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Abstract

The relationship between entanglement characteristics and transient crystallization during drawing from ultra-high molecular weight poly-
ethylene (UHMW-PE) melts is discussed, based on a combination of in situ X-ray measurement and stress profile analysis. Films having dif-
ferent entanglement characteristics were prepared by solution blending of higher and lower MW samples having a viscosity average MW of
1.07� 107 (higher) and 1.73� 106 (lower), followed by compression molding at 180 �C. Stress profiles recorded at 155 �C above the melting
temperature of 135 �C exhibited a plateau stress region, whose stress level was lower for the film prepared with more of the lower MW com-
ponent. With drawing, an amorphous scattering gradually concentrated on the equator. Beyond the beginning point of the plateau stress region,
such amorphous scattering abruptly disappeared and crystallization into a transient hexagonal phase occurred simultaneously. As soon as this
hexagonal phase appeared, it rapidly transformed into an orthorhombic phase for the film exhibiting higher plateau stress. In contrast, the film
exhibiting lower plateau stress exhibited a gentle transformation and a resurgence of the hexagonal phase in the later stage of drawing. These
results demonstrate that ‘‘entanglement phase separation’’ proceeds during melt-drawing of UHMW-PE.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It has been reported that transient crystallization into the
metastable form occurs within a short time scale of tens of sec-
onds when some alkanes are crystallized from the molten state
[1,2]. Polyethylene (PE) is a long alkane in which the same
methylene units are propagated. However, PE usually crystal-
lizes into the lamellar crystals without passing through the ex-
tended chain crystals, due to the restriction of chain mobility
even in the melt. In contrast, it is known that the crystallization
into the extended chain crystals of PE occurs under high
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temperature and pressure [3e8]. The crystal form of such ex-
tended chain crystals is the hexagonal phase, which is the most
stable under these extended crystallization conditions. How-
ever, this hexagonal phase transforms into the normal ortho-
rhombic phase as soon as cooling temperature or increasing
pressure. Therefore, we consider that the phase transition
from melt through hexagonal into orthorhombic modification
is possible if the molecular orientation can be dynamically
introduced into the molten state of PE.

We have demonstrated that transient crystallization similar
to that of alkanes occurs even for PE when deformation is
applied in the molten state [9]. Namely, tensile drawing from
molten PE having an ultra-high molecular weight (UHMW)
induces transient crystallization into a hexagonal phase, corre-
sponding to a metastable form of alkanes, during oriented
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crystallization into a final orthorhombic phase. This transient
crystallization into the hexagonal phase has been applied to
the industrial processing of UHMW-PEs [10]. Nevertheless,
a normal PE having a conventional MW of less than 106 g/
mol cannot be melt-drawn [11]. Considering that the initial
UHMW-PE melt contains numerous chain entanglements but
that they are reduced during melt-drawing [12e14], it is
predictable that such a transient crystallization mechanism
is dominated by the changes in the entangled state of long
molecules.

Therefore, in this study, we tried to compare the structural
changes during drawing from a series of melts having different
entanglement characteristics, i.e., average number of entangle-
ments per chain. A comparison of these results will clarify the
role of chain entanglements in transient crystallization for
longer PE chains.

To prepare films having different entanglement numbers
per chain, we used two UHMW-PEs polymerized by a metallo-
cene catalyst with higher and lower MWs as the starting ma-
terials. These UHMW-PEs have a narrower MW distribution
(MWD) than those obtained by the usual Ziegler catalyst
system [15,16]. Thus, the blending of these metallocene-
catalyzed UHMW-PEs yields a bimodal MWD with higher
and lower MW peaks. Such materials, with less intermediate
MW components, are expected to give results that predict
the individual roles of higher and lower MWs in transient
crystallization during melt-drawing.

