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ABSTRACT: The effect of thermal history on the melt drawing of ultrahigh molecular weight polyethylene
(UHMWPE) reactor powder was studied. The samples for drawing were prepared by compression-molding
of reactor powder at various temperatures above the melting point (T). The drawing temperature (Tq)
was 150 °C. It was found that the maximum achievable draw ratio at the optimum T4 decreased from 60
to 23 when the prior-melt temperature increased from 160 to 230 °C. The highly drawn films exhibited
tensile moduli <58 GPa and strength <0.95 GPa at room temperature. Scanning electron microscopy
(SEM) observations of the drawn films, etched by fuming nitric acid, revealed a characteristic “shish
kebab” structure, as reported. Consistent with such morphology, differential scanning calorimetry (DSC)
showed double melting endotherms at 134 and 143 °C, corresponding to the “kebob” and “shish”
components, respectively. The crystallinity evaluated by the total heat of fusion from the double peaks
increased steadily with the draw ratio, and the increase was more rapid for the samples that were prior-
melted at a higher temperature and/or for a longer time. The formation of “shish” and “kebob” components
and their crystal sizes were also significantly influenced by the prior-melting temperature and the
elongation ratio. The efficiency of the draw, evaluated from the fraction of the “shish” component and
the tensile properties vs draw ratio, was also interpreted from the differences of the prior-melt preparation
conditions. The results suggest that the different level of entanglement formation, which was associated
with the scale of segmental diffusion, affected significantly the resultant structure and properties.

Introduction

Ultrahigh molecular weight polyethylene (UHM-
WPE), in the form of gels? or single-crystal aggre-
gates,3* has been shown to be ultradrawable in the solid
state, producing highly oriented, high modulus and
strength fibers and films. The high ductility of the
solution-crystallized morphologies has also been re-
ported for other crystalline polymers, including iso-
polypropylene®® and poly(4-methyl-1-pentene),” poly-
(ethylene terephthalate),® and poly(acrylonitrile).®1 The
key to this process is to prepare a less entangled
morphology by dissolution of a polymer in a solvent,
followed by solidification and removal of the solvent.!!

It has also been shown that billets and films of
UHMWPE reactor powder, compacted below the melting
temperature (Tn,), could be ultradrawn by solid-state
extrusion,!2 coextrusion,!® and a two-stage draw tech-
nique.'* The latter consists of the initial solid-state
coextrusion® of a compacted powder film, followed by
the second-stage tensile drawing at controlled condi-
tions. Highly drawn products exhibit tensile moduli
<135 GPa, comparable to those of commercial gel-spun
fibers. Independently, Smith et al.’617 also have re-
ported ultradrawing of virgin UHMWPE, prepared by
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using a low-activity catalyst and at low temperatures.
For the direct drawing of UHMWPE from reactor
powder, ductility increases with powder crystallinity.'®

Nascent reactor powders of other crystalline polymers,
such as poly(tetrafluoroethylene)’® and poly(acrylo-
nitrile),2° were also shown to be ultradrawable. How-
ever, once the powder was melted, such an excellent
ductility was lost in the crystalline state.'®?! The high
ductility of these reactor powders was ascribed also to
the low entanglement state of the virgin morphol-
ogy.16:17.2223 One characteristic of the reactor powder
draw is the absence of any solvent treatment, which is
the key feature in the gel spinning/drawing technique.

The high drawability of UHMWPE reactor powder
can be retained even after a prior-melt treatment,24-27
under controlled melt draw conditions. Upon solid-state
drawing, however, the same starting sample exhibited
only poor ductility, suggesting major entanglement
formation during the prior-melt treatment. The high
drawability attained from the melt suggests that the
formed entanglements hinder less the high uniaxial
elongation, as compared to the deformation in the
crystalline state. Further, the stress/strain curves for
drawing UHMWPE from melt were markedly affected
by the prior-melt treatment temperature and time and
the draw rate.?” This suggests that the entanglement
effects change depending on these variables. The slow
segmental diffusion in the highly viscous melt of UH-
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MWPE, associated with the melting conditions, likely
leads to the formation of apparently different types of
molecular entanglements, “shallow” and “deep”,?” de-
pending on the draw rate. The entanglements, which
were associated with large-scale segmental diffusion at
higher melt temperatures or at longer times, are defined
as “deep”. They effectively transmit the tensile stress
on draw within the melt. The “shallow” entanglements
are associated with short-range segmental diffusion at
lower temperatures for shorter times. These entangle-
ments can be readily disentangled during melt draw-
ing.?” Such different characteristics and responses of
molecular entanglements may affect the development
of oriented morphology and the resultant properties of
drawn products.

