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ABSTRACT: The influence of two-stage drawing conditions on the ultradrawing behav-
ior of the gel films of ultrahigh-molecular-weight polyethylene/low-molecular-weight
polyethylene blends is reported in this article. The critical draw ratios (A,) of the gel
films prepared near their critical concentrations were found to depend significantly on
the draw ratio attained in the first drawing stage (D,,) and on the temperature utilized
in the second drawing stage (T..). After drawing the gel films to a fixed draw ratio in
the first drawing stage, each two-stage drawn gel film was made to exhibit a maximum
A (Aemax) by drawing the drawn gel film at its corresponding optimum 7. In addition,
the optimum 7. was found to increase significantly with the D, value of the drawn gel
films. It is worth noting, on the other hand, that the A, of two-stage drawn gel films
increased consistently with an increasing D,, until its value reached an optimum value
of 160. These results clearly suggest that, as T,,. and D,, are increased to their
optimum values, the A_,, .. of the two-stage drawn gel films can be improved further so
as to be higher than those of the corresponding one-stage drawn gel films. These
interesting phenomena were investigated in terms of reduced viscosities of the solu-
tions and by an analysis of the thermal, birefringence, and tensile properties of the

drawn gel films. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 79: 1890-1901, 2001

Key words: ultradrawing; gel; temperature utilized in second drawing stage (T..);
achievable draw ratios (D,,,); draw ratio attained in first drawing stage (D,,.); maximum

critical draw ratio (A_,,..)

INTRODUCTION

Competition among high-performance fibers has
prompted new processing methods for obtaining
high-performance fibers of ultrahigh-molecular-
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weight polyethylene (UHMWPE)."'!  Among
these processing methods, the gel spinning/cast-
ing method®? has attracted much attention since
its invention in the 1970s because of its availabil-
ity in the production of commercial high-strength/
modulus fibers. This method of ultradrawing the
gel specimens spun or cast from gel solutions of
UHMWPE is referred to as the gel-deformation
method. As reported by several authors,'?2° the
tensile strengths and moduli of the drawn gel
specimens were found to improve consistently
with their draw ratios, although their orientation
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and crystallinity values increased slowly at draw
ratios above about 30.'62° The drawability of the
gel specimens was found to depend principally on
the compositions of the solutions from which the
gels were made.'>"'5 The achievable drawability
was reduced significantly, as the gel films were
prepared from solutions whose concentrations de-
viated from their critical values, in which the
numbers of entanglements in the coherent net-
work structure of the gel films were too many or
too few to yield the maximum extension of the
UHMWPE during the gel-deformation process-
es.12_17

Although very few ultradrawing gel films of
UHMWPE and low-molecular-weight polyethyl-
ene (LMWPE) blends have been used to prepare
high-strength and high-modulus gel speci-
mens, 1721724 guch fibers and ultradrawn gel
films of UHMWPE-LMWPE blends are very im-
portant commercially because the production rate
of high-modulus fibers prepared from UHMWPE
gels is far below that commercially required. In
fact, the drawability of gel films prepared from
pure UHMWPE solution can be lower than that of
gel films prepared from UHMWPE-LHMWPE
blends. Moreover, the solid content of the solu-
tions used for preparation of gel specimens can
increase significantly by the addition of LMWPE
in gel solutions of UHMWPESs, which not only can
increase the production rate of these high-perfor-
mance specimens but can also reduce the
amounts of solvent required for recycling. How-
ever, the literature shows very few investigations
have ever been reported on the preparation and
drawing of gel specimens of UHMWPE-LMWPE
blends.14_17’21_24

Our recent studies'*~'7 focused on the achiev-
able draw ratios (D,,) of the gel films of each
weight ratio of LMWPE to UHMWPE as it ap-
proached a maximum value, when prepared at
concentrations close to their critical concentra-
tions (C,). These critical draw ratios (A,) of gel
films prepared near their C, were found to de-
crease significantly with an increasing amount of
LMWPE added to the gel films. However, the
addition of a small but optimum amount of LM-
WPE to the films of UHMWPE-LMWPE blends
can significantly improve their A, compared to
that of gel film prepared from pure UHMWPE gel
solution, and this improvement in A, is enhanced
further with decreasing lengths of short-chain
branches of LMWPEs.'® The drawability of these
gel films was found to depend significantly on the
temperatures used in the one- and two-stage

