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Analysis and modelling of the die drawing of
polymers
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An analysis of the mechanics of the die-drawing process for polymer orientation has been
undertaken on the basis of the lower bound theory by Hoffman and Sachs for metals, with
several important modifications. First it is accepted that the flow stress in polymers is strongly
dependent on plastic strain, strain rate and temperature. Secondly, thermal effects during die
drawing due to heat generated by plastic deformation are included in the analysis. Finally, the

temperature distribution in the die is estimated, taking into account both heat condition and
axial translation of the polymer during the drawing process. Good agreement was obtained
between theoretically predicted drawing stresses and those determined experimentally for a

range of drawing speeds.

1. Introduction

1.1. Background information

The die-drawing process is a method of producing
highly oriented polymer sections with the material,
during processing, being in the solid phase. Usually, a
heated polymer billet is drawn through a converging
die to produce rod, sheet, tube or mono-filament. The
resulting products have enhanced mechanical proper-
ties when compared with the starting material, and in
particular show considerable increase in strength and
stiffness together with improvements in thermal stabil-
ity, barrier properties and chemical resistance, making
them useful in a wide variety of applications.

Die drawing developed from early studies of the
tensile drawing of polymers [1-3] and from the hydro-
static extrusion process [4, 5]. Its development route
differed from that of fibres where solution and melt
processes were used to produce high-modulus mater-
1als. A review of the preparation, structure and proper-
ties of high-modulus polymers produced by all the
above routes has been published [6].

Initial die-drawing work at Leeds was carried out
on a small-scale die drawing facility [7-12] but the
process has been successfully scaled up and a batch
machine has been designed and developed which is
capable of producing large-section products in a var-
iety of materials [13, 14]. A continuous die-drawing
machine is currently under development. Con-
siderable experimental data have been obtained from
these facilities but there is also a need for a funda-
mental analysis of the process to identify parameters
which affect die-drawing behaviour. The aim of this
paper is to provide such an analysis, primarily
through a computer model, of the die-drawing process
applied to polyethylene.

1.2. Die-drawing process
The drawing of a polymer through a die is shown
schematically in Fig. 1. Region 1 contains undeformed
material moving towards the die entrance while in
Region 2 the polymer is deformed within the die whilst
remaining in contact with the die wall. Some polymers
remain in contact with the die wall throughout the
drawing process while others, with particular strain-
hardening characteristics, prematurely neck down and
leave the die wall as seen in Region 3. A substantial
amount of free tensile drawing can occur downstream
of the die exit (Region 4) as the polymer cools from its
processing temperature and eventually reaches a con-
stant cross-sectional area (Region 5).

In all cases, the nominal draw ratio, Ry, and the
actual draw ratio, R,, are used to quantify the defor-
mation behaviour and these quantities are defined by

Original billet cross-section area

RN = B f .
Die exit cross-sectional area

and
Original billet cross-sectional area

Final product cross-sectional area

Figure I Regions observed when drawing a polymer billet through
a converging die.
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The case of a circular billet being drawn through a
conical die having a semi-angle of 15° is analysed
theoretically. Attention is focused primarily on Re-
gion 2 because the drawing characteristics of any
polymer are governed by its behaviour in this region.
The analysis applies up to the point where the mater-
jal leaves the die wall or reaches the die exit. The
results obtained are crucially dependent on the flow
stress of deforming material within the die and this
parameter is greatly affected by strain rate and tem-
perature.

2. Principles of the die-drawing model
The three central elements in the analysis of the
process are the mechanics of the process, the yield or
flow stress of the material being processed and the
thermal effects, because these parameters influence
mechanical behaviour. In this work the mechanics of
drawing was approached through the equilibrium
equation due to Hoffman and Sachs [15] and yield
behaviour was deduced using either the Eyring activa-
ted rate theory [16] or from experimental uniaxial
stress—strain data determined over a range of strain-
rates. The temperature distribution in the material
during drawing was evaluated using finite difference
techniques with the heat generated by mechanical
work being taken into account in the calculation.

