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ABSTRACT: Copolymer ethylene—methyl methacrylate (EMMA) and ultrahigh molecular weight
polyethylene (UHMWPE) were blended in decalin solvent. Two kinds of EMMA films with different
contents of the MMA side group were used as test specimens. A hot homogenized solution was poured
into an aluminum tray to form gels, and the decalin was allowed to evaporate from the resultant gels
under ambient condition. Surprisingly, the resultant dry blend films could be elongated up to more than
200-fold (4 = 200) at 135 °C. Such a great draw ratio could be realized even for a blend film with 90%
EMMA content (the 9/1 film), although the maximum draw ratio of EMMA homopolymer films was 10-
fold (A = 10). The greatest drawability for the 9/1 films was attributed to large crystal lamellae of
UHMWPE, ensuring a crystal transition from a folded to a fibrous type. Accordingly, EMMA chains were
independent of the ultradrawing of UHMWPE and kept a random orientation under the ultradrawing
process. The storage (Young's) moduli were 20—25 GPa at 20 °C. In contrast, EMMA chains within the
1/1 films were oriented drastically together with UHMWPE crystallites. The moduli of the 1/1 films at
20 °C reached 75—85 GPa, which are close to 100 GPa of UHMWPE homopolymer films with A = 100
and are higher than the value (40 GPa) of polypropylene films with 1 = 100 as well as the crystal lattice
modulus (41—43 GPa) along the chain direction. The morphology of the blend films with such different
orientation modes of EMMA chains was analyzed by using X-ray, *3C NMR, and positron annihilation.
As a result, the drastic orientation of EMMA chains within the 1/1 film was thought to be due to the
epitaxial nucleation surface for ethylene sequences of EMMA under the cooling process from 135 °C to
room temperature after the elongation. However, the amount of EMMA content within the 9/1 film was
obviously too much to develop the epitaxial nucleation surface effect. Even so, it was confirmed that
most of the highly oriented ethylene sequences of EMMA within the 1/1 film exist as an amorphous
phase, causing the  (mechanical) dispersion associated with a large (macro-Brownian) movement.
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Introduction

In previous papers,12 the effect of side groups on the
crystallization of ethylene main chains was investigated
by using copolymer ethylene—methyl methacrylate
(EMMA). The result revealed that the longer ethylene
sequences in the noncrystalline phase had a nonrandom
local arrangement, but the bulky volume of the MMA
side groups suppresses the crystallization of ethylene
sequences. Consequently, even though crystallization is
suppressed, the tendency for longer ethylene sequences
to self-order leads to a dynamic local ordering in the
noncrystalline phase. Furthermore, low crystallinity of
EMMA films drawn up to their maximum draw ratio (4
= 10) caused a drastic shrinkage as well as drastic
stress relaxation by chain slippage under a constant
strain at room temperature.

To ensure dimensional stability of the drawn EMMA
films, how to obtain stable crystallization of the ethylene
sequences of EMMA is one of the important factors. As
one of trials, EMMA and ultrahigh molecular weight
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polyethylene (UHMWPE) blends were prepared by
gelation/crystallization from dilute solutions. Surpris-
ingly, the elongation of the blend film (the 9/1 film) with
90% EMMA reached 300-fold (A = 300), while the
maximum draw ratio of the 1/1 film was 200-fold. For
ultradrawn 9/1 and 1/1 films, no shrinkage occurred at
room temperature for the drawn blends.

Certainly, it is well-known that the ultradrawing of
UHMWPE has attracted much attention due to interest
in producing high strength and high modulus fiber
commercially. The gel-spun UHMWPE fibers exhibit
excellent mechanical properties with a Young’s modulus
of 100—220 GPa and a tensile strength of 3—6 GPa.3~7
Such mechanical properties are ascribed to the highly
oriented and fully extended chains with respect to the
stretching direction. However, the poor dyeing property
and poor lamination of ultradrawn polyethylene films
are big problems to expand the utility at the commercial
level, although there has been several successful re-
ports for dyeing of low molecular weight polyethylene
(LMWPE) and polypropylene films by using supercriti-
cal fluids such as CO, or N0 by Knittel et al.8 and Bach
et al.® Ultradrawing of blending polyethylene with other
polymers having polar groups is one of the possible
strategies for overcoming this problem. Unfortunately,
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Table 1. Characterization of EMMA and UHMWPE Films

MMA, maxdraw mp,

specimen mol % ratio °C M,2 Mo
EMMA-1I(WH202) 6.5 6 85 4.3 x 10
EMMA-I11(WM403) 14.6 10 64 3.1 x 104
UHMWPE 300 142 6.0 x 108

aM, = average viscosity molecular weight. ® M, = average
number molecular weight.

no successful representation of high modulus and high
strength fibers and/or films has been achieved for the
blends of UHMWPE and other polymers, except for the
polyethylene/polypropylene blend system.10.11

