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Ultra-drawing of High Molecular Weight Polyethylene

Piet J. Lemstra and Paul Smith

The effective drawability of solution-cast or -spun high molecular weight polyethylene is
enhanced significantly in comparison with an identical polymer sample that is crystallised

from the melt. |

The maximum attainable draw ratio, which primarily determines the final mechanical
properties, increases continuously with decreasing initial polymer concentration in solution.
A tensile strength of 3.2 GPa and an axial Young’s modulus of 120 GPa could be obtained
by drawing high molecular weight polyethylene cast from a 1% polymer solution. This
phenomenon of increased drawability is discussed in terms of a reduced number of
entanglements per macromolecule in solution-cast polyethylene.

1. INTRODUCTION

In the past decade considerable effort has been devoted
towards the production of high-strength/high-modulusv poly-
meric fibres.! An outstanding achievement in this field
has been the development of aromatic polyamide fibres
(Kevlar) by Du Pont scientists, having tensile strength up
to 3 GPa and axial Young’s modulus of about 150 GPa.2
In this particular case polymer chemists designed rigid
chain molecules which are prone to orient during flow.
Basically this concept applies equally well to the new
class of aromatic polyesters, which have the merit over
aromatic polyamides of being processable as thermoplastic
materials.?

The simple_linear polyethylene molecule is, however, also
an excellent candidate for high-strength/high-modulus
fibres due to its small chain cross-sectional area and the
zig-zag chain conformation in the crystalline state.
Theoretical estimated values of an axial Young’s modulus
of about 250 GPa 4 and tensile strength up to 19 GPa 3
have been reported in the literature. Yet, these high
values have not been attained experimentally. Substan-
tial progress has recently been made to bridge the gap
between the rather poor mechanical performance of
isotropic polyethylene and the aforementioned ultimate
values ! by extension and alignment of the flexible
polyethylene molecules into a parallel register. Deform-
ation of the solid state has been shown to be most
effective to reach a high degree of chain orientation.

This can be achieved by solid-state extrusion © or drawing
polyethylene below its end-melting temperature.” It is
now well established that the axial modulus rapidly in-
creases with deformation ratio, and moduli up to 70

GPa which equals about 1/4 of the theoretical value, have
been reported.! Oriented polyethylene structures obtained
by solid-state extrusion or drawing of melt-spun fibres in
general show lack of strength, which is typically below

1 GPa. High molecular weight is prerequisite for high
tensile strength.8? Unfortunately at increasing molecular
weight the polymer material increasingly resists deform-
ation due to a greater number of entanglements per
molecule and upon drawing fracture already occurs before
a high degree of chain orientation is obtained. An interest-
ing phenomenon is that by selected crystallisation condi-

tions the drawability of polyethylene having a molecular weight

significantly.1® These procedures are only effective for
g
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the lower molecular weight range and but slightly affect
the drawbility of polyethyiene having a molecular weight
exceeding 5 x 105 kg/kmol. Recently, we reported a
drastically improved drawability of ultra-high molecular
weight polyethylene (M, = 1.5 x 10¢ kg/kmol) by reduc-
tion of the number of entanglements per molecule through
solution-spinning or casting from semi-dilute solution.!1:12
For example, this very high molecular weight polyethylene
sample, spun from a 2% w/w solution in decalin, could be
drawn at 120°C to 30 x its original length resulting in a
fibrous structure with a tensile strength of 3 GPaand a
Young’s modulus of 100 GPa. An identical polymer sample,
crystallised from the melt, could be drawn only 6 x at 120°C
with correspondingly poor mechanical properties of the
oriented material. In a previous study 13 we reported on
the difference between the drawability of high molecular
weight polyethylene spun from dilute, or concentrated
solutions respectively. In the latter case no significant
improvement of the maximum attainable draw ratio with
respect to melt-crystallised polymer was found. In this
paper the influence of initial polymer concentration on

the drawability of solution-spun or cast high molecular
weight polyethylene is reported and discussed qualitatively
in terms of the number of entanglements per molecule.
Moreover, we have tried to extend the discussion towards
the drawing behaviour of polyethylene in general.

