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ABSTRACT

/

PLASTO-HYDRODYNAMIC DIE-LESS STRIP DRAWING
A H MEMON

A detailed investigation is carried out for a novel process of die-less
strip drawing, in which conventional reduction dies have been replaced
by a die-less reduction unit having a rectangular hole of stepped con-
figuration. The smallest hole dimensions are larger than those of the
incoming strip, thus eliminating direct metal to metal contact and
hence the problem of die-friction and consequential die wear. The
strip is plastically deformed by means of the combined effect of the
hydrodynamic pressure and drag force generated in the unit due to the
métionof the strip through a po elt.

An extensive experimental study has been undertaken, which. showed that
higher reductions were achieved at slower drawing speeds with gradual
decrease in reduction at higher drawing speeds. The maximum reduction
in area of the strip noted was_ about 12%. Various parameters were
changed to examine their effects on the performance of the process.

Theoretical analyses have been developed considering Newtonian and non-
Newtonian characteristics of the pressure medium. These -analyses
enable the predictions to be made of(the pressure distributiogé)within
the reduction unif})od—set of plastic-yielding of the strip material,
shear and axial stresses, and'the‘€ercentage reduction in strip size.
The analyses incorporate critical ‘shear stress limit Jof the polymer
melt, the strain hardening and the strain rate sensitivity of the strip
material. o ) :

The predicted results for the percentage reduction in strip size appear
to under-estimate the experimental values at the slow drawing speed and
over-estimate them at the higher drawing speed.

(iii)
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CHAPTER 1

. INTRODUCTION

1.1 The Drawing Process

In the conventional cold drawing process, the reduction in area of
wire, strip or tube is achieved by pulling the material through a
shaped die. Normally, conical shaped dies are used for wire and
tube and wedge shaped dies are used for strip drawing. The minimum
size of the die is always smaller than the incoming material and

the die acts primarily to reduce the material to a specific size.

In the drawing process, metal to metal contact takes place causing
friction and ultimately reduction in the die life due to wear. To
minimize wear, lubricants are used which are vitally important in
the metal forming process. Effective lubrication results in a
reduction of friction coefficient, with consequential reduction in
the force and power requirements. Most metal deformation
processes are performed predominantly with boundary lubrication.
The film is extremely thin and the large pressures cause contact
between a large number of asperties, hence friction always exists

in conventional metal forming processes.

Several methods have been described in plane strain strip drawing
to determine the friction coefficient and effect of lubrication.
Fukui et al(l) developed an apparatus to measure the friction
coefficient directly during the metal strip drawing process. They
used parallel dies with a tapered plug and an average coefficient
of friction was determined by measuring normal force and friction
force. The aim was to study the effects of various factors such

as the type of lubricant, strip material, drawing speed, surface



——

finish of the die and work material on the.friction coefficient.
Their work had shown that friction coefficient was dependent on
the drawing speed and on the type of lubricant. It was found that
iﬁ most cases an increase in speed caused a reduction in friction
coefficient for 1lubricants of low viscosity or of inferior
lubricity such as spindle oil. Nd general rule for the correla-
tion between the kind of speed dependence or strip materia; had
been established. The experimental results also showed that
friction coefficient was primarily dependent on surface roughness.
A decrease in friction coefficient was observed, with increasing

roughness of strip surface, and with the dies of smoother surface.

(2)

Lancaster and Rowe conducted experimental work to study the
influence of lubrication upon cold drawihg using wedge shaped dies
and a plug bar arrangement. Their wofk was divided into two parts.
The first part related to the_evaluation of a soft solid lubricant
that could be passed through the die with the work material. They
found that the film thickness depended upon the lubricant, surface
finish of the specimen and the geometry of the dies. They con-
cluded that with angles up to 10° the regime was one of thin film
type, provided that the surfaces of the specimen were grit
blasted. With a specimen of smooth surface finish the regime of
lubrication was predominantly of boundary type. The quantity of
the lubricant passing with the specimen was found to be strongly
dependent on the die angle. The second. part of their work
presented a comparison of experimentally measured coefficient of

(3,

friction and drawing stress with the existing drawing theories
4, 5) . . (6)

. Sheet drawing tests were carried out by Kudo et al to
investigate cold forming friction and lubrication. They carried

out experiments with aluminium and copper sheets at speeds ranging



from 0.2 to 3000 mm/s, using various lubricants, with an apparatus
which enabled them to record separately the tangential and normal
loads at the die surface. They presented experimental results
showing the dependence of friction coefficient on reduction, speed

and lubricant.

(7)

Wilson and Cazeault used a split die arrangement to measure
friction at the workpiece-tooling interface in strip drawing.
A They investigated different combinations of lubricant, die-angle',
reduction, speed and strip orientation to determine the influence
of each factor on the frictional conditions. They found that the
friction was strongly affected by the geometry of the process
whereas the drawing speed and orientation of the strip had little

effect on friction. Rao et al(a)

carried out experiments for the
plane-strain strip drawing process 4using transparent sapphire
dies. The a:Lm of their work had been to gather a reference
collection of experimental data covering parameters .such as die
angle, speed, back tension and interface friction wvariations.
Transparent dies had been used so that the interface displacements
could be observed directly and the relative velocities determined.
The principal objective of velocity measurement was to provide
boundary condition information at the tool interface and be used
in theoretical models, to calculate interface friction in place of
an assumed coefficient of friction. A numerical solution was
presented () and the predicted values were compared with

(8)

experimental data of reference

To meet industrial demands of high speed drawing, researchers had

concentrated their studies on the drawing of different metallic

)

sections at high speeds. Parsons et al(lo presented a paper
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giving a feasibility report on high speed impact drawing. In
their work they analysed the process theoretically considering the
mechanics_of the deformation of the bar and the dynamics of the
process. A brief description of experimental results in bar

drawing was presented.

(11)

Baxter carried out work on high speéd drawing of strip and
tube. A major portion of his work related to the drawing of strip
at high speed through wedge shaped dies. 1In his work he observed
the presence of hydrodynamic lubrication at high speeds. He also
developed an expression to evaluate the lubricant film thickness

with the aim of investigating theoretically the presence of hydro-

dynamic lubrication during drawing.

(12)

Devenpeck and Rigo reported the development. of a research
apparatus which was basically a combination of a laboratory
rolling mill and a specially designed die-block. The apparatus
was used to perform high speed drawing tests of thin strip. This
set up enabled them to carry out experimental studies in drawing
long lengths (1.5 km) of thin strip at high speeds (0.5 to 6.1
m/s). They conducted tests with tin plated steel strip using two
lubricant fluids in addition to the tap water and studied the

effect of different parameters such as speed, cumulative length of

strip, and reduction on process friction factor and wear.

Hydrodynamic Lubrication

The attendant die wear gave impetus to consideration of the
possibility of maintaining full £film lubrication, which, if
perfectly realized would minimize the coefficient of friction and
the tool wear. Therefore, attempts have been made to make use of

hydrodynamic lubrication in the drawing process. Among the first



investigations in this respect was- that «carried out by

(13)

Christopherson and Naylor in connection with wire drawing. A
long close fitting pressure tube attached to the inlet of a
conventional die was used. O0il was used for lubrication. As the
wire was pulled through the tube and die, high pressures were
generated in the 1lubricant by viscous action. Experimental
results showed that hydrodynamic conditions were achieved under
the designed conditions. A simplified analysis of the lubricant
flow in the tube, assuming isothermal conditions, was presented.
Their theoretical analysis for the inlet tube configuration was

extended, together with considerations in deformation zone, by

Tattersal(l4) and by Osterle and Dixon(ls) .

(16)

Cheng presented a theory of plasto-hydrodynamic lubrication

for rolling of strip taking into account thermal, plasticity and

(17)

lubricant aspects. Bedi analysed wire drawing through a
conical die assuming éomplete hydrodynamic lubrication enabling
the calculation of hydrodynamic film thickness and wviscous
friction coefficient.l Bloor et al(ls) produced a theoretical
analysis for elasto-plasto-hydrodynamic 1lubrication for strip
drawing through wedge shaped dies taking account of the elastic
component in the strip at entry and exit to the die, and the
pressure-viscosity characteristics of the lubricant. It was shown
by comparing the magnitude of the predicﬁed lubricant film thick-
ness that hydrodynamic lubri.cation could be developed during the
process. Based upon the same work reported in ref (18), Dowson et
al(19)

presented an elasto-plasto-hydrodynamic lubrication

analysis for wire drawing process.
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(20)

Lancaster conducted high speed drawing tests.with the object-
ive of determining the possibility of establishing hydrodynamic
lubrication without the use of pressure tubes or compound dies.

bars
Tests with aluminium (hard and soft) and low carbon steel/were

conducted at drawing speeds' up to 36 m/s. Lanoline and poly-
glycols were wused as lubricants. The experimental results
indicated that speed alone was not sufficient to allow hydro-
dynamic films to be developed. It was observed that hydrodynamic
films were possible but these depended on the properties of the
material being drawn, the lubricant and the die angle. The con-
ditions required to maintéin full separation between the workpiece

(21)

and the tool were discussed and specified by Aviﬁzur

An experimental study with cold sheet drawing through wedge shaped
dies was carried out by Kudo et a1(22) to investigate plasto-
hydrodynamic lubrication in metal forming processes. A thermal
rigid-plasto-hydrodynamic analysis was developed to calculate the
average coefficient of friction over the die surface, the lubri-
cant film thickness and interface temperature. Theoretical
analyses for hydrodynamic lubrication including thermal effects
for rolling and drawing through conventional dies had been

(23

presented by Wilson and Mahdavian ), Dow et al<24), Mahdavian

(25)

and Wilson

Plasto-hydrodynamic Die-less Drawing

To ensure stable hydrodynamic conditions the correct selection of
the lubricant is particularly important. The viscosity character-
istics of the lubricant should be such that they provide laminar
lubricant flow in the pressure tube and at the same time, maintain

the requisite adhesion of the lubricant to the work material.