This paper is concerned with the morphology and
mechanical properties of ultradrawn blend films of
UHMWPE and EMMA having polar groups in order to
study the origin of the greatest drawability and excellent
thermal dimensional stability. The analysis is done
mainly by using X-ray, 13C NMR, and positron annihila-
tion. The focus is concentrated on two points. One is
the cocrystallization of ethylene sequences between
EMMA and UHMWPE, leading to an epitaxial nucle-
ation surface for ethylene sequences of EMMA under
elongation. The other is the property of an extended
amorphous ethylene sequence. The latter purpose is due
to the fact that the investigation for highly oriented
amorphous ethylene sequence is very difficult because
of difficulty in preparing drawn amorphous polyethylene
films. Incidentally, we must emphasize that the pre-
liminary experiments were carried out for various
EMMA/UHMWPE compositions between 9/1 and 1/1 at
various draw ratios (1) of between 1 and 100. The
obtained results, however, provided middle values be-
tween the indicated compositions as well as between the
indicated draw ratios. Accordingly, among the obtained
results, the results for the indicated two compositions
at 4 = 1 and 100 are adopted to shorten the present
paper.

Experimental Section

The materials used in the present work were EMMA and
UHMWPE. Among three kinds of EMMA used in the previous
paper,! two EMMA samples, EMMA-II and EMMA-III with
higher contents of the MMA side group, were adopted as test
specimens. The detailed characteristics of the two specimens
were described elasewhere.r? UHMWPE (Hercules 1900/
90189) has an average viscosity molecular weight (M,) of 6 x
108. The structural characteristics of EMMA-11, EMMA-I11,
and UHMWPE are listed briefly again in Table 1. In preparing
the blend samples by gelation/crystallization, the concentration
of UHMWPE was fixed to be 0.4 g/100 mL against the solvent.
The solvent was decalin. The chosen 0.4 g/100 mL was the
optimum concentration of the UHMWPE solutions to prepare
high modulus and high strength films.” The amount of EMMA
was determined relative to that of the UHMWRPE, in which
the 9/1 and 1/1 compositions of EMMA and UHMWPE cor-
respond to (3.6 g(EMMA) + 0.4 g(UHMWPE))/100 mL and (0.4
g(EMMA) + 0.4 g(UHMWPE))/100 mL, respectively.

The solution was prepared by heating a well-blended
polymer/solvent mixture at 135 °C for 20 min under nitrogen.
The homogenized solution was quenched to room temperature
by pouring it into an aluminum tray (10 x 10 x 10 cm?3), thus
generating a gel. The amount of solution in the tray was
controlled to obtain the same thickness of samples, indepen-
dent of the concentration of the solution. The decalin was
allowed to evaporate from the gels under ambient conditions.
The resulting dry gel film was vacuum-dried for 1 day to
remove any residual trace of decalin. After then, the specimens
were elongated manually up to the desired draw ratios at 135
°C under nitrogen and cooled to room temperature. The
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elongation-to-draw ratio beyond 1 = 20 was done in a second
stage because of the physical restriction of the size of the oven.
Thus, the original specimen, the length being 10 mm, was first
drawn to 4 = 20, and the drawn film was cut into strips of
length 50—60 mm. The specimens, each clamped over a length
(30—40 mm) at the end, were drawn to the desired draw ratio
beyond 1 = 20 in a second stage.

In preliminary experiments, solvent cast films of EMMA-11
and EMMA-I11 homopolymers were prepared, but all of the
characteristics of the resultant films were confirmed to be
perfectly equal to those of their melt films described in a
previous paper.t

X-ray. X-ray measurements were carried out with a 12 kW
rotating-anode X-ray generator (Rigaku RAD-rA). An X-ray
beam by Cu Ka radiation at 200 mA and 40 kV was mono-
chromatized with a curved graphite monochromator. The wide-
angle X-ray diffraction (WAXD) intensity distribution was
obtained at the desired temperatures from —110 to 60 °C by
using a curved position-sensitive proportional counter (PSPC).
To pursue the exact measurement of the diffraction intensity,
the accumulated time was set to be 30 min at each tempera-
ture. The small-angle X-ray scattering (SAXS) intensity dis-
tribution was measured as a function of the scattering angle
(26g) in the meridional direction by the PSPC system.

13C NMR. NMR measurements as a function of the tem-
perature were carried out for the EMMA melt films on a JEOL
JM-EX 270 spectrometer, operating at 67.8 MHz for 13C. The
measurements for 13C CP (cross-polarization)/MAS as well as
13C PST (pulse saturation transfer)/MAS were performed at
room temperature. The actual temperatures in the probe under
spinning were confirmed to be in the range of 27—36 °C. The
chemical shifts were determined relative to the higher field
signal (29.5 ppm) of adamantane. The detailed conditions are
described elsewhere.?

Positron Annihilation. Positron annihilation experiments
were conducted with a conventional fast—fast coincidence
system having a time resolution of 300 ps full width at half-
maximum (fwhm).? The time spectrometer was composed of
two plastic scintillation detectors (40 mm diameter x 40 mm
Pilot-U mounted on a Hamamatsu H1949 photomultiplier),
two differential constant fraction discriminators (ORTEC 583)
(one for start signals from 1.28 MeV y-rays and the other one
for stop signals from 0.511 MeV annihilation y-rays), a time-
to-amplitude converter (ORTEC 4570), and a multichannel
analyzer with a 1024 conversion gain (0921). The accumulated
data were controlled by a personal computer (Dell PC).

