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ABSTRACT: The method of preparation and the pro-
perties of conductive composites of ultrahigh-molecular-
weight polyethylene with different carbon nanotubes
(CNTs) as conductive fillers are presented. The composites
were prepared through the covering of the surface of poly-
ethylene granules with CNTs and sintering under opti-
mized conditions. The electrical and mechanical properties
of the composites were investigated as functions of the
CNT concentration and CNT dispersion process for several
kinds of single-walled carbon nanotubes (SWCNTs) and
multiwalled carbon nanotubes (MWCNTs). The CNTs
were not uniformly dispersed in the composites but were
prelocalized on the granule boundaries, very efficiently
forming conductive networks. It was, however, critically im-
portant to ensure the good dispersion of the nanotubes in
the microscale, and this was performed by sonication in sol-

vents before dry mixing. Ultralow percolation thresholds
were obtained: 0.095 wt % for SWCNTs and 0.05 wt % for
MWCNTs (ca. 0.045 vol % for SWCNTs and 0.021 vol % for
MWCNTs). The critical exponents were higher than those
for uniformly dispersed conductive particles: 2.2 and 2.6 for
SWCNTs and for MWCNTs, respectively. The mechanical
properties of the composites were also strongly modified by
the presence of CNTs. The modulus and ultimate strength
increased by about 100% with 2% CNTs. The elongation at
break decreased but was still about 500-1000%. Near the
electrical percolation threshold, the mechanical properties
were not significantly modified. © 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 105: 158-168, 2007
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INTRODUCTION

Polymer composites, combining the properties of
two or more materials, are widely used in technol-
ogy because their characteristics can be tailored for
particular applications. Practically all polymers pro-
duced on a large scale are insulators. Thus, the mod-
ification of the electrical properties, particularly to
make a polymer material conductive, is possible
mostly through the preparation of composites with
conductive fillers. Such composites exhibit percola-
tion-type behavior: charge transport takes place
through contact of filler particles."” Conductive poly-
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DISCOVER SOMETHING GREAT

mer composites with a low percolation threshold
have attracted great attention because of their poten-
tial applications in industry. Several methods of
obtaining such composites have been developed.
One of the best is the so-called filler prelocalization
method (also called the segregated network concept).
According to this method, the filler is not homogene-
ously dispersed in the polymer matrix, but a three-
dimensional (3D) continuous network of filler-rich
layers is formed within the polymer. This can be
obtained by the hot compaction of mixtures of poly-
mer powders and conductive fillers such as carbon
black,’® TiN and TiC,* and graphite.” In such materi-
als, the overall concentration of the filler can be sig-
nificantly reduced.

Since the discovery of carbon nanotubes (CNTs)®
and the determination of their high electrical con-
ductivities and excellent mechanical properties,”™
which are particularly important in nanocomposites,
they have been considered very promising conduc-
tive fillers. The progress in CNT preparation meth-
ods in recent years and the constantly decreasing
price have made composites involving nanotubes
(NTs) more and more attractive.
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Figure 1 SEM micrographs of (a) SWCNTs and (b,c) MWCNTs produced by the CCVD method.

Many polymer composites with CNTs have been
obtained to date®'®" Conductive polymer/CNT
composites can be obtained at extremely low filler
contents because of a large CNT aspect ratio (even
>1000). A wide range of values of percolation thresh-
olds and conductivities of CNT composites has been
reported, depending on the processing method, poly-
mer matrix, and the CNT type. However, a compari-
son of the literature data is difficult, and contradic-
tory results can be found because various kinds of
CNTs and different preparation methods have been
used by different authors.

In this article, we report both on the preparation and
on the electrical and mechanical properties of CNT/
ultrahigh-molecular-weight polyethylene (UHMWPE)
composites. The composites were prepared with the
filler prelocalization approach with various kinds of
CNTs and different CNT dispersion methods. The
composites obtained with the optimal preparation
procedure showed ultralow percolation thresholds
and good mechanical properties.

