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ABSTRACT: Ultrahigh molecular weight polyethylene (UHMWPE) and multi-wall carbon nanotube (MWNT)
composites were prepared using either decalin or paraffin as solvent. Electrical conductivity measurements were
performed for the original and heat-treated composites. The drastic increase in conductivity occurred at low MWNT
content for the composite prepared in paraffin, while the conductivity of the composite prepared in decalin increased
slightly up to 10 wt % MWNT content. Scanning electron microscopy observations revealed that the MWNTs within
the composite prepared in decalin were covered by UHMWPE, and their average diameters were much greater than
those of the original MWNTSs, while the average diameter of the MWNTSs within the composite prepared in paraffin
was similar to the diameter of the original MWNTSs. Such different morphology was found to be due to the different
crystallization. The composites prepared in decalin had high drawability. Interestingly, the conductivities of the drawn
(up to 50 times) and undrawn UHMWPE-MWNT composites were almost equal, independent of the MWNT content.
As for the UHMWPE-MWNT composite (drawn up to 50 times) with 15wt% MWNT content, the conductivity
reached up to 10~! S/cm, and the modulus was higher than 50 GPa at ca. 25 °C, indicating that a polymeric material
with high modulus and relative high conductivity was successfully prepared. [doi:10.1295/polym;j.PJ2006229]
KEY WORDS Ultrahigh Molecular Weight Polyethylene / Multi-Wall Carbon Nanotubes /
Decalin / Paraffin / Electrical Conductivity /

Carbon nanotubes (CNTs) have attracted great
interest since their discovery. CNTs are long and slen-
der fibers with hexagonal carbon (graphite structure)
walls, which are often capped at the two ends. CNTs
possess superior mechanical, thermal and electrical
properties, and so offer tremendous opportunities for
developing new fundamental material systems.'~

The processing of CNT/polymer composites has
been reported in a number of papers, but this field is
still in its infancy. Significant issues regarding the
purification and dispersion of CNTs, and the bulk
processing of these materials still remain. The ability
to disperse CNTs into a polymer may be the most crit-
ical processing parameter for controlling the proper-
ties of the composites.*!! Fox example, Zhang et al.
reported a new method for dispersing SWNT bundles
in UHMWPE by spraying an aqueous solution of
these single-wall carbon nanotubes containing sodium
dodecylbenzene sulfate as surfactant onto UHMWPE
powder, and then a composite film was prepared from
the UHMWPE powder dissolved in xylene.” The most
popular method for preparing CNT/polymer compo-
sites involves the direct mixing of the CNTs into the
polymer with a twin-screw melt mixer.'!! However,

this method is limited for highly viscous polymer
materials.

Polymer/multi-wall carbon nanotubes (MWNT) in-
teractions include (a) multicontacts between the poly-
mer chains on the surface of the MWNTs (physico-
sorption), (b) reactions of the MWNTSs with polymers
(chemisorption), and (c) mechanical chain entangle-
ments and covalent carbon—carbon cross-links within
the polymer matrix.'>!3 These interactions obviously
influence the electrical conductivity and mechanical
properties of the composites. The uniform mixing of
MWNTs into UHMWPE by gelation/crystallization
from solution depends on the structure of the curved
graphene sheets of the MWNTs. MWNTs with few
defects in the curved graphene sheets induced hard
dispersion into the UHMWPE matrix, although this
problem was overcome by the admixture of the ethyl-
ene-methylmethacrylate (EMMA) copolymer.'* On
the other hand, the uniform mixing of MWNTs (hav-
ing a number of defects in the curved graphene sheets)
into UHMWPE has been achieved by the described
gelation/crystallization method.!

This paper deals with the characteristics of
UHMWPE-MWNT composites prepared by using
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MWNTs with many defects in curved graphene
sheets. In this experiment, to ensure uniform mixing
of MWNTs into UHMWPE, the sample preparation
was performed using either decalin or paraffin as sol-
vent. Sample preparation by decalin was adopted as
an example of gelation/crystallization from solution.
On the other hand, the sample preparation by paraffin
was adopted instead of films molded at the melt state,
since the film preparation by melting of UHMWPE
powder at high temperature was impossible because
of extremely high viscosity of the melt state. The
characteristics of the composites prepared by the
two different methods were investigated in terms of
the morphological aspects of the composites, although
analysis as a function of draw ratio was limited for the
composite prepared in decalin.

EXPERIMENTAL

UHMWPE (Mitsui Chemicals, Hizex) with an aver-
age viscosity molecular weight (M, = 6,300,000), and
fibrous-type MWNTSs, were used as the test specimen.
MWNTs used in our experiment are Hyperion Graph-
ite Fibrils with diameter (D) of 10-20nm, and an as-
pect ratio (L/D) of 1-2 x 103. The BET surface area
of the MWNTs is 250m?/g, and the DBP adsorption
is 400-500cm?/100 g. The true density is 2.0 g/cm?>.

