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ABSTRACT

A NOVEL TECHNIQUE FOR TUBE SINKING

M. I. PANWHER

A new technique for tube sinking has been developed which should,
in a number of ways, help to solve the problems associated with
conventional tube sinking processes, eg die wear and the need for
a swaged down leading end for easy insertion through the die.
The conventional reduction die is altogether replaced by a die-
less reduction unit of stepped bore configuration. The deforma-
tion is induced by means of hydrodynamic pressure and drag force
generated in the unit due to the motion of the tube through the
viscous fluid medium (polymer melt). The dimensions of the die-
less reduction unit are such that the smallest bore size is
dimensionally greater than the nominal diameter of the undeformed
tube, thus metal to metal contact and hence wear, should no
longer be a problem. As no conventional reduction die is used,
the need for a reduced diameter leading end is also eliminated.
Experimental results show that greater reduction in tube diameter
and the coating thickness were obtained at slower drawing speeds
(about 0.1 m/s). The maximum reduction in diameter noted was
about 7 per cent.

Analytical models have been developed, assuming with Newtonian
and non-Newtonian characteristics of the pressure medium, which
enabled prediction of the 1length of the deformation =zone,
percentage reduction in diameter and drawing stress. In the non-
Newtonian analysis account was taken of the pressure coefficient
of viscosity, derived from the available data; the limiting
shear stress, which manifests itself as slip in the polymer melt

~ and the strain hardening and the strain rate sensitivity of the

tube material.

The percentage reduction in diameter predicted using the
Newtonian analyses appear to differ considerably from the
experimental results both in trend and magnitude. Non-Newtonian
analysis predicted theoretical results which are.much closer to
the ones observed experimentally.
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CHAPTER 1 : INTRODUCTION

1.1

The Tube Sinking Process

The tube sinking (or Hollow-Sinking) is a well known and common
process for reducing the diameter of the tube without any sig-
nificant change in the wall thickness. In this process, a tube is
pulled through a tungsten-carbide reduction die and the material
deforms plastically whilst passing through the die. In this case
the die acts primarily to reduce the tube diameter to a specific
size with an acceptable surface finish. The process is illustrated
schematically in Fig(1l)s Its main functions are:

(i) to reduce the tube diameter,

(ii) to modify the mechanical properties of the material,

(iii) to obtain a closer tolerance on the outside diémeter, and
(iv) to improve the degree of surface finish.

Compared with tube drawing, in which a mandrel (or Plug) is
inserted in the die to govern the final thickness of the drawn
tube, the hollow-sinking method generally gives a heavier draf‘t.l’2
A standard design of industrial die profile usually lies between 20
and 40 degrees, and possible reduction in area at each die varies
from about 10 to 40 per cent. In industrial tube sinking practice,
lubrication is used to reduce the drawing load and die wear and
hence improve the machine life and surface finish of the product,
but still there is high friction due to metal contact.

There is no unified opinion on the nature and the mechanism of
surface friction.3 It is, however, obvious that the surface
friction, developing between the tool and the product under
conditions of plastic deformation at high pressures and temp-
eratures, possesses a nature and mechanism of action rather

different from the friction occurring in other processes.



Let us briefly examine the difference between dry, boundary and
fluid friction from the standpoint of their action on the surface
of the product being worked. In dry friction, there should be no
foreign interlayer between the rubbing surfaces moving relative to
one another. Kragel et 313 have expressed the opinion that surface
friction is only possible with a positive gradient of mechanical
properties as the depth increases; in other words, if there is a
soft layer on the surface of the material. Hence the classifica-
tion of friction into dry and boundary types is a mere convention.
Boundary friction pre-supposes the presence of a lubricant film
between the friction surfaces. Generally two types of lubrication
are used in the tube sinking process. These are (i) liquid
lubrication and (ii) solid lubrication. Both the liquid and solid
lubricants are employed in metal working processes involving
generation of pressure at the interfaces. The mechanism of the
action of these lubricants under boundary lubrication conditions is
to form a film on the friction surface. Liquid lubricants must
possess surface active properties, ie the molecules of the
lubricant must be capable of absorption on the surface atoms of
metals.