The measurement setup is specially designed for the in situ
analysis performed in this study. Usually, the structures of hot-
drawn samples are analyzed under ambient conditions after
they have been taken out of the drawing device. However,
such a procedure will induce additional change through cool-
ing crystallization, especially for melt-drawing, where the
sample contains both the crystalline solid and an amorphous
melt. Thus, in situ analysis is necessary for this study. We pre-
viously analyzed structural changes during solid-state drawing
by using wide-angle X-ray diffraction (WAXD) [17]. Recently,
a synchrotron radiation beam has been used for in situ WAXD
analysis of structural change during processing including spin-
ning [18e23], drawing [24e28] and flow [29e31]. The high
luminescence of the synchrotron radiation beam enables us
to detect the structural change with a very fine time scale.
Such a high time-resolved analysis is especially powerful for
detecting rapid phase changes like the transient crystallization
targeted in this study.

Another in situ analysis we adopted for this study is a con-
tinuous stress measurement during melt-drawing. It is well
known that the stressestrain behavior reflects the structural
change during drawing. For this in situ stress measurement,
our drawing device was specially configured by installing
a load cell. A combination of these in situ analyses reveals
the relationship between oriented crystallization and the defor-
mation mechanism during melt-drawing. Similar simultaneous
stress measurements with in situ WAXD analyses have been
reported for drawing of UHMW-PE composite [32], rubber
[33e38], polypropylene [39], poly(ethylene terephthalate)
[40e42] and poly(3-hydroxy butyrate) [43].
2. Experiment

2.1. Initial materials

Two kinds of UHMW-PEs having different MWs but a nar-
rower MWD were supplied by Asahi Kasei Chemicals Co.
They were prepared using the metallocene catalyst system
with viscosity average MWs (Mv) of 1.07� 107 and
1.73� 106. Gel permeation chromatography (GPC) measure-
ments were carried out for these materials, but it is known
that components having MWs over 107 are undetectable by
the GPC method. Thus, accurate analysis of MWD was diffi-
cult, especially for the UHMW-PE having a higher Mv of
1.07� 107.

2.2. Sample preparation

Four kinds of films were prepared with component ratios
(wt%) of 100/0, 75/25, 50/50 and 0/100 for both the higher
and lower Mv materials, as shown in Table 1. Appropriate
amounts of these UHMW-PEs, 0.2 wt%, were dissolved
in p-xylene at the boiling point under a nitrogen gas flow.
Antioxidants, 0.5 wt% (based on polymer) of both octadecyl
3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoate and bis(2,4-
di-tert-butylphenyl)pentaerythritol diphosphite, were added.
A gel-like aggregation was precipitated by slow cooling to
room temperature (RT), filtered into a mat, and then soaked
in an excess amount of acetone for p-xylene exchange. The
mats were dried at RT under a vacuum. The dried mats were
compression molded into films at 180 �C and 30 MPa for
10 min, followed by slow cooling to RT. Before this molding
procedure, a 0.5 wt% acetone solution of the above-mentioned
antioxidants was applied to the surface of the dried mats. The
resultant film thickness was w0.7 mm. Their crystallinities
were always around 50%, independent of the blend ratios, as
shown in Table 1.

2.3. Melt-drawing

The drawing specimen was cut from these compression-
molded films in a dumbbell shape, with the straight region
4 mm wide and 12.5 mm long. All melt-drawings were
made at 155 �C, well above the sample melting temperature
(Tm) shown in Table 1, by using a previously designed high-
temperature extension device for in situ measurements
[44,45]. A chamber covers the straight region of the dumbbell

Table 1

Component percentage and DSC characteristics of each blend film

Film Component ratio (wt%) Crystallinity (%)a Tm (�C)a

Higher Mv Lower Mv

100/0 100 0 49 134.6

75/25 75 25 50 134.4

50/50 50 50 52 134.2

0/100 0 100 57 134.5

a Evaluated by DSC measurement.
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specimen. Before drawing, the sample specimen was held at
155 �C for 5 min for temperature equilibrating. The cross-
head speed (CHS) of drawing was always 24 mm/min. The
stress during such a melt-drawing process was recorded by
using a load cell (Kyowa Electronic Instruments Co., Ltd.,
LUR-A-50NSA1) installed in the extension device.