The purposes of this study are to examine the effect
of prior-melt conditions on the structural development
in UHMWPE reactor powder during drawing from melt
and to evaluate the resultant tensile properties of drawn
products.

Experimental Section

Sample Preparation. The UHMWPE reactor powder used
was Hizex Million 340M, supplied by Mitsui Chemicals Co.
Ltd. It had a viscosity-average molecular weight of 3.3 x 106.
Melt-grown crystal (MGC) films 0.2 mm thick were prepared
by compression-molding of the reactor powder, which con-
tained a small amount of an antioxidant 3-(3,5-di-tert-butyl-
4-hydroxy)phenyl propanate (0.5 wt %, based on polymer) at
a press temperature (Tp) of 160—230 °C and 2.5 MPa for 5
min, followed by slow cooling to room temperature. A few MGC
samples were also prepared by compression-molding after melt
annealing at 200 °C for 5—120 min in order to evaluate the
effect of prior-melt annealing time (t;) on the structure
formation upon drawing.

Drawing. The films of various thermal histories were cut
into strips of 30—70 x 2 x 0.2 mm. These strips were drawn
by a tensile force at an established optimum temperature of
150 °C, about 15 °C above their melting temperatures, at a
constant cross-head speed corresponding to an initial strain
rate of 5/min in an air oven equipped with a Tensilon HTM-
100 tensile tester. The draw was initiated after keeping the
sample at the draw temperature (T4) for 5 min to achieve the
temperature equilibrium. The draw ratio (DR) was determined
from the separation of ink marks preprinted on the sample
surface.

Etching Treatment by Fuming Nitric Acid. To empha-
size the crystalline morphology of melt-drawn samples for SEM
observations, the samples were etched with fuming nitric acid.
The etching was made at 60 °C for 24—48 h by adding an
excess amount of fuming nitric acid (10 mL) to 0.2 g of a drawn
sample, contained in a glass sample tube. After the acid
treatment for a given period of time, the sample was washed
first by distilled water, subsequently by boiling acetone, and
then dried well at room temperature.

Measurements. Differential scanning calorimetry (DSC)
was made on a Seiko Denshi DSC-10 and -220. The heating
scans were made at a rate of 3 °C/min up to 180 °C under a
nitrogen gas flow. The sample melting was evaluated by the
melting-peak temperature (Tmpeak). The heats of fusion (AHy)
and Tmpeak Were calibrated by an indium standard. To avoid
the melting of a sample under a constrained state and delay
in the heat transfer during heating scan, a small amount of
silicone oil was placed between the sample and the bottom of
a DSC sample pan. It was confirmed that the DSC baseline
was stable even with silicone oil. The decomposition of double
melting peaks into two peaks was made assuming Extreme
4/Lorentz functions.

The tensile modulus and strength on the fiber axis were
measured at room temperature and strain rates of 1 x 10!
and 1 x 1072 s7%, respectively. The modulus was determined
from the slope of the stress/strain curve at low strain (<0.1%).

Ultrahigh Molecular Weight Polyethylene 2633

Table 1. DRmnax and the Resultant Crystallinity
Calculated from Density for Drawing from the Melts of
MGC Films Prepared at Different Ty's for 5 min;
Drawing Was Made at Tq = 150 °C and Constant
Cross-Head Speeds Corresponding to an Initial Strain
Rate of 5 min™?

Tp (°C) 160 180 200 230
DRmax 60 52 45 23
density (g/cms3) 0.952 0.954 0.950 0.951
crystallinity (%) 69 70 68 68

The cross-sectional area of a sample was calculated from the
sample weight, length, and measured density. The densities
of the samples were determined at 30 °C in a density gradient
column consisting of mixtures of methylcarbitol and 2-pro-
panol.

The crystallinities of samples were determined from their
densities and heats of fusion assuming an amorphous/crystal-
line two-phase model. The crystalline and amorphous densities
were taken to be 1.00 and 0.855 g/cm?, respectively.?® The heat
of fusion for a perfect polyethylene crystal was assumed to be
290 J/g.%®

Wide-angle (WAXD) and small-angle (SAXS) X-ray scatter-
ing patterns were recorded photographically on flat-plate
cameras equipped with imaging plates. The sample-to-film
distances were 3.5 cm for WAXD and 40 cm for SAXS
measurements. Cu Ko radiation monochromatized with a
graphite monochromator was generated at 40 kV and 40—150
mA by a Rigaku type RAD-IIl or a Rigaku type RU-200
rotating-anode X-ray generator.

