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ABSTRACT: Multiwall carbon nanotube reinforced poly
(phenylene sulfide) (PPS) nanocomposites were success-
fully fabricated through melt compounding. Structural,
electrical, thermal, rheological, and mechanical properties
of the nanocomposites were systematically studied as a
function of carbon nanotube (CNT) fraction. Electrical con-
ductivity of the polymer was dramatically enhanced at
low loading level of the nanotubes; the electrical percola-
tion threshold lay between 1 and 2 wt % of the CNTs.
Rheological properties of the PPS nanocomposites also
showed a sudden change with the CNT fraction; the per-
colation threshold was in the range of 0–0.5 wt % of
CNTs. The difference in electrical and rheological percola-
tion threshold was mainly due to the different require-
ments needed in the carbon nanotube network in different

stages. The crystallization and melting behavior of CNT-
filled PPS nanocomposites were studied with differential
scanning calorimetry; no new crystalline form of PPS was
observed in the nanocomposites, but the crystallization
rate was reduced. The thermal and mechanical properties
of the nanocomposites were also investigated, and both of
them showed significant increase with CNT fraction. For
5 wt % of CNT-filled PPS composite, the onset of degra-
dation temperature increased by about 13.5�C, the mod-
ulus increased by about 33%, and tensile strength
increased by about 172%. VVC 2009 Wiley Periodicals, Inc. J
Appl Polym Sci 113: 3477–3483, 2009
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INTRODUCTION

Polymer composites with improved electrical prop-
erties have been widely used in various industries
including electronics, biomedical devices, automo-
tive, and aerospace as anti-static, electromagnetic
shielding, and electrically conductive materials.1,2

The conventional method to enhance electrical con-
ductivity of polymers is to compound polymers
with conductive fillers such as metal particles or car-
bon black; high loading of conductive fillers is usu-
ally needed to obtain the materials with high
conductivity. This, however, not only increases the
weight and final cost of the products but also often
impairs the mechanical properties of the polymers.
Thus, it is necessary to development polymer com-
posites with both good electrical and mechanical
properties.

Carbon nanotubes (CNTs), a new type of carbon
filler, are thought to be ideal reinforcements for pol-
ymers due to their high aspect ratio and exception-
ally superior mechanical, thermal, and electrical
properties.3,4 CNT-reinforced polymer nanocompo-

sites possess the potential to be next generation of
electrically conductive materials; they might have
many advantages over conventional composites such
as high electrical conductivity at very low CNT frac-
tion; good thermal and mechanical performance
with light weight and low viscosity allow them to be
molded easily.
The commonly used methods to fabricate polymer

nanocomposites with carbon nanotubes are in situ
polymerization,5–7 solution route,8–11 and melt com-
pounding.12–14 For in situ polymerization, carbon
nanotubes are mixed with monomers; a polymeriza-
tion then starts either thermally or chemically. The
solution route may consist of several steps: (a) dis-
solving matrix polymer into an appropriate solvent
to make a solution; (b) dispersing carbon nanotubes
into the solution to make a suspension; (c) casting
the new mixture to evaporate the solvent to produce
final nanocomposites. In the melt compounding pro-
cess, carbon nanotubes are mixed with thermoplastic
polymers at their molten state. The formation of
nanocomposites depends on the thermodynamic
interaction between the polymer chains and carbon
nanotubes. Comparing these three approaches, melt
compounding is a simple and versatile method to
synthesize nanocomposites. The resultant nanocom-
posites have high purity as the process is essentially
free of contaminations.
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Poly(phenylene sulfide) (PPS) is an engineering
polymer having a symmetrical, rigid backbone chain
consisting of recurring para-substituted rings and
sulfur atoms. It has good endurance at high temper-
atures and possesses excellent resistance to different
aggressive chemicals.15,16 The carbon nanotubes
filled with PPS materials are expected to have appre-
ciable improvements in thermal and mechanical
properties and can find their applications as automo-
tive engine compartment components, in fuel line
systems, and other places where solvent resistance
and/or exposure to high temperature is necessary.

In this study, the CNT-filled PPS nanocomposites
are fabricated with melt compounding. The CNT
concentration and fabrication parameters are opti-
mized to obtain the nanocomposites with good ther-
mal, electrical, and mechanical properties. The
percolation of carbon nanotubes is described by
measurements of the electrical resistivity and is com-
pared with the results derived from the rheological
evaluations.

EXPERIMENTAL

Commercially available PPS (Chevron Philips Chemi-
cals, Asia Pte Ltd, Singapore) and multiwall carbon
nanotubes (Chinese Nanofiller Company, Beijing,
P. R. of China) were used as matrix and filler, respec-
tively. The MFI of the PPS is 185 g/10 min. The CNTs
with purity of 92% are generated by chemical vapor
deposition. They have an outer diameter of about 20
nm with a length of a few tens of micrometers.