2.4. Measurements

A Perkin Elmer Pyris 1 DSC was used for differential scan-
ning calorimetry (DSC) measurements. Heating scans were
preformed up to 180 �C at a rate of 10 �C/min under a nitrogen
gas flow. The sample Tm was evaluated as the peak tempera-
ture of the melting endotherm. The temperature and heat of
fusion (DHf) were calibrated using indium and tin standards.
Crystallinities were calculated from DHf, assuming the DHf

of perfect PE crystals to be 290 J/g [46]. In situ WAXD
measurements were carried out during the melt-drawing pro-
cess by using a synchrotron radiation source at the BL40B2
beamline of SPring-8 (Japan Synchrotron Radiation Research
Institute, Hyogo, Japan). Our extension device [44,45] was in-
stalled in the beamline, and WAXD images were continuously
recorded during the melt-drawing process on a cooling-type
CCD camera (Hamamatsu Photonics K.K., C4880). The wave-
length of the synchrotron beam was 1.00 Å. The exposure time
for each pattern was 1 s with a time interval of 5.5 s for date
storage.

3. Results and discussion

We have previously reported that melt-drawing of UHMW-
PE results in a unique stressestrain behavior [12e14], i.e.,
a plateau stress phenomenon, which is sensitive to the entan-
glement characteristics of the film. An easily disentangled
melt exhibits lower stress and longer strain in the plateau
region. In contrast, a tightly entangled one induces a higher
plateau stress over a shorter strain range [12]. These results
indicate that the entanglement characteristics are predictable
from the differences in the plateau stress phenomenon. In
the same way, the stressestrain behaviors of the films prepared
in this study were evaluated at a constant drawing temperature
of 155 �C, which well exceeds the end tail (w140 �C) of the
DSC melting endotherms. Before drawing, the sample temper-
ature was isothermally held at 155 �C for 5 min, resulting in
a completely molten state, which could be confirmed by the
homogeneously transparent appearance of the films. Here,
the 100/0, 75/25 and 50/50 films could be melt-drawn at
155 �C, but the 0/100 film, composed only of the lower Mv

component, was immediately broken as soon as the draw
was initiated. Fig. 1 compares the stress profiles recorded dur-
ing melt-drawing at 155 �C for the former three films prepared
at different blend ratios. The horizontal axis for drawing time
represents the sample strain because all draws were made at
a constant CHS of 24 mm/min, corresponding to an average
strain rate around 5 min�1 as estimated from the separation
of pre-inked marks on the sample surface. The actual drawn
region was the center region of the dumbbell sample with an
initial length around 5 mm. All stress profiles exhibit a plateau
stress region, but the stress level decreases as the blend ratio of
the lower Mv component is increased. Meanwhile, the time
period of the plateau stress region gradually elongates. Such
changes in plateau stress phenomena are quite similar to those
observed for easily or less easily disentangled melt in our pre-
vious study [12], as described above. This plateau stress means
the melt viscosity, corresponding to the average number of en-
tanglements per chain. A comparison of these results suggests
that the melt viscosity gradually decreased as the blend ratio of
the lower Mv component in the film is increased. Therefore, it
is reasonably assumed that the average number of entangle-
ments per chain is controllable by the blend ratio.

After these plateau stress regions, the stress steeply in-
creases with increasing strain. Such stress development in
the later stage of melt-drawing corresponds to strain hardening
[47]. Often, the strain-hardening phenomenon accompanies
oriented crystallization, which has been reported for rubbers
[34e37]. Here, it should be noted that these films deformed
with no necking through all the strain regions, as confirmed
by the changes in sample appearance recorded during melt-
drawing. The elongation estimated from the separation of
the pre-inked marks increased linearly with drawing time for
all the films. These results suggest that homogeneous deforma-
tion proceeds during melt-drawing, independent of the sample
films prepared in this study.

