimens. The temperature is

controlled by altering the voltage supply to the heater using a variable voltage supply.

6.2.5 Clamps and specimens
Specimens size and clamps are shown in Appendix (A4) The clamps are made from
En&c which has similar properties to En8, they were austentised at 850°C for 1.5 hours

and then oil quenched, followed by annealing at 560°C for two hours and air cooled.

The heat treatment was carried out to harden the clamps particularly the internal screw

thread.
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6.3 Data transformation
The results obtained from the computer were in the form of torque (M) against angle of
twist, a sample of the graphs are shown in fig.6.2. The results in this form are of a little

use and are therefore transformed to shear stress, shear strain using the Fields and

Backofen equation.

=L fame g™, M (6.1)
27T dy dy

Y=1V & Y={V (6:2)
10 (o]

r = radius of the specimen y = angle of twist in radians

Y = shear strain = shear strain rate

¥
lo = gauge length of the specimen {TI = angular velocity

The term Y dM/dy has to be determined by graphical differentiation of the torque curve,
and 9dM/dyﬁ is obtained from the results of several experiments at different strain rates.

A double logarithmic plot of M against {? gives curves that very often can be assumed to

be straight lines. The following expression applies

n

M= M, |+ (6.3)
Yo

Mo = constant

Yo = constant

n = slope
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By differentiation

YEd—I\,/I—=nM

dy

and substitution

T = M3 3+——Y~.g—M~+n
2nr M dy

The term Y dM/dy is often ignored because otherwise the analysis of the experimental

results becomes too tedious i.e.

M

T = s 3+ m+ n)

20T

where m and n are the slopes of curves of In M versus In ¥ and In M verses In oy

respectively, and m is taken as zero. This gives the more usual expression

M

3
27T

1= (3+ n) (6.4)

when investigations are not carried out at different speeds the n values are ignored and,

the analysis then gives;

1= M 6.5)
2T

equation (6.5) gives an underestimation of the shear stress, at large strains this usually
amounts to less than 10%. In the present work equation (6.4) is used to obtain the
shear stress value from the torque versus angle of twist for various values of n, but

when these values are negative equation (6.5) is used instead. Values of n obtained for

the three materials tested are shown in table (6.1).

The shear stress, strain and strain-rates determined from the torsion test have to be

converted to the equivalent uniaxial values. According to the shear stress hypothesis;
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_ Y :
o=2T . 0=35 . ¢=1 (6.6)

and, from the shear strain energy criterion

o =13t ¢=VY_3— . o=-L (6.7)

where ©gis the flow stress

6.3.1 Sample transformation

A sample transformation of results obtained by testing boron steel samples at three
different speeds are presented in this section, the results obtained from the graphs of
fig.6.2.The tests are carried out at three rates of twist and these are, 90, 30, and

10 deg/min. Equation (6.4) is used to transform torque values into shear stress as

follows;

M

3
27T

T = (3+m+n)

where m is assumed to be zero and n is found from the gradient of the steady state
value of the logarithmic plot of torque verses strain-rate plotted at a constant angle.
From fig.6.2. the steady state region of the graph is noted in relation to the angle of
twist. For each temperature and angle of twist, the torque is read from the three graphs
representing the three rates of twist. A plot of the natural log of this value against the
natural log of the strain-rate at the chosen angle of twist is performed. A straight line 1s
plotted and a value of n was found. The curves used to find n are each plotted with
three different sets of angle of twist values to give an averaging effect. The temperature
of 800°C is chosen for this example. Fig.6.3. shows a sample of these graphs used to

find the values of n, the angles of twist chosen for this example are 1000°, 2000° and

2500°.
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Using equation(6.2), shear strain-rate is used instead of strain-rate, since only the

gradient is required and the transformation will not effect the gradient of the line.

3

v (6.2)

T

Y=1 Vv & Y=
¢}

o'_'l —

wherer = 3mm &1, = 76.2 mm

the following conversion is obtained;

Rate of twist Angulalj' yelocity Shear sgf%inl;rate Invy

deg/min : \Tf | {}
90 0.0262 1.03 * 103 -6.88
30 8.723 * 10-3 3.435 ¥ 1073 -7.98
10 2.908 * 1073 1.145 * 10-3 -9.07

The value of the torque and angle of twist at the shear strain-rates obtained represented

as follows
Angle of twist 1000 2000 2500
Iny M mM| M| mM | M InM
6.88 2016 | 0701 | 1.969| 0.678 | 2.015| 0701
798 1420 | 0351 | 1.466| 0383 | 1.420 | 0351
907 | 1191 | 0175 ] 1237] 02131232 | 0208

