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ABSTRACT: Gel films of low-molecular-weight polyethylene (LMWPE) were prepared by
partial melt under compression. The gel films could be readily stretched up to 20 times at 135°C.
The Young’s modulus is in the range 32—34 GPa. This value is slightly higher than that of
melt-crystallized ultrahigh-molecular-weight polyethylene (UHMWPE) drawn to 40 times at the
same temperature but is much lower than that (>200 GPa) of UHMWPE gel films drawn to 300.
This behavior is discussed in terms of the morphology of the gel film as studied by wide-angle
X-ray diffraction, small-angle X-ray scattering, and birefringence measurements. It turns out that
the Young’s modulus, 32—34 GPa, of the LMWPE gel film is attributed to a suitable degree of
chain entanglement to assure effective transmission of the drawing force associated with a
significant crystal transformation from a folded to a fibrous type. In spite of the perfect
orientation of the c-axes, however, the Young’s modulus of the LMWPE gel film is much lower
than that of the UHMWPE gel films with a draw ratio of 300. This is thought to be due to low
crystallinity and short length of extended crystal chains.
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In a previous work,' the morphology of
polyethylene gels was investigated in relation
to molecular-weight dependence. Low-molec-
ular-weight polyethylene (LMWPE), the vis-
cosity-average molecular weight, M,, being
less than 3 x10°%, and ultrahigh-molecular-
weight polyethylene (UHMWPE) (M,=1 x
10° and 3 x 10°) were used as test specimens.
The gels of LMWPE were found to have no
ability to form a film on drying; instead they
broke up into flakes. They were composed of
two-dimensional spherulites stacked on top
of one another to form periodic structures
parallel to the plane of the dry gel. This
indicates that there should be no entanglement
in the crystal mats because the surface of the

' To whom all correspondence should be addressed.

crystal would contain only regular folded
chain loops. In contrast, a gel of UHMWPE
could form a film and it was composed of
rodlike textures oriented parallel to the plane
of the dry gel film. Within the rod, large
crystal lamellae like single-crystal mats were
highly oriented with their flat faces parallel
to the rod surfaces. These results point out
an essential problem in relief as to why
UHMWPE have a required condition for
preparing high-strength and high-modulus
polyethylene fibers through elongation up to
consistently high draw ratio. To analyze this
problem, the crystallinities of LMWPE gels
were measured. The values were beyond 80%.
These values were almost equal to the values
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of UHMWPE gels and were higher than those
of LMWPE melt films.! This was attributed
to the relatively short chain length available
for the formation of the amorphous phase per
molecule; as a result, there was an insufficient
level of chain entanglements to form films.

It should be emphasized that LMWPE
fibers and films are very important in a
commercial base. This is due to the fact that
the production rate of high-modulus fibers
from UHMWPE gels is far less than com-
mercially interesting speed because of a drastic
increase in viscosity with increasing concen-
tration of solution. From this viewpoint, this
paper deals with the drawing mechanism of
LMWPE dried gel film prepared by partial
melt, in terms of morphological aspects by
using wide-angle X-ray diffraction (WAXD),
small-angle X-ray scattering (SAXS), and bi-
refringence measurements.

EXPERIMENTAL

Films of LMWPE gel were prepared by
using Sholex Super 5551H (M,=3 x 10°) ac-
cording to the method in the previous paper.?
The LMWPE gels could not form films
on drying because of its high crystallinity
(>80%); instead they broke up into flakes.
The resultant gels were sandwiched between
Teflon sheets and pressed at 20 MPa at the
desired temperatures, 80, 100, and 120°C for
30min. They were quenched in a ice-water
bath. Through this process, the gels formed a
film. This is thought to be due to increase in
the number of entanglement meshes brought
about by partial melting. On the other hand,
two kinds of UHMWPE powders, Hizex
Million 145M, M, =1 x 10° and Hizex Million
240M, M, =3 x 10%, were sandwiched between
Teflon sheets at 220°C for 30min under a
pressure of 5SMPa. The molten sample was
cooled to room temperature slowly under
a pressure of 0.5MPa. The thickness of
the resultant films was in the range of
100—300 um. The films were cut into strips
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of length 30 mm and width Smm. Using the
same method, LMWPE (Sholex Super 5551H)
melt films were also prepared to discuss the
drawability in comparison with the gel films
prepared by the annealing. Every specimen
was put into a hot oven at a desired tempera-
ture under nitrogen and elongated manually
without annealing process. On drawing of the
LMWPE gel film, annealing was omitted to
avoid morphological change of specimens,
since the SAXS patterns showed a drastic
change by annealing at temperature> 120°C.
In doing so, 135°C was the most suitable
temperature to assure their maximum draw
ratio of 20 for the LMWPE gel films. Draw
ratios were determined in the usual way by
measuring the displacement of ink marks
placed on the specimen prior to drawing.

