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The tensile creep and recovery of oriented linear polyethylene (LPE) monofilaments have been studied
for a range of samples of different structure. Starting with a comparison of samples of different draw
ratio prepared from one grade of polymer, the measurements were extended to examine the effects of
molecular weight. Although the viscoelastic behaviour is markedly non-linear it was found valuable to
model the creep and recovery at each level of stress by a simple linear solid representation. This repre-
sentation enabled a clear distinction to be made between recoverable and irrecoverable creep, both

of which are affected by draw ratio and molecular weight. When the irrecoverable creep was examined
further in terms of an activated Eyring process, a clear distinction between the two molecular weight
grades could be made. In particular, the high molecular weight grade displayed a critical stress below

which irrecoverable creep fell to a negligible level. This finding could be of considerable importance
with regard to the application of ultra-high modulus LPE fibres in reinforcement.

INTRODUCTION

In a number of previous publications from this laboratory
the preparation and properties of ultra-high modutus poly-
ethylenes have been described' ™. The discussion of the
mechanical properties has so far been almost entirely con-
fined either to the determination of the 10 sec isochronal
creep modulus’? or the dynamic mechanical behaviour in
extension®, both measured at very low strains, usually 0.1%
or lower. Under such test conditions, the Young’s modulus
was shown to be uniquely related to the draw ratio, a result
which confirmed previous findings on lower draw ratio
polyethylenes®. There was, however, evidence from the
initial work that these materials show non-linear viscoelastic
behaviour!, and preliminary studies have indicated that the
creep behaviour at high strains depends on the polymer
molecular weight as well as the draw ratio”. Particularly in
view of the possible commercial applications of these mate-
rials for fibre reinforcement, it was therefore of interest to
examine their creep and recovery behaviour in some detail.
In this paper we describe a successful attempt to model the
non-linear viscoelastic behaviour in a very simple fashion,
which also reveals the effects of draw ratio and molecular
weight in a manner which allows us to gain some physical
understanding of the factors involved.

EXPERIMENTAL

Preparation of samples

Samples were prepared from two commercial grades of
linear polyethylene, both manufactured by BP Chemicals
International Ltd, and the number- and weight-average mole-
cular weights are given in Tuble 1. In all cases continuous
monofilaments ~0.7-1.0 mm in diameter were produced
by melt spinning at 210°C. The monofilament was crystal-
lized by passing it into a glycerol bath at 120°C as it emerged
from the die of the melt extruder. The spun monofilament

was subsequently drawn by stretching between moving rol-
lers which passed the monofilament through a glycerol bath
at 120°C. This draw temperature is higher than that used in
previously reported non-continuous drawing procedures for
LPE in this laboratory!?, and has the effect of lowering
somewhat the creep modulus for a given draw ratio.

Creep measurements

Tensile creep and recovery measurements were performed
using the conventional dead-loading apparatus similar to
that described in previous publications®, in which the strain
was calculated from grip displacement. It will be shown that
this is an adequate procedure provided that sufficiently long
samples are used, so that end effects become negligible. All
measurements were carried out at constant load at 20°C.
The samples were mounted vertically between grips. The
upper grip was fixed in position and the lower grip was at-
tached to the core of a linear displacement transducer. The
sample extension was displayed on chart paper and also re-
corded on punch paper tape at regular time intervals. Each
sample was tested at several nominal stresses after condition-
ing in the manner described below. As the loads used were
never more than about 10% of the specified upper design
limit of the apparatus, the machine deflection can safely be
assumed to be negligible.

Table 1 Sample details

Sample

number Grade M, My Alz1)
1 * Rigidex 50 6180 101 450 10

2 * Rigidex 50 6180 101 450 20

3 * Rigidex 50 6180 101 450 30

4 * H020-54P 33000 312000 20

* BP Chemicals Ltd
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Figure 1 Effect on the creep response of varying the samble gauge
length for sample 2. The error bars correspond to the accuracy of
the measurement

Conditioning
Preliminary measurements showed that if a sample was
loaded, unloaded and relaxed, then reloaded, its creep res-

ponse was smaller than it had previously been, corresponding

in some cases to an apparent increase of 20—30% in the
10 sec isochronal creep modulus.