From fig.6.3. three values ar¢ obtained for n, in all cases the average value is used for

the data transformation, for

this example the average value for n is 0.225. Using

equations (6.4), (6.6) and (6.7), the transformation from torque to shear stress is as

follows;
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M

27T

T = s (3+ n) (6.4)

Cp= 121 or 0f=\/§r

An average value is used to convert the shear stress into flow stress by using

2+¢3
Gf: 5
1.87 M
= 3 (3+n) where r = 3 mm
2 nr
G; = 11x10° M(3+n| (6.8)

For this example n =0.225

G, = 35.5x10° M

The transformation from angle of twist to shear strain is given by equation (6.2), and
the transformation from shear strain to normal strain is given by;
(6.9)

€ = or € =

|2

e
V3
An average of the two values is used as follows

Y = r\p where 1, = 76.2 mm

v= 687x10" v
Y, X
(2‘“@)

£ =

2
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e=37x10"y 6.10)

Equations (6.8) and (6.10) are used to transform all experimental results into flow

stress, strain curves. Figs.6.4 - 6.12.

If the rates of twist are converted to shear strain-rate using equation (6.2), and

converting this value of shear strain-rate to normal strain-rate by using

-y -y
€ =3 or =3
i.e. an average of
Y Y
—_— 4 —
; (2 V?)
€ = ————-—2————— (6.11)

Using the y obtained earlier for the rate of twist of 90, 30, and 10 deg/min and using

equation (6.11), then strain-rates in 5”1 obtained are as follows;

3 o

Y €
90 103 x 104 5.55 x 1074
30 3.435 x 10 1.85 x 104
10 1.145x 104 0.62 x 104

6.4 Discussion of results

Studying the flow stress, strain curves given in figs.6.4 - 6.12, a number of

observations can be made, these are;

167



when experiments performed at low temperatures, the curves are closely
spaced. This is because the stress-relieving mechanisms do not have enou gh
energy to activate them, therefore strain-rate has little effect upon the

results of the flow stress.

at higher temperatures, 500°C and above, the curves begin to loose their
shape and fluctuations occur in the flow stress.

in general, higher strain-rates give higher flow stresses but in some cases this
is not always so, due to the combined effect of temperature and strain-rate on
the flow stress. Increasing temperature will cause the flow stress to decrease,
while increasing the strain-rate causes the flow stress to increase. The effect of
these two factors combined does not have a linear effect, so in some instances
the lower strain-rate will give a higher flow stress than the higher strain-rate.
comparing the flow stress with the temperature, for all materials tested, the
flow stress falls slightly as the temperature is raised from 20 - 200°C, then
the flow stress rises to its higher value at 400°C. Above 400°C a significant
drop in the flow stress is obtained. At 800°C the value of flow stress is less
than 10% of the value of flow stress for the samples tested at normal
temperature.

the values of strain, drops significantly, by approximately 50%, as the

temperature increases from 20 - 400°C. As the temperature increases, the
values of strain start to rise again and at 800°C the strain is approximately the

same as it was for the samples tested at normal temperature.

6.5 Conclusions

Using a specimen of fixed geo

the results from a t

from 20 to 400°C gives a slight decrease

metry and applying the Fields and Backofen equation to
orsion test is a relatively simple method of determining the flow

materials. The graphs of figs.6.4 - 6.12, show that increasing the temperature

and then an increase in flow stress and a
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significant reduction in strain, (approximately 50%). Above 400°C the flow stress falls
sharply with increasing temperature, at 800°C it is less than 10% of it is value for
samples tested at normal temperature. Above 400°C the strain increases with
temperature until 800°C, then the strain values are approximately the same as those for
tests carried out at normal temperatures. This decrease in flow stress and increase in

strain at high temperatures is caused by dynamic recrystallisation which is a thermally

activated at above 500°C for steel.

The effect of strain-rate on the flow stress and strain is small below 400°C, but above
this temperature the effect is significant because the strain-rate at higher temperatures

dictates how long the material has to recrystallise and relieve the internal stresses.

To conclude, all graphs of figs.6.4 - 6.12, will be mathematically transformed into
polynomials and fed into the computer programs developed, as discussed in Chapter
three, in order to enable the estimation of flow stress and its distribution. in the
deforming zone. The effect of strain-rate will be considered for results of 500°C and
above, since the effect of strain-rate below 500°C is negligible. Test results above
500°C will be re-plotted, taking into consideration the opposing effect of strain-rate and

temperature by using, the velocity modified temperature expression figs 6.16 - 6.18

discussed in Chapter one.