Recently, investigations have been made towards finding alter-
native lubricants to those which are commonly in use. The use of
a polymer melt during drawing was introduced by Symmons et

al(26’ 27). Limited experiments were conducted to investigate the

coating properties of polymer melt in wire drawing. Crampton(zs)
extended this work to study the lubrication ability of polymer
melt for wire drawing process by changing parameters such as the
polymer melt temperature, wire material and drawing séeed. The
apparatus used for the above works was basically similar to that
used by Christopherson, except that polymer melt was used as the

(29, 30) were presented

lubricating agent. Analytical solutions
for the deformation process of wire taking into account, non-
Newtonian characteristic of polymer melt, and the effect of strain
hardeﬁing and strain rate sensitivity on wire material. On the
basis of experimental evidence (ref 28) it was found that the
deformation in the wire commenced in the inlet tube before it
enters the die. Hence the die was of secondary importance and
acted as a seal. It was postulated that the reduction in wire
diameter could be achieved by using a polymer melt in conjunction
with a tubular conical unié alone, the smallest bore size of which
is greater than wire diameter. Furthermore, work carried out by

(31-33) using a stepped bore reduc-

Hashmi, Symmons and Parvinmehr
tion unit with smallest bore larger than the incoming wire in
place of a conventional reduction die showed that a reduction in
the wire diameter could be achieved. Thus a new concept in draw-

ing was investigated and patented as 'Plasto-hydrodynamic Die-less

Drawing'.

In this novel technique, the wire is pulled through a melt chamber

filled with polymer melt and then through a stepped bore reduction
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unit. The pulling action causes the gap between the wire and
inner surface to be filled with polymer melt which in turn gives
rise to drag- force and hydrodynamic pressure. The combined effect
of these two parameters becomes sufficient to cause permanent
deformation in the wire. The salient feature of the new process
was that as the smallest bore size was larger than the incoming
wire, no metal to metal contact took place which, as a result,
eliminated the problem of wear. Hashmi and Symmons(34-35)
presented analytical and numerical solutions for a solid continuum
pulled through a conical orifice filled with a viscous fluid. A
non-Newtonian analysis for plasto-hydrodynamic die-less wire draw-
ing incorporating the limiting shear stress of polymer melt and
the strain hardening and strain rate sensitivity of the wire

1(36). Panwher et ai(37)

material, was produced by Parvinmehr et a
reported work carried out on the die-less tube sinking process and
presented an analytical solution based upon Newtoniah character-

(38)

istics. Subsequently Panwher analysed the system taking

account of non-Newtonian characteristics of the polymer melt.

(39-41) presented analyses for the die-

Furthermore, Symmons et al
less wire drawing process using a viscosity-pressure and
viscosity-temperature relationship of exponential form. Their aim
was to examine individually the effect of pressure and temperature

on polymer melt viscosity and consequently on the performance of

the process.

Present Work

From the discussions in the foregoing section it is evident that
much work has been done for the wire drawing process; for both
the conventional die set-up and unconventional arrangement where

experimental and theoretical results are available.

8



The literature for strip drawing reviewed in the previous section

describes the following characteristics in general,

(a) determination of friction coefficient and its dependence on
the parameters of the process,

(b) evaluation of the lubricant film thickness, to predict the
presence of hydrodynamic lubrication,

(c) all the investigations are related to the use of the conven-

tional wedge shaped dies.

The aim of the present investigation is to apply the novel tech-
nique of die-less drawing reported in references (33, 38) to strip
drawing with the obﬁective of defining the process and to develop
a theoretical model as a means for predicting the effects of

different parameters involved in the process.

Initial experimental studies on the new system showed positive

results. However, plane strain conditions were not observed, as

the strip is reduced in both thickress and width. An extensive
experimental study has been undertaken to investigate the effects

of various parameters on the performance of the process.

The objectives of the present project are:

(1) to study the effects of the geometry of the die-less reduc-
tion unit on pressure distribution, drawiﬁé‘ stress and
attainable reduction in strip size,

(ii) to study effects of drawing speed and‘polymer melt tempera-
ture on the performance of process,

(iii) to develop a mathematical model for the prediction of
various parameters involved in the process such as pressure
distribution, initiation of yielding, product size and the

drawing stress,



(iv) to examine the correlation between experimental and
theoretical results,
(v) to assess the feasibility of the process in comparison with

the conventional process.
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CHAPTER 2

DESIGN AND DEVELOPMENT OF THE EXPERIMENTAL EQUIPMENT

2.1 Description of the Existing Rig

2.2

The test apparatus was originally commissioned for tube sinking

and was modified to facilitate the present work.

It is a chain type draw bench made by Marshal Richards Barco shown
in Figure 1 and Plate 1. The maximum length that can be drawn is
8 ft (approx 2.4 m). A variable speed electric motor made by
Crofts (11 KW/415 V/3 Phase/50 Cycles) with integral speed gear
unit made by Ronald power transmission (GM6T ratio 47.08) drives
the chain sprocket. The output speed of the unit being variable

between 0.1 to 0.5 m/s.

The test rig consists of a dog clamp fitted with a spring loaded
hook which can slide freely between rail guides and can be engaged
or disengaged to the running chain by a lever. At the far end of
the bench an emergency ramp is bolted which disengages the dog
clamp from the chaiﬁ. A strain gauge load cell with maximum
capacity of 40 kN is also fitted and connected with a load
indicator. The die-less reduction unit is bolted to the hinged

die-plate which rests against the load cell block.

Modification to the Existing Rig

To accommodate the coil of strip and guide the undrawn strip
properly into the reduction unit the following devices were added
to the existing rig. An integral part (Plate 2) was dgsigned and
fabricated. It consists of a circular disk for the accommodating:
strip coil and a set of rollers to keep the strip centralized and

guide it while being fed into the system.

11
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.3

.Design of the Die-less Reduction Unit

It was extremely difficult to machine a stepped rectangular hole
in a solid piece of material to accommodate the strip and there-

fore it became necessary to manufacture the unit in split form.

Again due to the stepped configuration it was not practicable to
produce the required hole by using two blocks. Different methods
were considered to get the required shape of the hole. Two
methods were selected for the fabrication of the unit. In one
method the unit had to be made into three blocks, see Figure 2, in
which one part has the dimensions of the channel before the step
while the other part has those after the step. The two blocks are
clamped with bolts at the end and finally bolted to a third block
having a projected portion for the provision of the step. The
second method was to make two main blocks with housings to
accommodate twg separate inserts machined to the required geo-

metrical configuration as shown in Figure 3.

As the pressure generated is of high magnitude, the major problem
was one of sealing at the edge of mating parts in order to prevent
any leakage during drawing. The latter design was selected (to
make the units for conducting the experimental work) for ease of
machining. This allowed variation in geometrical configuration

easier by making modifications to the inserts only.

All the parts of the unit were made from steel (EN8), by milling
and grinding operations. Initially the blocks were milled to
roﬁgh size ciose to the final dimensions and finally ground
precisely to the required dimensions with a tolerance of +.002 mm.
The inserts were made to a press fit in the housings and in the

first instance copper seals were used between the inner mating

12
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2.5

surfaces of the block and inserts to prevent leakage. . Afterwards
it was found that if the inserts were machined to a good press fit
then it was not necessary to use the seals. Therefore for
subsequent work, inserts were made to a press fit. This saved
considerable time in producing a reduction unit by eliminating the
process of maéhining V-grooves for copper seals. The two blocks
were bolted together tightly. Provisions were made in the unit to
fit five pressure transducers, two at the top face and three on
one side to record the genegated hydrodynamic pressure. Two holes
were also drilled for inserting two thermocouples to monitor the
temperature of the unit. The detailed drawing of the unit is
given in Figure 4. A heater band was clamped to the unit to heat

it to a pre-set temperature.

Helt Chamber and Hopper

To carry sufficient quantity of polymer melt for a full set of
tests, a melt chamber and hopper was designed as shown in Plate 3.
The hopper facilitated feeding of polymer granules into the melt
chamber and served as a reservoir. Heater bands were used for
heating the melt chamber and the hopper and the temperature was
controlled thermostatically. The melt chamber was bolted to the

entrance face of the unit.