The strength of a boundary film of lubricant is sometimes
inadequate, because of the high stresses (specific pressures) and
temperatures during drawing, to fully separate the rubbing
surfaces. An essential condition for the existence of the
qualitatively different hydrodynamic friction is the pressure of
the layer of lubricant? which is capable of keeping the friction
bodies apart. Fluid conditions during drawing can be produced by
delivery of the lubricant to the deformation zone under a certain
pressure. Such a method was proposed by Milliken.4 In this

method, oil at high pressure was fed into a special device.
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1.2

Background Literature To Die-less Drawing

In 1955, Christopherson and Naylor5 presented a paper which showed
a method of reducing friction in wire drawing by hydrodynamic
lubrication. It had been assumed that friction in conventional
wire drawing was of a boundary nature and that a change of mode to
hydrodynamic lubrication should greatly reduce friction (see Fig 2)-
Wistreich6 conducted experimental work on forced lubrication based
on a pressure tube system. Soap powder was used as the lubricant
in a short nozzle which was attached to the entry side of the die.
The experimental results showed that the speed, temperature and the
tube gap had a direct effect on the property of the film thickness
produced. He also showed that when the soap powder was replaced by
0il, an increase rather than the decrease of film thickness was
observed. (The schematic diagram of the BISRA unit is shown in
figure 3), but all these experiments were carried out on wire
drawing.

In 1961 the first tests were conducted on tube sinking under
conditions of hydrodynamic lubricatio&i On the basis of the
experience of wire drawing under hydrodynamic conditions, the
equipment shown in Fig{4)was employed. In contrast to similar
devices for wire drawing, there was no seal between the nozzle and
the die, because the lubricant pressure in tube sinking was much
lower. Soda-soap powder was used as the lubricant. The tubes were
drawn on chain type draw benches at a drawing speed of 0.17 - 0.58
m/s.

It was necessary, however, to provide a leader (or swaging) to the
full size tube in order to induce effective lubrication at the

starting condition. Nevertheless some die wear was still present.



A further development7 in tube sinking under conditibns of hydro-
dynamic lubrication was a device consisting of a system of dies,
which acted as a nozzle (see Fig 5).

This device consists of working and delivery dies, contained in a
special casing. The delivery dies perform the function of a
nozzle, ie serve to feed the lubricant into the deformation zone
under pressure. In this process deformation was taking place
before the die, and the die itself was working as a seal. The
arrangement of the unit was in such a way that a die (seal) just
smaller than the nominal tube diameter was placed before the main
die and the gap between the delivery dies was filled with
lubricant. As the volume of the lubricant increased in the gap,
the pressure increased to a point that hydrodynamic lubrication was
achieved.

Although a different way of true lubrication was introduced, never-
theless, the important problems in the tube sinking processes
remained unsolved. For the majority of lubrication purposes, soda-
soap powder and 0il are selected for their flexible properties, but
very recently, attention has been drawn to the use of high viscous
materials as lubricant agents at areas where particularly high
loads are applied. Non-Newtonian lub£icant5 have been previously
investigated for Journal Bearings8 and it has been found advan-
tageous to bearings subjected to oscillatory loads which induces
fatigue loading.

A programme of research has been undertaken at the Sheffield City
Polytechnic with a view to introducing alternative lubricating
systems in wire drawing which would have very different
characteristics from those currently in use. It has been shown
that a pressure tube based on the work of ref"erence'5 improved some
of the operating characteristics when polymer melt was Qsed as a

lubricant.



The use of a polymer melt as a lubricant in wire drawing was
suggested by Symmons and Thompson9 to investigate the adherence of
the polymer coat onto the drawn wire. Although hydrodynamic
lubrication of wire was claimed to be achieved successfully, the
adhesion between the wire and the polymer was reported to be
unsatisfactory.

Stevens10 conducted a limited experimental work in wire drawing and
polymer melt lubrication investigating the coating properties of
the polymer. Practical results showed a decrease in the coating
thickness with increasing speed which gave some correlation with
his Newtonian solution.