Table I Compositions of Solutions of
UHMWPE-LMWPE Blends

Weight Ratio Concentration
Sample UHMWPE/LMWPE (g/dL)
UL_,¢ 0.6
UL_,, 0.7
UL_,¢ 98/2 0.8
UL_,, 0.9
UL_,, 1.0

drawing processes. The A, of each gel film was
found to approach a maximum value when the gel
film was drawn at an “optimum” temperature,
ranging from 95°C to 105°C. In addition, it was
discovered that the maximum A, of two-stage
drawn gel films could be improved even more, to
be higher than those of corresponding single-
stage drawn gel films. This was accomplished by
having the drawn gel films drawn at an addi-
tional, “optimum,” temperature of 115°C, in a sec-
ond drawing stage following a first draw at 95°C
to a draw ratio of 40.%¢

In this study the ultradrawing behavior of gel
films of plain UHMWPE and UHMWPE-LMWPE
blends was investigated using the two-stage
drawing process, during which varying tempera-
tures were used in the second drawing stage on
drawn gel films after a first draw at 95°C to dif-
ferent fixed draw ratios. The influence of the two-
stage drawing conditions on the drawability, bi-
refringence, and thermal behaviors of the UHM-
WPE-LMWPE gel films was also investigated.

EXPERIMENTAL

Materials and Sample Preparation

The UHMWPE resin used in this study, with a
weight-average molecular weight (M,) of 4.5
X 10°, will be called resin U in the following
discussion. The linear LMWPE used in this study
will be called resin L, which is a linear high-
density polyethylene and has a M, of 8.9 X 10*.
Resins U and L were supplied by Bruce Lu of
Yung Chia Chemical Industrial Corporation,
Kaohsiung, Taiwan. UHMWPE and LMWPE
were mixed at a weight ratio of 98:2 and then
dissolved in decalin at 135°C for 90 min, to which
0.1 wt % of di-t-butyl-p-cresol was added as an
antioxidant. The compositions of the gel solutions
prepared in this study are summarized in Table I.
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Table II C_, Solution Compositions and D,., of One- and Two-Stage Drawn Gel Films

D,, of One-Stage Drawn Gel Film Drawn at

Sample C. 95°C 105°C 115°C

UL, 277 242 222

UL 4 0.76 360 301 295

UL 4 288 286 268

UL_4,4 268 254 250

UL ,, 238 229 221
D,, of Two-Stage Drawn Gel Film Drawn at a T of

Sample C. D, at 95°C 105°C 115°C 125°C 135°C 140°C

UL 6 289 281 258

UL 4 0.76 372 291 274

UL 4 15 294 283 251

UL_y, 280 272 235

UL_,, 267 261 228

UL 6 344 329 325

UL 4 0.76 389 377 369

UL 4 30 367 350 280

UL 4 361 324 279

UL ,, 304 289 264

UL 6 356 363 342

UL_,, 0.76 391 425 384

UL 4 40 375 407 358

UL 44 345 385 321

UL _,, 315 374 304

UL 6 383 405 396 341

UL o, 0.76 417 453 434 368

UL 4 60 402 421 405 314

UL 44 375 410 384 309

UL_,, 344 392 356 272

UL 46 401 420 413 365

UL 4 0.76 428 462 452 392

UL_ 4 80 417 433 427 377

UL 4 393 422 411 359

UL ,, 367 406 392 346

UL _y6 409 427 451 449 360

UL 4 0.76 429 471 508 488 391

UL 4 120 421 439 463 457 383

UL 4 401 432 442 437 363

UL _,, 372 407 421 406 349

UL_y6 419 438 472 489 439

UL 4 0.76 430 488 525 540 476

UL 4 160 428 443 479 501 451

UL_4,4 402 438 453 471 423

UL ,, 393 412 432 457 401
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Table II Continued

D,, of Two-Stage Drawn Gel Film Drawn at a T, of

Sample C, D,, at 95°C 105°C 115°C 125°C 135°C 140°C
UL, 373 392 421 466 400
UL, 0.76 397 431 480 500 445
UL, 200 378 411 452 481 423
UL 4, 337 381 421 445 400
UL ,, 306 353 389 414 371

The hot homogenized solutions were poured
into an aluminum tray and cooled in an oven to
form the gel films at 35°C. The decalin was then
evaporated from the gel in an oven. The dried gel
was immersed in ethanol to remove antioxidants
and residual traces of Decalin. The prepared gel
film was about 250 wm thick.