This change in behaviour has contributions arising from
two sources. First, and most important, there is an irrever-
sible, but limited, yielding or settling in the grips. This was
examined by observing the effect of removing the sample
after the second loading and reclamping it. During a third
loading it behaved almost as though it were a fresh sample,
but some small decrease in creep compliance was still ob-
served. Repeating the test several times confirmed that
nearly all the change could be attributed to grip effects.
Secondly, there is a small contribution which cannot be ex-
plained in this manner and must be due to a change in the
physical state of the sample as a whole. The precise nature
of this change is not yet understood, but it seems likely that
it arises from a small amount of permanent plastic deforma-

tion in the sample. Possible mechanisms for this conditioning

process will form part of a future study, but for the present
paper a standard procedure has been adopted for stabilizing
the samples.

Previous work suggeste that samples can be satisfac-
torily conditioned by loading at the highest stress level to be

d9, 10

employed and then unloading. In fact we found that even at

the lowest stress level, and for an initial loading time of only
10 sec, a third loading gave a creep curve which coincided
with that of the second. Furthermore, if the sample was
loaded yet again at a higher stress level, it was found to be
already conditioned. However, to ensure that there was no
possibility whatsoever of problems introduced by unsatisfac-
tory conditioning we followed our earlier procedures of
always conditioning by loading at the highest stress level for
10 sec and assuming that this is sufficient to condition the
samples at all lower stresses. Each sample was allowed to re-
cover for a period of not less than ten times the loading

period before being retested. The adequacy of this procedure

was borne out by all subsequent experiments.
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Sample lengths

A problem associated with the measurement of extensio-
nal strains using the method of grip displacement is that of
non-uniform stress distribution along the sample length be-
cause there is always an inhomogeneous stress field in the
region of clamping. The additional extension close to the
grips should, however, be nearly the same for all sample
lengths (for a given cross-section), so that the discrepancy
in the measured strain diminishes to zero as the sample
length approaches infinity. It is possible to estimate the
magnitude of the effect and to determine a satisfactory
gauge length by measuring the creep response of several
samples identical in all respects but length. A sample similar
to sample 2 was conditioned as described earlier and then
loaded to 0.15 GPa for 16 min. After relaxation had been
allowed to occur one grip was removed and the sample
shortened by a certain amount. It was then reconditioned
and reloaded. The process was repeated several times, the
sample being shortened from each end alternately. The
strain measured after 16 min is plotted in Figure 1. The
error bars reflect the overall uncertainty in the measure-
ments. It can be seen that no appreciable effect occurs for
lengths in excess of about 6 cm. In all the tests reported in
this paper the gauge length was therefore at least 9 cm to
allow a satisfactory margin of safety.

RESULTS AND DISCUSSION

General features of creep and recovery behaviour

The comparisons of creep and recovery behaviour for dif-
ferent samples will be chosen so as to bring out the influence
of draw ratio and molecular weight as separate parameters.
To demonstrate the effect of varying draw ratio, Figure 2
shows the creep compliance as a function of time for samples
1 and 3 at three stress levels. The creep compliance is de-
fined here as €./0(, where ¢, is the creep strain, and 0¢ is the
applied stress. The circles represent the experimental data
and the full lines are the best fits to the mathematical rep-
resentation to be discussed later. Increasing the draw ratio
has the effect of decreasing the compliance at all times, but
does not alter the shape of the curves. With the possible ex-
ceptions of the low stress curves, a common feature is an ap-
proximately linear portion at short times followed by an up-
ward sweep at longer time. It can be seen that the stress
dependence of the creep behaviour is markedly non-linear at
the longer times, particularly for low draw ratios.

The data can also be shown in another way, which is par-
ticularly instructive. In Figure 3, following the example of
Sherby and Dorn'! and other workers'? the creep strain rate,
¢, is plotted (on a logarithmic scale) as a function of ¢, for
samples 1, 2 and 3 at 0.2 GPa applied stress. The full lines
are derived from the best fit curves appearing in Figure 2.

Increasing draw ratio gives a reduction in the creep rate
at any given strain, and at all three draw ratios the strain rate
levels off to a constant creep rate which is markedly reduced
with increasing draw ratio. This observation of a final con-
stant creep rate is extremely important, because it suggests
that there is a permanent flow process which may be super-
imposed on the recoverable creep, the latter being significant
only at comparatively short times.
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Figure 2 Creep compliance (e;/00) of samples 1 and 3 at 0.1 (@),
0.15 {2, and 0.2 GPa (V) applied stress {gg) as a function of time;
{ ), are least squares fits to the mechanical model. A, A = 30;
B,A=10
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Figure 3 Creep strain rate €. as a function of ¢ at 0.2 GPa applied
stress for samples 1, 2 and 3; { ), predicted by the model. A,
A=10;B,A=20;:C,A=30