EXPERIMENTAL
Materials

UHMWPE (GUR 4120; M,, = 2000 kg/mol), pur-
chased from Hoechst Celanese (Somerville, NY), was
used as received. It was supplied as a powder with a
number-average particle size of 150 pm and showed
a typical complex, cauliflower-like morphology."
N,N-Dimethylformamide (DMF), sodium dodecyl
sulfate (SDS), and ethanol (EtOH) were purchased
from Aldrich (ACS reagent) and used as received.
Single-walled carbon nanotubes (SWCNTs) were
purchased from Aldrich (Milwaukee, WI) [SWCNT
diameter = 1.2-1.5 nm, purity = 50-70 vol %, as
determined by Raman spectroscopy and scanning
electron microscopy (SEM) according to the pro-
ducer’s declaration] or kindly provided by ]J. Frie-
drich (Federal Institute for Material Testing, Berlin,
Germany; produced by the arc-discharge method in

a helium atmosphere with a nickel/yttrium catalyst).
The high-grade material [Fig. 1(a)] consisted mostly
of SWCNTs, and the low-grade material contained
significant amounts of amorphous carbon, but the
precise purity was not known. SEM images show
entangled bundles of CNTs 10-50 nm thick [Fig. 1(a)
and Fig. 1 in ref. 12].

Aligned multiwalled carbon nanotubes (MWCNTs)
were synthesized by aerosol-assisted catalytic chemi-
cal vapor de;)osition (CCVD) from toluene/ferrocene
solutions.'®!” Figure 1(b) shows a section of a CNT
layer that grew on a substrate, looking like a carpet.
The CNTs were aligned nearly perpendicularly to the
carpet base. The purity of the CNTs was very high
because they contained almost no byproducts [Fig.
1(c)]. Their length was about 540 um, and their outer
diameter varied over a wide range (10-120 nm), with
a majority of the tubes in a 35-60-nm range. The total
amount of iron in the sample was about 3 wt %.

Dispersion of CNTs

To dissociate and separate the CNTs forming carpets
(MWCNTSs) or bundles (SWCNTs), external mechani-
cal energy was supplied from ultrasound with an ul-
trasonic probe. In addition, in some cases, a surfac-
tant was used to improve the wettability of NTs by
the liquid and to stabilize the suspension.'® The dis-
persion was performed in different liquid media:
distilled water with 1 wt % anionic surfactant (SDS),
DMF, and EtOH. Different dispersion procedures
involving the variation of the duration and ultra-
sound power were tested. Their efficiency was deter-
mined with respect to the CNT dispersion state by
optical microscopy, and the CNT concentration in
the suspension was determined by ultraviolet-visible
absorption measurements."” The best dispersion
conditions were found to be 200 min of a pulsed
ultrasonic treatment (sonication for 1 s followed by a
stop for 1 s to avoid heating) at 260 W for single-
walled nanotubes (SWNTs) and multiwalled nanotubes
(MWNTs). The same optimized sonication parame-
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Figure 2 SEM micrograph of MWCNTs after their disper-
sion in DMF and drying.

ters were obtained for dispersions of MWNTs and
SWNTs in EtOH, water/SDS mixtures, and DMF. A
typical SEM image of MWCNTs dispersed in DMF
and dried is shown in Figure 2. It shows random-
ly oriented and loosely entangled MWCNTs. CNTs
were also broken by ultrasound, and the length of
the MWNTs after the optimized dispersion was in
the 5-20-um range. As for SWNTs, it was more diffi-
cult to estimate their arrangement and length after
dispersion because of their small thickness, which
made them difficult to observe in larger areas.

Water/SDS was the best dispersing medium for
the MWCNTs because the stability of the suspension
was really longer than that of the other liquid media.
However, it had the disadvantage that SDS remained
in the composites after drying.

Nanocomposite preparation

The method of preparation of the polyethylene (PE)/
CNT composites was based on the segregated net-
work concept with prelocalization of the CNTs on
the PE granule surface.>*'> The composites were
prepared through the mixing of polymer microgra-
nules with CNTs followed by sintering.

Two different methods were employed to disperse
CNTs and mix them with the polymer. The first
method (procedure dry mixing-sintering) consisted
of dry mixing as-received CNTs and UHMWPE in a
mortar. The second method (procedure liquid dis-
persing-dry mixing-sintering) involved a preliminary
dispersion of CNTs in a liquid medium (a nonsol-
vent for PE), followed by the addition of polymer
granules and drying (in vacuo at 80°C overnight).
The dried material was then mixed in a mortar to
homogenize the dried mixture. Figure 3(a) shows
SEM pictures of a single polymer granule (much
smaller than average) covered with MWCNTs after
dry mixing.
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After the dispersion and mixing steps, the mixture
was sintered. Sintering was performed by unidirec-
tional hot pressing. Figure 3(b) shows dispersed
MWCNTs inside the polymer matrix after sintering.
In Figure 4, the morphology on the fracture surface
of the conductive nanocomposite with SWCNTs
(Aldrich) is shown. In this case, CNTs could also be
seen, but because of their small thickness compared
with that of MWNTs, they were much more difficult
to observe.