2. EXPERIMENTAL

High molecular weight polyethylene, Hostalen Gur M, =
1.5 x 106 and M,, =2 x 105 kg/kmol) was used in this
study. Decalin (J. T. Baker Chemicals) was used as solvent
and di-z-butyl-p-cresol (DBPC) was added as stabiliser
(0.5% w/w on polymer).

Films of polyethylene were cast from solution as follows.
The polymer was blended with decalin at 160°C for 45
min. The resulting, highly viscous, solution was com-
pression-moulded at 160°C and subsequently quenched to
room temperature. In the case of the very dilute solutions,
1 and 2% v/v, the films were cast directly from solution
onto a cooled glass-plate. The gel-films, obtained on quench-
ing, were dried at ambient temperature and the last traces
of decalin were extracted with hexane. The dried films
were slightly compressed at room temperature to obtain a
flat surface and to remove voids. Dumb-bell shaped speci-
mens with a length of 20mm and a width of 2mm were cut
from the films (thickness about 0.15mm).

The hot-drawing behaviour of these samples was studied
using an Instron tensile tester, equipped with a hot-air oven.
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The drawing experiments were performed at 120°C using a
cross-head speed of 100mm/min. The draw ratio was deter-
mined by measuring the displacement of ink marks, placed
1mm apart onto the specimen prior to drawing. Room
temperature tensile properties were measured on samples
with an initial length of 50mm. The testing speed was
Smm/min. :

3. RESULTS AND DISCUSSION

Table 1 shows the results of drawing high molecular weight
polyethylene, Hostalen Gur, cast from solution via gelation/
crystallisation. Here the initial volume fraction of polymer
is represented by ¢. The maximum attainable draw ratio
(\max) refers to drawing at 120°C. Young’s modulus (E)
and the tensile strength (¢) were measured at room temper-
ature on samples which were drawn at 120°C close to
Amax -

Table 1. Relation between Initial polyethylene volume
fraction (¢) and maximum draw ratio (A} at 120°C of
solution-cast films, and corresponding room temperature
Young's modulus {E) and tensile strength (o)

o ?\maé at E, GPa o, GPa
120°C
1.00 6 10 0.5
0.14 17 41 1.5
0.10 24 68 2.3
0.08 23 62 23
0.02 46 110 30
0.01 72 120 3.2

Of course, Ay ax depends on many experimental variables,
like drawing temperature, rate, eic. Table 1 nevertheless
shows the strong increase in drawability with decreasing ¢
under:standard experimental conditions. It is now well
established that both the tensile strength and Young’s
modulus increase with increasing draw ratio, at least in the
temperature range below the end-melting temperature.7-14
Consequently by increasing A, ,, through casting from semi-
dilute solutions via gelation/crystallisation a major improve-

ment in mechanical properties can be obtained in comparison

with drawing of melt-crystallised samples. Thus, a low
initial polymer concentration is advantageous to promote
the drawability. Of course, it is not possible to reduce the

initial polymer volume fraction in solution to very low values.

In such dilute solutions loose single crystals precipitate on
cooling and no coherent gels are generated. For the present
polymer sample the practical lower limit is about 0.1% by
volume. On quenching this and more dilute solutions less
coherent gels are obtained exhibiting unstable draw,!5

or premature fracture.

The drastically improved effective drawability of solution-
cast high molecular weight polyethylene can be explained,
at least in a qualitative way, as follows. During dissolution,
the highly entangleéd polymer molecules expand and the
number of entanglements per macromolecule decreases
approximately proportionally with the volume fraction of
the polymer, provided that the coil-overlap concentration
is exceeded.16 Upon quenching such semi-dilute solutions
gelation-crystallisation takes place and a coherent gel is
obtained, in which the disentangled state of the macro-
molecules is at least partially retained.1? Once this gel-
structure with a reduced number of trapped entanglements
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is laid down, removal of solvent but moderately affects