Instrumentation

In order to determine the feasibility of the system and the
correlation between theoretical and experimental results a number
of equipments and devices were used to moniﬁor, control and record
various parameters during the drawing tests. These included
heater bands, temperature controllers, thermocouples, pressure

transducers, charge amplifiers, UV recorder and load indicator.

13



2.5.1 Heater Bands

Watlow ring type heater bands were used for heating the melt

chamber and the hopper (Plate 3). The dimensional details are:

ID width Volts Watts
(1m) (rm)
70 38 240 400

A pair of L-type heater bands was used for the Unit (Plate 3) with

dimensional details as follows:

Width Length Volts Watts
(mm) (rm)
50 70 240 320

2.5.2 Temperature Controllers

An electronic On-Off temperature controller relay (type K) encased
in a 48 x 48 DIN standara case, with a graduated scale marked
0-400°C was used to maintain the pre-set temperature. ihis unit
is designed to be used with nickle-chrome/nickle-aluminium type K
thermocouples to monitor temperature. A relay changeover contact
within the unit operates at a pre-determined temperature
previously set by a potentiometer knob'mounted on the face of the
unit. Two LEDs mounted in the unit indicated supply and relay

status. The temperature controllers are shown in Plate 4.

2.5.3 Thermocouples

To monitor the temperature continuously, inconel sheathed mineral
insulated, 1.5 mm O0.D, thermocouples shown in Plate 5 were used.
These thermocouples have an operating temperature range -200° to

+1100°C with a response time of 0.3 sec.

2.5.4 Pressure Transducers

Commercially available high pressure Piezo-electric quartz trans-

ducers (Kistler type 6201 and 6203) were used to measure the

14



generateé hydrodynamic pressure during the drawing tests. The
operating capacity of these transducers is, maximum pressure of
5000 bar and a maximum temperature of 240°C. To prevent leakage
of the polymer melt, metal ringé were used while mounting the
transducers on the unit. The arrangement of the transducers on
the unit is shown in Figure 4 and Plate 5. The output from the
pressure transducers was fed into ultra violet (UV) recorder via

charge amplifiers, shown in Plate 4.

2.5.5 Load Indicator

The Elliot load indicator (type BCF/2), shown in Plate 6, was used
to indicate the drawing load. It is an electronic instrument
operating in conjunction with resistance strain gauge load cell.
The installation forms a closed control loop incorporating a self
balancing load to reference error signal system. It consists of a
circular graduated scale, the load being indicated by a mechanical
pointer. The movement of the pointer is linear and proportional
to the changes in load applied to the load cell. The circular

scale is graduated from 0-40 kN with a minimum scale of 0.2 kN.

15
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(b)

FIG 2: DIE-LESS REDUCTION UNIT
(a) COVER BLOCK
(b)TWO BLOCKS WITH CHANNELS
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CHAPTER 3

EXPERTMENTAL MATERIALS

3.1 Rheology of Polymer Melts

3.1.1 Introduction

In this novel process molten polymer was used as the pressure
medium. The polymers used in the present study were low density
'polyethylene (Alkathene WVG23) and ELVAX650. Limited experiments
were conducted on a Devenport extrusion rheometer to determine the
initial melt viscosity and other rheological characteristics
related to the present set-up. Figures 5 and 6 show the results
of rheological behaviour of the melt at different temperatures and

shear rates.

The rheological results were found to conform to a cubic non-
linear equation of the form

T + K3 = u}

where
T = Shear stress
? = Shear rate
K = Non-Newtonian factor
i = Initial viscosity of polymér melt

3.1.2 Rheological Behaviour

Polymers consist of long molecules built up by successive linking
of monomers (mostly made by chemical bond petween carbon and
hydrogen atoms) into chain or network structures. The small
molecules are not bonded chemically but lie close together and
forces that operate between these are known as Van-der-Waal's

forces. Molecules of long chain polymers slide past each other
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under a shear force above a glass transition temperature ie the
material is capable of flowing and such materials are known as
thermoplastics, whereas polymers with strong cross linked

structures are generally known as thermosetting polymers.

The rheological behaviour of polymer melts and solutions is
complex and there 1is no usable constitutive equation that
describes quantitatively all the flow phenomenon involving polymer
melts. Hence it is customary that only those equations which are
related to the problem on hand are used for predicting the various
flow aspects of polymers. It is generally agreed that viscosity
has a dominant effect on the flow of any fluidic medium. There-
fore it is important to determine the Yiscosity of the fluid and

examine the parameters which influence the viscosity.

In the present study the polymers used are in the melt condition
at certain temperatures, and at certain shear rates dependent upon
the velocity of the strip. The factors affecting the viscosity of
the polymers are temperature of polymer melt, pressure and induced

stress and strains.

3.1.2.1 Viscosity-Temperature Dependence

The viscosity of a polymer melt is temperature dependent, being
lower at higher temperatures, at a given stress level. Attempts
have been made to obtain a fundamental explanation of the differ-
ence 1in temperature dependence of viscosity between different
polymers. Several empirical treatments for developing master
curves have aléo been published (42-44). These publications
indicate that the temperature dependence of viscosity is purely a
function of the melt temperature and the glass transition tempera-

ture of the polymer melt. For polymers far above the glass
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transition temperature or melting point, the viscosity may be
related by an Arrhenius equation of the form
b=k exp (%/pp) (3.1)
where
1, is melt viscosity
k, at a given shear stress is constant characteristics of
the polymer and its molecular weight

R, gas constant

The activation energy, E, is generally in the range between 2.09 x

107 to 2.09 x 108 joules/Kg mole (45).

(46)

William, Landell and Ferry showed that viscosity, u, of a
polymer melt at a given temperature, T, may be related to its
viscosity, “o’ at an arbitrary reference temperature, To, and

could be expressed by the universal WLF equation

-8.86 (T - To)

ko= pexp [ ] (3-2)
Ho®*P L T01.6 + T - To

The WLF equation is applicable over the temperature range of To +

50°. An alternative equation of viscosity-temperature dependence

is given by

-17.44 (T - Tq)

M= u, exp [ ] (3.3)
g P U516 + T - Tg

where
Tg, is glass transition temperature of the polymer melt

uTg’ is the melt viscosity at temperature Tg.

In general, the WLF equation begins to fail as a valid representa-
tion of viscosity-temperature dependence in the temperature region
Tg + 100, and in some high region the behaviour becomes Arrhenius

in form.
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Another empirical equation often used for melts (47) is
u=aell (3.4)

where a and b are constants.

The data (48) indicating the temperature dependence of the melt
viscosity at constant stress and pressure are presented in Figure
7. From Figure 7, it can be seen that viscosity of low density
polyethylene decreases by a factor of 3 when increasing the
temperaturé by 40°C. The melt viscosity temperature dependence
resulting from Figure 7 could be expressed by,

wo= uoe-aT (3.5)
where

U, is melt viscosity

oy is initial viscosity at a reference temperature

o, is constant for a given polymer and its value varies

from 0.02 to 0.1.

3.1.2.2 Viscosity-Pressure Dependence

If the pressure is applied to the melt there is a time dependent
decrease in volume which has the effect of producing a higher
viscosity in the melt. The effect of hydrostatic pressure on the
apparent viscosity is not as well understood as the effects of
temperature and shear rate. Maxwell and Jung(49) studied the
effect of hydrostatic pressure on melt viscosity of branched poly-
ethylene and polystyrene at constant shearing stress. They
conducted experiments between 0 to 24,000 Psi (165 MNm-2) and
experimental results showed that the apparent viscosity of poly-
ethylene increased 14-fold in this pressure range and that of

polystyrene increased by 135-fold when the pressure was increased

from atmospheric to 18000 Psi (124 MNm-2).
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(50-51) reported that the higher molecular weight poly-

Westover
ethylene (low melt flow index) increases more in viscosity with
pressure than do the lower molecular weight (high melt ihdex) of
the same density or density range. He measured apparent viscosity
of several polymeric materials between atmospheric pressure and
25000 Psi (172 MNm-2), at fixed temperature and shear stress. He
showed that the apparent viscosity of polyethylene increased by a
factor of five when hydrostatic pressure was changed from 2000 psi
to 25000 psi (13.8 to 172 MNm-2). It was noted that polypropylené
responded in the same way as did the polyethylene. The viscosity
of polystyrene increased over 100-fold as hydrostatic ﬁressure was
increased from 2000 to 25000 psi (13.8 to 172 MNm-2). Choi(sz)
determined that the apparent viscosity of polyethylene (9.95 gg/cc
density and 0.4 melt index, at 190°C and 7.12 sec-l) was increased
nearly four fold as the average pressure in the barrel was raised
from atmospheric to 24000 psi (165 Mﬁm—Z). Data (48) indicating

the pressure dependence of melt viscosity at constant stress and

temperature are presented in Figure 8.

The influence of the pressure on viscosity is quantitatively
similar but opposite in sign to that of temperature. The suitable
way of representing that dependence is to describe a temperature/
pressure equivalence (48). Figure 9 shows the effect of an
increase in pressure in terms of equivalent drop in temperature

necessary to maintain constant viscosity.