Nanocomposite characterization

The electrical resistivity of the UHMWPE/CNT com-
posites was measured with a Keithley 195A digital
multimeter (Cleveland, OH). The resistivity of the
conductive samples above the percolation threshold
was measured with the four-probe method, which
eliminated errors resulting from contact resistance.
The sample size for the measurement of the electrical
properties was 9 mm x 3 mm x 1 mm. Before the
attachment of the electrodes, the surface of the sam-
ple was polished with sandpaper. Thin metal-wire
electrodes were attached with silver paint. In the case
of low-conducting samples, the conductivity was

. = Iﬂh[l'—|5ﬁ-ww Wh= &mm

Figure 3 SEM images of (a) a UHMWPE granule covered
by MWCNTs after dry mixing before sintering and (b) a
cross section of the sintered sample.
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Figure 4 SEM image of the fracture surface of an SWCNT/
UHMWPE composite.

measured in the planar configuration with evapo-
rated metal electrodes (0.5 cm?). The values of the
conductivity corresponded to the ohmic range of the
current-voltage characteristics (up to ca. 10> V/cm).

The mechanical properties were investigated with
an Instron electromechanical testing machine. For each
CNT concentration, several samples were measured
under the same conditions. Tensile testing of dog-
bone-shaped specimens (central part = 4.5 x 25 mm")
was performed at room temperature and at a constant
crosshead rate of 10 mm/min. A JEOL JSM-500 scan-
ning electron microscope was used to study the mor-
phology of the CNTs and composites.

RESULTS

Effects of the processing conditions on the
electrical conductivity

The electrical properties of nanocomposites obtained
under different elaboration conditions are signifi-
cantly different. Therefore, the effects of the sintering
temperature and pressure, dry-mixing duration, and
CNT contents were investigated to determine the
optimal preparation conditions.

Sintering temperature

It is well known that the sintering temperature is
one of the most important processing parameters
and can significantly influence the electrical conduc-
tivity of composites.®*'%

Figure 5 shows the dependence of the direct-cur-
rent electrical conductivity of UHMWPE/SWCNT
composites containing 2 or 3 wt % SWCNTs
(Aldrich) obtained with DM-S and LD-DM-S proce-
dures as a function of the processing temperature.
The composites were sintered for 15 min at 5 MPa.
The conductivity of the materials decreases with
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increasing sintering temperature. This is probably
caused by a higher degree of intermixing of the CNTs
and polymer chains in the interfacial regions as a result
of the lower viscosity of the polymer at higher temper-
atures. Polymer chains penetrate between CNTs,
increasing the contact resistance. A similar effect of the
sintering temperature was obtained by other authors.*

Figure 5 also shows that the preliminary disper-
sion of CNTs in EtOH before dry mixing does not
have a significant influence on the dependence of
the electrical conductivity of the composites on the
sintering temperature. However, the conductivity
increases from 107> to 107> S/cm after the disper-
sion of CNTs.

According to these results, the optimal tempera-
ture to prepare UHMWPE/CNT composites should
be about 140°C. It is slightly below the melting tem-
perature of pristine PE, as determined by differential
scanning calorimetry (DSC) at 10 K/min. The DSC
curves of the composites show, however, a lower
melting temperature (137°C and no peak around
145°C), indicating that all the PE was molten during
the sintering process.?!

Sintering pressure

Figure 6 shows the electrical conductivity of the
UHMWPE/CNT composites containing 2 or 3 wt %
CNTs as a function of the processing pressure at
140°C for the two dispersion procedures described.
These results show that the effect of the sintering
pressure is similar for the investigated CNT concen-
trations and dispersion procedures. The electrical
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Figure 5 Logarithm of the direct-current electrical con-
ductivity (opc) of UHMWPE/SWCNT composites contain-
ing 2 or 3 wt % SWCNTs as a function of the processing
temperature. The composites were obtained with the DM-S
procedure (empty symbols) or the LD-DM-S procedure
(filled symbols; the solvent was EtOH).
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Figure 6 Logarithm of the direct-current electrical con-
ductivity (opc) of UHMWPE/SWCNT composites contain-
ing 2 or 3 wt % SWCNTs as a function of the processing
pressure. The composites were obtained with the DM-S
procedure (empty symbols) or the LD-DM-S procedure
(filled symbols; the CNTs were dispersed in EtOH).

conductivity slightly increases with the processing pres-
sure when it is lower than 5 MPa and then decreases as
the processing pressure is further increased. These
results are similar to those found for UHMWPE/ ce-
ramic composites* but quite different from those
obtained for UHMWPE/carbon black, for which the
processing pressure has been found to be an unim-
portant parameter in the pressure range considered
(13.4-44.2 MPa).?