Scanning electron microscopic (SEM) observations were
made on fuming nitric acid-etched samples by a Hitachi S-5000
electron microscope operated at 5 kV. Pt—Pd was evaporated
on sample surfaces.

Results and Discussion

The draw behavior of UHMWPE from the melt has
been discussed in a previous paper?’ in terms of the
observed stress/strain characteristics. The present work
focuses on the morphology development during drawing
from the melt and the resultant properties of drawn
products.

Effect of T, and t, on Drawability. The drawabil-
ity of MGC films from their molten states was found to
be significantly affected by several variables, including
the draw temperature (T4) and rate and the prior-melt
treatment temperature T, and time t..2” The optimum
T4 resulting in the highest draw was 150 °C, independ-
ent of the prior Tp, as reported. Thus, in this work, Tqg
was fixed at 150 °C, and the draw was carried out at a
constant cross-head speed that gave an initial strain
rate of 5 min~!, which was optimum for the drawing of
the MGC series at Tq = 150 °C. The maximum achiev-
able DR (DRmax) for the MGC series decreased with
increasing T,, from 60 at T, = 160 °C to 23 at T, = 230
°C, as shown in Table 1. Such changes in DRyax with
T, can be interpreted by entanglement differences. It
was also shown that the apparent depth of an entangle-
ment depends on both T4 and the draw rate.?” “Shallow”
entanglements formed at a lower T, of 160 °C seem to
disentangle easily during draw at T4 = 150 °C, resulting
in a higher DRnax. In contrast, “deep” entanglements
formed at a higher T, of 230 °C effectively transmit the
draw stress within the melt but hinder high elongation.
The effect of these different entanglement characteris-
tics on the structural development upon drawing at the
optimum Ty of 150 °C is discussed below, based on the
results obtained for the MGC series prepared at differ-
ent T,'s for a constant t, of 5 min. A few data showing
the effect of t, are also reported.
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Figure 1. Low-magnification SEM images of an initial MGC film compression-molded at T, = 180 °C for 5 min and its drawn
samples prepared at T4 = 150 °C. The samples were etched by fuming nitric acid at 60 °C for 48 h.

Structure Development during Drawing from
Melt. The crystallinities (y.) of the products drawn to
the DRmnax were determined from the sample densities
and are shown in Table 1 for a series of MGC films
prepared at different Ty's. The initial densities of the
undrawn films were approximately ~0.936 g/cm?, cor-
responding to a y. of ~55%. The crystallinity was
independent of the prior-melt temperature T,. The x
gradually increased with DR and finally approached the
common maximum of ~70% at the DRy« for the entire
Tp series. As stated, a higher DRmax Was obtained for
drawing a sample of a lower T, than for one of a higher
Tp. These observations indicate that the strain-induced
crystallization proceeded more rapidly with DR for the
higher T, films, consistent with the DSC data discussed
later. The maximum crystallinity of ~70% achieved for
drawing from the melt was significantly higher than
those (52—55%) of the initial MGC samples. Neverthe-
less, the y. value was markedly lower than that (~95%)
reported for superdrawing of a less entangled single-
crystal mat in the solid state.* This indicates that
although the entanglements formed at the prior-melt
on molding effectively induce the segmental orientation
by transmitting the applied stress within a melt, they
could not all be disentangled even at higher extension.

SEM Observations. The crystallization behavior
during draw from the melt for a series of different T,
films was analyzed by the morphology of the drawn
products, as revealed by SEM microscopy. Since the as-
drawn products revealed no characteristic surface mor-
phologies, the crystalline structure was emphasized by

selectively etching the amorphous regions with fuming
nitric acid. Figure 1 shows SEM images for a series of
draw ratios, prepared from the MGC film molded at T,
= 180 °C. Figure 2 shows high-magnification images of
the samples in Figure 1. For the initial undrawn film,
crystalline domains with a radius of ~1 um are revealed
on the film surface. The domain size corresponds to that
of the subparticles in the untreated initial UHMW-PE
reactor powder,? indicating that the boundary between
the initial subparticles remained even after compres-
sion-molding above the sample Ty. Such a survival of
the initial particle boundary?6:393! indicates that memory
loss of the initial particle morphology was not achieved
by molding of the UHMWPE powder at 180 °C (~40 °C
above the Ty,) for 5 min due to its high melt viscosity.