A position source was prepared by depositing ca. 1.1 MBqg
(30 uCi) of aqueous ?NaCl on a Kapton foil of 7 um thickness
and 10 x 10 mm area. After drying, the foil was covered with
the same size of the foil, and the edges were glued with epoxy
resin. The source was further sealed in a 3 um Mylar foil and
then sandwiched by two identical samples for positron an-
nihilation measurements. The diameter of the spot of the 2?Na
source was ca. 2 mm. During the measurement, the samples
were kept in a vacuum cell, in which the temperature of the
samples was controlled. Spectra were recorded every hour, and
about 1—-2 million events were stored in each spectrum.

As described in a previous paper,? positrons emitted from
22Na induce a radiation effect on polymer samples, and
electrons are excited from the constituent atoms. After these
positrons with an average energy of 200 keV lose their energies
through interacting with atoms and molecules, they are finally
thermalized and capture the excited electrons to form posi-
troniums (Ps, hydrogen-like atom consisting of e and e).
There are two Ps states: para-Ps (p-Ps) and ortho-Ps (0-Ps).
Although the former annihilates within 125 ps, the latter can
last for 140 ns in a vacuum. 0-Ps can migrate in a polymer
and tends to be trapped in intermolecular spaces, in which
0-Ps can pick off electrons from the surrounding atoms and
annihilate with a shorter lifetime than that of the annihilation
in a vacuum.

Viscoelastic Measurements. The complex dynamic tensile
modulus was measured at 10 Hz over the temperature range
from —150 to 150 °C by using a viscoelastic spectrometer
(VES-F) obtained from lwamoto Machine Co. Ltd. The length
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EMMA-II/UHMWPE EMMA-III/UHMWPE

(a) 9/1 (c) 9/1

(d) 1/1

Figure 1. WAXD patterns (end view) for the EMMA/UHM-
WPE blend films (9/1, 1/1) with 1 = 1.

(b) 1/1

of the specimen between the jaws was 40 mm, and the width
was about 1.5 mm. The complex dynamic modulus was
measured by imposing a small dynamic strain to ensure a
linear viscoelastic behavior of the specimen.? In doing so, the
specimen was subjected to a static tensile strain in the range
0.05—0.1% to place the sample in tension during the axial
sinusoidal oscillation.

DSC Measurements. Calorimetric investigations of EMMA
and their blends were performed with an Exstar 6000 of Seiko
Instrument Inc. The heating rate was 1 °C/min. The weight
of the specimen was 10 mg.

Results and Discussion

Figure 1 shows the WAXD patterns observed from
undrawn blend films. An X-ray beam was directed
parallel to the film surface. The characteristic diffrac-
tions from the (110) and (200) planes for the 1/1 film
indicate the preferential orientation of the c-axis per-
pendicular to the film surface, which is similar to the
diffraction intensity from single-crystal mats, reported
by Smith et al.> On the other hand, the diffraction rings
for the pattern of the 9/1 films indicate a random
orientation of crystallites. As described in the previous
papers, the crystal unit of EMMA was similar to an
orthorhombic form of the polyethylene crystal unit, and
then the diffraction peak positions of EMMA were
almost the same as the peak position of polyethylene.
Accordingly, the diffraction rings in Figure 2 are thought
to be due to only the contribution from UHMWPE, since
the crystallinity of EMMA is much lower than that of
UHMWPE.

Figure 2 shows the SAXS intensity distributions (end
view) of undrawn blends and individual homopolymers
(EMMA-I1, EMMA-III, and UHMWPE). The intensity
distribution from the blend films shows scattering
maxima corresponding to long periods. The values are
listed in Table 2. With increasing the EMMA contents,
the long period became shorter. As shown in Figure 2,
the scattering maxima became less distinct as the
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Figure 2. SAXS intensity distributions for the EMMA/
UHMWPE blend film in the meridional direction.

Table 2. Long Period L of Blend Films with Different
Compositions

L (A) 0/1 1/2 1/1 2/1 9/1

EMMA-11/UHMWPE 1115 1104 109.1 108.3 -
EMMA-I1I/JUHMWPE 1115 1102 109.1 1084 -

EMMA content increased. The SAXS distributions and
WAXD patterns together indicate that the 1/2 and 1/1
films were composed of highly oriented crystal lamellae
with their flat face parallel to the film surface, like
UHMWPE (0/1). The UHMWPE crystal lamellae were
oriented with their flat faces parallel to the film surface
in evaporation process of solvent. This is reasonable
since such orientation of crystal lamellae is common
sense to be stable energetically. In contrast, the orienta-
tion fluctuation of crystal lamellae became more pro-
nounced with increasing EMMA content. The profile
of the intensity distribution from the 9/1 film shows
a monotonic curve. The scattering peaks of the
EMMA-II/UHMWPE blends with the same composition
have almost the same profile as those of the correspond-
ing EMMA-II/UHMWPE blends. Here, it may be ex-
pected that the isolated UHMWPE chains within the
9/1 film also form large crystal lamellae of UHMWPE
under gelation, but the crystal lamellae cannot orient
parallel to the film surface. This is thought to be due to
the fact that large amounts of EMMA hamper the
ordered orientation of the lamellae of UHMWPE. Inci-
dentally, the continuous change in the peak height
provided the middle values between the 9/1 and 1/1
composites as well as between draw ratios at A = 1 and
100. Accordingly, as described in Introduction, the
following discussions were made for the 9/1 and 1/1 films
at 1 = 1 and 100.