Figure 1 shows a scanning electron microscopy
(SEM) image and Raman spectrum (excitation laser
wavelength of 488nm) of the original MWNTs.
Figure 1a indicates the MWNTs possess high purity
and a uniform diameter distribution. In the Raman
spectrum of Figure 1b, however, the peak of the
Raman-allowed phonon mode, E,s;, at about 1582
cm~! is not very sharp, while the intensity of the peak
at 1345cm™~! is high, and this peak appears through
the disorder-induced phonon mode due to the infi-
nite size of the crystals and defects. This result indi-
cates the present MWNTs have a low degree of
graphitization.

Two different solvents were used in the preparation
of the UHMWPE-MWNT composites. One is decalin
and the other, paraffin (C;4—C;;). The methods em-
ployed in preparing the samples using the two kinds
of solvent were quite different.

When decalin was used as the solvent, the MWNTs
were firstly ultrasonicated in the decalin for more than
5h at room temperature. Then, UHMWPE was added
and the mixture stirred and heated with a mild heating
rate up to 140°C, and maintained at this temperature
for 1h. The concentration of UHMWPE was fixed at
1g/100mL of decalin, which was higher than the
optimum concentration of UHMWPE, 0.4 g/100 mL
of decalin, for the maximum drawability.16 However,
the high concentration resulted in a highly viscous
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Figure 1. (a) SEM image and (b) Raman spectrum of original
MWNTs.

solution, which provided strong shear forces to make
MWNTs well-dispersed in solution. The volume of
solution was controlled to obtain a film with thickness
of 700-800 um. The hot homogenized solution was
quenched by pouring it into a glass dish at room tem-
perature, thus generating a gel. The decalin solvent
was evaporated from the gel under ambient conditions
or at 60 °C. The latter evaporation was done to shorten
the preparation time of the composites. The gel was
further dried on an oven plate at 60 °C when about
60% of the solvent had been evaporated at room
temperature, forming a relative tough gel. Inciden-
tally, such gelation/crystallization of UHMWPE (no
MWNTSs) using decalin as a solvent has been reported
by Smith!”!3 et al., while a single-crystal method sim-
ilar to the gelation/crystallization method described
has been reported by Kanamoto et al.!® The evapo-
ration of solvent at 60 °C from the composite is differ-
ent from the previous result.'® However, the evapo-
ration was demonstrated to achieve a good uniform
UHMWPE gel.2® The composite film was cut into
strips of length 30 mm and width 10 mm. The strips
were clamped in a manual stretching device and
stretched in a hot oven at 135 °C.

When paraffin was used as solvent, the MWNTs
were first stirred with UHMWPE in paraffin at room
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temperature for 48 h affording a black glossy paste.
Then, the mixture was continually stirred and heated
up to 250°C at a mild heating rate of about 10°C/
min, and maintained for 30 min under nitrogen gas.
The concentration of UHMWPE prepared in this man-
ner was determined to be 5g against 20 g paraffin.
This was the optimum concentration of UHMWPE
to make MWNTs well-dispersed in solution and to
form uniform films. The hot homogenized mixture
was similar to the melted state of polymer rather than
the solution. The mixture was then moved to a glass
beaker containing benzene solvent at room tempera-
ture. The benzene was used to remove paraffin from
the composites. After removal of the paraffin, the mix-
ture was pressed between flat aluminum plates with
mirror-finished surfaces under a pressure of 2MPa
at 180 °C for 20 min, and then cooled slowly to room
temperature. The prepared sheets were about 1.2 mm
thick.

The electrical conductivity at both room tempera-
ture and in the temperature range from 40°C to
160°C at a 5°C/min heating rate, were measured
using a high resistance measuring device (HR-100,
Iwamoto Seisakusho Co. Ltd.). A digital multimeter
was used (Advantest R6441A Digital Multimeter)
when the resistivity was lower than 10’ Qcm. On
the other hand, the measurements were done by using
a high resistance meter (HP 4339B High Resistivity
Meter) when the resistivity exceeded beyond 107
Qcm. The results were presented as a logarithm of
electrical conductivity (log(S/cm)).