UHMWPE melt films were prepared by
the same method as the LMWPE melt film
preparation discussed above.

Measurements of density, melting point,
and birefringence are described elsewhere in
detail.!? The X-ray measurements were car-
ried out by 12kW rotating anode X-ray
generator (RDA-rA), which were also de-
scribed elsewhere in detail.!*2

RESULTS AND DISCUSSION

Table I lists changes in crystallinity of the
original LMWPE gel (no-heat treatment) and
gel films as a function of annealing tem-
perature. Each gel film was prepared; each
half-dried gel was sandwiched between Teflon

Table I. Change in crystallinity of gels as
a function of annealing temperature
under compression of 20 MPa

Annealing temperature Crystallinity/%

Original 82.5
(no-heat treatment)

80°C 82.0

100°C 81.0

120°C 80.0
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sheets during the evaporation of solvent and
was heat-treated at the indicated temperatures
under a compression of 20 MPa. The dried
gels formed a film. With increasing anneal-
ing temperature, crystallinity becomes lower
by partial melting of crystallites. Repeated
measurements provided values within experi-
mental error less than 3%. Judging from the
formation of film, the annealing tempera-
ture provided active mobility of the original
amorphous segments and new amorphous seg-
ments arose by the partial melting of small
size crystallites. These amorphous chain seg-
ments are thought to consist of interpene-
trating random coils which form intra- and
intermolecular coupling entanglements.
Figure 1 presents the change in the profile
of the differential scanning calorimetry (DSC)
curves of the gel films prepared by annealing
at the indicated temperatures. With increasing
annealing temperature, the profile of peak
becomes sharper and melting point becomes
slightly higher. This implies that during an-
nealing, the small size crystallites were melted
and the big size crystallites were maintained.
This concept is in good agreement with the

Dried Gel

80°C

Figure 2.

decrease in crystallinity by annealing under
compression listed in Table 1.

Figure 2 shows WAXD (A) and SAXS (B)
patterns (end view) of the annealed gel films.
In making X-ray diffraction measurements,
great care was taken for dried gels because
of brittle structure-like single-crystal mats.
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Figure 1. DSC curves of dry gel and gel films prepared
by heating at the indicated temperatures under compres-
sion of 20 MPa.

100°C

120°C

WAXD (A) and SAXS (B) patterns of dry gel and gel films prepared by heating at the

indicated temperatures under compression of 20 MPa.
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Table II. Long period of dry gel and gel films prepared
by annealing at the indicated temperatures
under compression of 20 GPa

Table III. Changes in crystallinity and melting point
of heat-treated samples as a function
of the draw ratio

Annealing temperature Long period/A

Dry gel 116
80°C 113
100°C 119
120°C 192

The WAXD pattern indicates the preferential
orientation of the c-axes perpendicular to the
film surface. When dried gels were pressed at
the indicated temperature, the diffraction arcs
of the (200) plane showed the scattering
maxima indicating a characteristic orientation
of the ag-axes. That is, the a-axes are tilted at
40° with respect to the film normal direction.
The SAXS patterns of the specimens annealed
at temperature < 100°C show distinct scatter-
ing maxima in the meridional direction. This
indicates that as in the case of dried gels the
annealed gel films are composed of crystal
lamellae highly oriented with their large flat
faces parallel to the film surface. At annealing
temperature of 120°C, the scattering maxima
become indistinct, since the maxima more
close to the center of the pattern considerably.
This indicates a drastic increase in folding
period (long spacing) at 120°C and this result
is shown in Table II. Such behavior is similar
to the annealing effect of single-crystal mats.?