Cramptonll carried out an in depth study of the wire drawing
process based on the similar unit adopted by StevenslU again using
polymer melt as a lubricant. The apparatus consisted of a pressure
tube connected to the forward end of a conventional die. The
polymer melt was dragged into the tube by the motion of the wire,
generating high pressures which resulted in hydrodynamic lubrica-
tion and coating of wire during the drawing process. A section
view of the unit is shown in Fig(6). On the basis of experimental
evidence it was apparent that the deformation of the wire commenced
in the tube itself before reaching the reduction die, which
effectively acted only as a seal. Under these conditions the die
geometry becomes of secondary importance and deformation actually
takes place as if an effective die of continuously changing die
angle is being used.

Furthermore, experimental work carried out by Hashmi et allz"14
showed that effective reduction of the wire should be possible
using a polymer melt in conjunction with a stepped bore tubular
unit only, the least diameter of the stepped bore reduction unit

‘being greater than the nominal wire diameter.
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1.3

Present Project And Its Aim

A new technique-of tube sinking, using a stepped bore unit, is
developedb based on the works reported in references {9-14) in
relation to wire drawing. This new technique would be useful in a -
number of ways in solving the problems associated with the
conventional tube sinking process, eg die wear and the need for a
swaged down leading end for easy insertion through the reduction
die. The results of the initial research on tube sinking led to the
suggestion that under special conditions, it may be possible to
eliminate the conventional die from the tube reduction unit ana yet
generate enough pressure within the die-less reduction unit (DRU)
to deform the tube. The smallest bore size of such a device is
dimensionally greater than the nominal tube diameter, thus metal to
metal contgct and hence wear, would no longer be a problem.

As no conventional reduction die is used, the need for a reduced
diametef leading end is also eliminated (shown in Fig 7). The
polymer melt, in addition to acting as a pressure medium, is found
to form a coating on the drawn tube. This coating is thought to be
useful in protecting the tube against corrosion.

Exploratory experimental work has been carried out to investigate

~ the performance of this new system. Initial research on the new

system showed certain limitations as follows:

(1) >In the case of thin wall tube being drawn.at slower speeds
and using polymer melt at lower temperatures, buckling
(folding) was apparent. This buckling disappears at
higher drawing speeds, producing smaller reduptions in
diameter (pesults are shown in Appendix 1).

(ii) In the case of thicker wall tube, reduction in diameter
may only be obtained at very slow speeds. This could be
the effect of the phenomenon referred to as the slip

6



(iii)

condition, where at a certain speed, the value of the
shear stress acting on the tube reaches a maximum and
remains constant, irrespective of the increase in speed.
These rheological effects and their consequences are
discussed in detail in Chapter 2.

At higher drawing speeds the performance of the unit, in
terms of the obtainable reduction in diameter and coating

thickness, decreased.

Since the design and manufacturing of the stepped bore reduction

unit proved simpler, extensive experimental and theoretical work

was carried out for this unit.

The objectives of the present work are:

(a)
(b)

(c)

(d)

To investigate the performance of the unit in detail.

To provide a mathematical model of the process account of
the detailed rheological and metallurgical properties of
the pressure medium and the tube.

To examine the correlation between the experimental and
theoretical results.

To investigate other meéns of improving the process in

order to make it more acceptable to industry.
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CHAPTER 2 : RHEOLOGY OF POLYMER MELTS

2.1

2.2

Introduction

Rheology can be defined as the science of the flow and deformation
of materials. In this work, however, the meaning of rheology will
be restricted to polymer melts. Polymers generally consist of very
long molecular chains, the bonding between the molecules is cross-
linking which is referred to as thermo-setting polymers. The
forces of attraction between the molecules is the Van der Waals
forces and polymers with this type of bonding are commonly called
thermo-plastic polymers. A useful image of the structure is a mass
of randomly distributed long strands of sticky wool. When the
polymers are heated the inter-molecular forces are weakened so that
they become soft and flexible ana eventually, at high temperatures,
it is a viscous melt. If the stress applied together with a
temperature increase is high enough to overcome the Van der Waals
forces, a relative molecular motion takes place causing the polymer
to flow. The type of flow will depend on the mobility of the
molecular chains and the forces holding them together. In
thermoplastic polymers long molecules take up a non-random
configuration under the stress which would be partially recovered
when the stress is removed. The thermosetting polymers show
distinct brittle behaviour. The flow characteristics of polymer
melts are very different to those of conventional lubricants such
as oil. In this chapter, discussions are made of flow character-
istics of the polymer melts, which are influenced by many factors
in relation to the present work.