. 3.1.2.3 Effect of Shear Rate on Viscosity

Polymer melt is non-Newtonian in behaviour and its viscosity is
also affected by shear rate. The apparent viscosity decreases as

the rate of shear increases. Figure 10 presents shear viscosity
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~data for five materials at their normal processing temperatures.
Figure 11 demonstrates the variation in apparent viscosity with

temperature and shear rates.

3.1.2.4 Flow Instabilities

When polymer melts are subjected to highef rates of shear a con-
dition of slip occurs and several kinds of flow instability can
develop. The magnitude of shear stress at which this Flow
instability occurs is called the critical shear stress. Different
kinds of defects occur due to flow instabilities, two main defects
are known as shark skin and melt fracture. The two defects are
distinguishable by the characteristic ridge like structure running
transversely to the flow direction in shark skin, whereas melt

fracture gives helical or irregular patterns.

Several workers (53-59) have studied to elucidate the melt flow

instabilities and there is general agreement on the following

points:

(i) instability sets in at a critical value of shear stress,

(ii) critical shear stress has values in the region of 0.1 to
1.0 MN/m2 for most polymers,

(iii) critical shear stress does not vary widely with tempera-
ture,

(iv) a discontinuity in the slope of viscosity-shear stress
occurs,

(v) the flow defects occur when non-Newtonian fluids were
involved,

(vi) the flow defects are often associated with die-entrance and

surface finish.
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3.2

Stress-Strain Characteristics of the Strip Material

Copper strip of two aspect ratios were used for the experimental
work. The stress-strain characteristics of the strip material
were determined by performing plane-strain compression tests, so
that the data could be used in the theoretical analysis. ' The
compression test specimens were lubricated during the test to
minimize frictional effects. Figures 12 and 13 show the stress-
strain curves of the materials tested. fhe stress-strain curves

were fitted to take the form

_ n
y = yo + Koe

where,
Y, = initial yield stress
Ko = strain hardening constant
€ = natural strain
n = strain hardening index

The values obtained for the experimental material are listed

below:

Material I

Wl = 12.7 mm t1 = 1.59 mm
Y, = 75 MNm-2 Ko = 600 MNm-2 n=20.6
Material II
W1 = 19.1 mm t1 = 1.59 mm
Y, = 78 MNm-2 Ko = 554 MNm-2 n = 0.54
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CHAPTER 4

EXPERTMENTAL, RESULTS

4.1 Experimental Procedure

The experimental procedure involved passing of strip between
guiding rollers and feeding a sufficient length through the melt
chamber and the reduction unit to facilitate gripping by the dog
clamp. The melt chamber and hopper were then filled with a
quantity of polymer granules sufficient to carry out at least one
set of tests. Five pressure transducers were mounted on the
reduction unit, three for recording the pressure in Section A and
the other two for Section B. The melt temperature was set on the
temperature regulator and the heater bands weré switched on. The
equipment was left for 13 hours to redch the steady state
temperature condition. The temperatufe was monitored and con-
trolled thermostatically. The motor was started and the required
speed was obtained by adjusting the regulating knob, the other
instrumentation was also switched on. The charge amplifiers for
the pressure transducers were switched to the long time position
and the paper drive on the UV recorder was set in motion before
engaging the dég clamp to the running chain. While drawing the
strip the drawing load was noted from the load indicator and when
about 2m length of the strip was drawn the dog clamp was dis-
engaged from the chain. The UV paper drive and charge amplifiers
were switched back to their original position. The test number
and drawing load were recorded on a data sheet, the same number
was noted on the UV paper for subsequent collection and analysis.

An identification tag was also placed on the drawn strip. The
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4.2

speed of the motor was then increased in suitable steps and the
procedure was repeated for each increment. When analysing the
experimental data the traces on the UV paper were measured and
recorded on the data sheet. The drawn strip was measured for both
thickness and width at three different positions after peeling off

the coating, in order to calculate the reduction in strip size.

Experimental Results

Experiments were carried out ' systematically, by changing the

geometry of the unit and melt temperature, at different drawing

speeds varying between 0.1 and 0.5 m/s to investigate the effects

of thése factors on the process. The geometry of the unit was

varied by altering,

(a) width B of inserts to get the variation in gap h, in the
Section B,

(b) dimension D to get different values of gap h; and hence gap
ratios h,/h,,

(c) length L; to obtain different length ratios L,/L,.

Two kinds of polymers, [low density polyethylene (Alkathene WVG23)
and ELVAX650], and strip of two different widths (12.7mm and

aspect ratio respectively on the process parameters. The melt
e

temperature was also varied to study the effect of melt viscosity.

For every test the pressure, drawing load and the reduction in

strip size were recorded. Dimensional details of the inserts of

the die-less reduction unit used for the tests are shown in the

schematic diagram shown below:
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Schematic Diagram of the Insert

Dimensions of the units employed for tests were:

To examine the effect of gap h,;

0.2mm h

hi 2

0.02mm

150mm L,

30rmm

L,

h, = 0.50" , 0.22', 0.13 and 0.04 "~ mm

To examine the effect of gap ratio h1/h2;

5 0.02mm h3

=2
[

0.133mm

L, = 150mm L

2 30mm

h, = 0.2, 0.3, 0.4 and 0.5mm.

To study the effect of length ratio L,/L,;

hy = 0.3mm h2 = 0.02mm
h3 = 0.133mm L2 = 30mm
L; = 130, 150 and 169.5mm

The experimental results obtained are presented in this section in
graphical form for convenience. A full discussion on these

results is presented in Chapter 7.

4.2.1 Percentage Reduction Versus Speed

Figures 14 to 24 show the effect of gap h, on percentage reduction
in thickness, width and afea of the strip against the drawing

speed.
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Figures 14 and 15 give the percentage reduction in thickness énd
width of 12.7mm wide strip when WVG23 was used at.temperatures
130°C and 150°C respectively. The reductions were f?und initially
to increase up to a certain value of speed for both temperatures.
Further increase in speed caused the reductions to decrease. Thié
trend was found for all gaps. The maximum reductions of 7.4% in
thickness and 4.6% in width were observed with a small gap of
0.04 hﬁm at a speed of 0.2 m/s, which fall to 5.6% in thickness
and 4.0% in width at a higher speed of 0.5 m/s at a melt
temperature of 130°C. A marked difference was observed for
measured percentage reductions in thickness at lower temperature,
which showed no significant difference for the three gaps of
0.22 , 0.13 and 0.04 ‘mm, at speeds up to 0.2 m/s. It is evident
from the curves for the two gaps of 0.13 and 0.04 .mm that the

percentage reduction in thickness is not significantly different.

The results obtained using ELVAX650 at temperatures of 140°C and
170°C are presented in Figures 16 and 17. The general trends were
found to be the same as in Figures 14 and 15. A noticeable
difference was the level of reductions in width. This polymer
produced higher percentage reductions in width (typically 5.5% in
width and 6.3% in thickness at 0.3 m/s) as compared to those
obtained using WVG23 (typically 4.26% in width and 6.4% in
thickness at 0.3 m/s). A maximum reduction of 6.3% in thickness
and 5.5% in width were observed, using gap h3 = 0.04° mm, at speed
of 0.3 m/s which decreased to 4.8 per cent in thickness and 4.8%
in width at higher speed of 0.5 m/s. .The effect of gap h, on
percentage reduction in thickness at lower temperature was found

to be similar to that observed with WVG23.
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Figure 18 shows the reductions measured for the strip, 19.1lmm
wide, using WVG23 at 130°C. The results obtained with ELVAX650 at
140°C are presented in Figure 19. These results indicate the same
trends as observed with narrow strip (Figures 14 to 17). It was
noticed that when ELVAX650 was used the observed percentage
reduction in width was approximately of the same magnitude for

both gaps.

Figures 20 to 24 show the measured percentage reduction in area
for the two strips with two polymers at various temperatures.
These results show similar trends to those observed in Figures 14
to 19. A maximum reduction in area in excess of 11% was noted for
the lower temperature of the polymer melt and vgap of h, =

0.0%4 " mm.

Figures 25 to 36 demonstrate the effect of the gap ratio h'l/h2 on
the observed percentage reductions in thickness, width and area of

the strip with the two polymers at different melt temperatures.

Figures 25 and 26 show the results giving percentage reduction. in
thickness and width of the narrow strip with polymer WVG23 at melt
temperatures of 130°C and 150°C respectively. It was observed
that initially an increase in gap h, caused an increase in the
reductions. The reductions were found‘to increase with speed and
eventually reached a maximum at a certain speed. Further increase
in speed caused the deformation of the strip to reduce. A maximum
reduction in excess of 8% in thickness and 4% in width was
measured with gap ratio of 15 at melt temperature of 130°C. The
percentage reduction in width was found to be approximately of

same magnitude beyond the speed'of 0.35 m/s for all gap ratios.
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The results obtained by using polymer ELVAX650 at temperatures of
140°C and 170°C are plotted in Figures 27 and 28 respectively.
These results show similar behaviour to those given in Figures 25
and 26. It was also noted that with this polymer the resulting
percentage reduction in width (typically 5.48% in width and 8.1%
in thickness) was greater compared to that obtained with polymer
WVG23 (typically 4.48% in width and 8.3% in thickness) for same
gap ratio, a pattern which has been observed for the results with
gap h,. Maximum reductions of 8.1% in thickness and 5.7% in width

were attained with a gap ratio of 15 at melt temperature of 140°C.