Table III shows changes in crystallinity and
melting points of heat-treated samples as a
function of draw ratio A. The maximum draw
ratio increased by a factor of 20, which was
higher than that (A=10—12) of the melt
films. It may be expected that in comparison
with the melt film, the gel film prepared by
partial melt involves more suitable entangle-
ments that act as intermolecular crosslinks
and effectively transmit the drawing force.
The crystallinity increases slightly with draw
ratio but the degree is almost independent of
the annealing temperature. A slight increase
in melting point with draw ratio was con-
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Anneling Draw Crystal- Melting
temperature ratio/A linity/% point/°C
S 83.0 138
R 10 84.0 139
80°C 15 84.0 139
20 85.5 141
S 83.5 139
5 10 84.0 140
100°C 15 84.5 142
20 85.5 142
S 83.0 140
10 84.0 140
120°C 15 85.5 141
20 86.0 141

firmed for the specimens but melting points
were hardly affected by annealing tempera-
ture. It may be noted that the crystallinities
of all the gel films with A=20 are higher
than 85%. The gel films with such high
crystallinities could not be prepared by the
elongation of melt press films molten by
the present LMWPE. The crystallinities were
confirmed to be higher than those for the
drawn melt films. That is, the crystallinity of
melt film drawn to A=10 at 135°C increased
only from 61 (A=1) to 75% (A=10).

Figure 3 shows variation in birefringence
with the draw ratio A. At an initial draw ratio
less than 4, macroscopic observation revealed
that the drawing process is slightly non-
uniform and the drawn film consists of
two alternating zones: unoriented area and
oriented area. As the draw ratio increased, the
oriented zones were enlarged at the expense of
the unoriented zone. When fractures occurred
after stretching, it was invariably at the
boundary between the two zones. Decrease in
transverse dimensions with increasing draw
ratio occurred mainly in the direction of the
film thickness and much less in the film width.

Polym. J., Vol. 25, No. 5, 1993
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Figure 3. Birefringence of gel films prepared by heating
at the indicated temperatures under compression of
20 MPa and UHMWPE gel films as a function of draw
ratio.

Beyond A=35, deformation became uniform
macroscopically. Thus it may be expected
that crystal transformation from a folded to
a fibrous type occurs at A< 4. However,
this phenomenon is not significant in com-
parison with the deformation mechanism of
UHMWPE gel films. The necking deforma-
tion described above hampered measurement
of birefringence for specimens with A=<4.
Birefringence for all specimens showed a con-
siderable increase up to A=95 and a gradual
increase beyond A=35, indicating significant
crystal transformation at initial elongation
stage (A=4).

Figure 4 shows the second-order orienta-
tion factor, F_, of the c-axes. The factor F,
characterizes the orientation of crystal fiber
axes with variation between —1/2 and 1. For
random orientation of the j-th axis, F, is zero,
while for complete orientation parallel and
perpendicular to the stretching direction, F,y’
is unity and —1/2, respectively. Estimation
was by direct measurement for the (00 2)
plane.

As can be seen in Figure 4, for all speci-
mens, the c-axes are oriented almost perfectly
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Figure 4 Second-order orientation factor of the c-axes
of gel films prepared by heating at the indicated tem-
peratures under compression of 20 MPa and UHMWPE
gel films as a function of draw ratio. The line is the value
calculated by an affine fashion.

with respect to the stretching direction even
at an initial draw ratio such as A=5. Such
a drastic preferential orientation is due to
a significant crystal transformation from a
folded to a fibrous type in the initial stage
of elongation. The full curve in Figure 4 is
the second-order orientation factor calculated
assuming an affine fashion. The calculated
curve is in poor agreement with the experi-
mental results. According to the report by
Smith et al.,* however, the Young’s modulus
of polyethylene at various draw ratio was
estimated using a series model which consist
of perfectly oriented and unoriented phases
through the fraction of helix corresponding to
the second-order orientation factor calculated
assuming the affine fashion. Apart from the
results by Smith et al.,* however, the orien-
tation of c-axes of polyethylene film is in-
dependent of the affine fashion for the present
specimens.