The Effect of Temperature on Viscosity

An increase in the temperature of a molten polymer decreases
viscosity by varying extents, dependent upon the type of polymer.

Figure (8) shows typical changes in viscosity against the reciprocal

13



2.3

of absolute temperature at zero shear rates. The slope of each
line is a measure of the activation energy for each polymer. A
temperature increase in polymers with higher activation energies
has more deterioration effect on viscosity compared to those of
lower activation energies. Polyethylene, which is the most non-
polar of the materials shown, has a very low activation energy
because the forces between the chains are very weak. Dienes28
suggested that as the temperature increases, the molecular arrange-
ments within the polymer changed more towards a random
configuration, making it easier for the polymer to flow at higher
temperatures.

Polymers used for the experimental tests in the present study were
of low density polyethylene (Alkathene WVG23) of 0.913 specific
density, polypropylene (KM61). with specific density of 0.908,
Rigidex and polystyrene with specific densities of 0.490 and 1.04
respectively. Figure (9) shows the variation of viscosity with
temperature for the four polymers at zero shear rate. These graphs
do not represent the complete behaviour since viscosity measure-
ments are affected by pressure, shear rate, temperature etc. and it
is necessary to include these effects on viscosity of polymer
melts.

The Effect of Shear Stress and Strain on Viscosity

An outstanding characteristic of polymer melts is their non-
Newtonian behaviour whereby the apparent*viscosity decreases as the
rate of shear increases. Figures 10 to 13 show the effect of shear
rate on viscosity where the influence of temperature may be
noticed. These curves were produced by extruding polymer melts
(Alkathene WVG23, .polypropylene KM61, Rigidex (HDP) and Poly-
styrene) through an extrusion rheometer at different temperatures.

A non-linear relationship is seen to exist between shear stress and

14
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2.3.1

shear rate. The viscosity of the polymer may be calculated at any
known shear rate by measuring the slope of the curve. Newtonian
fluid under shear stress condition exhibit linear relationship with
shear rate where the slope of the line represents the viscosity of
the fluids. Figures.lé to 17 show another way of representing the
effect of shear rate on viscosity, where the viscosity may be read
off directly from known shear rate values. (For a Newtonian fluid
this curve would be a horizontal straight line).

Critical Shear Stress

At low rates of shear, polymer melts flow through capillaries to
produce smooth strands. At higher rates of shear, several kinds of
flow instabilities can develop in which the surface of the extruded
sfrand becomes rough or non-uniform in cross-section, and the rate
of flow is no longer steady but pulsates (20 - 24). The flow
irregularities were shown to take the form of spiral, ripple,
bamboo, zigzag or helix for different types of polymers. Non-
uniformity of the flow for polypropylene KM61 and polystyrene were
observed.while being extruded at 200°C and 230°C at shear rate of
2,20 x 105 and 1.53 x 105 571 respectively as shown in figures 11
and 13. This phenomenon was not observed for Alkathene WVG23 and
Rigidex.

The terms melt fracture, elastic turbulence and distortion have
been used to describe this effect, however, this phenomenon has
been investigated by a number of workers (15 - 19) and there

is general agreement on the following points:

(i) Critical shear stress is independent of die length and
diameter.
(ii) Critical shear stress has values in the region of 0.1 -

1.0 MN/m? foerost polymers.

15



(iii) Critical shear stress does not vary widely with tempera-

ture.

(iv) A discontinuity in the viscosity - shear stress curves
occurred.

(v) The flow defect always took place when non-Newtonian

fluids were involved.