Curves giving the percentage reduction in thickness and width for
the strip, 19.1lmm wide, with two polymers at different tempera-
tures are shown in Figures 29 and 30. These figures show similar
trends as observed with narrow strips. There was a marked
difference between the percentage reduction in size achieved with
the two sections of the strip. It was found that smaller percent-

age reductions were obtained when wider strips were used.

The measured percentage reduction in area for the two strips with
two kinds of polymers at different melt temperatures are plotted
in Figures 31 to 36. Maximum reduction in excess of 12% for the
strip, 12.7mm.wide, and in excess of 10% with wider strip was
observed at a temperature of 130°C using a unit with the gap ratio

of 15.

Figures 37 to 40 show the effect of length ratio on percentage

reduction in the size of the strip against the drawing speed.
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Figure 37 shows the curves for the results obtained by using three
different length ratios with WVG23 at 130°C. It was observed that
more reductions occurred when length ratio of 5 was used. At the
speeds higher than 0.2 m/s, similar percentage reductions in
thickness were measured for the two length ratios of 4.33 .and
5.65. In addition, no significant difference in percentage reduc-
tion in width was observed beyond the speed of 0.4 m/s with all

the length ratios.

Figure 38 shows the graphs for the results obtained with polymer
ELVAX650 at 140°C, using the reduction units with three different
length ratios. The trend of the results was found to be similar
to Figure 37. It was noticed that similar percentage reductions
were obtained with the two length ratios of 4.33 and 5.65 at slow
drawing speeds up to 0.2 m/s. Higher pepceqtage reductions were
observed with length ratio of 5. The measured percentage
reductions in width were found to be greater compared to those

obtained with WVG23.

The effect of length ratio on the total percentage reduction in
area for the two polymers is demonstrated in Figures 39 and 40.
The general trends of the results were consistent to those

observed in Figures 37 and 38.

Figures 41 to 46 present the effect of melt viscosity on the
reductions in the strip size with the two polymers for the two

strips.

Figure 41 shows the percentage reduction in thickness and width of
12.7mm wide strip, using WVG23 at 130°C, 150°C and 180°C with

constant gap and length ratios. At all speeds larger reductions
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were obtained at the lowest temperature of 130°C and as the
temperature was increased the percentage reductions reduced by

about 50% at higher temperature of 180°C.

Figure 42 shows the curves for percentage reduction in thickness
and width of the strip 12.7mm wide, using ELVAX650 at temperatures
of 140°C, 150°C and 170°C. Higher reductions in the strip size
were observed at melt temperature of 140°C, and the percentage
reductions were found to reduce by about 25% when the melt
temperature was increased from 140°C to 170°C, at the drawing

speeds greater than 0.25 m/s.

Similar graphs for 19.lmm wide strip using WVG23 és pressure
medium at temperatures of 130°C, 150°C and 180°C are represented
in Figure 43. BAgain higher percentage reductions were observed at

low melt temperature, ie 130°C.

Figures 44 to 46 demonstrate the effect of wviscosity on the
percentage reduction in area for the two sections of the strip

with the polymers WVG23 and ELVAX650.

Figures 47 to 50 illustrate the effect of aspect ratio on the
percentage reduction in the strip size against the drawing speed.
Figures 47 and 48 give the percentage reductions in the thickness
and Qidth of the strip with the polymers WVG23 at 130°C and
ELVAX650 at 140°C respectively.. The effect of the aspect ratio on
percentage reduction in area is given by Figures 49 and 50 for the

two polymers.

It was observed that maximum percentage reductions were obtained
with the strip of small aspect ratio over the whole range of

drawing speed.
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REDUCTION
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FIG 37: EFFECT OF LENGTH RATIO ON PERCENTAGE REDUCTION IN
(a) THICKNESS (b) WIDTH
FOR STRIP OF ASPECT RATIO 7.98 WITH WVG23, 130°C
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FIG 38: EFFECT OF LENGTH RATIO ON PERCENTAGE REDUCTION IN

(a) THICKNESS (b) WIDTH
FOR STRIP OF ASPECT RATIO 7.98, WITH ELVAX650, 140°C
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REDUCTION
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FIG 41:

DRAWING SPEED m.s

EFFECT OF POLYMER MELT VISCOSITY
ON PERCENTAGE REDUCTION IN
(a) THICKNESS (b) WIDTH

FOR STRIP OF ASPECT RATIO 7.98 WITH WVG23
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FIG 42: EFFECT OF POLYMER MELT VISCOSITY
ON PERCENTAGE REDUCTION IN
(a) THICKNESS (b) WIDTH
FOR STRIP OF ASPECT RATIO 7.98 WITH ELVAX650
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FIG 43: EFFECT OF POLYMER MELT VISCOSITY
ON PERCENTAGE REDUCTION IN
(a) THICKNESS (b) WIDTH

FOR STRIP OF ASPECT RATIO 12.01 WITH WVG23
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FIG 47: EFFECT OF ASPECT RATIO
ON PERCENTAGE REDUCTION IN
(a) THICKNESS (b) WID TH

WITH WVG23, 130°C
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FIG 48: EFFECT OF ASPECT RATIO
ON PERCENTAGE REDUCTION IN
(a) THICKNESS (b) WIDTH

WITH ELVAX650, 140°C
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4.2.2 Results of Pressure

Hydrodynamic pressures were measured for the two sections A and B,
by means of pressure transducers mounted on the reduction unit.
The results are presented in two sections,

(a) measured pressure near the step versus speed,

(b) pressure profiles in the unit.

Numbers alongside the curves on each figure refer to the locations

of the pressure transducers as shown in Figure 4.

(a) Pressure near the step versus speed

Figure 51 illustrates the variations in the measured hydrodynamic
pressure near the step in two sections, for the drawing units
having different values of gap h,, when WVG23 was used at
temperature of 130°C as pressure medium. These results showed
that pressures generated in the two sections followed the same
trend. The pressures in Section B were noted to be slightly
smaller compared to those in Section A. Higher}pressures were
recorded for smaller gap of 0.13mm and 0.04 mm in the two
sections (A and B) and the measured pressures were found to be

approximately of same order with the two gaps.

Figure 52 shows the effect of gap h, on the pressure in two
sections, when WVG23 was used at a melt temperature of 150°C.
Measured pressures for Section B were found smaller compared to
those for Section A. At higher gaps the differences were
significant and the minimum pressure measured in Section B at
speed of 0.5 m/s for the gap of 0.50 mmwas found to be
approximately 50% of the pressure measured in the Section A for
the same gap and speed. Higher pfessures were measured for the

small gap of 0.04 "mm, which were found to give similar trends to
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those shown in Figure 51. No significant change was noticed in
the measured pressures at speeds in excess of 0.3 m/s. The
pressure was found to remain fairly constant at higher speeds when

gaps of 0.04 , 0.13 and 0.22 mm were used.

Figures 53 and 54 show similar curves for the polymer ELVAX650 at
temperatures of 140°C and 170°C respectively. The pressures
measured wi£h this polymer showed similar trends to those observed
with WVG23. Higher pressures were recorded for smaller gap of

0.04"" mm.

Figure 55 demonstrates the variations in the pressures against
drawing speed using WVG23 at 130°C for different gap ratios.
Pressures measured for Section B were found to be smaller compared
to those measured for Section A. It was noticed that gap ratio
has little effect on the pressure and the measured pressure was

found to be fairly constant at higher drawing speeds.

The effect of gap ratio on the pressure variations using polymer:
WVG23 at temperature of 150°C is shown in Figure 56. At this
temperature constant pressures were recorded at speeds in excess
of 0.3 m/s in Section A. Pressures recorded for Section B, using
higher gap ratios of 15 and 20 Were found to be of the same

magnitude.

Figure 57 shows the effect of gap ratio on the variations in the
pressure versus speed using ELVAX650 at 140°C. It was noted that
pressures of approximately the same magnitude were generated- with
higher gap ratios of 15 and 20, at all speeds in Section A and at

speeds greater than 0.2 m/s in Section B.
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Figure 58 gives the graphs for pressure variations with speed for
different gap ratios, when polymer ELVAX650 was used at
temperature of 170°C. The gap ratio was found to have a little
effect at this temperature. The measured pressures were found to
be approximately of the same magnitude for three gap ratios over
the whole range of speed in Section A and at speeds greater than

0.2 m/s in Section B.

The effect of length ratio on the variation in pressure near the
step when WVG23 at 130°C was used as pressure medium is shown in
Figure 59. These results show that recorded pressures were of the

same order at all the drawing speeds.