Barham and Sadler3? found in their neutron-scatter-
ing studies that when single-crystal mats of polyethyl-
ene were molten, the radii of gyration reached equilib-
rium values in a few seconds for My, < 4 x 105. However,
a highly entangled system of ultrahigh molecular weight
exhibits behavior markedly different from that of single-
crystal aggregates that actually have no entanglements
before melting. Indeed, the reputation time in the
molten state for an UHMWPE with M,, 4 x 10°% was
estimated to be ~2.3 h.32 Further, Millaud and Rault33:34
have shown that when the melt-annealing temperature
(corresponding to T, in this work) of polyethylene is
altered, the time 7 required for polyethylene coils to
reach their equilibrium dimension at the new temper-
ature is given by the law 7 ~ M3. They also found that
this time is of the order of several minutes for a
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Figure 2. High-magnification SEM images of the samples in Figure 1.

monodisperse sample of M = 6 x 10* and 4 h for a
polydisperse sample of M, =5 x 10°. Thus, the origin
of the high ductility of UHMWPE melts observed in this
work may be attributed to this memory retention both
at the interface between reactor powders and within a
powder even after the melt treatment, due to the slow
self-diffusion of UHMWPE and the initially less en-
tangled reactor powder morphology.

The drawn products exhibited a typical “shish kebab”
structure, as previously reported.?526:35 At a lower DR
of 12, a few extended “shish” crystals were observed,
and the chain-folded “kebob” crystals, which were epi-
taxially grown perpendicularly to the draw direction,
were the major component. With increasing DR, the
lateral size of the “shish” crystals increased as seen in
the high-magnification images in Figure 2. At higher
DR's of 30 and 50, the “shish” crystals were clearly
observed in the SEM images. The thickness of the
“kebob” crystals remained 30—50 nm, independent of
DR.

The remarkable effect of the prior T, on the drawn
crystalline morphology was observed by SEM. Figure 3
shows sets of low- and high-magnification SEM images
for the samples drawn from the MGC film prepared at
the highest T, of 230 °C. When the photographs in
Figures 1—3 were compared at a comparable DR, the
“shish” content was higher for a higher T, of 230 °C in
Figure 3 than for a lower T, of 180 °C in Figures 1 and
2. Moreover, the thickness of the “kebob” crystals for
the Tp = 230 °C series (50—120 nm in Figure 3) was

markedly larger than that for the T, = 180 °C series
(30—50 nm in Figures 1 and 2). Reflecting these crystal-
line characteristics, the crystallinity for a T, = 230 °C
series increased up to the same level as that of lower
Tp series at each DRyax (See Table 1), despite its lower
DRmaX-

DSC Melting Behavior. The remarkable effects of
the prior T, and sample DR were also observed on the
DSC melting behavior. DSC thermograms for the draw
ratio series of MGC films prepared by prior-compres-
sion-molding at the lowest T, of 160 °C and the highest
Tp of 230 °C for 5 min are shown in Figures 4 and 5,
respectively. Figure 4 shows that at lower DR below ~10
a single melting peak was observed around 134 °C.
Upon drawing to a DR of 12, a new endothermic tail
appeared at the higher temperature side of the original
134 °C peak. This new endotherm grew steadily with
increasing DR and became a major and sharp peak at
a DR of 50, near the DRyax. In contrast, the initial lower-
temperature peak became smaller and broader with
increasing DR. The DSC thermograms of the DR series
prepared from a film molded at the highest T, = 230
°C also exhibited similar changes in the characteristics
of thermograms with DR as shown in Figure 5. How-
ever, when the higher-temperature melting peaks were
compared at a DR of 20, the relative peak area was
markedly larger for the product from the T, = 230 °C
film than for that from the lower T, = 160 °C film
(Figure 4). The increase of the entropy due to random-
ization of the oriented amorphous chains, which may
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Figure 3. SEM images of MGC films compression-molded at T, = 230 °C for 5 min and drawn at Ty = 150 °C. The samples were
etched by fuming nitric acid at 60 °C for 48 h. The sets of the left and right photographs correspond to low- and high-magnification

images, respectively.
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Figure 4. DSC melting thermograms for a DR series prepared
at Tq¢ = 150 °C from an MGC film prior-molded at T, = 160 °C
for 5 min.

exist within the “shish” components, may have a minor
contribution to the overall endotherm compared to the
heat of melting for crystals.