In our case, the decrease in the conductivity of the
UHMWPE/CNT composites due to the increase in
the processing pressure can be ascribed to the break-
ing of some CNTs if the sintering pressure is too
high. A reduction of the number of conductive paths
in the interfacial regions results in a decrease in the
conductivity. The optimal pressure to prepare the
UHMWPE/CNT composites was found to be about
5 MPa, and it was used in the systematic studies dis-
cussed later.

Dry-mixing time

The effect of the dry-mixing time on the conductivity
of the UHMWPE/CNT composites containing 2 or
3 wt % SWCNTs (processing temperature = 140°C,
pressure = 5 MPa) is shown in Figure 7.

The dry-mixing time has a significant influence on
the electrical conductivity of the composites. As the
mixing time is increased, the electrical conductivity
initially increases and then reaches a maximum
value , which is followed by a slight decrease. Simi-
lar behavior was observed for UHMWPE/ceramic
composites.* This phenomenon can be understood in
the following way. During dry mixing, several pro-
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cesses take place at the same time: the mixing of the
CNTs with UHMWPE powder, the dispersion of
the CNT material on the surface of the PE granules,
the breakup of the CNT aggregates and bundles by
shear forces, and the possible breakup of individual
NTs. As the dry mixing time is increased, the first
two processes result in more and more homogene-
ous dispersions of the CNTs in the interfacial regions
between the UHMWPE particles, building up more
conductive paths in these regions and leading to an
increase in the electrical conductivity of the obtained
composite. At the same time, breaking up the indi-
vidual CNTs reduces their aspect ratio and thus the
network connectivity. When the dry-mixing time is
longer than 15 min, the last process probably domi-
nates, and the conductivity of the composite de-
creases. It is also possible that during prolonged
mixing, more and more of the CNT material is trans-
ferred from the granule surface to the voids in the
cauliflower-like structure, and this makes it practi-
cally useless for the formation of the conductive net-
work.

Thus, the optimal dry mixing time for the
UHMWPE/CNT composites, based on the results
shown in Figure 7, is about 15 min.

CNT contents

Figure 8 presents a plot of the electrical conductivity
versus the mass fraction of the composites with
SWCNTs and MWCNTs dispersed by dry mixing only
(the DM-S procedure). In all cases, the conductivity
increases dramatically above a certain CNT concentra-
tion (p) as a result of percolation of the conductive
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10- T T T T
5 10 15 20
Processing time [min]

Figure 7 Logarithm of the direct-current electrical con-
ductivity (opc) of UHMWPE/SWCNT composites contain-
ing 2 or 3 wt % SWCNTs plotted as a function of the dry-
mixing time.
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Figure 8 Direct-current electrical conductivity (opc) ver-
sus the CNT concentration (p) in UHMWPE for MWCNTs
and SWCNTs of different origins. The composites were
obtained with the DM-S procedure.

phase. According to the percolation theory,'** the
increase in the conductivity above the critical concen-
tration (pc; ie., the percolation threshold) can be
described by the following equation:

o) = oo(p — pc)' 1)

where 6, is the percolation conductivity; o, is a pre-
factor of the order of filler conductivity; and ¢ denotes
a critical exponent, which in principle depends on the
dimensionality of the system and not on the detailed
model (e.g., bond or site percolation or network con-
nectivity). It should be equal to about 1.1 for two-
dimensional (2D) systems and 1.65 for 3D systems
(discussed later). In Figure 8, we can see that pc
depends considerably on the kinds of NTs used. The
lowest pc value was obtained for MWCNTs. In the
case of SWCNTs, pc depends considerably on the
kinds of CNTs. High-grade SWCNTs are significantly
better than the Aldrich product and the low-grade
material. The difference is certainly related also to the
CNT material purity and CNT length, but the most
important factor seems to be the degree of CNT
agglomeration and entanglement in the CNT material,
which makes homogeneous dispersion difficult dur-
ing the dry-mixing process.