Figure 3 shows WAXD patterns for the 9/1 and 1/1
films drawn up to 4 = 100. The profiles of WAXD were
confirmed to be almost the same for specimens with 4
= 50—200. Accordingly, the following discussion was
only made for the specimens with 4 = 100. The patterns
observed for the 9/1 film indicate different orientation
modes between EMMA and UHMWPE crystallites. That
is, the weak diffraction rings from the (110) and (200)
planes are reflections from EMMA crystallites with a
random orientation, while the sharp diffraction spots
are due to highly oriented UHMWPE crystallites with
respect to the stretching direction. On the other hand,
the pattern of the 1/1 film shows sharp diffraction spots
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EMMA-II/UHMWPE

EMMA-III/UHMWPE

(a) 9/1 A=100 (©)9/1 A=100

(b) 1/1 A =100

Figure 3. WAXD patterns (through view) for the EMMA/
UHMWPE blend films (9/1, 1/1) with A = 100.

(d) 1/1 A =100

from the (110) and (200) planes, and no ring appears,
indicating that EMMA and UHMWPE crystallites are
predominantly oriented together in the stretching direc-
tion. Such orientation modes dependent upn EMMA
content, as observed for UHMWPE/LMWPE blend films
already,’® are thought to be due to their different
crystallization modes under the elongation process.

Figure 4 shows the WAXD intensity distribution of
the 9/1 and 1/1 films for EMMA-111 and UHMWPE with
A = 100. The film thickness between the 9/1 and 1/1
films was almost the same, ca. 15 um. The measure-
ments were made using a special attachment set in the
X-ray instrument. The drawn specimen was rotated 60
times/min around the film normal direction to obtain
the average diffraction intensity for the drawn films.
The scanning speed of the detector of the diffraction
beam was to be 100 s for 0. 1° (twice the Bragg angle
26g) to ensure a sufficient accumulation time at each
20g. This method played an important role to estimate
the crystallinity of the film by X-rays. In addition to the
(110) and (200) planes, a very broad peak at around
19.2°, observed for the 9/1 film, corresponds to an
amorphous peak from EMMA-I111, while no amorphous
peak was observed for the 1/1 film, indicating the
oriented crystallization of the EMMA-I1I chains. This
means that the orientation and crystallization of the
EMMA chains within the drawn 1/1 film are quite
different from those of the EMMA chains within the
drawn 9/1 film.

To pursue a more quantitative analysis, the temper-
ature dependence of the diffraction intensity was mea-
sured by a curved PSPC in the range from —130 to 135
°C. Figure 5 shows the results for EMMA-III and
UHMWRPE blend films with 4 = 100 and the corre-
sponding UHMWPE homopolymer film. The measure-
ments were carried out only in the horizontal direction,
since the special instrument used in Figure 4 could not
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Figure 4. WAXD intensity distributions of the 9/1 and 1/1
compositions of the EMMA-11I/UHMWPE blend film with 4 =

100. Specimens were rotated 60 times/min around the film
normal direction.

be used for the measurements at elevated temperature.
All of the specimens were maintained for 10 min at the
indicated temperatures before measurements, and the
accumulation of the intensity was made for 30 min. In
this case, for the 9/1 film, no peak can be observed at
around 19.2° (see Figure 4) because of a large sharp
diffraction peak from the (110) plane of UHMWPE
crystallites oriented perfectly with respect to the stretch-
ing direction. Accordingly, it was impossible to judge
whether most of the oriented EMMA-I11 chains form the
amorphous state with a highly ordered arrangement
with respect to the stretching direction. As described
before, the two peaks correspond to the overlapped
reflections concerning the (110) and (200) planes of
EMMA-I11 and UHMWPE with an orthorhombic crystal
unit. The large peak shift of the (200) plane to a lower
angle with increasing temperature is due to thermal
expansion of the a-axis. This tendency is most consider-
able for the 9/1 blend film reflecting the unstable state
of EMMA-III crystallites. The overlapped peaks con-
cerning the (110) and (200) planes become less intense
with increasing temperature, indicating a partial melt
of the EMMA crystallites. The EMMA crystallites
within the 9/1 film take a random orientation as shown
in Figure 3c, and the melting point of EMMA crystallites
was close to that of EMMA homopolymer crystallites
prepared by a melting press.! In contrast, for the 1/1
film, the peak intensity is almost independent of the
temperature. This tendency is almost similar to the
temperature dependence of UHMWPE homopolymer,
indicating that cocrystallites of EMMA and UHMWPE
within the 1/1 film are stable like UHMWPE crystal-
lites. Such considerably different temperature depen-
dence, relating to different EMMA contents, is due to
the fact that the crystallization mode of the ethylene
sequences is sensitive to the EMMA content within the
blend. Namely, as shown in Figure 3d, the EMMA and
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Figure 6. DSC curves for (a) EMMA-1I/UHMWPE, (b) EMMA-11I/UHMWPE, and (c) UHMWPE, EMMA-11, EMMA-III films at

the indicated draw ratios.