Determination of Viscosity and Critical
Concentration of the Solution

The viscosities of the polymer solutions were de-
termined at 135°C using a Brookfield viscometer
model LVDV-II". As explained in our previous
articles,'*!® two distinct regions were found on
the plots of the reduced viscosities against the
concentrations of the polymer solutions. The re-
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Figure 1 The critical draw ratio (A, of one-stage
drawn (O) and two-stage drawn UL_, , gel films drawn
at varying T... and with a D, of (X)15, (< )30, (3v)40,
(+)60, ()80, (V)120, (0)160, and (A)200.

duced viscosities increase slightly with concentra-
tion in region 1, which is associated with low
concentrations. However, the reduced viscosities
increase dramatically as the concentrations of so-
lutions reach their critical values. The region as-
sociated with concentrations higher than the crit-
ical concentration (C,) is referred to as region 2.
The value of the C,. was determined by the inter-
section of the two straight lines drawn parallel to
the two distinct regions shown in these plots. The
values of the C. of the solutions prepared in this
study were determined in our previous stud-
ies'*'® and will be described in the Results and
Discussion section.

One- and Two-Stage Drawing Experiments

The strip specimens used in one- and two-stage
drawing experiments were cut from the dried gel
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Figure 2 The plot of optimum T as a function of
D,, of two-stage drawn UL_,, , gel films.
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Figure 3 The maximum critical draw ratio (A_,,.,) of

two-stage drawn UL_, , gel films with varying D;,.

films and then stretched on a Tensilon testing
machine model RTA-1T equipped with a temper-
ature-controlled oven at a crosshead speed of 20
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Figure 4 Birefringence of one-stage drawn (O) and
varying draw ratios of two-stage drawn UL_ , gel films
with D;,. of 15 at (¢) 105°C, (OJ) 115°C, and (X) 125°C.
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Figure 5 Birefringence of one-stage drawn (O) and
varying draw ratios of two-stage drawn UL_, ; gel films
with D,, of 40 at (<) 105°C, (O) 115°C, and (X) 125°C.
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Figure 6 Birefringence of one-stage drawn (O) and
varying draw ratios of two-stage drawn UL_,., gel
films with D,, of 160 at (¢) 105°C, (O0) 115°C, (X)
125°C, and (A) 135°C.
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Figure 7 Birefringence of one-stage drawn (O) and
varying draw ratios of two-stage drawn UL_,., gel
films with D,, of 200 at (¢) 105°C, (O) 115°C, (X)
125°C, and (A) 135°C.

mm/min. The specimens were 30 mm long and 10
mm wide. They were first drawn at 95°C to draw
ratios of 15, 30, 40, 80, 120, 160, and 200. These
drawn specimens were then further drawn at 105,
115, 125, 135, and 140°C, respectively. This type
of drawing experiment is called the two-stage
drawing process in the following discussion. The
draw ratio of each specimen was determined as
the ratio of the marked displacement after draw-
ing to the marked displacement before drawing.
For purposes of comparison, the strip specimens
were also drawn at 95°C up to varying draw ratios
at a crosshead speed of 20 mm/min. This type of
drawing experiment will be called the one-stage
drawing process. The marked displacement be-
fore drawing was 5 mm. The tensile properties of
the one- and two-stage drawn gel films were also
determined using a Tensilon testing machine
model RTA-1T at 28°C and at a crosshead speed
of 20 mm/min.

Birefringence and Thermal Analysis

Birefringence of the drawn gel films was mea-
sured by using a polarizing microspectrometer

model TFM-120 AFT. The thermal behavior of all
samples was performed on a Du Pont differential
scanning calorimeter (DSC) model 2000. All scans
were carried out at a heating rate of 10°C/min
under flowing nitrogen at a flow rate of 25 mL/
min. Samples weighing 0.5 mg were placed in
standard aluminum sample pans for a determi-
nation of their thermal behavior.

RESULTS AND DISCUSSION

Drawing Properties of One- and Two-Stage Drawn
Gel Films of UHMWPE-LMWPE Blends

The influence of drawing conditions on the achiev-
able draw ratios (D,,) of two-stage drawn gel films
of plain UHMWPE and of UHMWPE-LMWPE
blends is summarized in Table II and Figure 1.
After drawing the gel specimens to any fixed draw
ratio (D,) at 95°C, the draw ratios of the two-stage
drawn gel films prepared at concentrations close
to their critical concentration (C,) are always
higher than those of other gel films prepared at
concentrations deviating from their C, (Table II).
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Figure 8 Birefringence of one-stage drawn (O) and
varying draw ratios of two-stage drawn UL_,., gel
films with D, of (0) 15, (O) 40, (X) 80, (A) 120, (+) 160,
and (V) 200, all drawn at their optimum T',,.
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Figure 9 DSC thermograms of varying draw ratios of one-stage drawn UL_, , gel

films drawn at 95°C.