The dispersion of CNTs in the composites should
be improved by the preliminary dispersion of CNTs
in a liquid medium before dry mixing (the LD-DM-S
procedure). The effect of such an additional treat-
ment is shown in Figure 9(ab) for SWCNTs
(Aldrich) and MWCNTs (CCVD).

Figure 9 presents a plot of the direct-current con-
ductivity versus the mass fraction of CNTs in the
composites prepared after the preliminary dispersion
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of the NTs in EtOH, DMF, or a water/SDS mixture.
The dispersion procedure has a significant influence
on the electrical conductivity of the composites
with both kinds of CNTs. The effect, is however,
much stronger in the case of the SWCNTs. After
the preliminary dispersion of the CNTs in DMF,
the composite achieves a pc value below 0.1,
whereas for the composite with SWCNTs without
the dispersion, this value is equal to 1.24. As for
the composites with MWCNTs, pc changes from
0.3 to 0.045.

According to eq. (1), the values of pc and f can be
determined from the slope of the plot of the conduc-
tivity versus p — pc on a double-logarithmic scale.
An example of such a plot is shown in Figure 10,
and the values of pc and ft for the composites
obtained with various CNTs and dispersion methods
are collected in Table 1.

The points at the 100% CNT concentration in
Figure 10 correspond to pressed pellets of CNTs

El
o
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a
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107 —=— MWCNTSs dry
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’ 0_20 —e— MWCNTs water/SDS ]
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E
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107° —e— SWCNTs dry
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-20
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Figure 9 Conductivity versus the CNT content (p) in
composites obtained with the DM-S and LD-DM-S proce-
dures: (a) SWCNTs and (b) MWCNTs.
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Figure 10 Direct-current electrical conductivity (cpc) above
the percolation threshold versus p — pc for UHMWPE with
SWCNTs from Aldrich in DMF.

without the polymer made under the same condi-
tions. They are of the same order as that given by
other authors for CNT mats.**

The pc values of 0.09 wt % for composites with
SWCNTs and 0.045 wt % for the composites with
MWCNTs obtained in the experiments are very
small compared with the values for the percolation
on random networks."*?*> These small values can be
ascribed primarily to the large aspect ratio of the
CNTs, which is around 1000-5000, and to the nonho-
mogeneous dispersion of the filler in the bulk due to
its prelocalization on the granule interfaces.

The values of exponent t for our CNT composites
are higher than those predicted by the percolation
theory for the 3D case (equal to 1.65"*%) and higher
than those obtained for other CNT composites. This
point is discussed later.

The differences in the conductivities above the
percolation threshold, observed for the investigated
composites (Fig. 8), are most likely related to better
or worse dispersion of the starting material. In
particular, SWCNTs are only partially disentangled
during dry mixing. The low-grade SWCNT material

TABLE I
pc and t Values of UHMWPE/SWCNT and UHMWPE/
MWCNT Composites Obtained with Different
Elaboration Processes

Filler pc (wt %) t
High-grade SWCNTs 0.60 2.18 = 0.04
Low-grade SWCNTs 1.10 233 +0.15
SWCNTs from Aldrich 1.20 2.19 = 0.11
SWCNTs from Aldrich in ETOH 0.25 220 £ 0.14
SWCNTs from Aldrich in DMF 0.09 2.25 £ 0.05
MWCNTs 0.28 2,65 = 0.13
MWCNTs in DMF 0.19 2.67 £ 0.25
MWCNTs in water/SDS 0.045 2.63 = 0.12
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gives composites with the highest percolation thresh-
old but also the highest conductivities at high load-
ings (>2 wt %). This can be explained by the pres-
ence of particles of conductive amorphous carbon,
which have a low aspect ratio but being conductive
contribute to network formation at sufficiently high
loadings. The highest conductivities and the lowest
percolation thresholds obtained for the MWCNT
composites are due to their better dispersion as well
as their greater length and higher purity.