£
T,=T|1-kIn—
80

Graphs of Tm versus flow stress for various strains and strain-rates are presented in

figs. 6.13 - 6.15. These graphs are represented mathematically by polynomials and are

fed into the computer program discused earlier.

169



MATERIAL
Temperature | Boron steel Medium carbon steel Mild steel
20 0.0086 0.0026 -0.0247
100 0.0701 -0.0019 0.0773
200 -0.028 -0..0509 -0.1174
300 -0.0173 -0.0598 -0.0575
400 0.020 0.0061 -0.0061
500 0.1757 0.0081 -0.0303
600 0.4095 -0.1209 0.0148
700 0.2446 0.160 -0.3059
800 0.2249 0.157 0.3021

Table.6.1. values of n for the three materials tested.
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Fig.6.2. Graph of Torque versus angle of twist for boron steel.
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Chapter Seven

7.0 Experimental Technique, Procedure and Results

7.1 Introduction

The experimental investigation for the polygonal section drawing from round at
elevated temperatures was divided into four series of tests, the preliminary trials, final
tests, metallographic examinations and mechanical testing of samples drawn at different
temperatures and reductions of areas. The objectives of the preliminary trials were not
only to gain familiarity with the machine and instrumentation, but also to establish a
procedure and to study the optimum die geometry needed to produce a successful shape
with the least work done. The main body of tests was to investigate the validity of the
theory of polygonal drawing from round at elevated temperatures, developed in
Chapter three, to predict the drawing stresses at elevated temperatures. Metallographic
and mechanical examination of samples drawn at different temperatures and reductions
of area, to study the effect of varying these parameters on the microstructure and the

mechanical properties of the drawn samples.

7.2 Preliminary preparation

- The wire was initially swaged, using a rotary swager, to enable the wire to be
threaded through the die. It was swaged down to different diameters
depending on the degree of reduction of area and the toughness of the
workpiece material used. In some tests, the wire was swaged five different
times to different diameters to provide, at the start of the drawing operation, a
gradual transformation from round to the particular section produced. When
the final swage had been reached, the workpiece materials had sufficient
strength to pull the undrawn wire through the die, achieving a high reduction

of area without breaking taking place.
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- preparing the lubricant mixture; a fixed proportion of two volumes of soap
solution was added to one volume lubricant, and stored in a large drum to be
used throughout the testing to ensure uniformity of lubricant. A quick drying
solvent such as Toluene is sometimes mixed with a number of the lubricants
used in the preliminary trials which were conducted to decide on the type of
lubricant to be used for the main tests. Before each test, the lubricant was
thoroughly mixed and some poured into the lubricator.

- the drawing die to be used was cleaned ultrasonically in the proprietary agent
Inhibisol and examined, before being mounted in the die holder.

- at this stage, with everything in position, it is not necessary to check the
loadcell su‘pply voltage, because the voltage is fixed at 12.5 V, which is the
maximum for the amplifier used. The computer program was loaded into the
disc dﬁve and run, to display an initial reading of various quantities existing
on the A/D converter channels before testing takes place. A check of the
various instruments used was then made, to make sure that they all function
well. Bridge balancing is carried out by the software, which uses an offset

value to account for and re-balance the different values obtained.

7.3 The drawing technique

The wire sample was threaded through the roller straightener, lubricator, induction coil
and into the drawing die. The swaged end was pushed through the die and gripped in
the jaw of the bull block. The undrawn wire held between the die and roller straightener
had been straightened. This enabled better alignment of the wire in the induction coil
and lubricator, and the focussing of the optical fibre. The optical fibre was focussed on
the wire using a light source and it was then re-connected to the thermal monitor. The
water supply was turned on, to cool the die during testing. Atomised water was

switched on to cool the wire as it leaves the die. The lubricator pump was switched on

to mix the lubricant.
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Before the start of the drawing tests, all the equipment was switched on for warming
up and stablising, these include, "the induction heater, amplifier, computer, and
compressors” then set to the correct requirements. The bull block was started, the wire
was allowed to run for several turns of the swift, and then stopped in order to check
that the infra-red detector was correctly focussed on the wire, the bull block was then
re-started, followed immediately by the induction heater, which was already set at the
approximate desired temperature. When the desired temperature was reached, the
computer was set to capture data for a specified time interval. The induction heater was
switched off and the wire was allowed to run for two turns at ambient temperature,
then the bull block was stopped. The drawn wire was marked using marker tape. The
.emissivity value and power input were adjusted for the next desired temperature. A
print out of the average values of speed, temperature, and load are available at this
stage. By the input of relevant information a complete test result is obtained

immediately, a sample test result is shown in Appendix (A3).