Structural changes during melt-drawing were characterized
by in situ WAXD measurements using a synchrotron radiation
source. In particular, the results obtained for the two films
exhibiting the highest and lowest plateau stresses, i.e., the
100/0 and 50/50 films (see Fig. 1), were compared in order to
evaluate the effects of entanglement characteristics on melt-
drawing behavior. Fig. 2 depicts the stress profile of the 100/
0 film at 155 �C and the corresponding change in the in situ
WAXD patterns recorded during drawing. Before drawing,
only non-oriented amorphous scattering is observed. Thus,
the film is initially in a complete molten state. With drawing,
the stress increases and amorphous scattering gradually con-
centrates on the equator. This means that amorphous chains
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Fig. 1. Comparison of stress profiles recorded during melt-drawing at 155 �C
for 100/0, 75/25 and 50/50 films.
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Fig. 2. Stress profile recorded at 155 �C with corresponding change of in situ WAXD patterns for 100/0 film. The draw direction for the WAXD patterns is

horizontal. Subscripts ‘‘o’’ and ‘‘h’’ indicate the orthorhombic and hexagonal phases, respectively. Enlarged images of the crystalline reflection regions are shown

on the upper side. The drawing time in seconds is indicated for each pattern.
orient in the direction of the drawing axis. However, no crystal
reflection is detectable even at the yield point. When drawing
proceeds up to the beginning of the plateau stress region be-
yond this yielding, the amorphous scattering abruptly disap-
pears. Simultaneously, a strong hexagonal (100) reflection of
arc shape appears on the equator. This hexagonal (100) reflec-
tion immediately begins to decrease just after its appearance.
An orthorhombic (110) reflection then appears and gradually
becomes stronger. These phenomena mean that the initial crys-
tallization during melt-drawing proceeds in a ‘‘transient’’ hex-
agonal phase. After passing through the plateau stress region,
the draw stress increases, but there are no significant changes
in either of reflection intensity. Here, the converse transition
from the orthorhombic into hexagonal form has been reported
for heating process of the ultra-drawn high modulus PE
[17,48e50]. For melt-drawing, the hexagonal phase appeared
with the plateau stress, which could correspond to the
constrained condition for the ultra-drawn high modulus PE.
Regarding this phase transition from the hexagonal into the
orthorhombic phase, the reversibility for this phase transition
is interesting. In the future study, we are planning to examine
the changes in the hexagonal phase for both relaxation and
cooling processes after melt-drawing of PE.

A similar in situ analysis was carried out for melt-drawing
of the 50/50 film exhibiting the lowest plateau stress value
among the three films examined in this study (see Fig. 1).
Fig. 3 illustrates the stress profile of the 50/50 film at
155 �C and the corresponding change in the in situ WAXD
patterns recorded during drawing. The changes in the diffrac-
tion patterns before the yield point are similar to those for the
100/0 film (see Fig. 2). Namely, the amorphous chains orient
before the yield point, but no crystal reflection is recognized.
At the beginning point of the plateau stress region, the oriented
amorphous scattering abruptly disappears and a hexagonal
(100) reflection simultaneously appears on the equator. At
this time, orthorhombic (110) reflection is not observed. These
phenomena are quite similar to those of the 100/0 film. How-
ever, the difference lies in the later decrease of the hexagonal
(100) reflection and the simultaneous increase of the ortho-
rhombic (110) reflection. Both of these changes proceeded
within the plateau stress region for the 50/50 film, but their
significance is minor compared to those of the 100/0 film.
With increasing draw stress beyond the plateau region, the
arc-shaped orthorhombic (110) reflection gradually transforms
into a spot-shaped one for the 50/50 film.