X-Ray measurements were carried out with a 12
kW rotating-anode X-ray generator (Rigaku RDA-
rA) operated at 150 mA and 40kV with monochro-
matic CuKa radiation (wavelength of 0.154nm).
The intensity distribution was measured with a step-
scanning device at step intervals of 0.05°, each at a
fixed time of 100s, in the given range of twice the
Bragg angle. Wide angle X-ray diffraction (WAXD)
patterns were obtained using a flat camera, while
small angle X-ray scattering (SAXS) measurements
were obtained using a position-sensitive proportional
counter (PSPC). The temperature dependence of the
dynamic tensile modulus was estimated with a visco-
elastic spectrometer (VES-F) (Iwamoto Machine Co.,
Ltd.) at a fixed frequency of 10 Hz over the tempera-
ture range of —150-300°C. The fibril structure was
observed by scanning electron microscopy (SEM,
TOPCON, ABT150F).

RESULTS AND DISCUSSION
To investigate the influence of the MWNT content
on the orientation of the UHMWPE crystallites and la-

mellae, WAXD and SAXS measurements were car-
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Figure 2. WAXD patterns (edge view) for the undrawn com-
posites.

ried out for UHMWPE-MWNT composite films con-
taining different contents of MWNTs. Figure 2 shows
WAXD patterns (end view) for the undrawn compo-
site films prepared using decalin as a solvent, when
an incident beam was directed parallel to the film sur-
face. The diffraction arcs from the (110) and (200)
planes of the UHMWPE crystallites indicate that the
c-axes are oriented perpendicular to the film surface,
but the orientation degree becomes blur by the intro-
duction of MWNTs, especially for the composites
containing more than 3 wt % MWNT. The diffraction
from the composite containing 15 wt % MWNTs indi-
cates a random orientation of UHMWPE crystallites.
In addition, any diffraction arcs (and rings) from the
(002) planes of the MWNTs were not observed for
any of the composite films with MWNT content, be-
cause of the very strong diffraction intensity from
the (110) and (200) planes of the UHMWPE. Inciden-
tally, the WAXD patterns for the UHMWPE film
(0%) prepared in paraffin showed diffraction rings in-
dicating no preferential orientation of the c-axes of the
UHMWPE crystallites, and the WAXD patterns for
the composites containing 15% MWNTs also showed
the same diffraction rings as shown in pattern (f).
Figure 3 shows the corresponding SAXS intensity
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Log I

Figure 3. SAXS intensity distribution for the undrawn com-
posite film in the meridian direction by PSPC system.

distribution (prepared in decalin) measured for the un-
drawn composite films in the meridian direction using
the PSPC system. The profiles of the composite films
with an MWNT content less than 3 wt % show that the
profile of the intensity distribution was similar to that
of the UHMWPE homopolymer film (MWNTs =
0%). The two or three orders of scattering maxima
were confirmed from the profiles, indicating that the
dry composite films were composed of highly-orient-
ed crystal lamellae with their flat faces parallel to the
film surface. When the MWNT content was beyond
the percolation threshold of 3wt%, the scattering
maxima began to disappear, indicating that the lamel-
lae were oriented randomly for the composites with 10
and 15wt % MWNTs. As for the UHMWPE compo-
sites, with a MWNT content of less than 3 wt %, the
results of the WAXD patterns in Figure 2 together
with the SAXS intensity distributions in Figure 3,
indicated that the dry gel was composed of crystal-
line lamellae oriented predominantly with their
large flat faces parallel to the film surface in a manner
similar to that observed for mats of single crystals.
Such orientation behavior of the lamellae became
less pronounced with increasing MWNT content.
When MWNTs were admixed beyond 10wt %, the
scattering maximum disappeared and the distribution
showed a monotonical curve characterizing the ran-
dom orientation of the lamellae. Incidentally, no peak
was also observed for the composites prepared in par-
affin, indicating a random orientation of the crystal
lamellae. Because, the molded films were prepared
by compression under 2 MPa at 180°C as described
in Experimental section. Under such a compression,
the preferential orientation of the crystal lamellae in
the dry gel film prepared by decalin disappeared.
Figure 4 shows the electrical conductivity against
MWNT content for the composites prepared in either
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Figure 4. Electrical conductivity against MWNT content for
the composite prepared from paraffin and decalin solvents.

paraffin or decalin solvent. The measurements were
performed for both the original and heat-treated speci-
mens. The drastic increase occurred at low MWNT
content for the composite prepared using paraffin,
and the electrical conductivity for each content was
slightly higher after heat-treatment at 155 °C. On the
other hand, the conductivity of the composite prepared
using decalin solvent increases slightly up to 10%
MWNT content, and increased drastically beyond
10%. The conductivity also increased drastically as
a result of the heat-treatment at 155 °C, where the ob-
tained values are close to those of the composite pre-
pared in paraffin solvent. In determining whether the
percolation threshold of the original composite pre-
pared in paraffin is much lower than that prepared in
decalin, the thermal behavior of these composites
was monitored by SEM observation.