In Figures 4a, 4b and 4c the creep curves for samples 2 and
4 are given to show the effect of varying molecular weight at
a constant draw ratio of 20. As before, the full lines are best
fits to the mathematical representation. The isochronal 10
sec moduli of these samples are very similar, which is consis-
tent with the previously reported observation that this
measure of stiffness depends primarily on draw ratio®">%.
The recovery data are also given for several stresses, and the
broken lines are predicted from the creep data by the
mathematical representation. It is significant that the range
of stresses used for the two samples differs. The low mole-
cular weight sample could not be subjected to more than
0.2 GPa before the strain rate became impracticably large,
whereas the high molecular weight grade easily withstood
0.5 GPa.

The time scale has been extended somewhat at the low
stresses in order to deterinine whether or not the curves dis-
play an upward sweep. In contrast to the high molecular
weight sample, in which there is no apparent upward sweep
at low stresses, the low mole....ar weight grade is creeping
substantially at long times after loading to only 0.05 GPa.
Figure 5 demonstrates this difference over a much longer
time scale and at a higher stress. Although the strain
measurements were made with an optical microscope and
are therefore subject to rather larger experimental error,
there can be no doubt that the shapes of the curves are very
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Figure 4 ¢, (®) and recovery strain eg (&) vs. time for (a) sample 2

A, 0.2;B8,0.15; C, 0.1; D, 0.05; E, 0.025 GPa and {b) and (c} sample 4:
A,05;B,04;C,0.3;D,0.2; E, 0.15; F, 0.1; G, 0.05 GPa; ( ),

in (a) and {(c) are least square fits to the mechanical model, and the
dotted lines are the respective recovery curves; { }, in (b) are
visual fits to the data
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Figure 5 A comparison of the long term creep response of samples
2(0) and 4 (®) at 0.1 GPa applied stress; { }, are visual fits and
the error bars correspond to the accuracy of the measurements
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Figure 6 ¢ as a function of e, for samples 2 (O) and 4 (®); ( b

are visual fits. A, 0.2; B, 0.15; C, 0.2; D, 0.15; E, 0.1 GPa

strikingly different. The stress is 0.1 GPa, and it is seen that
after a few days creep in sample 4 has essentially terminated,
whereas in sample 2 the creep strain is rapidly increasing.

The influence of molecular weight is also clearly seen in
the Sherby—Dorn plots given in Figure 6. Although sample 2
displays the plateau in creep rate, &, discussed for all the
low molecular weight samples, in the high molecular weight
sample 4 a plateau is apparent only at a higher stress level
and even here the creep rate is about two orders of magni-
tude below that of sample 2 at the same stress.

Finally we note that the influence of molecular weight is
also reflected in the recovery behaviour (Figures 4a and 4b).
In the high molecular weight sample the recovery is very
nearly complete within a period of ten times the loading
period at low stresses, whereas in the low molecular weight
sample there is a significant amount of permanent strain for
a comparable recovery time.

Analysis of creep and recovery data

It is clear from these results that the creep behaviour of
these materials is non-linear. A possible approach would be
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to model the behaviour in terms of a formal representation of
non-linear viscoelasticity such as the multiple integral rep-
resentation'®!3, We have decided, however, to adopt a much
less sophisticated approach, which we will show provides
remarkably good insight into the physical situation. We be-
gin by attempting to model the creep and recovery behaviour
at each level of stress by the representation shown schemati-
cally in Figure 7. This consists of a Maxwell and Voigt ele-
ment in series. E,, and E, are the moduli of the Maxwell
and Voigt springs respectively; n,, and 7, are the correspon-
ding dashpot viscosities.

The creep strain, €., developed after a time ¢ in response
to a constant applied stress oy may be shown to be:

Oc 99
ee=— +t—(l—et/ry+ —1¢ (1)
¢ Ep E, Nm

where 7 is the retardation time of the Voigt element, given
by:

T= T)V/Ev

The data for samples 1—4 were fitted to equation (1)
using a least squares procedure to obtain optimum.values for
the parameters E,,,, Ey, 0y, and n,. The full lines in Figures
2 and 4 are the curves calculated from these fits and it can
be seen that there is very good agreement with the experi-
mental data. The values of the parameters obtained at each
stress level are shown in Table 2. 1t can be seen that the
values of £, and E,, increase with draw ratio, but show
comparatively small changes with stress level. This is con-
sistent with the fact that the short time response, as deter-
mined for example from the 10 sec isochronal modulus, is
linear (i.e. strain proportional to stress) and depends only
on draw ratio. It also appears that 7, is much less dependent
on stress level than 7, , and it is of very great importance
that the Maxwell dashpot viscosity 7, , which determines the