It was also observed that, generally the magnitude of the
pressures measured near the step remained fairly constant for

speeds higher than 0.3 m/s.

(b) Pressure Profiles in the Unit

Figures 60-63 show the pressure profiles along the unit in Section
A, at typical two drawing speeds demonstrating the effect of gap
h, and'h1 when WVG23 at 130°C was used as the pressure medium. In
all the cases measured pressures were found to increase from the
entry point towards the step. The maximum pressure near the step

was found to vary between 76-110 MNm-2.

Figures 64-67 are the plots of profiles for Section A, determined
by using polymer ELVAX650 at 140°C for two different drawing
speeds. Similar trends were observed to those shown in Figures
60-63. The maximum readings were noted near the step in all cases
and the magnitudes of the maximum pressure near the step were

found to be between 65-110 MNm-2.
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FIG 52: EFFECT OF GAP h, ON PRESSURE NEAR THE STEP IN
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FOR STRIP OF AR 7.98, WITH WVG23 , 150°C
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FOR STRIP OF AR 7.98 WITH ELVAX650, 140°C
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4.2.3 Drawing Stress versus Speed

Drawing load was recorded from the load indicator connected to the
strain gauge load cell. The results are presented in terms of

drawing stress.

Figures 68 and 69 show the variations in drawing stress with speed
using WVG23 at temperatures of 130°C and 150°C for the different
values of gap h,. These results indicate an increase in drawing
stress with an increase in drawing speed up to a certain speed and
then a decrease for the further increases in drawing speed. Beyond
the drawing speed of 0.3 m/s the magnitude of the drawing stress
was determined to be similar with all of the gaps for the polymer
temperature of 150°C. The maximum drawing stress (about 50 MNm-2)
was noticed at a drawing speed of 0.2 m/s, at a temperature of
130°C and (about 23 MNm-2) at the speed of 0.25 m/s for the melt

temperature of 150°C, when a gap of h, = 0.04 "mm was used.

Figures 70 and 71 present the drawing stresses measured with
ELVAX650 at temperatures of 140°C and 170°C. The general tendency
of the curves was found to be similar to the results obtained with
WVG23. With this polymer a maximum value of drawing stress (about
52 MNm-2) was noticed at a drawing speed of 0.4 m/s for a gap of
h3 = 0.50° mm and at speed of 0.3 m/s for the other three gaps
(ab;ut 55-60 MNm-2), at temperature of 140°C. Drawing stresses
measured for strip of larger width with the two polymers using
reduction units of different values of gap h, are plotted in

Figures 72 and 73. Higher drawing stresses were noted for gap of

0.13 xmm.

Figures 74 and 75 show the variations in the drawing stresses for

various gap ratios when WVG23 was used as pressure medium at
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temperatures of 130°C and 150°C. It was observed that the drawing
stresses of approximately the same order were produced with the
gap ratios of 10 and 20 at temperatures of 130°C and with gap
ratios of 15 and 20 at temperatures of 150°C. These results
showed similaf‘trends to those shown previously; higher drawing
speeds produce lower drawing stresses. Maximum drawing stress

(about 51 MNm-2) was noted at speed of 0.25 m/s and temperature of

130°C, for gap ratio of 15.

The effect of gap ratio on the drawing stresses using polymer
ELVAX650 at temperatures of 140°C and 170°C is demonstrated by
Figures 76 and 77. A noticeable difference was marked at melt
temperature of 140°C when a gap ratio of 15 was used, and the
drawing stresses were found to increase at higher speeds and
maximum drawing stress (about 77 MNm-2) was noted at drawing speed
of 0.5 m/s. The general trends were observed to be the same as
those in Figures 74 and 75. Figures 78 and 79 present the results
when strip of large aspect ratio was drawn. The drawing stresses
produced by using WVG23 at temperature of 130°C are shown in
Figure 78 and those produced by using ELVAX650 at 140°C are shown
in Figure 79. The maximum drawing stresses were noted with a gap

ratio of 15.

Figures 80 and 81 illustrate the effect of léngth ratio on Arawing
stresses using WVG23 at 130°C and ELVAX650 at 140°C respectively.
It was found that general trends remained the same'as were poticed
previously. The maximum drawing stresses were observed for the

length ratio of 5 with both polymers.

Figure 82 shows the variations in the drawing stress with speed

for 12.7mm wide strip with WVG23 polymer at three different
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temperatures (130°C, 150°C and 180°C). This figure shows that the
minimum drawing stress was noted at lower viscosity ie at higher
temperature. At the temperature of 130°C, generally higher
drawing stresses were noted and as the temperature was increased
the drawing stress was reduced by about 50% at melt temperature of

180°C for the same drawing speed.

The effect of viscosity on drawing stress for strip of small
aspect ratio versus speed with ELVAX650 at melt temperatures of
140°C, 150°C and 170°C 1is demonstrated in Figure 83. Higher

drawing stresses were observed at melt temperature of 140°C.

Figures 84 and 85 show the effect of viscosity on drawing stress
for wider strip using WVG23 (130°C, 150°C and 180°C) and ELVAX650
(140°C, 150°C and 170°C) respectively. The higher drawing
stresses were noted at the lower melt temperatures for each
polymer. When polyethylene WVG23 was used it was observed that
two temperatures (150°C and 180°C) have 1little effect on the
drawing stress. Similarly ELVAX650 at temperature 140°C and 150°C
showeé no significant difference in drawing stress at speeds in

excess of 0.3 m/s.

It was also observed that generally the drawing stresses produced
by ELVAX650 were relatively of higher magnitudes to those when

WVG23 was used as the pressure medium.
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4.2.4 Determination of the Deformation Profiles

The process was deliberately stopped, by disengaging the dog clamp
while the strip was being drawn, to examine the deformation
profiles of the strip undergoing the drawing process. The strip
was marked at the inlet of the melt chamber and pulled out for

investigations.

The thickness of the strip was measured at 5mm intervals with a
point micrometer until a change in thickness was noticed. Then
the thickness was measured at 2mm intervals. This test was
repeated at different drawing speeds, using WVG23 at a temperature
of 130°C and ELVAX650 at temperature of 140°cC. Results are shown
in Figures 86 and 87, which clearly exhibit the shapes of the

effective die profiles formed in the unit.

Figure 86 shows three deformation profiles for strip drawn at
three different speeds, using WVG23 at 130°C as pressure medium.
The yielding point of the material was found to be at about 120mm
from the entry point at a drawing speed of 0.2 m/s. The position
of yielding at drawing speed of 0.1 m/s and 0.3 m/s was found to

be at 125mm from the entry point.

The deformation profile using ELVAX650 at a temperature of 140°C
and at a drawing speed of 0.3 m/s is shown in Figure 87. The

deformation was found to commence at 90mm from the entry point.
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5.1

5.2

CHAPTER 5

THEORETTICAL ANALYSIS .

Introduction

Several mathematical models have been presented for plane-strain
strip drawing as reviewed in Chapter 1, with the objectives of
determining the friction coefficient, evaluating drawing stress
and the drawing limit. Theoretical and experimental treatments
have also been carried out to observe the effectiveness of
different lubricants and calculation of film thickness during the
deformation process so as to predict the presence of hydrodynamic
lubrication. All these works were related to the use of conven-

tional reduction dies. Theoretical solutions for a new plasto-

" hydrodynamic die-less drawing process were presented (reference 31

to 41) for a circular cross-section workpiece.

In the present study a theoretical analysis has been conducted for
die-less drawing 6f narrow strips of rectangular cross-section.
The analysis is aimed at understanding the mechanics of the
process and to establish the expressions for determining the

various parameters involved in the process.

Analysis

The schematic diagram of the process is shown in Figure 88. The
process can be divided into three zones shown in Figure 88a. The

three zones are named as the inlet, deformation and exit 2zones.

Inlet zone; this zone extends from the entry point to the point
where deformation commences. In this zone the material is assumed

to be rigid and the polymer melt is dragged into the space between
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DEFORMATIO
INLET ZONE —>ZONE—~

I X S F S Ry Tt
A :l:f;"“:" .l .‘a." ,-!

‘o, e -

FIG 88:

SCHEMATIC DIAGRAM OF THE PROCESS

(a) ZONES AND DEFORMATION PROFILE FOR THICKNESS
(b) DEFORMATION PROFILE FOR WIDTH
(c) SECTIONS A AND B AND DIRECTIONS OF X%, Y, 2
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the workpiece and the unit causing the generation of hydrodynamic

pressure.

Deformation zone; where the workpiece deforms plastically. This
zone extends from the point of yielding to the step where the

deformation is assumed to cease.

Exit zone; this zone extends from the step to the exit point. 1In
this zone the material again becomes rigid and the pressure falls

to zero.

Figure 88c depicts a section of the process considered instant-
aneously in a plane. In order to establish a relationship for
determining the hydrodynamic pressure, the considered section is
subdivided into sections 'A' and 'B'. 1Initially each section is
analysed individually and then integrated to form the final

equations for the determination of various parameters.