Figure 5 shows cross-sectional areas of the
UHMWPE-MWNT composite with a 3wt % MWNT
content prepared in decalin solvent, in which (a)
and (b) are images of the composites before and
after heat-treatment at ca. 150°C. Interestingly, the
MWNTs are covered by UHMWPE and their average
diameters were much thicker than the original diame-
ters of the MWNTs, indicating that most of the
UHMWPE chains were crystallized on the MWNT
surface acted as nuclear growth of UHMWPE. In con-
trast, the image (b) reveals that the average diameter
of the MWNTSs within the composite after heat-treat-
ment showed a similar size to that of the original
MWNTs shown in Figure 1a. Namely, the overlapped
bare MWNTs are dispersed within the UHMWPE ma-
trix. This means that most of the melted UHMWPE
was removed from the MWNT surfaces, and recrystal-
lization of UHMWPE under the cooling process did
not occur on the MWNT surface. Accordingly, this
phenomenon provided a drastic increase in the electri-
cal conductivity of the composite after the heat-treat-
ment, as shown in Figure 4.
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(a) decalin (before heating)

k= 100nm

(c) paraffin (before heating)

Figure 5. SEM images observed on the cross section area of (a) original MWNTs and UHMWPE-MWNT composites with 3 wt %

MWNT content.

On the other hand, images (c) and (d) show the
cross-sections of the composite prepared in paraffin
solvent, both before and after heat-treatments. It is
seen that the average diameters of the MWNTs in
the matrix are independent of the heat-treatment,
and almost the same as the original MWNTs, indicat-
ing that most of the UHMWPE chains were not crys-
tallized on the surface of the MWNTs. This is due to
the fact that the sample preparation by paraffin is the
same as the film preparation from melting state by
heating like image (b). Hence, for the original compo-
sites, electron transfer between the adjacent MWNTSs
within the composite prepared in paraffine, became
more active in comparison with the electron transfer
between adjacent MWNTs in the matrix prepared in
decalin. Then, the conductivity of the original compo-
site prepared in decalin became lower than that for the
matrix prepared in paraffin, as shown in Figure 4. As
discussed before, the electrical conductivities of the
two composites after heat-treatment were almost the
same at the indicated MWNT contents, as shown in
Figure 3, and that the MWNTSs in both composites
also showed similar average diameters. Namely, the
diameter of the MWNTs in the composite prepared
using decalin decreased drastically as a result of
heat-treatment.
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Figure 6. Schematic diagram of the composite prepared by
decalin solvent proposed from the SEM images in Figure 5.

Figure 6 shows a schematic diagram of the compo-
site prepared in decalin solvent proposed on the basis
of the SEM images in Figure 5, in which a and b
are the average radii of the original MWNTSs and of
the MWNTs covered by UHMWPE within the origi-
nal composite (before heat-treatment). Based on the
SEM images, a and b were determined to be 8.5
(17/2) and 21(42/2) nm, respectively. Thus the vol-
ume fraction of covered UHWMPE becomes 83.6%.
On the other hand, the volume fraction of UHMWPE
corresponds to ca. 96.7%, calculated on the basis of
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Figure 7. Temperature dependence of electrical conductivity measured for UHMWPE-MWNT composites prepared by (a) using dec-
alin (b) using paraffin with the MWNTs contents 3 wt %, 7wt % and 15 wt %.

the assumption that the densities of UHMWPE and
MWNT are 0.96 and 2.0 g/cm?, respectively. This
supports the concept that under the gelation/crystalli-
zation process, most of the UHMWPE chains were
crystallized on the surface of the MWNTs.

To obtain more conclusive evidence, further meas-
urements of the electrical conductivity of the two
kinds of composite were carried out as a function of
temperature. Figure 7 shows the results measured for
the composites comprising 3, 7 and 15wt % MWNT
content. At temperatures less than he melting point
of UHMWPE (ca. 150°C), except in the case of the
composites with 15% MWNT content, the conductiv-
ity of the original composites prepared using paraffin
showed higher conductivity than that of the original
composites prepared using decalin. However, the con-
ductivity of the composite prepared in decalin increas-
ed drastically beyond ca. 150°C, and attained a value
similar to the value of paraffin at ca. 220°C. Under
the second and third heating runs, this small increase
was confirmed for the composites prepared using both
paraffin and decalin.