Table IV shows the average Young’s mod-
ulus and tensile strength of the LMWPE gel
films prepared by heating at a pressure of
20 MPa. The Young’s modulus and tensile
strength are almost independent of the heat-
treated effect and the values are in the range
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Table IV. Young’s modulus and tensile strength
of heat-treated gel films at A=20

Annealing Young’s Tensile
temperature modulus/GPa strength/GPa
80°C 324 1.10
100°C 339 1.17
120°C 32,5 1.06

of 32—34 and 1.1—1.2 GPa, respectively. In
spite of almost perfect orientation of the c-
axes as shown in Figure 4, both values are
much lower than those of UHMWPE gel
films. That is, the Young’s modulus and
tensile strength of drawn UHMWPE gel film
with A=300 are beyond 200 and 6GPa,
respectively.>® The question arises as to why
both values of LMWPE gel film are much
lower than those of UHMWPE gel film in
spite of the almost perfect orientation of the
c-axes at maximum draw ratios as shown in
Figure 4. In a previous work, we reported
that this should be accompanied by low
crystallinity and short length of extended
chain crystals’ since these factors prevent the
formation of uniform structures within drawn
films which play important roles to transmit
tensile force smoothly.

Next, a series of experimental results of
LMWPE gel films prepared by partial melt
were compared with morphology and me-
chanical properties of UHMWPE melt films.
WAXD and SAXS patterns indicate random
orientations of crystal lamellae and crystal-
lites within UHMWPE melt films. Figure 5
shows the second-order orientation factors of
UHMWPE melt films with M,=1 x 10® and
3x10° The specimens were drawn at the
indicated temperatures. Prior to the drawing,
the specimens were annealed for 10min at
the same temperature. 125°C was the lowest
temperature to assure elongation without
necking. 140°C was not suitable for the
specimen with M, =1 x 10° because of partial
melting of the specimen prior to elongation
and the upper limit for the specimen was set
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Figure 5 Second-order orientation factor of the c-axes
of the UHMWPE melt films drawn to their maximum
draw ratios at the indicated temperatures. The line is the
value calculated by an affine fashion.

at 135°C. Actually, DSC measurements (not
shown in this paper) indicated a main peak
for the specimen drawn by 40 times at 135°C
appeared at 133°C and a very small new peak
made by elongation was 152°C.

As shown in Figure 5, the maximum draw
ratio was sensitive to elongation temperature
and molecular weight. For the specimens with
the same molecular weight, in the given tem-
perature range 125—140°C, the orientation
factor at each draw ratio became less pro-
nounced with increasing elongation tempera-
ture. In contrast, the drawability became more
pronounced with temperature. The drawing
perhaps resulted from slippage of molecular
chains in the specimen. Even so, the maximum
value of all the specimens became about 0.98
indicating highly orientational degree. The
orientation factor calculated by assuming an
affine fashion (full curve) is in poor agreement
with the experimental results. The results in
Figures 4 and 5 indicate that the crystal
orientation of our specimens deviates from an
affine fashion and are out of the concept of
Irvine and Smith.*

The crystallinity at the maximum draw
ratio for each specimen is more pronounced

Polym. J., Vol. 25, No. 5, 1993
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Figure 6 Change in crystallinity of the UHMWPE melt
films drawn to their maximum draw ratios at the
indicated temperatures.
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Figure 7 Change in Young’s modulus of the UHMWPE
melt films drawn to their maximum draw ratios at the
indicated temperatures.

irrespective of draw ratio, as their elongation
temperatures decrease as shown in Figure 6.
This indicates slippage of molecular chains
during elongation, as discussed in Figure 5.
The maximum value of crystallinity was
achieved when the specimen (M,=1x 10°)
was elongated at 125°C. By this condition, the
value reached 83%. The increase in crystal-
linity is probably due to oriented crystalliza-
tion associated with the inner stress.