(vi) The flow defect is often associated with the die inlet.
Several theories have been proposed to account for this defect.
Nason23 noted that in extruding, the product became rough and wavy
at higher pressure, and attributed it to a critical Reynolds
number. Dillon and Spencer 24 concluded that the irreqularity was
due to buckling of the material on emerging from the orifice. This
was due to a larger amount of strain recovery in the outer layers.
Sever325 observed this defect for a variety of polymers, and noted
that, for a given polymer and a given orifice, the critical shear
stress was the same for different temperatures. TordellaZG, after
a detailed examination of the extruded polymer, concluded that the
phenomenon was due to a fracture of the melt before the entrance of
the tube. He believed that shearing occurred at the edge of the
melt on entering the tube, and in the case of spiral flow, it made
its way circumferentially around the piece as it emerged. Melt
fracture generally is the result of tensile stresses rather than
shear stress. Tensile stresses result when the size of the flow
channel goes from a larger to a smaller cross section (Nielsenl7).
Westover34 carried out a study of polymer slip on an ultra high
molecular weight 1linear polyethylene incorporating hydrostatic
pressure. fwo interesting observations were made:

(i) Flow rate above the critical sﬁear stress increased rather

than decreasing as for most of the polymers.
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2.3.2

(ii) The critical shear stress occurred at lower shear rate as
the hydrostatic pressure upon the melt increased.

Westover concluded that the basic concepts of maximum shear stress,

apparent shear rate and viscosity are invalid after slip occurs and

that the non-Newtonian equation becomes inapplicable.

Shark-Skin

Shark-skin is another flow defect which occurs at shear stresses
below the critical value and Figure (11) clearly shows these
differences for polypropylene polymers. Although this defect is
also a visual imperfection of the extrudate it is usually differen-
tiated from melt fracture because the defects are perpendicular to
the flow direction rather than helical or irreqular. A schematic
representation of the shark-skin mechanism is shown in Fig 18
(after Brydson). The shark-skin effect has usually been disting-
uished from melt fracture for the following reasons:
(1) Shark skin has a perpendicuar distortion, whereas melt
fracture gives helical pattern.
(ii) Shark-skin can occur at lower extrusion rates than those
for melt fracture.
(iii) Shark-skin appears to be unaffected by the geometry of the
die ( 15, 19).
This defect is a function of the linear output rate rather than the
shear rate arvdie dimensions. The most probable mechanism of shark
skin relates to the velocity of skin layers of the melt inside and
outside the die ( 22, 27). Inside the die the skin layers are
almost stationary whereas when the extrudate emerges from the die
there must be a rapid acceleration-of the skin layers to bring the
skin velocity up to that of the rest of the extrudate. This sgts
up tensile stresses in the melt which can be sufficient to cause

surface defects.
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2.4

The Effect of Pressure on Viscosity

Several theories suggest that the viscosity of a liquid polymer is
determined by its free volume = ( 29-34). The free volume of a
liquid polymer is defined in various ways, but a common definition
is the difference between the actual volume and a volume in which
such close packing of the molecules occurs that no motion can take
place. The greater the free volume the easier it is for flow to
take place. Free volume increases with temperature because of
thermal expansion. However, the most direct influence on free
volume should be of the pressure. An increase in hydrostatic
pressure decreases free volume and increases the viscosity of a
liquid. Viscosity, by definition, is the internal resistance to
shearing stress due to inter-molecular forces of attraction. It
was thought that when molecular attraction 1is encouraged, the
apparent viscosity of the polymer, which is one of the most
important properties of these materials, may be 1increased.
However, the effect of hydrostatic pressure on the apparent
viscosity and other flow properties of polymer melts is not as well
understood as the effects of temperature and shear rate.
Westover34 has described a double piston abparatus for meaéuring
viscosity as a function of pressure of up to 25000 psi. He found
the viscosity of polystyrene to increase by a factor of over a
hundred times and the viscosity of polyethylene to increase by a
factor of five at a constant rate of shear as the pressure was
increased. Maxwell and Jung35 found that the viscosity of
polystyrene increased by a factor of 135 when ’the pressure was
increased from zero to 18000 psi at 196°C. The viscosity of poly-
ethylene increased by 14 times in the same pressure range at 149°C.
Cogswell36 suggested that the effect of an increase in pressure may

be likened to that due to a drop in temperature. He observed that
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2.5

for low density polyethylene, an increase in pressure of 100 MN/m?
had the same effect on viscosity as that due to a drop in temper-
ature of 53°C within the melt range.