It has been shown by Keller et al.®¢ that the DSC
thermogram of a high-molecular-weight polyethylene
fiber with “shish kebab” morphology, prepared by melt
extrusion, exhibited a melting peak at ~130 °C and one
or more peaks above 140 °C depending on the measure-
ment condition. The lower peak was not affected by the
measurement condition. However, the shape, size, and
position of the higher melting peaks were sensitive to

[} DRA1
k=) T f——’—‘—v
c /
w | DR12
\
\L’ DR 15
-
T,=230°C
T4=150°C
H.R.=3°C/min.
1 1 1
100 120 140 160 180

Temperature (°C)
Figure 5. Changes in DSC melting thermograms on melt

drawing at T4 = 150 °C of an MGC film prior-molded at T, =
230 °C for 5 min.

the constraints imposed on the sample in the course of
measurement and could be altered by changing the
constraints. Nevertheless, the low-temperature peak at
130 °C and the higher-temperature peaks at ~140 °C
and above were ascribed to the melting of chain-folded
lamellae and highly chain-extended structures, respec-
tively.36 As will be shown later, our samples also showed
a broad peak at 134 °C and two more peaks above 150
°C, when measured under a constraint (Figure 9b).
Thus, in our DSC measurements, special care was taken
to avoid any external constraint on the sample. For this
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Figure 6. Peak melting temperatures as a function of DR

for tensile drawing at T4 = 150 °C of the MGC series prepared
at different T,’'s. The melting time t, was 5 min.
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Figure 7. Total heat of fusion and crystallinity from DSC
double melting peaks as a function of DR for the T, series
drawn at T4 = 150 °C.
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Figure 8. Fraction of “shish” crystals determined from the
heat of fusion of the higher melting peak as a function of DR
for tensile drawing at T4 = 150 °C of the MGC series prepared
at the indicated temperatures (T, in °C).

purpose, a small amount of silicone oil was placed
between the sample and the bottom of the DSC sample
pan, and the DSC scan was made without tightly
cramping the pan. Thus, the shape, size, and position
of the melting endotherm were highly reproducible.
Therefore, the lower melting peak at 134 °C and the
higher one around 140 °C were ascribed to the melting
of the “kebob” and the “shish” components, respectively.
Consistent with the SEM observations, these DSC
results also indicate that the formation of “shish”
crystals proceeded more rapidly for the former than for
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Figure 9. DSC thermograms for the samples of a DR of 12
(a) and 25 (b) series prepared from an MGC film prior-melt
annealed at 200 °C for different times (ta's). The thermogram
of an undrawn MGC sample is also included in (a) for
comparison. The effect of external constraints on the melting
thermogram is illustrated with a sample of a DR of 25
prepared from the MGC film with t; = 30 min (b).

the latter, reflecting the significant effect of prior T, on
the property of molten UHMWPE.

Figure 6 shows the changes in the DSC double-
melting-peak temperatures (Tmpeak) With DR for the
different T, series. At lower DR below 20, the T peak Of
the higher-temperature endotherm could not be deter-
mined because it appeared as a high-temperature
shoulder of the lower melting peak. The Tmpeak’s of the
double peaks at a given DR were not affected by the T,
and unique functions of DR, independent of the prior
Tp. The higher Tmpeak due to melting of the “shish”
component3® increased with DR from 140 °C around a
DR of 20 to 143 °C at a DR of 50, near the DRy of 60.
The highest T peak 0f 143 °C was markedly higher than
the Tmpeak Of the initial MGC films (~134 °C), crystal-
lized by slowly cooling from the melt. Nevertheless, this
value is significantly lower than the T peax 0f 146 °C
observed on a superdrawn SGC mat of UHMWPE
showing a tensile modulus of ~230 GPa, which is
comparable to the X-ray crystal modulus of polyethyl-
ene.* These facts suggest that although the “shish”
component consists of highly chain-extended crystals,
the longitudinal crystallite sizes are limited probably
due to the residual entanglements trapped within the
“shish” component. Such a structure of the “shish”
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component, in which “deep” entanglements are trapped,
is similar to the morphological model proposed by Flory
and Yoon?®” for the melt crystallization of polymers,
where preexisting entanglements are concentrated in
the noncrystalline regions. In contrast, the lower peak
around 134 °C became slightly lower with DR, probably
due to the formation of “kebob” crystals with lower-
molecular-weight fractions with increasing DR during
cooling of the drawn sample from the T4 (150 °C).