Mechanical properties
Young’s modulus

Figure 11 shows the elongation modulus as a func-
tion of the CNT content for UHMWPE/MWCNT
composites prepared with two CNT dispersion proce-
dures (DM-S and LD-DM-S) with different solvents.
A general tendency is that with an increase in the
filler content, the Young’s modulus increases, but
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Figure 11 Young’s modulus of UHMWPE/CNT compo-
sites versus the filler content: (a) composites with
MWCNTs and (b) composites with SWCNTs.
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the increase is much higher in the case of MWCNT
composites, especially those prepared with water/
SDS. At the maximum MWCNT content (3.5 wt %,
dispersed in water/SDS), the UHMWPE/MWCNT
composite has a Young’s modulus 30% higher than
that of the composite prepared by dry mixing and
10% higher than that of the composite prepared after
the preliminary dispersion of CNTs in DMF.

The UHMWPE/MWCNT composite with 3.5 wt %
MWCNTs has a Young’s modulus of 1200 MPa,
showing a 220% increase over that of the pure poly-
mer matrix and a 150% increase over that of the com-
posite containing 3.5% SWCNTs. Pure UHMWPE,
treated with the same solvents, also shows a slightly
higher Young’s modulus. This suggests that the sol-
vent treatment has some influence on the properties
of the polymer matrix itself, resulting in a more effec-
tive interpenetration of polymer chains on the PE
granule interfaces.

The same trend was observed when SWCNTs were
used as conductive fillers. Figure 11(b) displays the
Young’s modulus of UHMWPE/SWCNT composites
versus the SWCNT content. The composite material
was prepared with the same procedures as the com-
posites with MWCNTs. The highest Young’s modulus
was obtained when SWCNTs were dispersed in DMF.

The stiffening effect is more evident in the compo-
sites with MWCNTs in comparison with the SWCNT
composites. This could be due to the fact that
MWCNTs are longer and more resistant against cut-
ting or tearing during the dispersion and sintering
and thus serve as better reinforcements for the
UHMWPE matrix.

The linear dependence on the CNT content might
suggest the applicability of the so-called rule of mix-
tures,? that is, the additivity of the moduli of the fil-
ler and of the matrix. The moduli of the CNTs
obtained by extrapolation to p = 100% are about 10
and 20 GPa for SWCNTs and MWCNTs, respec-
tively. They are by 2 orders of magnitude lower than
the theoretical and experimental values (>1 TPa) and
even the value of CNT rope (mean value ~ 250 GPa).
They are also lower than that of the polymer/CNT
interface (estimated to be >500 GPa; see refs. 7-9 and
references therein). This is not surprising if we take
into account that most of the NTs are not properly
aligned and that the adhesion between the CNTs and
PE matrix is too weak to ensure sufficient load trans-
fer. Thus, the assumptions of the rule of mixtures are
not fulfilled.

Tensile yield strength of the composites with CNTs

The yield strength of the UHMWPE/MWCNT com-
posites as a function of the filler content is shown in
Figure 12(a)b). The yield strength increases with
increasing NT content. The yield strength of the
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Figure 12 Yield strength of UHMWPE/CNT composites
versus the filler content: (a) composites with MWCNTs
and (b) composites with SWCNTs.

composites increases with the CNT concentration
and depends on the dispersion process. The
UHMWPE/MWCNT composite with 3.5 wt %
MWCNTs has a yield strength of 40 MPa, showing a
170% increase over that of the pure polymer matrix
and a 150% increase in the yield strength over that
of the 3.5% SWCNT composite. The enhanced per-
formance of the composite with MWCNTs may be
attributed to the better dispersion in the PE matrix
and possibly also to better interfacial bonding
between the MWCNTs and the polymer, which
allows more effective load transfer from the matrix
to the MWCNTs.

Ultimate tensile strength

Figure 13 displays the ultimate tensile strength of
UHMWPE/MWCNT composites and UHMWPE/
SWCNT composites versus the CNT content. It
decreases with an increasing CNT loading for both
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Figure 13 Ultimate strength of UHMWPE/MWCNT com-
posites versus the filler content: (a) composites with
MWCNTs and (b) composites with SWCNTs.

kinds of CNTs, regardless of the CNT dispersion
procedure. This observation is in contrast to the typi-
cal behavior of fiber-reinforced composites and also
some composites with CNTs.*® However, the yield
strength increases, as expected, and the elongation at
beak is very high (discussed later). The CNT
agglomerates present in the composites probably can
cause cracks to initiate and propagate more easily
than in pure PE. It is also possible that adhesion
between the CNTs and PE decreases at high elonga-
tions. The well-dispersed MWCNTs are more effi-
cient than the aggregated SWCNTs in load transfer.