UHMWRPE crystallites within the 1/1 film are oriented
together drastically in the stretching direction, and
furthermore the temperature dependence of X-ray in-
tensity distributions of the 1/1 film and UHMWPE
homopolymer film in Figure 5b,c suggests that the
melting point of the oriented EMMA crystallites is
almost equal to that of the oriented UHMWPE crystal-
lites. To analyze the different oriented crystallization
modes, DSC measurements were made for the 9/1 and
1/1 films.

Parts a and b of Figure 6 show the DSC curves for
EMMA-11 and UHMWPE blend films and EMMA-I111
and UHMWPE blend films, respectively, measured at
A =1 and 100. Figure 6¢c shows the DSC curves of
UHMWPE films with 4 = 1 and 100 as well as EMMA-
Il and EMMA-I1II films with 4 = 1. In the measure-
ments, dry films weighing 10 mg were placed in a
standard aluminum sample pan. The amount of

UHMWPE within the 9/1 film was about 20% against
that within the 1/1 film. As shown in column (a), the
three peaks of EMMA-II for the 9/1 film appearing at
temperatures <82 °C show clear profiles at A = 1 and
100. In contrast, the peak of EMMA-II for the 1/1 film
is much smaller than that for the 9/1 film. Judging from
the curves of UHMWPE in Figure 6c, it is evident that
the peak position of UHMWPE within the blend film
at 1 = 100 shifts to the lower temperature side compared
with the melting peak of the UHMWPE homopolymer.
This indicates that the large amount of EMMA chains
suppresses the crystal growth of UHMWPE due to
oriented crystallization under elongation, although the
orientation of UHMWPE crystallites within the 9/1 and
1/1 films are confirmed to be almost the same as that
within UHMWPE homopolymer film. It may be noted
that for the 1/1 film the small peak of EMMA-11 (1 = 1)
at 77 °C disappears by elongation up to 4 = 100, and
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the peak of UHMWRPE is broader. The peak at 2 = 100
is at the lower temperature side than the peak of the
UHMWPE homopolymer film. These results indicate the
cocrystallization of EMMA and UHMWPE chains under
elongation and cooling processes. If cocrystallization of
EMMA and UHMWPE chains within the 1/1 film did
not occur under elongation, the large peak must appear
at the same temperature (146 °C) as observed for the
UHMWPE film, reflecting only the melting of
UHMWPE crystallites. On the basis of the melting point
of EMMA being much lower than that of UHMWPE,
the mechanism of cocrystallization under elongation is
thought to be due to an epitaxial nucleation surface for
ethylene sequences of oriented EMMA chains under the
cooling process to room temperature after elongation.
Namely, the ethylene sequences of melted EMMA
chains are oriented by the shear stress leading to the
orientation of UHMWPE chains with respect to the
stretching direction, and they promote the growth of
crystallites on the surface of extended crystal chains of
UHMWPE under the cooling process.

It may be expected that the epitaxial growth of
EMMA occurs easily since the crystallization part of
EMMA is ethylene sequences like polyethylene. For the
9/1 film, very few EMMA chains adjacent to UHMWPE
crystallites are probably thought to be oriented pre-
dominantly together with UHMWPE crystallites by the
shear stress, but most of the remaining EMMA chains
maintained a random orientation and crystallized sepa-
rately, since the amount of EMMA was 90% against that
of UHMWPE.

As for the EMMA-I11 and UHMWPE blends, the peak
magnitude of EMMA-I111 at the lower temperature side
was very weak even for the 9/1 film because of the
crystallinity of EMMA-I1I chains lower than that of
EMMA-I11 (see Figure 6b). The peak shift of UHMWPE
by elongation up to A = 100 is only 2 °C, and the peak
position of the elongated film is lower than that of the
UHMWPE homopolymer, indicating that the large
number of EMMA-III chains suppresses the crystal
growth of UHMWPE under oriented crystallization. As
for the 1/1 film, no peak of EMMA-I1I was observed,
reflecting unstable crystallites with large fluctuation of
crystal lattice distance. The existence of such unstable
crystallites cannot be confirmed by DSC measurement,
despite the appearance of the very weak but observable
diffraction rings by X-ray measurement (see Figure
3a,b).