Detailed observations for both composites with
3wt % MWNT content under the first heating run re-
vealed that the conductivity decreased slightly at tem-
peratures close to their melting point and attained
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their minimum value beyond 150°C. This decrease
in conductivity corresponds to an increase in resis-
tivity, and this phenomenon is referred to as the so-
called “positive temperature coefficient (PTC) effect”,
which is due to the thermal expansion of UHMWPE
leading to the separation of adjacent fillers. Beyond
155°C, the conductivity increased with further in-
creasing temperature. This increase in conductivity
corresponds to a decrease in resistivity, and this phe-
nomenon is referred to as the “negative temperature
coefficient (NTC) effect”, which is due to migration
of the fillers caused by active chain mobility under
the melted flow of UHMWPE. However, the NTC ef-
fect for the composite prepared using paraffin was
much smaller than the composite prepared with an
admixture of carbon black.?! On the other hand, the
electrical conductivity of the composite prepared us-
ing decalin increased drastically. Such drastic increase
is attributed to the separation of UHMWPE from
MWNT surfaces and to the formation of electrical net-
works from bare MWNTs. The temperature depend-
ence of the conductivity under the second and third
heating runs became less pronounced, since the net-
works formed from bare MWNTs were maintained
under the cooling process, as shown in Figure 5b.
As for the composites prepared in decalin, the tem-

603



Y. BIN et al.

(a) By decalin

40000} 1st heating 20°C,

2 30000¢

i

c

£ 20000f

= 155~200°C

10000}

0 1 1 1 1 1 1
4 16 18 20 22 24 26

(b) By paraffin

T T T T T T

40000 qst heating
30000 - R
20000 -

10000 -

40000-  Cooling 400001 Cooling 1
30000 - 30000+ 1
z 20°C
g /20°C
£ 20000+ 100°C 20000+ 100°C 1
140° 140°C
10000 ¢ 10000 - ]
0 L L L L L L 0 L 1 1 1 L L
14 16 18 20 22 24 26 14 16 18 20 22 24 26
40000+~ 2nd heating 40000} 2nd heating 4
3‘30000 r 30000} ]
'g 20°C /20°C
£ 20000, 100°C 20000} 1
10000f  140°C 100001 :
0 1 1 1 1 L 0 L L L L L
16 18 20 22 24 26 16 18 20 22 24 26

26 (°)

26 (°)

Figure 8. X-Ray diffraction intensity distribution curves at heating and cooling temperatures measured for of UHMWPE-MWNT com-
posites with 7wt % MWNT prepared by (a) using decalin (b) by using paraffin.

perature dependence of the electrical conductivity for
the composite with 7wt % MWNT loading is similar
to that for the composite comprising 3 wt % MWNT
content under the first run because of the low con-
ductivity of the original composite. However, the tem-
perature dependence was almost constant under the
second and third runs, as discussed for the first run.
The electrical conductivity of the original composite
prepared with 15wt % MWNT content in decalin, is
higher than the conductivity values obtained for the
composites with 3 and 7% MWNT content at room
temperature, and the increasing degree was much
smaller than for the other composites. The increasing
degree in the second and third runs was very small for
the composite prepared in paraffin. This result sup-
ports the SEM images shown in Figure 5c and 5d,
in which the morphology of the MWNTs dispersed
in the composites before heat-treatment are almost
the same as that after heat-treatment. Namely, the bare
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MWNTs were dispersed within the UHMWPE matrix.

Figure 8 shows the temperature dependence of the
X-ray diffraction curves for the original composites
containing 7 wt % MWNT content prepared in decalin
(left side) and paraffin (right side). Under the heating
process, the diffraction peak intensities decreased
gradually up to 140°C and the peak top shifted to
lower diffraction angles indicating thermal expansion
along the a-axis. For temperatures < 140°C, the
changes in the electrical conductivities of the compo-
sitions prepared in decalin and paraffin were within
experimental error, as shown in Figure 7. However,
when the X-ray diffraction peak from the UHMWPE
crystallites disappeared on heating beyond 155°C,
the conductivity for the composite prepared in decalin
increased drastically. Such a drastic increase is prob-
ably due to the formation of electrical networks of
bare MWNTs following separation of the melted
UHMWPE chains from the MWNT surfaces. These

Polym. J., Vol. 39, No. 6, 2007
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networks were maintained under the cooling process,
and then the conductivity was almost constant under
the second heating process. The same phenomenon
was also confirmed for the composites prepared in
paraffin, although a drastic increase was not observed
because of the high conductivity at room temperature.