Quantitative analyses of these structural changes were
made by comparing the line profiles extracted along the equa-
tors from the series of in situ WAXD patterns shown in Figs. 2
and 3. The obtained 2q profiles are plotted as a function of
drawing time in Figs. 4 and 5. The decrease in the sample
thickness was less significant than the width reduction, thus
the intensity correction for the geometrical change was not in-
troduced. Changes in amorphous scattering in the early stage
of the draw are similar for these profiles. Its intensity rapidly
decreases when crystallization starts at the beginning point of
the plateau stress region. However, further drawing results in
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Fig. 3. Stress profile recorded at 155 �C with corresponding change of in situ WAXD patterns for 50/50 film.
a constant intensity of amorphous scattering. These phenom-
ena are similar for both 100/0 and 50/50 films having different
molecular entanglement characteristics.

In contrast, the changes in the crystalline reflections were
quite different between the 100/0 and 50/50 films. As shown
in Fig. 4, the strong hexagonal (100) reflection appears but
immediately decreases just beyond the beginning point of
the plateau stress region for the more entangled melt of the
100/0 film. A simultaneous increase in orthorhombic (110) re-
flection indicates that the crystalecrystal phase transition from
the transient hexagonal phase into the resultant orthorhombic
phase proceeds at a critical drawing time. For the less en-
tangled 50/50 film shown in Fig. 5, the intensity of the initial
hexagonal (100) reflection is obviously lower than that of the
100/0 film. Therefore, the transition into the later orthorhom-
bic phase looks gentler. When the draw proceeds to the strain-
hardening region, the hexagonal phase increases once again
and transforms into the orthorhombic phase. Such a separate,
duplicate transition from the hexagonal into the orthorhombic
phase was not recognized during melt-drawing of the 100/0
film. These results indicate that the structural changes involv-
ing crystalline phases are strongly affected by the entanglement
characteristics, i.e., the average number of entanglements per
chain of the sample.

The differences in crystalline reflections between the 100/0
and 50/50 films were compared using their integral intensities
to discuss the relationship between entanglement characteris-
tics of the sample and phase development mechanisms during
melt-drawing. The extracted 2q profiles were resolved into
amorphous scattering, hexagonal (100), and orthorhombic
(110) and (200) reflection peaks using the Voigt function,
which combines Lorentzian and Gaussian functions. Among
these resolved peaks, the hexagonal (100) and orthorhombic
(110) ones were chosen for the evaluation of each crystalliza-
tion mechanism. Changes in the integral intensities of these
two reflection peaks during melt-drawing are compared in
Figs. 6 and 7. The plot of the former hexagonal (100)
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Fig. 4. 3D plot of WAXD line profiles extracted along the equators of the

series of in situ WAXD patterns recorded during melt-drawing of 100/0 film

at 155 �C.
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reflection starts at the same drawing time, around 70 s, for
both the 100/0 and 50/50 films, as shown in Fig. 6. This crit-
ical drawing time, at which crystallization into the hexagonal
phase starts, is coincident with the beginning point of the
plateau stress region in Fig. 1. When the initial values of the
integral intensity of the hexagonal (100) reflection were
compared for these two films, the higher value was obtained
for the 100/0 film, which only contains a higher Mv com-
ponent. Immediately after the hexagonal (100) reflection
appears, its integral intensity drops. Meanwhile, that of the
orthorhombic (110) reflection grows rapidly beyond this criti-
cal drawing time, as shown in Fig. 7. A combination of these
phenomena suggests that the transition from the initial hexag-
onal phase into the resultant orthorhombic phase proceeds
when the draw enters the plateau stress region. This means
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Fig. 5. 3D plot of WAXD line profiles extracted along the equators of the

series of in situ WAXD patterns recorded during melt-drawing of 50/50 film

at 155 �C.
that transient crystallization into the hexagonal phase is in-
duced at the initial stage of melt-drawing. In contrast, the
50/50 film exhibits a gradual decrease in the integral intensity
of the hexagonal (100) reflection beyond this critical drawing
time. Correspondingly, that of the orthorhombic (110) reflec-
tion also gradually increases during the early stage of the draw.