The drawn wire was cut off, labelled and stored for further mechanical testing and

metallographic examinations.

7.4 Experimental and theoretical results

The following section represents some of the experimental results carried out using
various test piece materials, die geometries, die materials and lubricants; these are
represented by figs.7.1-7.24. Theoretical results obtained are represented by

figs.7.25 - 7.73 and Tables 7.1 - 7.5.
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Fig.7.1. Variation of experimental drawing stress with temperature and reduction
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Fig.7.2. Variation of experimental drawing stress with temperature and reduction

of area using die designed by Basily.
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Drawing stress (N/mm”2)

Drawing stress (N/mm”\2)
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Fig.7.3. Variation of experimental drawing stress with temperature and reduction
of area using the modified die design.
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Fig.7.4. Variation of experimental drawing stress with temperature and reduction
of area using die designed by Basily.
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Drawing stress (N/mm”\2)

Drawing stress (N/mm*"2)

Mgiterial : medium carbon steel
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Fig.7.5. Variation of experimental drawing stress with temperature and reduction

of area using the modified die design.
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Fig.7.6. Variation of experimental drawing stress with temperature and reduction

of area using die designed by Basily.
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Fig.7.7. Variation of experimental drawing stress with temperature and reduction

of area using tungsten carbide and Stellite as die materials.
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Fig.7.8. Variation of experimental drawing stress with temperature and reduction
of area using tungsten carbide and Stellite as die materials.
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Drawing stress (N/mm”2)
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Fig.7.9. Variation of experimental drawing stress with temperature and reduction
of area using the modified die design.
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Fig.7.10. Variation of experimental drawing stress with temperature and reduction
of area using the modified die design.
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Drawing stress (N/mm*2)

Drawing stress (N/mm”2)

500

400

3 N . 3 z -
Die m:gtenal : chromium carbide
Material : medium carbon steel
Section : hexagon

6%

200

DAOQ/,
ZJ/8

24%
32%

YEY

.

\\
“INT
e

k:_;.\h\n\\ 1
\E\-—ﬂ
0 L
0 200 400 600 800

Fig.7.11. Variation of experimental drawing stress with temperature and reduction
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of area using the designed die.
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Fig.7.12. Variation of experimental drawing stress with temperature and reduction
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of area using the modified die design.
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Fig.7.17. A demonstration of the effect of die geometry on drawing stress,
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Fig.7.19. Variation of experimental drawing stress with temperature and reduction

of area using chromium carbide dies.
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Fig.7.20. Variation of experimental drawing stress with temperature and reduction

of area using syalon dies.
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Fig.7.21. Variation of maximum stress and proof stress with temperature

for a square section, results obtained by tensile testing.
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Fig.7.22. Variation of maximum stress and proof stress with temperature
for a square section, results obtained by tensile testing.
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Fig.7.23. Precentage reduction in flow stress, compared with that at room

% Reduction in drawing stress

temperature. Results obtained by torsion testing. The scatter band
for each temperature covers three different steels, tested at three
different strain rates.
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Fie.7.24. Precentage reduction in drawing stress, compared with that at
8 room temperature. Results obtained by polygonz}l drawing. The
scatter band for each temperature COvers three different steels,
three polygonal sections and three die designs.
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Fig.7.25. Variation of drawing stress with temperature, comparison of experimental

and theoretical results for various coefficients of friction.
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Fig.7.26. Variation of drawing stress with temperature, comparison of experimental
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~ 1000
Coeff. of fricti
> 800 1% - 1; -
% o X 0.1
£ 60 e \\\\ 802
v =G : 803
ob 4 : + Exp.
=
=400
a \
200 N
50%
0 ! ”
0 200 400 600 800

Temperature © C

1000

Fig.7.27. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.28. Variation of drawing stress with temperature, comparison of experimental

and theoretical results for various coefficients of friction.
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Fig.7.29. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.30. Variation of drawing stress with temperature, comparison of experimental

and theoretical results for various coefficients of friction.
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Fig.7.31. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.32. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.33. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.34. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.35. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.36. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.37. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.38. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.39. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.40. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.
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Fig.7.41. Variation of drawing stress with temperature, comparison of experimental
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and theoretical results for various coefficients of friction.
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Fig.7.42. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction.