The question arises as to whether the drastic
increase in conductivity beyond 200 °C is attributed
to the degradation reaction of UHMWPE and/or
the progression of the reaction with the admixture
of MWNTs. To check the stabilization effect of
UHMWPE, TGA measurements were performed for
the composites as a function of MWNT content under
a nitrogen atmosphere. These TGA measurements
minimized the mass loss brought about by MWNT ox-
idation, thereby allowing the UHMWPE to thermally
decompose completely; the char yield was almost
zero. The masses remaining at 520 °C are almost en-
tirely due to the remaining MWNTs (data not shown),
and are consistent with the initial nanotube loading. A
comparison of the TGA curves for composites com-
prising 1% MWNT and up to 15% MWNT loadings
revealed that both TGA curves shifted to higher tem-
peratures of about 8 °C and 12 °C, respectively. This
study reveals that there is a retardation of the onset
of UHMWPE decomposition for the composites even
with low MWNT loadings of about 1%, and also there
is an effect on the start and the end of the degradation,
which is shifted to higher temperatures for the compo-
site samples loaded with MWNT.

Figure 9 shows the temperature dependence of the
storage (E") and loss (E”) moduli for the composites
with MWNT content of 10 wt % prepared in decalin
and paraffin. The measurements were performed for
the original composites and heat-treated composites.
Similar results were obtained for the UHMWPE films
prepared in both solvents. In the given temperature
range, E’ of the original composite prepared in decalin
is highest among the other three composites. E’ of the
composite prepared in decalin became lower by heat-
treatment, since the crystallinity changed from ca. 88
to ca. 62%. The crystallinities were calculated on the
basis of the peak area of the DSC curve by assuming
the heat of fusion for 100% crystallinity to be 245.3
J/g, % as discussed later (see Figure 13). The values
of E’ (and also E") were almost equal to the values
of the composites prepared in paraffin, because of
small changes in crystallinity from ca. 68 to 64%. In-
cidentally, E’ for the composites prepared in paraffin
were hardly affected by the heat-treatment, since the
original composite prepared in paraffin was molded
at high temperature to prepare film sheets, where the
crystallites of the composites before and after heat-
treatment were almost the same.

The temperature dependence of E” for the original
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Figure 9. Temperature dependence of storage (E’) and loss
(E") moduli for the composites prepared by decalin and paraffin
solvents, in which MWNT content was 10wt %. (The measure-
ments were done for original and heat-treeated composites.)

composite prepared in decalin showed a broad peak
associated with the crystal dispersion termed as the
o« mechanism. However, this peak disappeared on
heat-treatment, due to a decrease in the crystallinity.
For the composites prepared in paraffin, no clear
dispersion was observed because of very low crys-
tallinity.

A big problem for the composites prepared in
paraffin was that no elongation of the specimens
was observed, while the composite prepared in decalin
could be elongated up to 100 times. However, the
conductivity was very low when the admixed MWNT
content was less than 10 wt %, and then changes in
conductivity and mechanical properties were investi-
gated by using composites elongated up to 50 times.
The following discussion was conducted for the un-
drawn and drawn (50 times) composites prepared in
decalin. Incidentally, the composites used for the test
specimens in this discussion were prepared by gelati-
on/crystallization at 60 °C and the resultant gels were
dried at the same temperature.

Figure 10 showed the electrical conductivity of the
undrawn and drawn composites as a function of
MWNT content measured at room temperature. The
difference in conductivity between the undrawn and
drawn composites was very small for the given
MWNT contents. The electrical conductivity of the
composites increased by 8 orders of magnitude from
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Figure 10. Electrical conductivity of composite gel films as a
function of MWNT content (1 = 1 and 50).

1072S/cm to 107*S/cm with increasing MWNT
content up to 8 wt %. The conductivity tended to in-
crease gradually when the MWNT content increased
from 8 to 15wt %. This indicated a typical percola-
tion transition behavior. According to traditional
percolation theory,?® the percolation threshold of
the MWNT-UHMWPE composite was 3 wt % corre-
sponding to a volume fraction of about 1.52%, which
was much lower than normal polyethylene composites
with carbon black or carbon fibers.?* This result is at-
tributed to the greater aspect ratio for MWNTSs than
for either carbon black or carbon fibers. As the mass
fraction increased to the percolation threshold, the
electrical conductivity increased sharply as conduc-
tive paths began to form. The electrical conductivity
reached up to 1072 S/cm for composites with 15%
MWNT content. However, further increases in the
MWNT content did not improve the uniform disper-
sion and the aggregation of MWNTs hampered the
increase in conductivity. Here, it may be noted that
the electrical conductivities for the original undrawn
composite were higher than those for the composites
prepared by quenching and evaporating the solvent
at room temperature, as shown in Figure 4. This
was confirmed as a result of the thickness of the
UHMWPE layers on the MWNT surfaces. The crys-
tallization of UHMWPE on the MWNT surfaces be-
came less pronounced as the temperature increased.
Actually, the cooling of the original composite to
room temperature occurred from the melt state, such
that the crystallization of UHMWPE did not occur
on the MWNT surfaces, as shown in Figure 5a and b.