A solution to the stress field for material within the
die was obtained using a numerical iterative proced-
ure which solved the equilibrium equation for indi-
vidual elements of material taking into account their
temperature and their assigned value of flow stress.
Elements within the die were obtained by first dividing
the length of the die into a number of slices (usually
20-80) by planes normal to the die axis such that each
slice was of constant volume. Each slice was then
divided radially into annular elements (usually 5) also
of constant volume so that a mesh as shown in Fig. 2
was obtained. A solution of the equilibrium equations
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Figure 2 Elements used in the analysis of the die-drawing process.
(a) Axial elements. (b) Radial division of each axial element.
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derived from the mechanics of drawing for each ele-
ment gave the stresses in the material at these points.

3. Mechanics of die drawing

The theory of plastic flow in conical dies was origin-
ally developed for the analysis of metal forming pro-
cesses. The upper bound theory [17] satisfies the
continuity requirement but is found to give an over
estimate of the forces with the die material. The lower
bound theory [15] satisfies equilibrium requirements
but not necessarily continuity, and gives a lower limit
of the forces and stresses within the material. Coates et
al. [18] satisfactorily analysed the mechanics of
hydrostatic extrusion of polymers using the equilib-
rium or lower bound theory of Hoffman and Sachs
[15] and this approach has been used in the present
work.

The lower bound approach is based on the quasi-
equilibrium of forces acting on a small element of
material within the die. It assumed that plane sections
remain plane during drawing and that the axial force
does not vary with radius. Avitzur [17] has shown that
for dies having a semi-angle less than 15° it is accept-
able to assume plug flow and therefore the equilibrium
approach of Hoffman and Sachs [15, 18] may be used
to determine the stress in an element.

By considering the equilibrium of the forces acting
on an element of material, as shown in Fig. 3, it is
found that the relationship between the stresses [15] is
given by

do,
de

where o, is the axial stress, o, the stress normal to the
wall, € the true axial strain, p the coefficient of friction
between the material and die wall and o the die semi-
angle.

Assuming deformation of the material occurs under
constant volume conditions, then the true axial strain,
¢, may be expressed in terms of the initial and final
values of radius of an element

2
& = In (fﬂ> @)
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Figure 3 Stresses acting on an axial element within the die.



This equation must be satisfied for all elements in the
die but a relationship between o, and o, is required
before the equation may be solved. This may be
obtained from the yield behaviour of the material.
Although the yield behaviour of polymers is known to
be pressure-dependent, it has been found adequate to
represent the flow stress in the present case in terms of
either the Tresca yield criterion or von Mises yield
criterion [ 187, which give

O = O, — Gy (4)

where o, 1s the flow stress at an appropriate strain,
strain rate, temperature and pressure acting on a given
element.

Eliminating o, between Equations 3 and 4 gives

* (Lo, — ol + L)]z—(rjz (5)

do, =

where L = pcota. This equation enables the axial
stress to be calculated for any element in the die,
provided the yield hehaviour of the polymer is known.
Implicit in this approach is the assumption that o,
and o, are parallel and normal, respectively, to the
draw direction and that they are principal stresses.
This is approximately true provided the die angle and
the friction coefficient at the die wall are both small.
Furthermore, this theory is only valid for material
being deformed by the die and will not apply to
material which prematurely leaves the die wall and
begins to neck down. The point of departure from the
die wall can be identified because it must coincide with
the value of o, being zero or negative.

4. Yield behaviour

The flow stress within the die has been seen to be
dependent on stress, strain, strain rate, temperature
and hydrostatic pressure although pressure is con-
sidered to have negligible effect in the present work.
The stresses and strains in the die are triaxial with the
axial stress being the dominant stress during drawing.
Consequently, the flow stress at any point in the die
may be assumed to be the same as that in a tension
specimen having the same axial strain, particularly
since it may be shown that the equivalent strain is the
same in both cases.