Elongation at break

Figure 14(a,b) shows plots of the elongation at break
of UHMWPE/MWCNT and UHMWPE/SWCNT
composites as a function of the CNT content. The
elongation at break decreases when the content of
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CNTs increases. This decrease is relatively fast for low
concentrations of SWCNTs and levels off above 1 wt %.
In the case of MWCNTs, the decrease in the elonga-
tion at break is slower. The UHMWPE/MWCNT
composite with 1.5 wt % MWCNTs has an elonga-
tion at break of 1100%, showing a 30% decrease with
respect to the pure polymer matrix, whereas a 50%
decrease can be observed for the SWCNT composite
with the same loading.

DISCUSSION

In the composites prepared according to the segre-
gated network concept, we obtain a particular mor-
phology of the conductive network: a foamlike, 3D
network of interfaces between polymer granule sur-
faces (shells) and an almost 2D network of NTs
within the shell. The length scale of the foamlike net-
work is 50-100 pm, and that of the 2D network is of
the order of the entangled CNT length, that is, below

20004 (a) o water/SDS 1
- e DMF
1600 = dry -

12004 .
800+ 8

400- 1

Elongation at break [%

0

00 05 10 15 20 25 3.0 35 4,0
MWCNT content [wt. %]

20001 (b) . OVF |
5 . A ETOH |
~ 1600 w odry
© A
o
£ 1200+ .
(0]

5

= 8001 ]

(o)}

5

i 400- s I
0

00 05 10 15 20 25 30 35
SWCNT content [wt. %]
Figure 14 Elongation at break of composites with (a)

MWCNTs and (b) SWCNTs obtained at different weight
percentages for different elaboration processes.



FILLER PRELOCALIZATION METHOD

0.5 pm and about 5 um for SWCNTs and MWCNTs,
respectively.

The thickness of the CNT-rich shell is difficult to
estimate. CNTs stick to PE mostly parallel to its sur-
face. The viscosity of UHMWPE is very high, and
it is additionally increased in the interface region
because of the presence of CNTs.'"'*"> In a high-
molecular-weight polymer melt, the CNTs can be
regarded as rigid chains, and by analogy to the re-
ptation model, their displacements in directions per-
pendicular to their long axes are strongly hindered.
The moves analogous to reptation (along the long
CNTs axes) are also not as effective as those in the
case of flexible chains because of the lack of random
short-range displacements described in the case of
flexible chains by the Rouse model.”” The decrease
in the conductivity with the sintering time and tem-
perature indicates, however, that the polymer chains
penetrate between the CNTs to some extent. Thus,
we can expect the CNT-rich shell to be very thin,
that is, of the order of a few CNT widths (if a big
agglomerate is not present in some particular place).
It is, however, not flat because it is formed by highly
structured UHMWPE granules together with com-
plex, fractal-like surfaces being pressed together.

Because CNT diffusion is extremely slow, we can
assume that the continuous network of CNT-rich
intergrain layers exists even at small CNT contents
and that the layer thickness is dependent on the sin-
tering conditions but not much on the CNT content
(in the investigated range). It is also reasonable to
assume that the average nonhomogeneity of the shell
is the same for different CNT loadings, as it depends
mostly on the initial UHMWPE morphology and
processing conditions.

The concentration of the CNTs and network con-
nectivity must be different in different regions of the
shell network because during the dry-mixing pro-
cess, certainly some of the CNT material enters the
voids on the PE granule surface. One should also
keep in mind that during the sintering process, the
granules are deformed to fill empty spaces between
them, so the surface concentration of the filler does
not become uniform on a bigger scale: the surface
layer is nonuniformly extended as the polymer pene-
trates initially empty spaces, so the filler concentra-
tion per unit of area decreases in some places. Most
of the PE, inside the granules, is far from the CNT-
rich surface, and its properties are not influenced by
the presence of the CNTs, as shown by DSC and X-
ray diffraction measurements.”’ This complex mor-
phology should be taken into account for a consider-
ation of the electrical and mechanical properties.