As can be seen in Figure 10, the conductivity of
the drawn composite (1 = 50) was slightly higher
than that of the undrawn composite when the MWNT
content was below 8%. However, the difference in
the electrical conductivity values between the un-
drawn and drawn composites for varying MWNT con-
tent is certainly very small. No decrease of conductiv-
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Figure 11. Temperature dependence of electrical conductivi-
ty for the elongated film at A =50 with 3% (a) and 8% (b)
MWNTs.

ity by elongation is one of characteristics of flexible
MWNTs as fillers within the UHMWPE matrix.
According to our previous report,'> the conductivity
of the UHMWPE-MWNT composite with 15wt %
MWNT content was measured as a function of draw
ratio up to 100 times. The experiments indicated that
the networks of MWNTs were highly aligned with the
oriented polyethylene fibrils along the elongation di-
rection, and the orientation of MWNTs in the compo-
site with an MWNT loading of more than 8% allowed
a tight contact between MWNTSs to promote a greater
mobility of charge. Namely, the continuous networks
of MWNTs formed most of the effective conductive
paths in the drawn composite films. This characteristic
was different from the composites filled with typical
electrically conductive particles such as carbon black,
as discussed previously.

Furthermore, the temperature dependence on the
electrical conductivity for the elongated UHMWPE-
MWNT composite films with 3% and 8% MWNT
content was investigated. The results for three heating
cycles (1st, 2nd and 3rd run) in the temperature range
of 25 to 150°C are shown in Figure 11. For the com-
posite containing 3wt% MWNT (corresponding to
the percolation threshold), the electrical conductivity
was irregularly scattered for the three runs in the given
temperature range. Since the MWNT content was crit-
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ical for the formation of a conductive network, it was
thought that the hopping transport between the discon-
nected (or weakly connected) parts of the network
induced by heat-treatment was unstable.

Comparing with the composite films with a 3 wt %
MWNT loading, the stable conductivity of the compo-
site film containing 8 wt % MWNT in the given tem-
perature range indicated the formation of a continuous
network of MWNTs in the drawn composite. Obvi-
ously, a sharp increase in the conductivity occurred
under the first run when the temperature was over
120°C. In the second run, the conductivity tended to
increase slightly. During the first run, the increase in
conductivity beyond 100°C is due to the fact that
part of the UHMWPE chains were maintained on
the MWNT surface under elongation of the original
composites at 135°C, and the residual UHMWPE
was separated from the MWNT surface under the first
heating run.

Figure 12a and b show DSC curves for the un-
drawn and drawn composites, respectively, with the
indicated MWNT contents. It is seen that the endo-
thermic peak associated with the melting point slight-
ly shifted to a lower temperature and the endotherm
peak became broader as the MWNT content increas-
ed. This suggested that the MWNTs hampered the
crystallization of UHMWPE. The crystallinity of the
composite film with different MWNTs will be dis-
cussed later.

Comparing the DSC profiles for the undrawn
UHMWPE-MWNT composite films as shown in col-
umn (a), the endotherm peaks of the UHMWPE crys-
tallites shown in column (b) became sharper, and the
melting points shifted about 10 °C to a higher temper-
ature, was attributed to the orientated crystallization
of the UHMWPE crystallites. The melting points
measured for the drawn films were higher than the
equilibrium melting point (145.5°C) reported by
Flory and Vrij.?> This abnormally high melting point
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Figure 13. Crystallinity degree of the composite films at
A =1 and 50 calculated from DSC measurements.

was thought to be due to the polymer chains in the
melting state that retained the extended-chain arrange-
ment. This entropy in fusion was obviously smaller
than the value calculated for the random coils in the
melting state.

The corresponding crystallinity calculated from the
DSC measurements for the undrawn and drawn films
is shown in Figure 13. The values were calculated
from the ratio of the measured AhZ to Ahs values
of 100% crystalline polyethylene (245.3J/g).> The
crystallinity of the undrawn composite film decreased
slightly when the MWNT content was below 4%. The
crystallinity decreased sharply due to the MWNTs
hampering the crystallization of UHMWPE. It seemed
there existed a critical content influencing the crystal-
lization. Similar to the percolation threshold of con-
ductivity, the crystallinity decreased slowly below
the critical content, while above the critical content,
the formation of the continuous networks of MWNTs
disturbed the crystallization of the polymer causing
the crystallinity to decrease quickly. This tendency
is probably attributed to the different thermal diffu-
sions between the composites containing MWNTs
above and below critical contents, since the thermal
diffusion of the composites above the critical content
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Figure 14. Temperature dependence of storage (E’) and loss
(E") moduli of elongated films (1 = 50).

is higher. However, the detailed quantitative analysis
must be taken into consideration. Furthermore, it
was noticed that the crystallinity began to increase
when the MWNT loading was more than 8%. It is
suggested that the addition of excessive MWNTs just
led to aggregation of the MWNT networks. The ag-
gregated MWNTs easily separated from the polymer
matrix, causing the crystal domains and crystallinity
to increase.