Coates and Ward {197 have shown that in uniaxial
tension a unique relationship exists between stress,
strain and strain rate which is independent of the load
path followed by the material. It is therefore possible
to deduce the flow stress for any strain, strain rate and
temperature situation by interpolation of uniaxial
data.

In this work the yield behaviour of the material was
determined by two separate routes. In the first, the
yield behaviour itself was modelled using the activated
rate theory originally developed by Eyring and co-
workers [16] and previously applied to the hydro-
static extrusion of polymers [20]. In the second, the
experimental stress—strain data from mechanical tests
were used as discussed above.

4.1. Activated rate theory
Yielding may be considered to be an activated rate

process where deformation of a polymer involves the
motion of chain molecules or parts of chain molecules
over potential energy barriers. With no stress acting, a
dynamic equilibrium exists with chains moving over
the potential energy barrier in both directions. This
approach [21] leads to the formulation of the equa-
tion for strain rate, £, as

- éoexp<— %) ©)

where &, is the pre-exponential factor, AU the activa-
tion energy, T the absolute temperature, and k
Boltzmann’s constant.

The effect of applying a stress, &, to the polymer is
to shift the energy barrier so that there is a net flow of
chain molecules in one direction and because this flow
is related to strain rate

5 = éoepr-———AUk;"Vﬂ ™

where V' is the activation volume. Rearranging this
equation gives

1 ¢
c = 17[AU + kTln <g>} )

The initial yield stress of a polymer in a state of
tension may be predicted from this equation and it
may also be used to predict the subsequent flow stress
as the strain, strain rate and temperature change
during deformation.

When modelling the behaviour of polyethylene,
data from Hope and Ward [20] were used; the activa-
tion energy was taken to be 180 kJ mol ™! and the pre-
exponential factor, &,, was found to decrease with
draw ratio from an initial value of 8 x10'°s™! to
6 x 10 s7! when the draw ratio reached 6. It could
be represented by the equation

ing, = 4582 — 0.147In) )

Equation 8 shows activation volume to have a
marked influence on flow stress. Hope and Ward [20]
suggest that high strains and strain rates are usually
associated with a high stress, low activation volume
process while low strains relate to low stress, high
activation volume. Their data for polyethylene show a
decrease in activation volume from about 7 nm? for
isotropic material to less than 1.5 nm? for draw ratios
of 6.

It is possible to take into account the effect of
hydrostatic stress on flow stress behaviour by adding
an appropriate term to Equation 8. However, this was
not necessary in the present work because the hydro-
static stress in the die is relatively small and not
expected to influence flow stress to any significant
extent. In the present work, Equation 8 was used to
evaluate flow stress and the results related to elements
of material being deformed within the die.

4.2. Experimental yield data

An alternative way of obtaining yield data from the
computer model of the die drawing process is from
mechanical tests on the material. It has already been
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seen that for a given point within the die, the flow
stress will be approximately equal to that in a uniaxial
specimen for comparable strain, strain rate and tem-
perature conditions. Values of flow stress within the
die can, therefore, be deduced from uniaxial test data.

A series of tensile tests were carried out on plastical-
ly deformed polyethylene (BP grade R006-60) tension
specimens using an RDP mechanical testing machine.
In each test the specimens were enclosed in an envir-
onmental chamber and tests carried out at 95 and
100°C at constant cross-head speed. Strain rate dur-
ing these tests, therefore, decreased with increasing
strain. In contrast, strain rate in the die-drawing
process progressively increases with strain reaching a
maximum at the die exit. A significant loss of accuracy
occurs if tensile test data are related to die drawing
based on average strain rates. Rather, flow stress
values in the dic must be deduced from the point by
point correlation of strain and strain rate in a tension
specimen. This approach is possible because Coates
and Ward [19] have shown that in uniaxial tension a
polymer has a unique stress—strain—strain rate—
temperature characteristic which is independent of the
load path taken to achieve a given mechanical state.
Thus, composite flow stress curves relating to the
strain and strain rate experienced by an element of
material passing through the die for a given draw
speed can be deduced from uniaxial data.