It had been noted that at very high pressure (above 150 MN/m?) the
melt tended to recrystalise and in consequence, the melt acted like
a solid plug.35 For this reason, pressure-viscosity measurements
are often conducted at relatively high temperatures.

Most of the experimental work carried out by Westover37 was on a
branched 0.92 density polyethylene with bressure varying from
14N/m? to 170 MN/m?. Since the work carried out by Westover was
found to be the most comprehensive, these have been used to
determine the pressure coefficient of viscosity in the present
work. Figure (19) shows the effect of pressure on shear stress -
shear rate curves and Figure({20)shows how the shear rate affects
the influence of pressure on viscosity.

The Effects of the Polymer Flow Characteristics.

In the present work polymer melt is subjected to very high shear
rates and pressures, much greater than those capable of being
investigated in any extrusion rheometer. Cramptonll concluded that
the decrease in coating thickness was due to the presence of a
critical shear stress at low shear rates. However, it is also
believed that, the poor performance of the units at higher drawing
speeds is related to a combination of factors such as shear rate,
melt flow instability, partial crystallization, compressibility
etc. The high pressures generated are believed to have the effect
of increasing the melt viscosity in the unit. Temperature was
maintained at a steady value when the tests were conducted, minim-
ising the effects inherent with changing temperature. However,

more investigation is needed to understand these effects fully.
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CHAPTER 3 : EXPERIMENTAL EQUIPMENT AND MATERIALS

3.1

General Description

Drawing tests were carried out on a chain-type draw bench made by
Marshall Richards. The schematic diagram and general view of the
draw bench are shown in Fig{2l)and Plate 1 respectively. The total
length of the draw bench is approximately 12 feet, and the maximum
length of the tube which may be drawn is 8 feet. The machine is
driven by means of a high capacity electric motor made by Crofts
(11 kw/415 v/3 phase/so cycles) with integral speed reduction gear
unit made by Ronald Power Transmission (GM6T ratio 47.08). The
output speed of the unit being variable between 0.1 to 0.5 meter
per second.

The experimental rig consists'of a dog clamp welded to a trolley
which can move freely between rail guides. The die-less reduction
unit (DRU) is bolted to a plate which rests against a load cell
block during drawing. The plate in turn is hinged onto the
machine. The drawing load is then read from a load indicator which
is connected to the strain gauge load cell. The melting chamber
and the DRU are held together with four socket cap screws. At the
other end of the drawing bench an emergency ramp is bolted to the
mainframe which disengages the dog clamp from the chain; thus
stopping the drawing process.

The polymer was heated by means of an electric heater band and the
temperature was controlled thermostatically within +4°C of the pre-
set temperature using a temperature regulator. The temperature was
monitored continuously by means of thermocouples. Three piezo-
electric quartz pressure transducers (Kistler type 6203) were
mounted on the die-less reduction unit, which enabled the pressure

variation along the unit to be measured. The output from the
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3.2

3.2.1

3.2.2

transducers was fed into a u-v recorder via charge amplifiers. The
tube was supported by stands of adjustable height with freely
rotating rollers, so that a horizontal feed to the unit could be
achieved. The schematic diagram is shown in Fig(22)and also plate
4 shows the support}ng arrangement for tube.

The drawing speed was controlled by means of the variable speed
motor which facilitated drawing at speeds ranging from 0.1 to 0.5
meter per second.

Instrumentation of the Experimental Equipment

A number of equipments and devices were used to monitor, record and
control various parameters during tﬁe tests on die-less tube sink-
ing. These include load cell, load indicator, pressure trans-
ducers, temperature controllers, heater bands, thermo-couples and

u-v recorder. Details of each are given below.

Load Cell

Basically the load cell consists of a steel billet to which are
bonded four resistance strain gauges. When a load is applied to
the load cell the change in the dimension causes the bonded strain
gauges to change their lengths and hence the resistance. This
change in resistance is directly proportional to the load applied.
The maximum load capacity of the load cell is 40 kN. The load cell
is shown in plate S.