Figure 7 shows the 67.8 MHz CP (cross-polarization)/
MAS and PST (pulse saturation transfer)/MAS 13C NMR
spectra of the 9/1 and 1/1 films (EMMA-11I/UHMWPE)
with 4 = 1 and 4 = 100 at room temperature. As
described in a previous paper,! the CP/MAS spectra
show two peaks with chemical shifts of 32.8 ppm (peak
1) and 30.8 ppm (peak I1), which can be assigned to the
orthorhombic crystalline and noncystalline methylene
carbons in the ethylene sequence, respectively. The
assignment of the other peaks was made according to
the DD/MAS spectra of ethylene (dimethylamino)ethyl
(EDAM), reported already,* as well as the solution NMR
spectra.l* All of the spectra were analyzed on the basis
of the assumption of a superposition curve of Gaussian
and Lorentzian functions. In this process, the line width
and the peak height of each component were determined
to give the best fit by computer based on the small
changes from the initial peak position. The initial values
of the all components were given by adopting the
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Figure 7. 67.8 MHz 3C CP/MAS and PST/MAS spectra
measured for the EMMA-III/UHMWPE (9/1, 1/1) at the
indicated draw ratios.

pm

corresponding chemical shifts of EMMA and UHMWPE
obtained elsewhere.l41> The spectrum indicates the
existence of an orthorhombic crystal (O), a monoclinic
crystal (M), and rubbery (R) components.16-18

As shown in this figure, the existence of an interfacial
component cannot be observed for the blend films
despite the appearance for the EMMA-IIl homopoly-
mer.! For semicrystalline polymers, the CP/MAS spectra
emphasize the contribution of the crystalline phase,
while the PST/MAS spectra acquired with a short
repetition time emphasize the contribution of the amor-
phous phase. Considering the 13C NMR CP/MAS spec-
trum of the EMMA-III homopolymer with 1 = 1,
reported in a previous paper,! peak | of the CP/MAS
spectrum for the 9/1 film with 1 = 1 is attributed mostly
to the orthorhombic crystalline signal (O) of UHMWPE,
while peak Il is the rubbery signal (R) of the noncrystal-
line phase of EMMA-III. Here, the CP/MAS and PST/
MAS spectra for the 9/1 film provide almost the same
profiles of peak | and peak Il for the 9/1 films, which
are independent of the draw ratio. This indicates that
elongation up to 4 = 100 causes no significant effect on
the local ordering and the oriented crystallization of
ethylene sequences in the amorphous region of EMMA-
111 by elongation. This result is in good agreement with
a random orientation of EMMA crystallites observed for
the WAXD pattern in Figure 3c. Namely, if the signifi-
cant oriented crystallization of EMMA with the 9/1
blend occurred under the elongation, the amorphous
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Figure 8. Changes in strain against time for the EMMA-I111/
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content must be fewer. In such a condition, peak Il of
the PST/MAS at A = 100 must be smaller than that at
A =1, while peak I of the CP/MAS at A = 100 must be
larger than that at 1 = 1. Both the actual curves,
however, maintain the similar profiles, independent of
the draw ratio. On the other hand, peak Il of the CP/
MAS spectrum for the 1/1 film decreases for the drawn
films, while peak | of PST/MAS is independent of the
elongation. This indicates that a slight increase in the
crystallinity is produced by oriented crystallization, but
most of the highly oriented ethylene sequences of
EMMA are maintained as extended amorphous chains.
This is discussed later in detail.

Figure 8 shows changes in the strain as a function of
time for the 9/1 and 1/1 films (EMMA-11I/UHMWPE)
with 4 = 100, when a constant stress of 20 MPa is
applied as an external excitation. This creep experiment
at 20 °C was carried out to support a series of experi-
mental results by X-ray, DSC, and 13C NMR. It can be
seen that the strain for the 9/1 film increases with time,
while a very small increase in the strain is observed for
the 1/1 film. This means that partly oriented EMMA-
111 chains within the 9/1 film undergo drastic molecular
slippage because of very few entanglements between the
EMMA-I11 and UHMWPE amorphous chain segments.
In contrast, it may be expected that the highly oriented
EMMA-I11I chains within the 1/1 film are maintained
without slippage by disentanglements, which reflect the
crystallization of some ethylene sequences of EMMA-
I11, leading to an epitaxial nucleation surface for eth-
ylene sequences of EMMA.

Figure 9 shows the temperature dependence of the
storage modulus (E') and the loss modulus (E") of
EMMA-1I/UHMWPE blends at a frequency of 10 Hz.
The measurements were performed for the 9/1 and 1/1
films and UHMWPE homopolymer (0/1) films with 4 =
1 and 100. Figure 10 shows the results of EMMA-I111/
UHMWRPE blends. As shown in Figures 9 and 10, the
1/1 films with A = 100 provide large values of E' beyond
75 GPa at 20 °C, which are slightly lower than the value
(100 GPa) of E' for the corresponding UHMWPE but
higher than the value (40 GPa) of ultradrawn polypro-
pylene (1 = 100)'° as well as the crystal lattice modulus
(41—-43 GPa) along the chain direction.?® In contrast,
the values of E' of the 9/1 films with 4 = 100 are about
20—25 GPa, which are much lower than those (75 GPa)
of the 1/1 film. This is obviously due to the fact that the
EMMA chains within the 9/1 films take a random
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Figure 10. Temperature dependence of the storage and loss
moduli for the EMMA-III/JUHMWPE blend films and the
UHMWPE film at the indicated draw ratios.