The achievable D,, obtained for a sample pre-
pared near its C, will be referred to as the critical
draw ratio (A,) in the following discussion. It is
interesting to note that, after drawing the gel
specimens up to a fixed draw ratio ranging from
40 to 80, the A, of two-stage drawn gel films can be
further improved by drawing the gel specimens in
the second stage at an optimum temperature of
about 115°C (Table IT and Fig. 1). The A, of the
two-stage drawn gel specimens then decreases
significantly as the temperatures used in the sec-
ond drawing stage (T,.) increases to 125°C and
135°C, respectively. For instance, after drawing
the UL_, ; gel specimens up to a draw ratio of 60
at 95°C, the maximum A, (A, Of the gel film
drawn at a T.. of 115°C was about 20% higher
than that of gel films drawn at a T, of 135°C
(Fig. 1). A similar optimum 7., was found for
other two-stage drawn UL_, , gel films with dif-
ferent first-stage draw ratios (D,,). In fact, the
optimum T, associated with A, ., of two-stage

drawn gel films increases significantly with a in-
creasing Dy,. As shown in Table II and Figure 2,
the optimum 7 increased from 105°C to 135°C
as the D;, of UL_,, ; gel films increased from 15 to
200, respectively. On the other hand, it is worth
noting that the A, ., of the two-stage drawn gel
films increased consistently with an increasing
D,, value until its value reached about 160 (Fig. 3).

In contrast, the value of A, ., became signifi-
cantly lower, to 500, after UL_ ; gel film was first
drawn up to a draw ratio of 200 at 95°C. Finally,
it is important to note that the A, value of the
two-stage drawn gel films can be another 50%
higher (540 vs. 360) than the maximum A, ob-
tained by drawing UL_, ; gel film using the opti-
mum one-stage drawing temperature of 95°C.
These results clearly suggest that the A, of the
two-stage drawn gel films can be further im-
proved to be even higher than those of the corre-
sponding one-stage drawn gel films, as T, and

sec
D,, are increased to their optimum values.
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Birefringence of One- and Two-Stage Drawn Gel
Films of UHMWPE and UHMWPE/LMWPE Blends

Typical birefringence values of one- and two-stage
drawn gel films are shown in Figures 4— 7. The
birefringence values of one- and two-stage drawn
UL_,,; gel films initially increase dramatically
with the draw ratio. The increasing rate of bire-
fringence (IRB) becomes slower when the draw
ratios of the drawn gel films are greater than
about 15. In fact, the IRB reduces consistently
with the increasing draw ratio until its value
reaches about 200. After this value, the IRB re-
mains approximately constant with an increasing
draw ratio. On the other hand, it is interesting to
note that at a fixed draw ratio, the two-stage
drawn UL_,, gel films drawn at a higher T,
always exhibit higher values of birefringence
than those of gel films with the same D,, but
drawn at a lower T,,. This is presumed to be
because of the higher mobility of these UHMWPE
molecules at higher temperatures, such that the
UHMWPE molecules can be more easily oriented
along the drawing direction during the second
drawing stage. However, it is not completely clear
why the IRB reduces consistently as the draw
ratio increases from about 15 to 200 and remains
approximately constant if the draw ratios of the
drawn gel films are higher than 200 or lower than
15. Figure 8 summarizes the birefringence values
of two-stage drawn UL_,, gel films drawn at
their optimum T,.

It is of some interest that at a fixed draw ratio,
the birefringence values of gel films drawn at a
fixed optimum 7. increase consistently with an
increasing D,, until its value reaches 160. The
birefringence values then go down significantly as
D,, reaches 200. For example, after drawing
UL_, ; gel film up to a draw ratio of 160 at 95°C,
the birefringence value of the two-stage drawn
UL_, ; gel film with a draw ratio of 200 or 300 is
about 5-10% higher than those of the one- and
two-stage drawn gel specimens with D,, values
other than 160.