For an incompressible fluid flow, ignoring the inertia forces,
Navier-Stokes equations are,

9P (azv + j2v + azv)

- )

P dx2 dy2 3z2 )

)
= 8P , ,(9%u + 32u + 32u ) (5.1
°= %y " *Gxz  5yr 5z2) ) (-1

)

_ 3P 92w + 92w + 32w )

°© 9z * “(sz oy2 822) )

And the continuity equation is given by,

v + 3u + 9w = 0 (5.2)

dx dy oz
Section A
Considering a small element of the fluid, according to the geo-
metrical configuration and given notations,

%X, is the direction of flow,
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y, the direction normal to the flow and to the width face
of the strip
(ﬂ z, direction is large compared to the distance 'hj, between

the two surfaces (ie surface of the strip and the unit

- N
wall). ©\

For this configuration, in the steady state,

3 =0, w=0, u=0, v=v(y)
9z /‘/\
and the continuity equation (5.%5 becomes,
/
w=0 / : (5.3)
X :

From equation (5.3) it is;bbviouS‘that the velocity component is

independent of x. And tﬁe equations (5.1) reduce to
—_— N ", .

A 3p _ 32V e (5.4)
oxX uayz
3p =0 (5.5)
3y
3p =0 (5.6)
92

For a Newtonian fluid the expression for shear stress is,

et
_ v (5.7)
%’ T Hay

\

Combining equations (5.4) and (5.7),
9P, _ (81 (5.8)
(ax) (BY)

Section B

In this section,

%, is the direction of flow,

2z, is the direction normal to the flow and to the thickness face

of the strip,

y, distance is large compared to the distance h,.
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In a similar way as for the Section A, it can be shown that in

this section we obtain

2p _ 2%v (5.9)
ax  Myz2

. T _ av (5.10)
9P, _ AL (5.11)
(3x) = (az)

From the equations derived for Sections A and B, it can be

observed that in the present situation, one dimensional fluid flow
T T —————

can be considered. Therefore the Reynold's equation given below

can be used as the basis for deriving the various expressions.

9 (Mh3op, _ 3 (5.12)
( ) = 55 (6Vh)

9X "B 9X
Now referring to the geometrical configuration of the system, it
is obvious that in Section A, the gap h; is varying in x direction,
ie there is a converging fluid flow, which causes the generation
of the hydrodynamic—pressure in this section. In Section B the
gap, h,, remains constant all along the length hence, initially,
no pressure is generated in this section. But once the pressure
is generated in Section A and if we consider the taken section
instantaneously in a plane, a hydggfﬁatic condition can be assumed
and therefore the generated pressuré will be acting equally on all
the sides of the strip. For determination of-different parameters
in the analysis, the pressure and pressure gradient in Section A

has been considered the same for Section B.

In general the following assumptions were made,
(i) The dominant flow of polymer melt is laminar and axial.
(ii) The pressure is generated in x direction and along the

width face of the strip in Section A.
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5.3

’

(iii) The pressure acts equally in both sections.
(iv) Deformation occurs before the step and no deformation takes
place after the step.

(v) Edge effects are negligible.

For a better understanding of the mechanics of the process and
formulation of the equations relating different parameters of the
process, the analysis is carried out in five parts;

1 Determination of the maximum pressure in the inlet section

of the unit if no deformation of the strip takes place.

2 Prediction of the shear stress prior to deformation.
3 Prediction of the yielding point.
4 Hydrodynamic pressure and the axial stress in the deforma-

tion zone.
5 Prediction of the percentage reduction in strip size and

drawing stress.

As a first attempt, a model has been developed based on the
assumption that the pressure medium is a Newtonian fluid, and is
presented in the next section. An analysis incorporating non-
Newtonian characteristics of the polymer melt will be presented in

Chapter 6.

Newtonian Solution

In the formulation of different expressions, the following assump-
tions were made in addition to those described in section 5.2;

(1) The polymer melt behaves like a Newtonian fluid.

(ii) Isothe?mal conditions exist. |

The analysis has been carried out in two modes;

(a) using an assumed deformation profile,

(b) numerical solution.
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It is well understood that after a certain value of shear stress,
slip occurs at the interface of the polymer melt and the surface
of the strip and has been discussed in Chépter 3. This property
of polymer melt flow 1is also introduced in the present

mathematical model.

5.3.1. Assumed Deformation Profile

5.3.1.1 Determination of the Maximum Pressure Prior to Deformation

For Section A, integrating equation (5.4) w.r.t. y

=i (2R (5.13)
vEop GGy + G

" where v is the velocity at any point in the flow, and C; and C,
are constants of integration. |
Inlet Zone
Applying boundary conditions that

aty=0, v ='V

and at y = h;, v=20
the values of consténts C, and C, can be evaluated which on
substitution equation (5.13)- will give an expression for the

velocity distribution in the inlet zone.

=1 (2By(y2 - X (5.14)
v = o0 (axg(y hly) + V(1 h%
The fluid flow in the inlet zone is given by,
Q; = éhlv dy (5.15)

Substituting for v from equation (5.14) into equation (5.15) and

integrating gives;

Q, = - .}.l_ﬁ(_aﬂ) + Vh, (5.16)

12pt 9x ' 2
Similarly, the flow rate Q, in the exit zone in Section A is given

by,
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Q, = (_a_g) + Vh (5.17)
12u ax’2

Now steady state flow of fluid gives,
9 —1 =
(1) = 5(2,)= 0

In a stepped configuration the maximum pressure is at the step.
Let Pm be the maximum pressure at step when no deformation takes

place, and it can be shown that;

(_2)1 = (5.18)

(@2, _ _ Em (5.19)

L,

For continuity of flow;

Q =0, (5.20)
Substituting the respective values from equations (5.16), (5.17),
(5.18) and (5.19), simplification of equation (5.20) will give;

6pv(h; - h,) (5.21)
(hy3/Iy + h,3/L,)

Pm =

5.3.1.2 Determination of the Shear Stresses in Sections A and B

Shear stress at the surface of the strip along the width face in

Section A for inlet zone is given by,

o= p
1 =
substituting the value of 3v from equation (5.14), and for 3p from

oY 5 X

equation (5.18), shear stress in Section A for inlet zone is given
by;

by Pm ¥ (5.22)
2 L

Similarly shear stress T, in Section A for exit zone will be given
by;

T2z QL (Eﬂ) - EX (5.23)
2 h,
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With the assumption that the pressure gradient in Section B will
be the same as in Section A, the equation for determining shear

stress in Section B will be;

T =

_hy Pm v (5.24)
3 2

(—;) h,

5.3.1.3 Prediction of Yield Point

The principal stresses acting on the strip are;
01= 0X3, 0, = -Pp, g3 = -P,

But P3 = Pl'

0, =05 =-PF
Substituting the valﬁes of principal stresses, Von-Mises yield
criteria gives,

P, + 0%y = Y, (5.25)
Suppose yielding starts at a point, X; distance from the entry of
the unit. The equilibrium of the forcés in X-direction at this

point gives;

ox Wty = 2tyw X + 21'3tlxl,

_2uXy | 213Xy (5.26)

0X3 tl L Wl .

Also gl Pm
X, I

p, = BBy . (5.27)

Substituting values from equation (5.26) and (5.27) into equation
(5.25) and simplifying;
Yo (5.28)

(_PE.*.Z_TL.{._Z_T_&)
L, t, W

X]_'—’

5.3.1.4 Hydrodynamic Pressure and Axial Stress in Deformation Zone

Assuming deformation takes place linearly, so that film thickness
'h' and 'h*' at any point in the deformation zone, in Section A

‘and Section B respectively, is given by;
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hi = h; + bx (5.29)
h*i = h, + b*x (5.30)
And the deformation profile may be described.by;
t, = t; - 2bx : (5.31)

W,
1

W, =)2b*x ' (5.32)
where b and b* ére constants and give the slope of the deformation
line with x, in Section A and Section B respectively.

Applying the boundary conditions;

- aty=0,v. =V,

1

—3 and y = hi' vi = 0.

(—————
The expression for determining the velocity of fluid flew in the
deformation zone, from equation (5.13), is given by;

(5.33)

=1 3P - 4

The flow of polymer melt in the deformation zone, in Section A,
—— .

will be given by;

- i
Q'_é VidY

1
n;3 9p. . V hi (5.34)
= o e m——
Q;= - 12n )it 2

Applying the steady state flow condition,

d .
% (Q;) = 0 gives,

%E [hi3<§§>il = %gi(6uv) (5.35)
Referring to Figure 88a;
ahy b
Ix
(5.36)

3 r/3p 31 =
axl (3x) i3] = BuVP
Integrating the above equation w.r.t.x

3p =
(52);hy3 = 6uvbx + C,
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Applying.the boundary condition,

= - %p, _ Em
At x o, hi h; and (Bx)i I

Value of constant C, can be determined which on resubstitution
gives;

(QE) - 6uVbx 4+ Pm hi3 (5.37)
ox’1 (h1 + bx)3 Li(hi1 + bx)3

Equation (5.37) gives the pressure distribution in the deformation
zone in Section A.
Using partial fractions and integrating equation (5.37),

hi _ 1 ] - h13Pm[ 1 ]
2b(h; + bx)?2 b(h; + bx) Ly 2b(h; + bx)2

+ Cj,
(5.38)

Pi = 6uv|

Where C, is constant of integration and can be determined by
applying boundary conditions,

At the point where deformation starts,

x =0, Pi = Py gives,
Cy = BBy, 4 Bm (b, 3w

L, L, (25 * bh,

Substituting for C, into equation (5.38) gives,

_ v hy 1 1 Pm hy h; 3
Py =7 I3(h; + b2 (h +bx)” 20yd T MR T b Zo(m + bryz)
‘ (5.39)

Equation (5.39) is an expression for determining the hydrodynamic

pressure in Section A along the x direction.