(

Figure 7 Schematic representation of the four element mechanical
model of creep and recovery
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Table 2 Derived model parameters
Ny X 10713 ny X 1013 Ty =ny/Ey ™m = "m/Em
Sample ao (GPa) Ep, {(GPa) E, (GPa) (P) (P) (sec) {sec) v (A3)
1 0.1 5.1 6.9 0.83 0.052 75 1627 98
0.15 4.8 6.5 0.27 0.037 57 562
0.2 4.8 7.5 0.1 0.019 25 229
2 0.025 174 33.5 18 0.43 128 10 344 87
0.05 13.6 35.6 6.3 0.5 140 4632
0.1 17.7 264 3.1 0.22 83 1750
0.15 17.7 26.5 2.6 0.23 87 1468
0.2 16.4 26.8 1.2 0.2 75 731
3 0.1 273 4.4 4.2 0.4 91 1638 64
0.15 27.2 36.5 3.4 0.28 77 1250
0.2 259 349 2.1 0.25 72 810
4 0.05 - - - - - - 17
0.1 18.3 319 306 8.66 2714 167 000
0.15 16.6 1.3 170 7.3 3427 102 0600
0.2 15.8 32.7 77 3 917 48700
0.3 254 39.1 4.76 0.28 77 1870
04 25 43 3 0.3 70 1200
0.5 21.7 46 25 0.5 108 1152

irreversible creep strain in this representation, has a value
which is always approximately an order of magnitude higher
than 7,,.

In our representation £, determines the instantaneous
extension, which is immediately recovered on removal of
stress, and E;, and 7, control the time-dependent recoverable
creep strains. The comparatively low value of 5, suggests
that time-dependent recoverable creep strain takes place at
comparatively short times after the stress is applied, whereas
the irrecoverable creep dominates the long term behaviour.
This is consistent with the shapes of the é; versus e, curves,
shown in Figure 5, which can be very well fitted by our rep-
resentation. A more crucial test is, however, to examine the
predictions of the representation for the recovery behaviour.

Equation (1) predicts that the creep strain after a time 77
is:

t
L4 221y

v

=%
eclt)= =+ (2)

m

The first term in this expression is the elastic recoverable
strain in the Maxwell spring, the second term the permanent
creep strain of the Maxwell dashpot and the third strain is
the creep strain of the Voigt element. If the stress is removed
after a time Z¢, recovery occurs with a time constant 7 =
ny/Ey, so that for ¢ > t7 the creep strain is given by:

e()=A+B, 1Pl 3)
where
oot
a=27
Nm
and
4]
B= i [1 —exp(—t7/D]

14

We define the recovery strain at time ¢, eg (¢) as the diffe-

rence between the maximum creep strain (which occurs at
= #r) and the final strain at time . We have, for ¢ > #y:

er (1) = ec(ty) — ei(t) 4)

Thus, at very long times the creep strain will be just
equal to 4 and the recovery will be e.(ty) — A. In Figure 4
the broken lines are recovery curves calculated from equa-
tion (4) using the parameters shown in Table 2 which were
determined from the creep data. These calculated recovery
curves should be compared with the experimental results
(shown as 4). Although the shapes of the predicted curves
are not identical to the experimentally observed recovery
curves, the overall levels of recovery strains at long times are
predicted very well. This confirms the usefulness of the
representation with regard to separation between recoverable
and non-recoverable creep. It is therefore very reasonable
to proceed on the basis that 7, represents the non-
recoverable creep and to attempt to understand this com-
ponent separately. We can now see that the constant creep
rate at high strain seen in the Sherby—Dorn plots relates to
non-recoverable creep.

The observation that the shapes of the recovery curves, as
distinct from the actual level of recovery at long times, are
not predicted accurately, shows that the representation of
the recoverable creep by a simple Voigt element is too simple
This discrepancy might be eliminated by introducing a dis-
tribution of relaxation times, which is very reasonable on
physical grounds.