orientation, while those within the 1/1 films orient
predominantly with respect to the stretching direction
together with UHMWPE crystallites (see Figure 3).
The temperature dependence of E" is sensitive to the
introduction of EMMA. For the 1/1 films, three disper-
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sion peaks (a, B, and y relaxations) are observed.?! The
o relaxation is essentially associated with crystal dis-
persion.?? The a relaxation discussed in this paper is
related to cocrystallites of UHMWPE and EMMA. No
o relaxation peak was observed for the 9/1 films with 4
= 1 because of very few amounts of UHMWPE crystal-
lites; the appearance of the o dispersion at A = 100 is
due to the growth of crystallization of UHMWPE by
elongation. On the other hand, the a relaxation for the
1/1 undrawn films can be clearly observed because of a
large number of UHMWRPE crystallites. The increase
in the magnitude with elongation is due to an increase
in the crystallinity of UHMWPE as well as the crystal-
lization of EMMA chains due to an effect of the epitaxial
nucleation surface of the ethylene sequence of EMMA.
The j relaxation appears at around —25 °C. Here, we
must emphasize that the § relaxation cannot be as-
signed as a glassy transition. In accordance with Ar-
rhenius plots in the previous paper,? the activation
energies of EMMA-I1 and EMMA-I11 were 146 and 139
kJ/mol, respectively, which are higher than the values
(114—115 kJ/mol) obtained for branched polyethylene
(G201 and G808).2 Accordingly, it was concluded that,
together with positron annihilation measurements, the
p relaxation of polyethylene is generally associated with
a large motion of amorphous chains. Judging from a
very small peak concerning the 5 relaxation of undrawn
UHMWPE homopolymer film, the j relaxation is mainly
attributed to the contribution from the large motion of
amorphous EMMA chains.2 The B relaxation peak
magnitude becomes lower with the draw ratio A. How-
ever, the peak can also be observed for the blend film
with 2 = 100. This means that under elongation the
MMA side groups suppress the crystallization of ethyl-
ene sequences of EMMA, even when the EMMA chains
within the 1/1 film are oriented predominantly with
respect to the stretching direction. Namely, most of the
oriented EMMA chains exist as an amorphous state
with a highly ordered arrangement and/or unstable
crystallites with large fluctuation of the lattice distance.
This supports the X-ray results in Figures 4 and 5 as
well as 13C NMR spectra in Figure 7. The highly
oriented amorphous chains of EMMA cause the partial
crystallization of ethylene sequences, and the resultant
small crystallites play the role of junction points. This
result also supports the creep experiments for the 1/1
film shown in Figure 8. The y relaxation, associated
with the local chain in the amorphous phase, was
observed at around —130 °C. This magnitude of the
dispersion peak became higher with increasing the
EMMA content, which is in accordance with a decrease
in the crystalline phase by introducing EMMA.

To clarify the mechanical dispersions of the blend
films, positron annihilation was adopted, since it is well-
known that an increase in the free volume holes can be
clearly estimated by positron annihilation.23 Actually,
positron annihilation is one of the useful techniques
used to investigate the size of the intermolecular spaces
and relaxation characteristics of amorphous chains.24-30
It has been shown that the lifetime (z3) of 0-Ps in the
spaces reflects the size, as shown by the following
equation.23:31,32

7, =051 —

+ sin{ RZfF;R}]_l 1)

where 0R = 1.656 A was obtained by fitting the positron
annihilation data in porous materials of known hole
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Figure 11. Lifetime (z3) of the long-lived component of Ps
(orthopositronium, o-Ps) as a function of the temperature for
the EMMA-11TI/JUHMWPE = 9/1 and 1/1 films with 4 = 1.

size.3® This equation shows that the longer is 73, the
bigger is the hole size in a polymer solid.

Figure 11 shows the variations of 73 of the 9/1 film
and 1/1 film for the EMMA-I1I/UHMWPE system with
A =1 as a function of the temperature. Since 73 is a
good measure of the size of the intermolecular spaces,
as shown by eq 1, the change in the increasing rate
corresponds to the relaxation of the polymers, and above
the relaxation temperature, the molecular motion and
the expansion of intermolecular spaces easily occur. The
first and second changes occur at about —130 and —30
°C, respectively, which correspond to the y and f
relaxations in Figure 10, respectively.

Figure 12 shows the transitions for the 9/1 and 1/1
films with 4 = 100 observed for the EMMA-III/
UHMWPE blends. Three transitions appeared at around
—130 °C, —50 to —30 °C, and 38—40 °C, respectively.
Comparing the three transitions of t3 with the mechan-
ical dispersion peaks in Figure 10, it turns out that the
B relaxation around —25 °C in Figure 10 corresponds
to the second transition and the y dispersion around
—130 °C corresponds to the first transition. It is
noteworthy that the  relaxation temperature of the 9/1
film became lower than that of the 1/1 film.

The good agreement between the transitions of 3
estimated by positron annihilation and mechanical
dispersions by viscoelastic measurements indicates that
the established concept of the g and y dispersions for
polyethylene are surely correct.3* Namely, the y disper-
sion corresponds to the local relaxation mode of poly-
ethylene chains, and the j dispersion is the contribution
from the motion of the amorphous chains. Therefore,
positron annihilation is a useful tool to detect some
weak motion of polymer groups and chains at low
temperature.