the beneficial change in drawability.13:14 Hence, in our
view, the number of entanglements trapped during solidi-
fication is the dominant feature governing draw at elevated
temperatures. This explanation is quite in conflict with
recently published results, where the increased drawability
of high molecular weight polyethylene spun from solution
was related to residual porosity in the extracted gel-fibres.!8
We found that compression moulding of extracted gels of
polyethylene did not reduce their drawability, although
this treatment caused an increase of the apparent, macro-
scopic, density from 500—700 kg/m3 to about 940—960
kg/m3, which was in accordance with the density of the
pure polyethylene. In fact, this result is rather obvious,
since drawing involves rearrangement of macromolecules
and macroscopic porosity originating from removal of
solvent located in between the crystallites of the gel, does
not affect processes on molecular scale. If it did, polyethy-
lene foam would be the ideal precursor for high-strength
polyethylene fibres.

At this point we want to address the structure of the poly-
ethylene gels obtained by quenching semi-dilute and more
concentrated solutions. In our opinion such gels of linear
polyethylene can be considered as interconnected, highly
solvated lamellar crystallites. This is illustrated in Figure

1, where a scanning electron micrograph is presented of a
polyethylene gel obtained by quenching a 2% solution of
Hostalen GUR in decalin (removal of the solvent was per-
formed by extraction with hexane and subsequent drying)..
This micrograph clearly shows the lamellar nature of the
crystallites in the gel, and the connectivity of the individual
crystals (see also ref. 19).

Fig.1  Scanning electron micrograph of polyethylene structure
obtained by gelation-crystallisation of a 2% v/v solution in decalin,
and subsequent extraction of the solvent. Magnification 1000x.

We hasten to add that other modes of gel-formation exist
and, depending on preparation conditions such as flow
history, polyethylene gels may contain both lamellar type
crystals and shish-kebab structures.?® The latter morpho-
logy is, in fact, necessary to obtain coherent gels from
dilute solutions where chain overlap hardly exists.
However, in our preparation we try to avoid extensive
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shish-kebab formation, which generally has a negative
influence on the drawability. Figure 2 displays an electron
micrograph of an extracted and dried gel of the identical
high molecular weight polyethylene sample, but now the
2% solution was stirred vigorously at 160°C, prior to
quenching. The abundance of shish-kebab structures,
clearly shown in this picture, is obviously related to the
mechanical agitation of the solution. When the stirred
solution was kept at 160°C for about 45 minutes, the
formation of shish-kebabs could be avoided to a large
extent, due to relaxation of the macromolecules.

Fig.2 Scanning electron micrograph of polyethylene structure
produced as in Fig.1, but vigorous stirring was applied at 160°C,
prior to quenching. Magnification 2500x.

The discussion presented on the enhancement of the
drawability of high molecular weight polyethylene through
casting from semi-dilute solution was entirely based on a
reduction of the number of trapped entanglements in the
polymer solid. The contribution of crystallites on the

drawing behaviour of polyethylene was completely ignored.

This simple picture of drawing might cause confusion, at
first sight. It should be noted, however, that ultra-drawing
of polyethylene can be performed successfully primarily in
a temperature range above the «-relaxation temperature,

which is about 60—70°C, and below the end-melting temper-

ature. In this range polyethylene crystals are known to
yield and deform readily 2! and, consequently, do not act
as rigid bodies during draw, but rather give rise to a high
viscosity and prevent extensive chain slippage and recoiling
of extended macromolecules. The trapped entanglements
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may, on the other hand, be considered as semi-permanent
cross-links on the time scale of the drawing experiment.
This concept is fiot in conflict with results obtained in
drawing melt-crystallised polyethylene. It has been shown
that slow cooling from the melt promotes the drawability
in comparison with quenched samples.}® On slow cooling
one might expect the number of entanglements per macro-
molecule to decrease due to reeling-in of the chains onto
the crystal growth surfaces, in contrast to quenching where
the highly entangled liquid state is retained to a large
extent.!” In the solidification of very high molecular
weight polyethylene reeling-in is largely impeded and
crystallisation conditions only slightly affect the drawability
of these materials.1?

In summary, gelation-crystallisation is advantageous to pro-
mote effective drawing of high molecular weight polyethy-
lene and thus to exploit the full potential of this particular
polymer with respect to strength and stiffness.
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