Another difference lies in changes during the later stage of
draw, beyond 150 s. The 50/50 film exhibits a second increase
in the integral intensity of the transient hexagonal (100) reflec-
tion. This drawing time corresponds to the entrance into the
strain-hardening region (see Fig. 1). Further draw after this
second critical drawing time reveals a decrease in the integral
intensity of the hexagonal (100) reflection and a corresponding
increase in the integral intensity of the orthorhombic (110) re-
flection. This phenomenon means that the transition from the
former into the latter is the same as that observed at the first
critical drawing time of around 70 s, i.e., transient crystalliza-
tion during melt-drawing.

However, the increase in the integral intensity of the ortho-
rhombic (110) reflection after the second critical drawing time
is much more significant than that after the first critical draw-
ing time for the 50/50 film. When the WAXD patterns ob-
tained within the strain-hardening regions were compared
between 100/0 and 50/50 films, broad arc-shaped reflections
were observed for the former but concentrated spot-shaped
ones were obtained for the latter. These results imply an
ease of chain slippage for the less entangled component con-
tained in the 50/50 film. The resultant high orientation of
the orthorhombic chains produces a concentrated intensity
on the equator, leading to a rapid increase in the integral inten-
sities for the 50/50 film after the second critical drawing time.

Regarding the first and second increases in the integral
intensity of the transient hexagonal (100) reflection occurring
around 70 s and 150 s, the first increase is observable for both
the 100/0 and the 50/50 films. Both of these films contain the
higher Mv component. Thus, it can be expected that the com-
ponent with the larger number of entanglements per chain
induces abrupt crystallization in the early stage of draw. In
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contrast, the second critical increase of the integral intensity of
the hexagonal (100) reflection was recognizable only for the
50/50 film, which contains a lower Mv component. The nar-
rower MWD of the metallocene-catalyzed UHMW-PEs used
in this study enables us to distinguish these two routes for tran-
sient crystallization into the hexagonal phase. The balance of
the two is dominated by the blend ratio of these UHMW-PEs,
which controls the entanglement characteristics, i.e., the aver-
age number of entanglements per chain.

The effects of entanglement characteristics on phase
changes during the melt-drawing process can be interpreted
as follows. At the beginning point of the plateau stress region,
the component with the larger number of entanglements per
chain induces transient crystallization into the hexagonal
phase. This hexagonal phase immediately transforms into an
orthorhombic phase. At this moment, the less entangled com-
ponent is in a molten amorphous state. Such component may
be little contained for the 100/0 film. For the 50/50 film having
the lower Mv component, the larger amount of this less en-
tangled component induces a second crystallization into a tran-
sient hexagonal phase. In contrast, the 100/0 film does not
exhibit this second transient crystallization phenomenon.

This logic predicts that ‘‘entanglement phase separation’’
occurs during melt-drawing for the 50/50 film. If the first
transient crystallization is induced by the component with the
larger number of entanglements per chain, the other entangle-
ments are disentangled while passing through the plateau stress
region. This means that separation of the two populations of
entanglements having different characteristics has already
proceeded before the critical drawing time, corresponding to
the beginning of the plateau stress region. Such phase separa-
tion into melts with more and less entangled states takes
place at the amorphous orientation region in the early stage
of draw.

4. Conclusions

Transient crystallization during melt-drawing of UHMW-
PE can be successfully detected by in situ WAXD measure-
ments. With drawing, the orientation of the amorphous phase
proceeded with no crystalline reflection. Subsequently, an
abrupt crystallization into the hexagonal phase occurred at
the beginning point of the plateau stress region, but it then
transformed into the orthorhombic phase. The lifetime of this
transient hexagonal phase is especially short, on the time scale
of a few seconds, for more entangled melt prepared from
the higher Mv component. In contrast, the hexagonal phase
increased again at the later stage of draw for the film containing
the lower Mv component, corresponding to a less entangled
melt. These results indicate that the separation into more
and less entangled components proceeds even before
crystallization.
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