Load Indicator

The Elliott load indicator (type BCF/2) is an electronic instrument
designed to provide an accurate indication of load. ( The load
indicator is shown in plate 2). Operating in conjunction with the
resistance strain gauge load cell located at the sensing point, the
installation forms a closed loop circuit incorporating a self-

balancing load to reference error signal system. The load is
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3.2.3

3.2.4

3.2.5

indicated by means of a mechanical pointer and a circular graduated
scale. The pointer movement is linear and proportional to the
changes in the load applied to the load cell. The maximum load
capacity of the indicator is 40 kN.

Pressure Transducers

High pressure piezo-electric quartz transducers (Kistler type 6203)
were used for these experiments to measure the pressure in the die-
less reduction unit. The maximum pressure that these transducers
could measure is 5000 bar and the working temperature at which
these pressure transducers may be used is up to 240°C. The
schematic diagram of the arrangement for pressure measurement is
shown in Figl(23)and also in plate 2.

Temperature controllers

An electronic ON-OFF temperature controller relay (type K) was used
for these experiments to control the preset temperature. This
temperature controller is mounted in a 48 x 48 DIN standard case.
The unit is designed to be wused with nickel-chrome/nickel-
aluminium type K thermo-couples to monitor temperature. A relay
changeover contact within the unit operates at a predetermined
temperature previously set by a potentiometer knob mounted on the
face of the unit. A graduated scale marked 0-400°C indicates the
set temperature. Included on the unit are two LEDs, indicating
supply and relay status. The unit is failsafe, protected against
thermo-couple breaks, ie if the thermo-couple goes opén circuit,
the relay will automatically return to the off condition. The
temperature controllers are shown in plate 3.

Heater bands

Watlow heater bands were used for these tests. The dimensional

details are given below;
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3.2.6

3.2.7

3.3

Heater Bands for DRU and Hopper

Type I.D Width Volts Watts
(mm) (mm)
A 63.85 60.65 240 250

Heater Bands for Melt Chamber

Type I1.D Width Volts Watts
(mm) (mm)
A 38.31 76.62 240 350

The heater bands are shown in plate 5.

Thermo-Couples

Incorel sheathed mineral insulated, 1.5mm 0.D. thermo-couples were
used for these experiments to monitor the temperature continuously.
Their operating temperature range is -200 to +1100°C and the
response time is 0.3 sec. These thermo-couples are shown in plate
2,

U-V Recorder

The output from the pressure tranéducers was fed into an ultra-
violet (u-v) recorder via charge amplifiers. These u-v recorders
are made by Southern Instruments (type M.1300) and the charge
amplifiers are supplied by Fylde Electronic Laboratories (type
FE-128-CA). Plate 3 shows the arrangements for the u-v recorder
and charge amplifiers.

Modification to the Experimental Draw-Bench

Initial exploratory drawing tests were carried out using an
existing draw-bench with a fixed speed electric motor which was
found to be unsuitable for the speed range and load requirements of
this work. Therefore, a higher capacity electric motor (11 kWw/
415 V/3 phase/50 cycles) with integral variable speed reduction
gear unit was commissioned (GM6T ratio 47.08). The output speed

being variable between 0.1 to 0.5 meter per second.
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3.4

Design of the Die-Less Reduction Unit

The principal aim of the present investigation has been to investi-
gate the feasibility of using a stepped bore die-less reduction
unit for sinking tubes; thus avoiding metal to‘metal contact and
hence die wear and the need for the swaged down leading end.
Experimental work carried out by Hashmi et al14 showed that under
special geometrical configuration effective reduction of a wire
should be possible using a polymer melt in conjunction with a
stepped bore die-less tubular unit. Thus, cylindrical die-less
reduction units geometrically similar to those used for wire
drawing were designed and constructed. The combined melt chamber
and the stepped bore reduction unit was made according to the
following specifications which were finalised after some initial
tests.
1. The Unit
The stepped bore reduction unit was made from mild steel.
Initially a solid piece of mild steel of about 200mm long
and 75mm diameter was machined down to the required
external dimensions. Then a centrally located hole was
drilled through the cylinder. However, in order to
produce a hole with good quality finish and accuracy
reamers were used for final machining. The stépped bore
was obtained by counter drilling the initially drilled
hole through part of its length.
The die-less reduction unit was bolted to a plate with
four socket cap screws. The dimensions of the plate and
screw holes are shown in Figs{26)and(24)respectively. The

dimensions of the unit are as follows:
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Total length = 190mm