Thermal Analysis of One- and Two-Stage Drawn
Gel Films

Figures 9-12 summarize the DSC thermograms
of one- and two-stage drawn UL_,, gel films of
varying draw ratios. A main melting endotherm
with a peak temperature of about 138°C was
found for the undrawn UL_, ; gel film. No signif-
icant change in the shape and peak temperature
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Figure 10 DSC thermograms of varying draw ratios
of two-stage drawn UL_, ., gel films with a D, of 40
and a T, of 115°C.

sec

was found on the main melting endotherm of the
one-stage drawn UL_ ; gel films until they were
drawn up to a D, of 10 at 95°C. In contrast, as
described previously, the birefringence values of
one- and two-stage drawn UL_,, gel films in-
crease dramatically with D, until reaching about
15. After this value, the increasing rate of bire-
fringence reduces consistently with D, until its
value reaches about 200. These results suggest
that the initial rise in birefringence values of the
drawn gel films is mostly due to the increase in
UHMWPE orientation in the amorphous regions
but is not due to the change in orientation and/or
crystal perfection in the crystalline regions of the
drawn UL_, ; gel films. However, at higher draw
ratios, the beneficial birefringence effect from the
increasing molecular orientation of the amor-
phous regions may become less prominent and
even negligible compared to that from the in-
creasing molecular orientation of the crystalline
regions of the drawn gel films. It is, therefore, the
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Figure 11 DSC thermograms of varying draw ratios
of two-stage drawn UL_, , gel films with a D, of 80
and a T, of 115°C.

increasing rate of birefringence that reduces con-
sistently as the draw ratios increase from about
15 to 200 and remain approximately constant as
long as the values of D, are above 200.

A slight rise on the right of the main melting
endotherm was found when the UL_,,; gel film
was stretched to a D, of about 20 at 95°C (Fig. 9).
In fact, a small shoulder at a temperature around
148°C could be clearly observed on the right of the
main melting endotherm when the one- or two-
stage drawn UL_, , gel films were stretched to a
D, of 40 (Fig. 9). This small shoulder continued to
grow into another melting endotherm at the ex-
pense of the magnitude of the original main melt-
ing endotherm. The melting temperatures of the
main and newly developed melting endotherms
then increased significantly as the draw ratios of
UL_, ; gel films increased (Figs. 9-12).

However, it is not completely clear what ac-
counts for the interesting double-melting behav-

ior found above. It is generally recognized that
the orientation of the polymer chain and reduc-
tion of crystal defects during drawing can en-
hance the perfection and melting temperature of
the crystals. Presumably, the double-melting en-
dotherms found above reflect the melting of two
different groups of crystals with different degrees
of crystal perfection. The fold-chain UHMWPE
crystals not only reform into thicker and more
perfect lamellae during drawing but also gradu-
ally transform into extended-form crystals at
higher draw ratios. However, even up to a draw
ratio of 540, the fully extended chain crystals are
unlikely to be present as the main portion of the
drawn UL_, ,; gel films because their correspond-
ing tensile strengths are still far below the theo-
retical tensile strengths of the fully extended
chain crystals.?®
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Figure 12 DSC thermograms of varying draw ratios
of two-stage drawn UL_, , gel films with a D;, of 160
and a T, of 135°C.
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Tensile Properties of One- and Two-Stage Drawn
Gel Films of UHMWPE-LMWPE Blends

In a way similar to the improvement in the bire-
fringence properties of drawn UL_,, gel films,
the tensile strengths and moduli of one- and two-
stage drawn UL_ ; gel films drawn at their opti-
mum 7', were found initially to improve dramat-
ically with the draw ratios (Figs. 13 and 14). The
increasing rates of tensile strengths and moduli
then reduced significantly with further increases
in the draw ratios. At even higher draw ratios
(say 200), the increasing rates of tensile strengths
and moduli then remained relatively constant
with the increasing draw ratios. After drawing
UL_, ; gel films up to a fixed draw ratio at 95°C,
the tensile strengths and moduli of the two-stage
drawn UL_,, gel films of the same draw ratios
were found to improve substantially because they
were drawn at a higher T, (Figs. 15 and 16).
Most interestingly, at a fixed draw ratio, the
tensile strengths and moduli of the two-stage
drawn gel films drawn at the their optimum T

sec

were also found to improve substantially as D;,
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Figure 13 Tensile strengths of one- (+) and two-
stage drawn UL_, , gel films drawn at their optimum
T,..and with a D, of (X) 15, (<) 40, (O0) 80, (O) 120, (»)
160, and (V) 200.
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Figure 14 Moduli of one- (+) and two-stage drawn
UL_, , gel films drawn at their optimum T, and with

sec

D,, of (X) 15, (©) 40, (0) 80, (O) 120, (A) 160, and (V) 200.