Figure 14 shows the temperature dependence on the
storage (E') and loss (E”) moduli for the composite
films at the drawn ratio of 50-fold. The E’ modulus de-
creased with increasing MWNT content, while the
MWNT content lower than 8 wt %, a reversal in trend
occurred for the composites containing more than
8wt % MWNTs. As shown in Figure 13, the crystal-
linity of the composite film with 8% MWNT loading
was the lowest, which could lead to the smallest E’.
For the composite with 15wt % MWNT content, the
conductivity reached up to 10~! S/cm, and the modu-
lus was higher than 50 GPa at ca. 25°C, indicating
that a polymeric material with very high modulus
and relative high conductivity was successfully pre-
pared.

Due to the high crystallinity of the UHMWPE
composite film, its temperature dependence on E”
revealed that the magnitude of the g relaxation peak
(around —50°C) associated with the amorphous dis-
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persion®®?” was very small. The position of the «

relaxation peak associated with the crystal disper-
sion?*2° of UHMWPE (around 50-100°C), slightly
shifted to a lower temperature with increasing MWNT
content, indicating the disorder of the UHMWPE
crystallites.

CONCLUSION

UHMWPE and MWNT composites were prepared
in decalin and paraffin solvent. Various analytical
measurements were performed for the original and
heat-treated specimens. Sample preparation by decalin
was adopted as an example of gelation/crystalliza-
tion from solution, while the sample preparation by
paraffin was adopted instead of films molded at the
melt state, since the film preparation by melting of
UHMWPE powder at high temperature was impossi-
ble because of extremely high viscosity of the melt
state. The drastic increase in electrical conductivity
occurred at low MWNT content for the composite
prepared in paraffin. On the other hand, the electrical
conductivity of the composite prepared in decalin, af-
ter evaporation of the solvent at room temperature, in-
creased slightly up to 8-10% MWNT content, and the
drastic increase could be achieved by the heat-treat-
ment, where the obtained values are close to those
of the composite prepared in paraffin. Such different
behavior in the conductivity with respect to MWNT
content in the composites was attributed to the quite
different morphology of the original components
prepared in decalin and paraffin. SEM observations
revealed that the MWNTSs within the matrix of the
composite prepared in decalin were covered by
UHMWPE, and their average diameters became much
thicker than the original diameters of the MWNTs,
indicating that most of the UHMWPE chains were
crystallized on the MWNT surface acted as nuclear
growth of UHMWPE under gelation process. How-
ever, the composite was heated beyond the melting
point of UHMWPE, the melted UHMWPE chains
did not crystallized on the MWNT surface. SEM ob-
servation revealed the dispersion of bare MWNTs in
the UHMWPE matrix. Therefore the conductivity at
the same MWNT content increased drastically after
the heat treatment. On the other hand, an image of
the cross section of the composite prepared in paraf-
fin solvent is similar to the diameters of MWNTs
in the matrix maintained almost the same diameter
of the original MWNTs, indicating that most of the
UHMWPE chains were not crystallized on the surface
of the MWNTs, and these MWNTSs were dispersed
uniformly in the matrix. The morphology was similar
to that of the heat-treated composite prepared by dec-
alin. Hence, the conductivity of the original compo-
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sites at the same MWNT content was higher than that
of the original composite prepared by decalin, which
was almost equal to the conductivity of the heat treat-
ed composite.

The composite prepared in decalin was elongated
up to 50-fold, while the composite prepared in paraffin
was not elongated. For the electrical conductivity of
the composites, which were prepared in decalin and
the solvent was evaporated at 60°C, the percola-
tion threshold was found for composites with 3 wt %
MWNT content. For the composite with 3 wt%
MWNT, however, the electrical conductivity was ir-
regular scattered in the temperature range of 25 to
150 °C during heating cycles. On the other hand, the
conductivity of the composite film containing more
than 8 wt % MWNT smoothly increased in the given
temperature range, due to the stable structure of the
composites and the formation of continuous networks
of MWNTs in the composites. The UHMWPE crystal-
linity of the drawn composite with 8§ wt% MWNT
loading is the lowest and provided the lowest Young’s
modulus.

For the drawn UHMWPE-MWNT composite film
with 15wt % MWNT content, the conductivity reach-
ed up to 107! S/cm and the modulus was higher than
50 GPa at ca. 25 °C, indicating that a polymeric mate-
rial with very high modulus and relatively high con-
ductivity was successfully prepared.
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