The actual Ty, may increase with increasing the
degree of segmental orientation in the melt due to a
decrease in the entropy of the melt. Thus, the strain-
induced crystallization above the static T, is ascribed
to the chain orientation in the melt, induced by the
elongation of segments between entanglements during
drawing. Further, the “deep” entanglements may ef-
fectively transmit the applied stress inducing segmental
orientation, and such oriented segments may crystallize
at an early stage of draw, as previously suggested on
the basis of the stress/strain curves.?’

Figure 7 shows characteristic features for the devel-
opment of crystallinity as a function of DR, as deter-
mined from the total heat of fusion for the DSC double
melting peaks. At a lower DR region <12, the crystal-
linity slightly decreased or increased depending on the
Tp. At higher DR, the crystallinity increased rapidly and
steadily with DR for every T, series. Further, it was
noted that the crystallinity increased more rapidly with
DR for the MGC films prepared at higher Ty's. Although
there were small differences in the crystallinity values
determined from the heat of fusion and the density for
a given sample, the effect of T, on the crystallinity
development determined by these DSC measure-
ments is consistent with that estimated from the density
data combined with the DRmax in Table 1, as discussed
above.

The development of “shish” crystals with increasing
DR was evaluated by the heat of fusion for the higher-
temperature peak, as shown in Figure 8. The fractions
of the “shish” component estimated from the DSC data
are consistent with those observed in the SEM micro-
graphs (Figures 1 and 2). For every T, series, the “shish”
crystals increased rapidly with DR. Further, it was
noted that the amount of the “shish” component at a
given DR increased for the drawing of MGC films
prepared at higher Ty's. However, as the DRmax de-
creased with increasing T,, the fraction reached com-
parable values of 40—50% around DRmax for all the T,
series. The fact that the “shish” component grew more
rapidly for the sample with a higher T, than for the one
with a lower T, suggests that, due to their difficulty of
disentanglement, the “deeper” entanglements formed at
a higher T, transmitted the applied stress during
drawing from the melt more effectively than “less deep”
ones formed at a prior lower Ty,

As discussed, the T, has an important effect on the
formation of the “shish” component. In a previous
paper,?’ it was found that the t, also had a marked effect
on the stress/strain curves for the melt-drawing of MGC
films. The stress for an MGC sample prior-treated at
200 °C for a longer t, increased more rapidly with strain
than for one with shorter t,. The result suggested that
the number of “deep” entanglements, which might
effectively transmit the draw stress within a molten
sample, increased with increasing t,. Thus, the effect
of ta on the morphology development during drawing
was also evaluated by the DSC melting behavior of
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drawn products prepared from a series of MGC samples
melt annealed at 200 °C for different t..

Parts a and b of Figure 9 show DSC melting thermo-
grams for the samples of DR = 12 and 25, respectively,
prepared from the MGC films prior-melt annealed at
200 °C for different ty's of 5—120 min. A thermogram
for an undrawn film with t; = 5 min was also included
in Figure 9a for comparison. Independent of the t,, the
DSC melting characteristics for undrawn samples were
identical. The MGC sample showed a single melting
peak at 134 °C. Upon drawing to a DR of 12, the
products exhibited a shoulder at a higher-temperature
side of the initial melting peak at 134 °C. Such a
shoulder was more prominent for the drawing of a
sample with a longer t, than for one with a shorter ta.
As shown in Figure 9b, at a higher DR of 25 which
corresponds to the DRmax for the MGC film with T, =
200 °C and ty = 120 min, each thermogram showed a
clear melting peak around 141 °C and a broad one at
134 °C. However, when the measurements were made
on these samples kept under constraints, the melting
curves exhibited a broad peak at 134 °C and two more
peaks at around 153 and 159 °C (Figure 9b), as
reported.3536 These observations reveal the growth of a
significant amount of the “shish” component at a DR
of 25. Further, at a given DR, both the relative area of
the higher melting peak and the crystallinity calculated
from the total heat of fusion for the double peaks were
greater for a sample with a longer t, than for one with
a shorter t;. These DSC results confirm our previous
conclusion?’ that increasing of t, has a comparable effect
to increasing T, on the drawing characteristics and
morphology development.