Inlet length,L 160mm

l -
Outlet length,L. = 30mm

13.62mm

Inlet diameter
Outlet diameter = 13.54mm

(See also Fig 24)

Three pressure transducers were mounted on the die-less
reduction unit to measure the pressures generated in the
unit. Two thermo-couples were used to maintain the
temperature of the unit. The dimensions and the positions
of holes for the pressure transducers and thermo-couples
are shown in Figl(24)

Melt Chamber

The melt chamber was also made from mild steel bar which
was machined down to the size on a lathe machine and then
bored out to form the cavity. An outlet hole was also
machined for attaching the hopper.

The melt chamber and the die-less reduction unit were held
together with four socket cap screws. The dimensions of
the screw holes are shown in Fig (24). The dimensional
details of the melt chamber are shown in Fig(25}.

The heater bands were used for heating the polymer and the
unit. Each heater band was about 38.31mm inside diameter
and 76.62mm width, they covered about 153.24mm distance
from the hopper side of the melt chamber. The positioning
of the heatér bands are shown in plate& . The hopper for
feeding the polymer was made from mild steel bar material.

The dimensional details of the hopper are shown in Fig(25}.
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3.5

Determination of the Stress-Strain Characteristics of the Tube

Materials

The stress-strain characteristics of the tube materials were deter-
mined using a Mayes testing machine. Small ring shaped samples
with % -~ 1 were cut from the tube and subjected to uniaxial com-
pression. The contact surfaces between the specimen and the com-
pression plates were lubricated using graphite in order to minimise
the frictional effects and to obtain homogenous deformation.
Typical original and deformed shapes of the specimens are shown in
the photographs in Figs 27(a) and (b) for copper and aluminium
respectively. Readings of load and compression were taken at close
intervals throughout the tests. These readings were converted to
true stress and natural strain values, knowing the initial height
and diameter of the specimen and assuming constant volume. No

visible bérrelling effect was apparent and was ignored.

True stress 0 =-%

Natural strain € =1n(“29
where,

L = Load

A = Current area

ho = Original height
h = Current height
The compression tests for copper and aluminium produced the curves
as shown in Figs (28) and (29) respectively. The stress-strain
characteristics were assumed to take the form;
n
Y = Yo + Ko €

where,

Yo = initial yield stress N/m?

Ko = strain hardening constant N/m?
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n

strain hardening index

€ natural strain

Using the experimental results, the above parameters were
evaluated, by curve fitting, for each tube material, these being;

for copper tube,

Y = ( 50x 10°) + (700 x 109018 n/m?
for aluminium tube,
6
Y = ( aox 10%) + (640 x 10 )¢ %6 N/m?
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Compression test of the Copper—ring under different

frictional conditions: (a) undeformed; (to)— (d) deformed
50%: (b) low Y, (c) medium Yy, (d) high Y.

FIG 27 (a)

(a) (b) (c) (d)

Compression test of the Aluminium-ring under different

frictional conditions: (a) undeformed; (b)—(d) deformed
50%: (b) low vy, (c) medium vy, (d) high vy.
FIG 27(b)
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CHAPTER 4 : EXPERIMENTAL RESULTS

4.1

Experimental Procedure

Before starting any test the heater bands were first switched on
and were controlled thermostatically to maintain the temperature at
the pre-set level. The hopper and melt chamber were filled with
polymer (usually in granulated form) and the other instruments were
also switched on. The unit was left for two hours to reach the
steady state temperature level. The tube was supported by adjust-
able stands and freely rotating rollers were used to guide the tube
so that a horizontal feed to the unit was achieved. Then the tube
was pushed through the melt chamber and the die-less reduction unit
and was then clamped into the dog jaws.

The electric motor was started and set running at the desired speed
(the motor speed was adjusted by turning the speed requlator knob).
Charge amplifiers for the pressure transducers were switched to
long time positions which gave a steady and uniform reading through
the run. The dog was engaged with the chain which disengaged when
it reached the emergency ramp. During the drawing procedure the
drawing load was noted from the load indicator. The electric
motor, the u-v recorder and the charge amplifiers were switched
back to their original positions. Test number was re