Considering the electrical conductivity, we deal in
such a case with two kinds of percolation. One can
be called intershell percolation and refers to 3D perco-
lation of conductive filler-rich layers on the surface
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of the polymer granules. The second is intrashell per-
colation and should be regarded as 2D percolation.
The conductivity is controlled by the number and
resistance of the contacts between individual CNTs.
Thus, in an analysis of the percolation process, we
should take into account that the CNT concentration
influences both percolation phenomena, that is, the
fraction of conductive regions that can percolate in
the 3D network and the 2D conductivity of these
regions. Therefore, we can write the following:

o = oo(p3 — pe3)” (P2 — pe2)” )

where o is the conductivity; p; and p, denote the
concentrations of the conductive elements in the 3D
and 2D networks, respectively; p;s and p. are the
percolation thresholds for the 3D and 2D networks,
respectively; and f; and f, are the corresponding
exponents. In the 2D network, the conductive ele-
ments are simply CNTs (or their agglomerates), and
in the 3D network, they are bigger regions in which
the NT concentration is above the percolation thresh-
old. The fraction of conductive elements in the 3D
network must be also related to the CNT content.
Assuming that the CNT concentration has a similar
influence on both percolation processes, we can
write the following:

oo (p—pc)”* = (p—pc) (3)
where p is the average NT concentration.

A result of such a model is that the value of ¢ is
expected to be of the order of t; + t,, certainly
higher than that for a 3D case with a random distri-
bution of conductive elements.

Taking the literature data for random 2D and 3D
networks (1.65 and 1, respectively?’), we should
expect t to be of the order of 2.6. Indeed, our analy-
sis gives t ~ 2.2 for SWCNTs and ¢t ~ 2.6 for
MWCNTs, and the results reported by other authors
for similar systems are similar: 2.78%° or even higher
than 3.° On the contrary, in the polymer/CNT com-
posites, in which the NTs are believed to be ran-
domly dispersed, ¢t is close to 1.65, as expected for a
3D case.'"!

The mechanical properties should also be dis-
cussed with the composite morphology taken into
account. In particular, NTs reinforce only this foam-
like network of granule interfaces, a small fraction of
the composite volume. It can be estimated to be not
more than 10% of the volume, so these layers must
have a modulus and ultimate strength higher by at
least an order of magnitude. In principle, we could
expect some percolation effect also in the mechanical
properties as it was found in polycarbonate/CNT
composites.”> This has not been observed, most
likely because the contribution of the CNT-reinforced
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fraction is too small even above the percolation
threshold because of the dominant contribution of
pure PE inside the granules. In the case of the elec-
trical properties, the difference in the conductivities
of the filler and the matrix is immense: about 20
orders of magnitude. Therefore, above the percola-
tion threshold, the conductivity of the matrix has a
negligible contribution to the conductivity of the
composite. The difference in the mechanical proper-
ties is much smaller, and the matrix always plays
an important role, being necessary to provide
load transfer between the CNTs. The changes in the
mechanical properties are therefore much smaller,
and percolation behavior at low loadings cannot be
observed.

In comparison with PE/MWCNT composites (uni-
formly dispersed CNTs)," the increase in the yield
strength with the NT concentration is much stronger
(2.4 times at 3.5 wt % vs 1.2 times), and so is the
elongation at break (decreases 1.8 times vs 1.4).

It should also be noted that the elongation at
break of composites with good conductivity is very
high (of the order of 1000 and 500% for composites
with MWCNTs and SWCNTs, respectively), and
composites deformed by 300% or even more are still
conductive, although the relationship between the
elongation and conductivity and its possible anisot-
ropy has not been investigated in detail yet. The me-
chanical properties could be significantly improved
if the preparation conditions were optimized from
this point of view. It would be, however, at the
expense of the electrical conductivity, and detailed
studies are beyond the scope of this work.

CONCLUSIONS

Conductive CNT/UHMWPE composites with ultra-
low percolation thresholds can be obtained through
the sintering of UHMWPE granules covered with
CNTs under optimized conditions. The conductivity
and percolation parameters depend on the sintering
conditions, on the types of CNTs, and their disper-
sions. The most important factor is the preliminary
dispersion of the CNT material. After the sonication
of CNTs in a liquid medium, the percolation thresh-
old decreases by about an order of magnitude. The
mechanical properties of the obtained composites are
also significantly improved by the NTs, despite their
low concentration, but a substantial effect is ob-
served above 1 wt %, that is, well above the electri-
cal percolation threshold.

MWCNTs give composites showing better electri-
cal and mechanical properties than SWCNTs, and
this seems to be due to their higher length, mechanical
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resistance, and stiffness and also to the low agglom-
eration in the as-obtained material.

The authors thank P. Bonaillie and S. Poissonnet for the
scanning electron microscopy observations. They are in-
debted to the late T. Pakula and his coworkers (MPIP,
Mainz, Germany) for discussions and help with the meas-
urements of the mechanical properties.
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