At this stage it is interesting to note the effect of draw
ratio and molecular weight on the time dependence of the
creep behaviour. Even in Table 2 it can be seen that 7, =
n,/E, is not greatly affected by increasing draw ratio, show-
ing that the time-dependent recoverable component is little
affected. The reduction in creep with increasing draw ratio
is therefore attributable mainly to an increase in n,,. In-
creasing molecular weight (cf samples 2 and 4) does cause
an increase in 7, as well as a very large increase in ,,,. It can
be concluded, however, that although increasing molecular
weight does change the recoverable viscoelastic behaviour to
some degree, again the major effect is on the irrecoverable
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creep represented by n,,. The viscosity 5, is a factor of a
hundred higher in the high molecular weight grade at a given
stress than in the low molecular weight grade. The viscosity
7y is a factor of ten higher in the high molecular weight
grade. At this juncture the discussion will therefore concen-
trate on attempting to obtain a more detailed understanding
of Ny, .

Non-recoverable creep

It is of particular importance to consider the non-
recoverable creep component in more detail. First, this
component clearly describes the permanent plastic flow and
will be expected to relate to the drawing behaviour of the
material. In general terms it can be appreciated that the in-
crease in n,, with decreasing draw ratio and increasing
molecular weight corresponds to the increasing degree of
strain hardening with increasing draw ratio and increasing
molecular weight which has been observed in tensile drawing
experiments on LPE%. Secondly, this non-recoverable creep
is of vital importance in technological applications of ultra-
high modulus LPE and may be the limiting factor in its use
for fibre reinforcement of cement and other matrices.

The curve fitting procedure, with the parameterization

shown in 7able 2, indicates that n,, is highly stress-dependent.

We have therefore examined the possibility that the Maxwell
dashpot should be represented by a stress activated Eyring
dashpot whose creep rate is given by'>:

. . gy
€p = égexp(—AU/kT) sinhﬁ (5)

where AU represents the energy barrier height and v is the
activation volume. At high stresses the sinh term can be
approximated to the exponential, and

—(AU - ov)

ép=ége exp[—(AU — ov)/kT] (6)

It follows that:

Blnép v
oG ﬁ

)

Approximate values for the activation volume v for samples
1—4 were obtained from the results for the highest stress
levels oy and 09 assuming:

v o_ (Inép)g, — (lnép)ol
kT 0y — 01

and are shown in Table 2. It can be seen that the activation
volumes for all the samples are below 100 A3. Such values
contrast very greatly with those for the plastic deformation
of isotropic polymers where activation volumes of the order
of several thousand A3 are typical'® and suggest large scale
cooperative motions. The present results imply that perma-
nent flow in these materials is associated with a compara-
tively localized molecular process. For samples 1—3 the ac-
tivation volumes fall in a fairly narrow range from 98—64
A3, dacreasing with increasing draw ratio. One possible mole-
cular process would be the pulling out of chain folds by a
crystal slip process in which a lattice defect such as a
Reneker defect!” travels through the crystalline regions. If
we consider that the volume per event is of the order of the
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volume of 2 monomer unit of polyethylene, an activation
volume of about 50 A3 is to be expected which is close to
those observed for samples 1—3. In accordance with
Peterlin’s model of plastic deformation in LPE'® the degree
of chain folding is expected to decrease as the draw ratio in-
creases. Further evidence for this phenomenon has been
provided more recently by low frequency laser—Raman
spectroscopy’®. It is therefore reasonable to attribute the
very marked decrease in creep rate with increasing draw ratio
(Figure 3) primarily to the reduction in the total number of
barrier sites available, which corresponds to a fall in the pre-
experimental factor € in equation (6). At the highest draw
ratios the indications of the original lamellar texture are very
much reduced. This is consistent with the reduced sensitivity
of the creep rate to draw ratio at high draw ratios, since the
deformation process is then almost exhausted.

The activation volume for the high molecular weight
sample is only 17 A3. This is very much lower than for all
the low molecular weight samples and leads us to speculate
that the molecular process is indeed different. A value of
17 A3 is much less than the unit cell volume but could cor-
respond to a molecular process such as the pulling out of a
chain entanglement or the breaking of an intercrystalline tie
molecule. The structural measurements on these materials
by laser Raman spectroscopy '° show that the longitudinal
acoustic mode line associated with a lamellar texture reduces
to a negligible intensity in the high molecular weight samples
at much lower draw rates (~10) than in the low molecular
weight material, where it is of appreciable intensity even at
draw ratio 20. This supports the view that the plastic defor-
mation process is indeed different in the high molecular
weight samples. Further support for this conclusion can be
obtained by more detailed examination of the assumption
of an activated rate process of the Eyring type. One possible
approach, which is at present being examined, but involves
extensive further experimental work, is to study the tempera-
ture dependence of the creep behaviour and hence obtain
values for the activation energies AU of the plastic deforma-
tion process. Alternatively, using the presently available data,
it is possible to gain further insight by the following proce-
dure. The activation volumes were obtained at the highest
stress levels for each sample, using the exponential approxi-
mation to the sinh term. It appears reasonable, as discussed
above, to assume that ég reflects only the number of barrier
sites available. We therefore assume that €q is independent
of stress and calculate the sinh term appearing in equation
(5) at all stress levels using our previously calculated values
for the activation volume.