WAXD and SAXS Measurements. The morphology
development was also examined by WAXD and SAXS.
Figure 10 shows WAXD and SAXS photographs re-
corded at RT for an undrawn MGC film prior-melt
annealed at T, = 160 °C for 5 min and its DR series
prepared at T4 = 150 °C. The WAXD pattern of the
initial film exhibited uniform rings, indicating that the
chains were randomly oriented within the sample. Upon
drawing, the WAXD intensity distribution along the
azimuthal direction became narrower and concentrated
on the equator for each reflection, indicating that the
chains were orientated with increasing DR. It is noted
that at a DR of 12 the (200) reflection has two intensity
maxima, one on the equator and the other one at an
angle of 40° from the equator, whereas the (020)
reflection appeared as a well-defined single arc on the
equator. This indicates that the a-axis preferentially
orients both perpendicularly to the fiber axis and at an
angle of 50° from this axis. In contrast, the b-axis
preferentially orients perpendicularly to the fiber axis.
Such a characteristic chain orientation was previously
reported for the melt-spinning of high-density polyeth-
ylene3®® and is significantly different from that observed
in the crystalline-state deformation of spherillitic
samples®® and SGC mats of polyethylene.®* At a DR >
30, each of the (hkO) reflections consisted of a strong
circular spot on the equator overlapped with a weak and
broad arc centered on the equator. This indicates that
most of the crystalline chains are highly oriented along
the fiber direction with a small amount of poorly
oriented crystals. A closer inspection of the WAXD
patterns for highly drawn samples (DR of 30 and 50)
shows the appearance of a weak streak on the equator.
Such a streak disappeared upon annealing the samples
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Figure 10. WAXD and SAXS (bottom right) patterns for a draw ratio series prepared from the MGC film prior-melted at 160 °C for 5 min.
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Figure 11. Tensile modulus vs DR for melt drawing of the
MGC series compression-molded at the indicated T,’s for 5
min. Draw was made at T4 = 150 °C. The data for drawing of
an SGC mat in the crystalline state at Tq = 110 °C are also
included for comparison (dotted line).

at 120 °C, suggesting the existence of a small amount
of thermally unstable crystallites with small lateral
dimensions within the as-drawn products.

The SAXS patterns, inserted at the bottom of the
WAXD photographs in Figure 10, also show the devel-
opment of an oriented structure upon drawing. The
MGC film showed SAXS around the direct beam, but
no scattering maximum was distinguishable. Upon
drawing to a DR > 12, a strong spotty scattering
appeared on the meridian near the direct beam, sug-
gesting the existence of distinct lamellar crystals ori-
ented perpendicularly to the fiber axis. At a higher angle
of the strong scattering, a weak scattering was observed,
which could be assigned to the second-order scattering.
Because the intensity maximum of the first-order scat-
tering could not be distinguished due to the interference
with the beam stopper, a long period was estimated from
the second-order scattering maximum. The value of long
period thus obtained was not significantly affected by
the DR and 30—35 nm for the DR range of 12—60.

The crystalline core thickness, calculated from the
SEM micrographs in Figures 1 and 2, was in the range
30—50 nm depending on the lamellae. Since the SAXS
long period corresponds to the sum of the crystal core
and the amorphous layer thickness of the lamellae, it
would be expected to be longer than the one observed
by SEM. The reason for this discrepancy is not clear.
However, it is possible that the thinner lamellae were
selectively etched and removed by fuming nitric acid
treatment and only thicker lamellae survived after
etching. Such a possibility is supported by the presence
of many voids that are markedly larger than the crystal
thickness, as seen in Figures 1 and 2.

Tensile Properties on Draw. The development of
tensile properties upon the draw from melt was deter-
mined for the different T, series. Figures 11 and 12
respectively show the tensile moduli and strengths as
a function of DR for the drawing from melts of MGC
films prepared at different T,'s. The draw was made at
an optimum Ty of 150 °C and at constant cross-head
speeds giving an initial strain rate of 5 min~!. For
comparison, the data obtained for solid-state drawing
of a less entangled SGC mat (T4 = 110 °C) are also
included. For each sample, both the tensile modulus and
strength steadily increased with DR. As discussed
above, the developments of both the crystallinity and
the “shish” component were more rapid for the melt
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Figure 12. Tensile strength vs DR for melt drawing of MGC
series compression-molded at the indicated Ty's for 5 min. The
data for drawing of SGC mats are also shown by the dotted
line for comparison.