Figure 7 shows Young’s modulus versus
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draw ratio 4, obtained for specimens drawn
at each elongation condition. The increasing
Young’s modulus is in good agreement with
increase in orientation factor and crystallinity
at each draw ratio. It is seen that the Young’s
modulus, 23 GPa, of the melt film with M, =
1x10° drawn at 125°C is highest among
the melt drawn films and the corresponding
values of orientation factor and crystallinity
are also highest. The maximum value at
A=20, however, is at best 23 GPa, which is
less than the value of LMWPE gel films listed
in Table IV. This is probably due to the lower
values of crystallinity and orientation factor
obtained for the UHMWPE melt films than
those for the LMWPE gel films described
before. (See Table III and Figure 4.) This
means that a number of entanglements for
melt films having spherulites hampers signifi-
cant crystal transformation from a folded to
fibrous type and orientation of the c-axes
is attributed to the rotation of crystallites
leading to taut tie molecules.®

For UHMWPE melt film, long periods
would be observed by SAXS patterns and
values for all the specimens were less than
300A. That is, the long periods for the
specimens (M,=1x 10°) drawn 40 times at
135°C and 20 times at 125°C were in the
range 280—300 A. In contrast, a long period
has never been observed for UHMWPE gel
film drawn beyond 4 =50.7 This supports that
crystallites within the drawn UHMWPE melt
films are the folded type as discussed before.
The long period of the LMWPE gel film
becomes indistinct because of shift of the
scattering maximum to the scattering center.
Unfortunately, measurements by our X-ray
instrument were impossible, since the length
of optical bench was less than 400 mm. This
supports significant crystal transformation of
the LMWPE gel films from a folded to a
fibrous type.

Even the maximum Young’s modulus ob-
tained for the UHMWPE (M,=1 x 10%) at
125°C was 23 GPa. This supports the results
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of Porter et al.’” ! and Ward et al.}?7!* In
their experiments, the production of high-
modulus fibers were done using LMWPE
with M, <10° using hydrostatic extrusion.
The Young’s modulus reached about 70 GPa,
which is much higher than the maximum
value (23 GPa) of the Young’s modulus of
UHMWPE (M, =1 x 10°) melt film. Accord-
ing to reports by Ward et al., low molecular
weight (M, < 10%) was a very important factor
to promote the maximum draw ratio. They
pointed out that this is attributed to reduction
in intermolecular tie molecules in the undrawn
state with decreasing M,. Porter et al. pointed
out that the Young’s modulus versus draw
ratio of extruded high density polyethylene
depends on the extrusion temperature related
to c-axis orientation, non-crystalline orienta-
tion factor, crystallinity, and the composite
mode of crystal and amorphous phases.

CONCLUSIONS

Half-dried LMWPE gels were pressed at
temperatures 80—120°C to form a film. SAXS
patterns indicate that the resultant gel film is
composed of crystal lamellae highly oriented
with their large flat faces parallel to the film
surface. The significant crystal transformation
from a folded to a fibrous type occurred at
initial draw ratio A<4 and at 1=5 the c-axes
were oriented almost perfectly with respect to
the stretching direction. This indicates that in
comparison with LMWPE and UHMWPE
melt films used in this experiment, the partial
melt due to the heat-treatment assures a more
suitable number of entanglements which play
important roles to transmit drawing force
effectively within the film. The identity period
of LMWPE gel films at =20 was longer than
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that (300A) of drawn UHMWPE melt film.
The Young’s modulus of the film was higher
than 30 GPa and this value was higher than
the maximum value (23 GPa) of UHMWPE
melt film drawn up to 30 times. The Young’s
modulus of the LMWPE gel film drawn by 20
times. However, this is much lower than that
of UHMWPE gel film drawn to 300. This is
due to lower crystallinity and shorter extended
crystallites of the former film in comparison
with the latter film. Because of chain short
length, these essential defects are thought due
to a predestined problem of LMWPE.
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