Taking results for samples 2 and 4, which have the same
draw ratio but differ in molecular weight, it is instructive to
plot the plastic strain rate (calculated from the curve fitting
procedures which give the constants in Table 2) against
sinh(ov/kT) derived as above. The results are shown in Figures
8a and 8b, and the broken line through the origin is the linear
relationship predicted by equation (5). Itisclear thatin the
low molecular weight sample 2, the Eyring representation of
permanent plastic deformation holds over the whole range of
stress. In the high molecular weight sample 4, however, this is
not the case. The Eyring representation holds only at the high-
est stress levels, and indeed for a stress of less than about 0.2 GPa
the plastic strain rate is very close indeed to zero. This result has
several important consequences. First, it confirms the view ex-
pressed above that there is likely to be a difference in kind bet-
ween the molecular mechanisms of permanent flow for low and
high molecular weight polymers. Secondly, it suggests that
we can define a critical stress, 0., below which a permanent
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samples 2 and (b) sample 4. {— — —), is as suggested by equation
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flow process is insignificant. This has considerable techno-
logical implications because it may define the limits of use-
ful application of these ultra-high modulus polymers.

Finally, this result suggests that an implicit equation represen-

tation for the non-linear viscoelastic behaviour along the lines
previously proposed for oriented poly(ethylene terephtha-
late)?® might well model the data for the high molecular
weight material more accurately. As discussed in the pre-
vious publication?® this representation predicts a critical flow
stress in a formally satisfying manner.

CONCLUSIONS

The creep and recovery behaviour of drawn polyethylenes
has been fitted to a series combination of a Maxwell and a
Voigt element at each level of stress. From the results it
appears that the viscoelastic behaviour of these materials has
two components: (a) a linear viscoelastic recoverable com-

ponent; (b) a non-linear irrecoverable component which can
be modelled as an activated creep process (the Eyring model).

The recoverable viscoelastic behaviour is not greatly affec-
ted by draw ratio or molecular weight, apart from a conside-
rable increase in the level of stiffness with increasing draw
ratio, as is now well known.

The irrecoverable creep component is, however, affected
in a dramatic fashion by both draw ratio and molecular
weight. For lower molecular weight samples, the reduction
in irrecoverable creep with increasing draw ratio can be at-
tributed to gradual exhaustion of the barrier sites as the
initial lamellar texture of the material is removed. The high
molecular weight sample, on the other hand, shows a critical
stress for irrecoverable creep, as well as a much smaller acti-
vation volume for the creep process. It therefore seems
likely that there is a different mechanism of creep in this
case. This result brings out the essential continuity between
the creep behaviour and the drawing behaviour. We have
already emphasized? that the drawing behaviour of these
materials is best understood in terms of a molecular network,
where both physical entanglements and crystalline regions
can form network junction points. In the low molecular
weight materials the crystalline regions form the majority of
the network junction points, but the situation is reversed for
high molecular weight materials where physical entangle-
ments play the dominant role. This explains the striking ef-
fect of initial morphology on the drawing behaviour of low
molecular weight linear polyethylene, compared with the
drawing of high molecular weight polymers where only
molecular weight affects the behaviour. Viewing the irre-
coverable creep as an extension of draw, which seems reason-
able as both relate to permanent plastic deformation, now
consider the findings of the present investigation. On this
basis we would anticipate that the irrecoverable creep of the
low molecular weight polymer relates to a crystal deforma-
tion process, such as the pulling out of chain folds by a cry-
stal slip process, but that creep of the high molecular weight
polymer relates to a localized molecular process such as the
breaking of an intercrystalline tie molecular or the pulling
out of a chain entanglement. In the low molecular weight
materials the network can deform further by irreversible
plastic deformation of the crystalline regions. In the high
molecular weight materials the network relates primarily to
physical entanglements and further deformation requires
either that these be destroyed or that chain scission occurs.
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