To obtain a composite curve, the basic tensile test
data were converted to true stress—true strain relation-
ships and true strain rate evaluated throughout each
test. A plot of true stress—log (true strain rate) for a
given strain in the tensile specimens produced, as
expected, a linear relationship as shown in Fig. 4. The
axial strain within the die can be determined from
Equation 2 and strain rate from the expression

Zia
_ 4udfd3 no (10)
where v is the product velocity at the die exit, d; the
product diameter, and d the instantaneous diameter.

5. Die-drawing temperature
distribution

The mechanical work of deformation during die draw-

ing is capable of producing an increase in temperature

and a corresponding reduction in flow stress which
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Figure 4 Flow stress—strain rate characteristics of polyethylene
R0O06-60 obtained from tension tests at 100°C: strain € = (a) 1.4,
(b) 1.2, (c) 1.0, (d) 0.8, (¢} 0.4.
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could have a significant effect on the drawing behavi-
our. To take this factor into account, a knowledge of
the quasi-steady state temperature distribution in the
die was required. This involved estimating the quant-
ity of heat generated within the material due to mech-
anical work and allowing for heat conduction in the
axial and radial directions with the die acting as a heat
sink and being maintained at a constant temperature.
In the axial direction, the thermal conductivity in-
creases with orientation whereas the radial conductiv-
ity remains approximately the same as for isotropic
material [22]. In addition, the effects of the material
moving through the die must be taken into account
together with its changing geometry. A solution to the
temperature distribution in this case was obtained by
numerical analysis with the deforming polymer sub-
divided into equal volume elements as shown in Fig. 2,
and the temperature of each element adjusted so as to
satisfy the heat-conduction equation.

The basic one-dimensional heat-conduction equa-
tion for a cylindrical medium moving with velocity,
U,, with internal heat generation f/unit volume of
material [23], is given by

2

OIS )

dx v \0x k v\ 0t
where T is temperature, ¢ is time, k the thermal
conductivity and v the thermal diffusivity which is
related to density, p, and specific heat, ¢, by v = k/pc.
When Equation 11 is expressed in finite difference

form and applied to the centre element, i shown in
Fig. Sa, then the equation to be satisfied becomes

Tivy + -y, — 2T, pe(Tivy — Ty
U § Al g St 3
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Figure 5 General elements used in heat-conduction analysis. (a)
One-dimensional heat conduction. (b) Axial and radial heat conduc-
tion within a die.



where A, is the current draw ratio of the element and
U, the initia} billet velocity. In the heat-generation
term, o, is the current flow stress and dg; the incre-
ment of plastic strain occurring during time interval
At. The temperature T'; of element i after time Az may
be evaluated from Equation 12 and it may be shown

that
r; = T( —fgf)/M

A
+ 7}_1(1 +%>/M

+ T(M — /M + Ac,de, /M (13)

where A = L, U Ax/k and M = pc(Ax)*/kAt and is a
dimensionless constant.

Equation 13 shows that the temperature of element
i after time At is dependent on the initial temperatures
T,_, T; and T}, ,, together with the input of mechan-
ical work, o,de;. The coefficients of the initial temper-
atures when added together are equal to unity and the
relative magnitude of a temperature coefficient gives
an indication of the influence of the associated temper-
ature on the new temperature, T';. Thus, the upstream
temperature, 7;_ , at high drawing speeds is seen from
Equation 13 to have a greater influence on T’} than the
downstream temperature, 7;.;. At low drawing
speeds the magnitude of A4 is small and consequently
T+, and T;_, have approximately an equal effect on
T;. The parameter M may be chosen arbitrarily but
the chosen value determines the incremental time step
during which temperature T, increases to T'.