205

1000




1200 ol Hel itk
Temperature : 20 ° C
$
Material : mild:steel
c’((f 1000 Section : square
g /
Z 800 /’ / Coeff. of frction
o B o
B 00 -/,//a -
ED ////B" g 0.3
% B,,_// - Exp.
‘Q-‘ 400 P
200
0
30 40 50 60
Reduction of area (%)

Fig.7.43. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.
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Fig.7.44. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.

206



1200

1000

800

600

Drawing stress (N/mmA”2)

0

Temperature : 200 °C
H
Material : mild steel
Section ; square
_‘_'_’_‘_‘—"“-
//P
.,/, Coeff. of friction
‘M—/ﬂ‘*——'—'—’__‘_? 0
3¢ 0.3
—I——‘_'-—’é -
;""_‘—Eﬂ/ 703
Exp.
//’
-’-‘/
30 40 ) 50 60
Reduction of area (%)

Fig.7.45. Variation of drawing stress with reduction of area, comparison of
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Fig.7.46. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.
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Fig.7.47. Variation of drawing stress with reduction of area, comparison of

experimental and theoretical results for various coefficients of friction.
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Fig.7.48. Variation of drawing stress with reduction of area, comparison of
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Fig.7.49. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.
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Fig.7.50. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.
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Fig.7.51. Variation of drawing stress with reduction of area, comparison of

experimental and theoretical results for various coefficients of friction.
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Fig.7.52. Variation of drawing stress with reduction of area, comparison of
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experimental and theoretical results for various coefficients of friction.
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Fig.7.53. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.

800 Materiél : medium cz;rbon steel
Temperature : 400 ° C
700 Section : square
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600 L \\-
Coeff. of friction
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Fig.7.54. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.
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Drawing stress (N/mm~*2)

Drawing stress (N/mmA2)

700 —_—
Material : medium carbon steel |
600 Tempera}urg: 500 ° c
Section: square
500 ——
/,a—--""""" Coeff. of friction
400 i e R
T X 0.1
300 e S B_03
a//—a— - Exp.
200
100
0
30 40 50 60
Reduction of area (%)
Fig.7.55. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.
600 Material : medium carbon steel
Temperature : 600 ° C
500 Section : square -~
400 Coeff. of friction
P o Koo GrFovonnd
300 / / a 03
== Z Exp.
200 :;/..-—45-
100
0
30 40 50 60

Reduction of area (%)

Fig.7.56. Variation of drawing stress with reduction of area, comparison of

experimental and theoretical results for various coefficients of friction.
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Material : medium carbon steel |
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1200 Temperaturé:20=° C
§ Section : hexagon ]
g 1000
Z.
& Coeff. of friction
2 800 ot
B //:/' X 0.1
2 600 — =7 e
S I semt = -2 N
200
0
20 30 40 50
Reduction of area (%)

Fig.7.57. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.

1200 Materiz;l : medium cz;rbon steel
Temperature : 200 ° C
3
& 1000 Section : hexagon -
<
z
=il
% 800 = Coeff. of friction
4 o 0
5 P .
» 600
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=400 — —
A Y " i d
200
0
20 30 40 50

Reduction of area (%)

Fig.7.58. Variation of drawing stress with reduction of area, comparison of
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experimental and theoretical results for various coefficients of friction.



Drawing stress (N/mm?2)

Drawing stress (N/mm*2)

900

Material : medium carbon steel e

800 >Temperat_ure(: a00°Cc )
. Section : hexagon
700
600 . Coeff. of friction
500 e
) / X 0.1
Ve 7 o2k B3
Xp.
300 '"“"‘“"“““""““‘r"’_'__'___,_,“"'"aﬁ:;gé;;;;;;?‘*'
| e
200
100
0
20 30 40 50

Reduction of area (%)

Fig.7.59. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.