If h, is replaced by hi' equation (5.22) will give an expression
for calculating shear stress in the deformation zone for Section A
ie,

T

= - hi 32, WV (5.40)
i hy

)

ax’i

Substituting the value of (%%)i from equation (5.37) into equation

(5.40) gives,
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S 1\ A Pmh ;3 (5.41)

i (b, + bx)2

Now with the assumption that the pressure gradient in Section B
will remain the same as in Section A, it can be shown that the
shear stress in Section B in the deformation zone is given by,

cowo b + b)) 6uvbx _  Pm __h,3 uv (5.42)

i 2 [T, + bx)s L, (h, + bx)s! ” (h, + b*x)

Referring to Figure 89, the equilibrium of forces in the x
direction gives,
ox, W. t = (gx, + dox.)(W, + dW,)(t., + dt,) + 2P Sine—éEE—-
i i i i i i i i i i 2Sing

dti Wi awi
+ —_— W, + * : .+ 2t* 3 .
w, Zri Cos6 35ing w, 2Pi SlnB'ZSiﬁE tl 2ri Co BZSTHE t,

Ignoring terms containing two or more than two smaller quantities

simplifying the above equation we obtain,

dat, aw. dty dw;

= e =3 - b P* - —_—l . —_—1

doxi ti(Pi + gxi) Wi(Pi + gXi) TiCote ti TzCotB W
‘ (%.43)

Referring to Figures 89b and 89c, and using equations (5.31) and

(5.32),
Cotg = - 1 (5.44)
b
Cotg = - 1 (5.45)
b*

Using the assumption that PE = Pi and applying Levy-Mises flow

rule it can be shown that (Appendix I),

dawi= dty (5.46)
W, t,
1 1
and  b* = mb (5.47)

where m is constant and equal to the ratio of initial width to the
initial thickness ie m = W/t

Now substituting for P; and dWi into equation (5.43) and applying
W,
i

Von-Mises yield criteria that
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P, + . =Y,
i oxl Yl we get,

. dox. = - dt—l[ZY + TiCOte + T* Cot 8] (5.48)
1

1
Substituting values of Cot6 and Cotf from equations (5.44 and
5.45) respectively, equation (5.48) can be reduced to;

___ 2bdx T Tk (5.49)
dox; = & - 2bx) 2% " " b

Equation (5.49) is the governing equation to evaluate the axial

stress in the deformation zone.

Assuming the material property to be rigid non-linearly strain-
hardening expressed by,

Y. =Y +K ¢
1 (e} o

where,
a
€= ln(;%)v
i
or e = 21n(%l) [using equations A5 and A7, see Appendix I]
i
S Yi Y + 2™k {ln( )} (5.50)

" Substituting values from equations (5.41), (5.42) and (5.50) into

equation (5.49) we get,

_ __2bdx n a0y _ 1 uv
dOXi = t, - 2bx [2{Y + 2 Ko{ln(ti)} } b { (hl + bx)?2
Pmh,3 th + b* x) 6uVbx
(4bx + hy + 5057703 - b*{( 2 * (T, + bx)3
___Eﬂﬂlti___ ) - ____JQL____}]
L,(h, + bx)3 (h, + b*x)
Simplifying the above equation we get,
- bx dx dx
dox, {(tl - 2bx)(h; + bx)z} * Az{(t - 2bx)(h; + bx)z}
dx bx ax

AT T ) (h s bm)2? T BT T Zx) (g + bRy 2

b2x2dx dx }

* RS T oy (s s oo’ T Rl T T 2bm) (ny + bR) @
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bx dx dx

A e = 2ox)(h, +bmys? T BT T zpm)(h, + orx))
{1n,—5r— 3"
ax n+2 (ti- 2bx)?  dx] (5.51)
R A TS
where,

Al = 8uV AZ = 2“‘Vh1
A, = Pmhy3 Ay = Guvbh,

L ¥
Ag = 6uv Ag = Pmh;3h;b

b*L

A, = Pmh,3 By = 2uVb

L, ¥
A, = 4bY_

Using partial fractions, equation (5.51) gives;

dgxi = Aj{

2t1 + t1
(ty + 2h;)2(ty; - 2bx)  (t; + 2h;)2(h; + bx)

, h, 4
(t: + 2hy)(hy + bx)2? &%+ (Re* R oe iy - aow)

2 1
(t: + 2h1)2(hs + bx) T (t1 * 2h1)(h1 + bx)2
4t1 2t'l

(Bu *+ A7) T oh1)3(t1 = 2bx) * (t1 + 2h1)3(hi + bx)

ta _ hi }dx
(t;y + 2h;)2(h; + bx)2 (t; + 2h;)(h; + bx)3

As{ 2t12 + ti2
(t1 + 2h1)3(t1 - 2bx)  (ti1 + 2hi1)3(h1 + bx)

2hi(t; + hi) + h;2 Yax
(t1 + 2h1)2(h; + bx)2 (t1 + 2h;)(hy + bx)3

8 4
(ti + 2h1)3(t: - 2bx) | (t: + 2h1)3(hy + bx)

Re{

2 1
(ti + 2h1)2(h1 + bx)2 & (ti + 2h1)(h: + bx)3

}dax

2b b*
Ae{loet, + 2bh,)(t; - 2bx) ' (b*t, + 2bh,)(h, * brx)l

ty
N E3< 2b%))
(t, - 2bx)

A 0 n
1 n+2
Ag{(tl = 2bX)}dx + 2 “bKo|

Jax
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Simplification of the above equation gives,

__ax —ax —ax
doxy = Bt~ aex)? T B2y v o) BET b2
ti n
{In,T—/—™—.3
—_dax —dx (ti- 2bx)
* By v e T B, o T BT ooy 1
(5.52)

where,

— 2ti1A1+ 4(A> + A3) + 4t (A + A7) + 2t12As5 + 8As
(t1 + 2h1)2 (t1 + 2h1)3

Ba

2bAs

* brty + 2bh, T B°

tiAy + 2(A2 + A3) | 2t1(Au + A7) + ti2As +4Ae

B2

(t1 + 2h31)2 (t1 + 2h31)3
Bs = As + A3 - Ajha + ti(Ay + Ay) - 2Ashi(ti + hi) + 2Re
3 (t1 + 2h1) (t1 + 2h1)2
By = Ag + Ashi2 - (Ay + A7)h:
(t1 + 2hi)
Bs = b*Ag
® 7 (b*t; + 2bh,)

Be = 2n+2bKo

Integrating equation (5.52) w.r.t.x

- . B - B2 - —_Bs
oK b In(t, - 2bx) + b In(h; + bx) B(h, + bx)
- —Bs , Bs
Zb(h, + br)2 | prin(hs ¥ BX)

Bg A £ty n+l (5.53)
Y3+ oMo ) TG

Where Cs is the constant of integration and can be determined by
applying the boundary condition that at the point where deforma-
tion starts,

x =0, oxi = oX3

B B B B B
= 21 - B2 By,  _By _ Bs
Cs 2bln £, 5 ln h; + bhl+ 2bh ,2 b*ln h; + ox,

»

Substituting the value of Cs into equation (5.53), we obtain;
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By —t2 By Mhy+bx, Byl 1
o = E - Te ™ h, ) b h; " h, + bx

1 1 Bs hs + b*x

b .
* blhye” Ty, +omyz! T px R )

3

n+l (5.54)

1

5.3.1.5 Prediction of Reduction in Strip Size and Drawing Stress

Again using the Von-Mises yield criteria, the deformation will

continue when the equation,

n

P, + xx. =Y. =Y +Ke¢e (5.55)
i i i o) o)
is satisfied.
It is assumed that the deformation ceases at x = Ll - Xl, the

values of Pi and cxi are substituted into equation (5.55) from
equations (5.39) and (5.54) respectively. The parameter 'b' is
the only unknown parameter for a given drawing speed and the
geometry of the unit. Equation (5.55) may be iterated to establish
the value of b. Once this value is established, the percentage

reduction in strip size at any point for Xi<x<Li is given by,

PRT = (1 - Ei) x 100 )
ty )
. . )
PRW = (1 - &) x 100 ! (5.56)
W, )
: )
Witi )
PRA = (1 - =—) x 100
( wltl) )
And drawing stress is given by
od = ox. + OX,
i
where,
= 2Tulp | 2Tshp (5.57)
9%2 T T, W
i
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