Equation 13 may be applied to all elements in the
problem and the temperature distribution after time
increment At evaluated throughout the die. The tem-
perature after further time intervals can be determined
from further iterations in which previously calculated
temperatures become the initial temperatures in the
new incremental step. A steady state temperature
distribution is reached when iterations produce no
significant increase in temperature of the elements.

Equation 12 allows for heat conduction in only one
direction. Within the die a general element (Fig. 5b)
will experience heat conduction in both the axial and
radial directions and furthermore, the cross-sectional
area through which the heat flows to adjacent radial
and axial elements varies with element position. When
Equation 13 is modified to take these factors into
account it becomes

Apc
T”“( - T)/M
A
+ Ti_l,,.(Z n ~§-C)/M

+ L, XM+ T, W/M

M-W+X+ Y+ Z
Y LELES: ]

!
Ty; =

Ao dg;

= (14

+

where

Ax; a k
X — i ]+1) <_0)
(ij'-n) 4; k
_ Ax; i+
"= <Axi+l>< a; >
Ax; g
Z = <Axi—1>( 4; >

The thermal conductivity in the radial direction was
assumed to be constant and equal to the isotropic
value but in the axial direction it is influenced by
orientation and was assumed to be a function of
position in the axial direction.

From the work of Greig and Sahota [22], thermal
conductivity for polyethylene was taken as

ki = 0539, — 0.110wm™ 'K~ (15

The temperature rise due to mechanical work was
determined assuming that all work is transformed into
heat and thus the temperature rise in an element is
given by

ode

AT = —— (16)
cp

6. Modelling the die-drawing process
The axial stress, o, for any element in the die is
dependent on the local flow stress (Equation 5) which,
in turn, depends on the strain, strain rate and temper-
ature within an element. To obtain a solution to the
stress field within the die which takes into account the
temperature rise due to the mechanical work of
deformation, it was first necessary to determine the
quasi-static temperature distribution from Equa-
tion 14 using a flow stress value for each element
compatible with its temperature. This iterative calcu-
lation established the steady-state temperature and
flow stress for each element and the axial stress could
then be obtained from Equation 5 using finite differ-
ence techniques.

When obtaining a solution to the temperature dis-
tribution in the deforming polymer it was assumed
that heat conduction occurred in the radial and axial
directions and also through the die wall to the die
which was maintained at the same constant tempez-
ature as the billet entering the die. At the die exit no
heating was assumed to occur due to mechanical work
and convection heat losses were assumed to be
negligible.

The above computer model of the die-drawing pro-
cess, detailed in Fig. 6, was used to study the behavi-
our of polyethylene homopolymer (BP grade R006-60)
when drawn through a conical die having a 15° semi-
die angle and 15.5mm exit diameter. Dies having
entrance diameters of 31 mm (Ry = 4) and 38 mm (R,
= 6) were evaluated for billet velocities of 5, 10 and
15mmmin~' and a drawing temperature of 100°C,
which is in accordance with normal die drawing
practice.
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Figure 6 Flow chart of the computer model.

7. Results and discussion
A solution to the temperature field in the die was
obtained for the above drawing conditions using
Equation 14. It was found that for a stable converging
solution, the temperature coefficients in Equation 14
had to be positive with, ideally, the coefficient of T;;
being dominant. To ensure that the coefficient of
T;.,,; remained positive, parameter 4, which is equal
to A, Uy(Ax;)/k, had to be kept small. An increase in
drawing speed Uy, had to be countered by a decrease in
element size Ax;, so increasing the number of axial
slices used in the analysis. For the polyethylene billet
and die-drawing conditions detailed above, the min-
imum number of axial slices required to keep the
temperature coefficients positive, for various drawing
speeds is shown in Table L