The temperature dependence of 73 in Figure 12 is
quite different from that observed for ultradrawn poly-
ethylene films.3* Namely, the second transition of 73 is
clearly observed for 1/1 films with 4 = 100, but not for
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Figure 12. Lifetime (z3) of the long-lived component of Ps
(orthopositronium, o-Ps) as a function of the temperature for
the EMMA-ITI/UHMWPE = 9/1 and 1/1 composition films with
A = 100.

the corresponding UHMWPE. This is due to the differ-
ence in the mobility of the amorphous chains. Namely,
the crystallinity of ultradrawn polyethylene (4 = 100)
was higher than 90%. This justifies that the j relaxation
also cannot be observed by using a dynamic mechanical
measurement for ultradrawn polyethylene with 1 = 100
(see Figures 9 and 10). This means that the mobility of
highly oriented amorphous ethylene sequences of
EMMA-III is quite different from that of oriented
ethylene chains to form crystallites. This is in good
agreement with those obtained by X-ray in Figure 5 and
13C NMR in Figure 7. Incidentally, the same tendency
was also observed for EMMA-II.

The third transition observed at 38—40 °C in Figures
11 and 12 is thought to be due to a partial melting of
unstable small crystallites. Such a transition has never
been observed for polyethylene homopolymer. This
indicates that very small EMMA-III crystallites are
much less stable than UHMWPE crystallites.

Parts a and b of Figure 13 show histograms of the
0-Ps lifetime distributions at the indicated temperatures
for the 1/1 films with 1 = 1 and 100, respectively,
observed for the EMMA-III/UHMWPE blends. The
positron lifetime distributions were calculated by using
the maximum entropy for a lifetime analysis (MELT).%®
The horizontal scale is also given as the radius of the
mean free volume holes calculated by eq 1. The relative
0-Ps intensities were calculated for the spectra mea-
sured at —130, —35, and 25 °C. It can be seen in Figure
13 that with increasing temperature the size distribu-
tion for the films with 2 = 1 and 100 becomes broader
and the peak position shifts to a larger value. This
indicates that the free volumes within the 1/1 film
become bigger and have a wider size distribution with
increasing temperature and at the same moment the
molecular motion becomes more active. The tempera-
ture dependence of the o-Ps lifetime distribution is due
to thermal expansion of the intermolecular spaces of the
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specimen, which is related to an increase in the molec-
ular mobility. It is of interest to consider that the free
volume distribution becomes wider and wider as the
temperature increases, and then the peak position at
each temperature slightly shifts to a smaller scale with
increasing the drawing ratio. The lifetime distribution
of the drawn film (1 = 100) at 25 °C shows a much wider
profile and larger holes, and the peak position slightly
shifts to a shorter value compared with the film with 4
= 1. These results showed that the average of the free
volume holes in the 1/1 film tend to be slightly smaller
with increasing 4, indicating a narrow distance between
the highly oriented amorphous chains. Even at —35 °C
around Ty of the 1/1 film, the free volume distribution
at A = 100 becomes wider than that at A = 1.

Conclusion

Two kinds of EMMA with different contents of the
MMA side group, EMMA-11 or EMMA-I11, were blended
with UHMWPE by gelation/crystallization from solu-
tions. The dry blend gels had the ability to form uniform
films and could be elongated by more than 200-fold, even
for the blend with a 90% EMMA content. The mecha-
nism of ultradrawing was investigated by using DSC,
WAXD, SAXS, 13C solid-state NMR, and positron an-
nihilation measurements. As a result, it was concluded
that the drawing behavior depends on the EMMA
contents. The greatest drawability for the 9/1 films was
attributed to only highly orientation of UHMWPE
crystallites, but most of the EMMA chains maintained
a random orientation despite a preferential orientation
of the UHMWPE chains with respect to the stretching
direction. However, the ethylene sequences of EMMA
chains within the 1/1 film were oriented together with
the UHMWPE chains under the elongation process.
Judging from the melting point of EMMA being much
lower than that of UHMWPE, the highly orientated
EMMA chains within the 1/1 film are thought to be due
to cocrystallization from the effect of an epitaxial
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nucleation surface of ethylene sequences of EMMA.
From X-ray, 13C NMR, and positron annihilation mea-
surements, however, it was found that most of the
oriented EMMA chains existed as an amorphous state.
The preferential orientation of EMMA chains within the
1/1 films provided large values of the storage modulus
(E") beyond 75 GPa at 20 °C, which were slightly lower
than the value (100 GPa) of E' of UHMWPE films with
A = 100. In contrast, the values of E’ of the 9/1 films
with 4 = 100 were 20—25 GPa. The temperature
dependence of E"” of the 1/1 film with undrawn and
drawn states was quite different from that of the
corresponding UHMWPE homopolymer films. Namely,
the f relaxation of the blends could be clearly observed
because of the low crystallinity of the oriented EMMA
main chains, while no peak was observed for the
corresponding UHMWPE films. This phenomenon was
in good agreement with the temperature dependence of
the lifetime (z3) of the long-lived component of Ps (o-
Ps).
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