drawing of the MGC films prior-compression-molded at
higher T,'s (Figure 9). This likely suggests that the
tensile properties may increase more rapidly for the
drawing of MGC films molded at higher Ty's as well. In
contrast to such an expectation, the slopes of these plots
of tensile modulus and strength vs DR are comparable
for all the samples prior-melted at T, = 160—200 °C.
This may be due to the fact that the differences in the
amounts of “shish” component in these samples are
minor and that the tensile properties not only depend
on the amount of the chain-extended “shish” component
but also the “kebob” lamellae significantly contribute
to them through the intermeshing like a zip.25:36 How-
ever, the slopes for drawing of the film prior-compressed
at the highest T, of 230 °C are larger than others,
showing that the efficiency of draw, as evaluated from
these tensile properties vs DR, is higher for this film
than for others prior-molded at lower Tg's. This is
consistent with the markedly more rapid increase in the
“shish” component for drawing of this sample than for
others with lower Tp's. These trends suggest that there
are entanglements of different depths, depending on the
prior T, and the draw rate and temperature.?” The
“deep” entanglements formed at the highest T, of 230
°C resulted upon draw in a rapid chain extension and
orientation. Thus, high tensile properties were obtained
at the same DR, compared to those of the samples
drawn from the films prepared at lower Tp's.

On melt drawing of these films, the tensile properties
increased with DR more gently than those for solid-state
drawing of SGC mats.# These differences in their
resultant tensile properties could be attributed to the
differences in their morphologies. The sample drawn
from SGC mats in the solid state has a higher crystal-
linity of ~90% at a DR around 60, whereas that of the
melt-drawn MGC film was ~70% as shown in Table 1.
Further, most of the crystals in the drawn SGC mats
are highly extended along the draw direction, but the
latter has a “shish kebab” structure at the same DR.
As shown in Figure 8, the fraction of the highly oriented
“shish” component reached a maximum of ~40% for the
MGC films drawn from the melts. In fact, at the same
DR of 60, the modulus of the drawn SGC mats ap-
proached higher values around 150—170 GPa, whereas
that of the melt-drawn films exhibited a much lower
value near 50—60 GPa, corresponding to 35% of the
former.
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In the melt drawing of UHMWPE, the maximum
tensile modulus of 50—60 GPa and strength of 0.90—
0.95 GPa were achieved at DR 0f ~60 by optimizing
the drawing variables, including Ty, T4, and draw rate.
These values are significantly higher than those previ-
ously reported by Kaito et al.2* for melt drawing of a
molecular weight series of UHMWPEs. However, they
are comparable to those reported by Bashir and Keller?®
for melt drawing of PE samples with a range of
molecular weights. DRnax of the MGC films prepared
at the highest T, = 230 °C was limited up to 23, with
the resultant tensile modulus and strength of 30 and
0.6 GPa, respectively, significantly lower than those
obtained for drawing from the MGC films molded at
lower prior Ty's.

Conclusions

In this work, MGC films prepared by compression-
molding of UHMWPE reactor powder at different Ty's
were uniaxially drawn at an optimum T4 of 150 °C in
an air oven, about 15 °C above their melting tempera-
tures. The films could be effectively drawn from a
molten state up to DRmax of ~60 under controlled
conditions, and the maximum tensile modulus and
strength achieved up to 50—60 and 0.90-0.95 GPa,
respectively. The drawability of the MGC film and the
development of the oriented structure and tensile
properties were found to be strongly affected by the
prior-melt temperature on molding. SEM observations
of etched samples showed that a “shish kebab” structure
was developed during drawing from the melts. Cor-
respondingly, DSC double melting endotherms were
observed. The higher and lower melting peaks were
attributed to the melting of chain-extended “shish” and
chain-folded “kebob” crystals, respectively. The “shish”
component increased with DR for all the series of films
prepared at different prior-melt temperatures. The
crystallization rate into such chain-extended “shish”
crystals was higher for the drawing from the films
prepared at a higher prior-melt temperature and/or for
a longer melt-treatment time, probably due to the
“deeper” level of entanglement formation associated
with large-scale segmental diffusion in the prior-melts.
The tensile properties of melt-drawn samples also reflect
a similar effect of entanglement characteristics as a
function of the prior-melt temperature.
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