For the solution to converge in a stable manner, the
coefficient of T;; had to be dominant and consequently

TABLE I Minimum number of slices needed for each die for
various billet velocities

Billet Number of slices needed for each die

velocity

(mm min~') Ry=4 Ry=6 Ry=38 Ry=10
2.5 7 13 19 27
b) . 13 24 38 53
7.5 19 36 56 79

10 25 48 74 105

12.5 32 60 92 131
15 38 72 112 158

17.5 44 84

20 50 96

25 63 120

30 75 144
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parameter M, which is equal to (pc/k)(Ax;)*/At, had
to be large. Temperature coefficient requirements as
seen above, determined the magnitude of Ax; so the
only remaining independent variable which could be
set to make M large, was time interval Az. An accept-
ably large value of M was obtained when At was
chosen such that about five iterations were required
for an element of material to move downstream to the
position of its neighbour. Under these conditions, the
minimum number of iterative cycles required to ob-
tain a steady state temperature distribution was five
times the number of axial slices in the die and there-
fore this was equal to one complete pass of the mater-
ial through the die. More passes made negligible
difference to the final temperature distribution
obtained.

7.1. Temperature distribution

Fig. 7 shows the calculated temperature distribution
in polyethylene when drawn through the Ry = 4 die at
various speeds. The plotted temperatures are surface
temperatures but there was little difference between
the centre and surface temperatures at any axial posi-
tion in the die. The temperature profiles in Fig. 7 are
remarkably similar due to the tension test flow stress
data agreeing closely with those deduced by the
Eyring activated rate theory. This close correlation
shows that with a correct assessment of the stress
activation volume, the Eyring theory is capable of
modelling the yield behaviour of polymers undergoing
the large-scale deformations of die drawing. At all
draw speeds the mechanical work done produces a
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Figure 7 Calculated surface temperatures in polyethylene R006-60
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rise in temperature which reaches a maximum near
the die exit, but this maximum is only about 1° above
the billet temperature for a billet speed of
15 mmmin 1. The fall in temperature near the die exit
is due to the axial conduction of heat to materiai
downstream of the die exit.

The temperature profite in the longer Ry = 6 die
(Fig. 8) shows a pronounced upward trend near the die
exit for billet speeds of 10 and 15 mm min !, whether
calculated using uniaxial flow stress data or the activa-
ted rate theory. The increase in strain and particularly
strain rate in the material as it approaches the die exit
at the higher draw speeds, results in high flow stresses
in this region and a consequent high generation of
heat due to mechanical work. This high heat genera-
tion is significantly more important than the heat lost
from the region by axial conduction and it accounts
for the temperature rise in this region.

The temperature rise in the material due to mechan-
ical work alone has been calculated for the various test
cases using the expression

.de;
AT = jc_‘fi a7n
€p

Figs 9 and 10 show the results obtained and when
compared with those in Fig. 7, where heat conduction
and axial translation are taken into account, it can be
seen that these latter factors significantly reduce tem-
peratures produced by mechanical work alone. Figs 9
and 10 have been calculated using flow stress values
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Figure 9 Calculated temperature rise in polyethylene R006-60 due
to mechanical work alone when drawn through an Ry =4 die,
(a) using activated rate theory, (b) using uniaxial tension test data;
(x) Smmmin~!, (-} 10mmmin "', (+) 15 mmmin~ !,

obtained from activated rate theory and from tensile
data and these figures show the final temperature
reached in the Ry = 6 die is significantly greater than
that in the Ry = 4 die, with billet velocity having little
influence on temperature over the range of velocities
investigated.

7.2. Flow stress

The computer model was used to determine the flow
stress within the Ry = 4 and Ry = 6 dies, taking into
account strain, strain rate and temperature. Figs 11
and 12 show values of flow stress relating to die
surface elements for any axial position within the dies.
Although axial slices only were used to establish the
quasi-static equilibrium relationships within each die,
temperatures were determined using both axial and
radial elements and hence it was appropriate to deter-
mine centre and surface yield stress values throughout
the dies.