Material : medium carbon steel
1000 Temperature : 2‘0 °C
Section : octagon
800 /
/ Coeff. of friction
s .0
600 / X 0.1
/ B 0.3
A //}/ Exp.
400 ./,-/’;/ P
200
° 40 50
20 30
10 Reduction of area (%)
Fig.7.60. Variation of drawing stress with reduction of area, comparison of

experimental and theoretical results for various coefficients of friction.
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Drawing stress (N/mm”2)

Drawing stress (N/mmA2)

1000

800

600

400

200

0

Material : medium carbon steel
Temperature : 200 ° C
5 3
Section : octagon
Coeff. of friction
4 4
/ g 0
/ X 0.1
/./ # 0.3
//:/5/7 EXP‘
%/
P catl
10 20 30 40 50
Reduction of area (%)

Fig.7.61. Variation of drawing stress with reduction of area, comparison of
experimental and theoretical results for various coefficients of friction.
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Material : medium carbon steel
Temperature : 400 ° C
£ £

Section : octagon

/ Coeff. of friction

/ a0
Koo et

%7 " e

==

10

20

30
Reduction of area (%)

40

Fig.7.62. Variation of drawing stress with reduction of area, comparison of

experimental and theoretical results for various coefficients of friction.
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. Mé,teriﬁl“: miid*steei

Section : square

(<\] 800
E . o Coeff. of friction
% _/'f’/"\ o 0
% 600 = 2 R
,qé i \ B 02
s M °® 03
2 400 \ Exe,
] ——
Q d
200 \\
36.4%
0 T
0 200 400 600 800

Temperature © C

Fig.7.63. Variation of drawing stress with temperature, comparison of experimental
and theoretical results for various coefficients of friction, modified results.

1000

1000

1000 ]\/faterial : mediun; carbon steel
| \\ Section : square
‘<\‘ 800
g ] Coeff. of friction
Z, B0
2 600 S 2K
) B 0.2
E | \ ¢ 0.3
o0 E
=) N\ XD.
T 400
() ) \
200
36.4%
O Y L
0 200 400 600 800

Temperature °© C

Fig.7.64. Variation of drawing stress with temperature, comparison of experimental

and theoretical results for various coefficients of friction, modified results.
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Stress (N/mm?”2)

Drawing stress (N/mm”2)

SRl
coet‘f of friction: 0.1
Temperature 20 2ic
400 Section : sq uare
300
friction losses
200 36.34%
shear resistance
100 g
S
/‘4 ’_'*'A
0 $=F— M . . -
0 2 4 6 8 10 12 14 16 18 20
Die semi-angle (degree)
Fig.7.65. Portions of the drawing stress to overcome resistance.
2000
Materlal medlum carbon Steel
Temperature 20 C
Sectlon square I
1600

Coeff. of friction

| 0

o h \\ 364% & O

0.2

0.3
b\w.& i
800 \
1‘\‘]\3‘\{’
2§
400
O Y Y ¥ 13 ¥
o 2 4 6 8 10 12 14 16 18 20

Die semi-angle (degree)

Fig.7.66. Variation of drawing stress against die semi-angle for various

Values of coefficient of friction.
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Drawign stress (N/mm”2)

Drawing stress (N/mm?2)

1600

Ma_terial : medium carbon steel

1400 A Temperature : 200 °C
4 \ Section : square
1200 . \ §
i Coeff. of friction
1000 i\ \F\_
. 0.1
800 i \ 36.4% 0o
| T 1
600 ‘
3
400
200
0 Y v v v v v v
0 2 4 6 8 10 12 14 16 18 20

Die semi-angle (degree)

Fig.7.67. Variation of drawing stress against die semi-angle for various
Values of coefficient of friction.

700 R H ¥ H
) Material : medium carbon steel
\ Temperature : 500 ° C

600 oction © S
"\\‘\ Section : square

500 Coeff. of friction
4

400
El\{

300 >

200
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0 v

4 6 8§ 10 12 14 16 18
0 2 Die semi-angle (degree)

Fig.7.68. Variation of drawing stress against die semi-angle for various
Values of coefficient of friction.
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Fig. 7.69.  Theoretical results for various draw spee
constant friction factor of 0.1) after Loh On.
1200{
+—2 Cenerated resultp
e—9 Dean’s cesults
1080 Strain rate: 12 ¢°%
960
/ e ¢
840
' o/. :} :
) /'/ﬂ
o 20 / /// e
— PR wed ¢
= 600 / i l—
.42 /./‘
g 480 =
E_' )"__‘_____._—-o————-——-—- 189 (
T T e,
360 — e
././_.__._—o————————' 88 C
240 r —
’/g/_o__’—. @0 18§ ¢
120}
oy . o 48 ¢
0 01 02 03 04 05 06
Natural strain
Fig. 7.70. The generated stress-srain curves for medium carbon steel after Loh (91)
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