was increased to its optimum value of 160 (Figs.
13 and 14). It is generally believed that the me-
chanical properties of the drawn gel films depend
mainly on the degree of orientation of the drawn
gel films, as long as their molecular weights are
constant.?27 As mentioned previously, the de-
gree of orientation and/or birefringence, tensile
strength, and moduli of the two-stage drawn
UL_, ; gel films all exhibited similar draw-ratio
dependence. Moreover, at a fixed draw ratio, the
degree of orientation and/or birefringence im-
proved consistently with the increasing 7', and
D,, until T,.. and D,, were increased to their
optimum values. These results suggest that a
good orientation of UHMWPE molecules along
the drawing direction has a beneficial influence
on the tensile strengths and moduli of the gel
films, which can be obtained by drawing the gel
films using their corresponding optimum 7T,
and D,,.

CONCLUSIONS

The achievable draw ratios of the two-stage
drawn UL_,, gel films prepared at concentra-
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Figure 15 Tensile strengths of one- (+) and two-
stage drawn UL_, ; gel films with D, /T, of (x) 15/
105°C, (x) 15/115°C, (X) 15/125°C, (o) 40/105°C, (¢)
40/115°C, (<) 40/125°C, (») 160/105°C, (») 160/115°C,
() 160/125°C, (/\) 160/135°C, (v) 200/105°C, (v) 200/

115°C, (V) 200/125°C, and (V) 200/135°C.

tions near their critical concentrations (C,) are
always higher than those of other gel films pre-
pared at concentrations deviating from their C,.
The critical draw ratios (A,) of the gel films pre-
pared near their C, were found to depend signif-
icantly on the draw ratio obtained in the first
drawing stage (D;,) and on the temperature uti-
lized in the second drawing stage (7T..). After
drawing the gel films up to a fixed draw ratio in
the first drawing stage, the maximum A, (A.ax)
was always obtained by drawing the drawn gel
film at its corresponding optimum 7. It was
found that the optimum T, further increased
significantly with the increasing D, of the drawn
gel films. On the other hand, the A, ., of two-
stage drawn gel films increased consistently with
an increasing D, until its value reached an opti-
mum value of 160. In fact, by using an optimum
D,, and T, a 50% improvement of the A, ., of
the two-stage drawn gel films can be achieved,
making it higher than the maximum A, obtained
by drawing the gel films using the optimum one-
stage drawing temperature at 95°C. The birefrin-
gence, tensile strengths, and moduli of the two-

stage drawn gel films were initially found to im-
prove dramatically with the draw ratio. With
further increase in the draw ratio, a significant
reduction in the increasing rates of these proper-
ties then ensued until the draw ratio reached a
value of about 200. In addition, at a fixed draw
ratio, the degree of orientation and/or birefrin-
gence improved consistently with the increasing
T... and D, until they reached their optimum
values. These results suggest that good molecular
orientation of UHMWPE molecules along the
drawing direction has a beneficial influence on
the tensile and moduli of the gel films, which can
be obtained by drawing the gel films using their
corresponding optimum 7T, and D;,. Thermal
and birefringence results suggest that the initial
rise in birefringence values is due mostly to the
increase in UHMWPE orientation in the amor-
phous regions but is not the result of the change
in orientation and/or crystal perfection in the
crystalline regions of the drawn UL_ ; gel films.
However, at higher draw ratios, the beneficial
birefringence effect from the increasing molecular
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Figure 16 Moduli of one- (+) and two-stage drawn
UL_,, gel films with D,,/T,.. of (x) 15/105°C, (x) 15/
115°C, (X) 15/125°C, (v) 40/105°C, (¢) 40/115°C, (<)
40/125°C, (») 160/105°C, (») 160/115°C, (A) 160/125°C,
(A) 160/135°C, (v) 200/105°C, (v) 200/115°C, (V) 200/
125°C, and (V) 200/135°C.
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orientation of amorphous regions may become
less prominent and even negligible compared to
that from the increasing molecular orientation of
the crystalline regions of the drawn gel films.

The authors would like to express their thanks to Mr.
Bruce Lu of Yung Chia Chemical Industrial Corpora-
tion for supplying the UHMWPE and L resins.
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