Figs 11 and 12 both show the surface flow stress
predicted by activated rate theory to be similar to that
obtained from tension data at the die entrance but the
difference in flow stress between the two approaches,
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increases with position along the die and is greatest at
the die exit. For the range of velocities investigated the
flow stress is found to be not markedly dependent on
billet velocity.
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through an Ry = 4 die at various billet velocities, (a) using activated

rate theory, (b) using uniaxial tension test data; (x) 5 mmmin~",

(*) 10 mmmin~?, ( +) 15 mmmin~.
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7.3. Axial stress and die-wall pressure

The axial stress in the Ry = 4 and Ry = 6 dies was
obtained using the computer model and the results are
shown in Figs 13 and 14. For the Ry = 4 die (Fig. 13),
the axial stresses derived using activated rate theory
are slightly greater than those derived from tension
data with billet velocity having little influence on these
stresses. Similar behaviour is seen in Fig. 14 for the Ry
= 6 die and axial stress in both dies shows an upward
trend towards the die exit, similar to the flow stress
behaviour in the dies. The flow stress is equal to the
difference between the axial stress, ., and the die-wall
pressure, p (Equation 4), if these stresses are assumed
to be principal stresses, which is essentially true pro-
vided friction effects in the die and the die semi-angle
are both small. Figs 15 and 16 show that the die-wall
pressures, particularly near to die exit, are relatively
small and consequently the axial stress is greatly
influenced by the flow stress characteristics of the
material.

The die-wall pressure (Figs 15 and 16) reaches a
minimum value near to the die exit. Polymers have
been observed to leave the die wall in this region so
that the die wall pressure at such points will be equal
to zero. Polyethylene in this investigation will not
exhibit this behaviour due to the die-wall pressure
remaining positive throughout the die.

7.4. Experimental draw stress data

Richardson et al. [13] have carried out die-drawing
tests using polyethylene R006-60 billets having the
same size and drawn under the same conditions as
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assumed in this theoretical investigation. Temper-
ature, flow stress and die-wall pressure in the die could
not be measured in the drawing tests but drawing
stress results for the die exit can be compared with
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Figure 16 Die-wall pressure when drawing polyethylene R006-60
through an Ry = 6 die at various billet speeds, (a) using activated

rate theory, (b) using uniaxial tension test data; (x) 5 mmmin~?,
(*) 10 mmmin~?*, (+) 15 mmmin~

theoretical values. Fig. 17 shows that for the Ry = 4
die the experimental draw stress results show good
agreement with the activated rate theory predictions
at low haul-off speeds but at the higher speeds the
computer model results are approximately 20% less
than those determined experimentally. The Ry =6
activated rate theory results show very close agree-
ment with experimental behaviour over the range of
velocities investigated. Tensile test data results, how-
ever, predict consistently lower draw stress values
than found experimentally.

8. Conclusions
1. It is possible to analyse the die-drawing behaviour
of polyethylene in the solid phase by modeiling the
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mechanics, physics and heat conduction effects during
drawing.

2. A single-process activated rate theory model
adequately described the flow stress behaviour of
polyethylene.

3. A method has been successfully developed for
obtaining true stress-strain data at constant true
strain rate from mechanical tests and applying such
data to the model.

4. The temperature distribution in the dies has been
determined taking into account heat conduction and
axial translation of the material within the die. Tem-
peratures in the die are substantially lower than those
predicted from estimates using the mechanical work
done within the die, and assuming that there are no
heat losses for any reason.

5. Strain rate and temperature within the die have a
marked influence on the flow stress which primarily
determines the drawing behaviour of polyethylene.
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Predicted values of the draw stress using the activated
rate theory model show good agreement with experi-
mental values.
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