PPS as well as the carbon nanotubes were pre-
dried at a temperature of 100�C overnight in an
oven to remove any moisture before processing. Fol-
lowing that, the polymer and CNTs were mixed
according to the weight ratios. The nanocomposites
were fabricated with internal mixer of Haake Rheo-
cord 90, which have counter-rotating screws. The
processing temperature was maintained at 285�C
and the rotor speed was set at 75 rpm. The pallet-
ized nanocomposites were then dried at a tempera-
ture of 100�C overnight. The samples for electrical
testing were hot-pressed at 290� with uniaxial force
of 50 kN. The samples for mechanical testing were
injection-molded using a Battenfeld BA500 CDK-SE
molding machine. The temperatures for injection
molding were 295, 290, 280, and 280�C, respectively,
for different zones. The dimension of the dumbbell-
shaped samples was about 80 mm in length, 5 mm
in width, and 2 mm in thickness.

The morphology of the carbon nanotubes and
fracture surfaces of the nanocomposites were
observed with a field emission scanning electron
microscope (FESEM, Jeol JSM 6340F). The dispersion
and orientation of CNTs in the nanocomposites were
observed by transmission electron microscopy (TEM,

Philips CM300). For TEM sample preparation, ultra-
thin sections of the nanocomposites with a thickness
of � 70 nm were cut accordingly using an ultra-
microtome (Leica Ultracut UCT) equipped with
water flotation and a diamond knife.
The volume electrical resistivity of the nanocom-

posites was determined by two probes method. The
resistance of the samples was measured using High
Resistance Meters (Hewlett Packard 4339B) if the re-
sistance was very high or using multimeter (Fluke
85) if the resistance was low. The resistivity of the
nanocomposites was then calculated by following
equation:

q ¼ RA

t
(1)

where q is the volume resistivity (X m), R is the vol-
ume resistance (X), A is the area of the sample con-
tacting the electrode (m2), and t is the thickness of
the sample (m).
The thermal properties of the nanocomposites

were investigated with TA 2920 differential scanning
calorimeter (DSC) and TA Q500 thermal gravimetric
analyzer (TGA). The heating rate was 5�C/min for
DSC and 10�C/min for TGA. All experiments were
run under a nitrogen purge. The degree of crystallin-
ity (DOC) of samples was calculated using DSC data
according the following equation17:

DOC ¼ DHm

DHf 1�Wf

� �� 100 (2)

where Wf is the weight fraction of the CNT filler in
the nanocomposite, DHm is the enthalpy of fusion,
and DHf is the enthalpy of fusion for a 100% crystal-
line PPS; it is taken as 50.16 J/g according to the
literature.18,19

Rheological properties of the nanocomposites
were measured using Kayeness capillary rheometer
with die diameter of 1.0 mm. In the testing, about
10 g of the sample was loaded into chamber, which
was heated to 285�C. The sample was then forced
through a die at regulated shear rates. Viscosity was
measured accordingly and plotted with respect to
the shear rate.
The mechanical properties of the nanocomposites

were measured with Instron 4505 tensile machine at
room temperature. The crosshead speed used was
50 mm/min. At least five samples were tested for
every nanocomposites; the final property were the
average of the five measured results.

RESULTS AND DISCUSSION

Figure 1 shows the FESEM micrograph of the multi-
wall carbon nanotubes. Many tubes can be seen
loosely entangled together without obvious particle-
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like impurities. The diameter of the nanotubes is
about 15–20 nm. Figure 2 shows the TEM image of
2 wt % carbon nanotube filled PPS nanocomposites.
The tubes are arranged randomly and dispersed
homogeneously in the polymer matrix. No apparent
damage or breakdown of the nanotubes is observed.

PPS are excellent insulating material, with electri-
cal resistivity of about 1016 X cm, whereas carbon
nanotubes have electrical characteristics that are sim-
ilar to metallic/semimetallic materials. The addition
of the CNTs into the polymer improves its electrical
conductivity. Figure 3 shows the resistivity of the
PPS nanocomposites, measured at room tempera-

ture, as a function of CNT concentration. The electri-
cal resistivity decreases monotonously with CNT
fraction and exhibits a percolation. The percolation
threshold, a critical concentration of filler where the
resistivity starts to reduce abruptly, lies between 1
and 2 wt % of CNTs; the electrical resistivity of the
samples changes over more than 11 orders of magni-
tude in this range. Further increasing the amount of
CNTs beyond the percolation threshold, the electri-
cal resistivity only decreases marginally. The perco-
lation threshold of the CNT-filled polymer is very
low as compared with spherical carbon particle-
based polymers. This is a result of the high aspect
ratio of CNT filler and homogeneous dispersion of
the CNTs in the polymer matrix. Moreover, the con-
ducting network formed by the CNTs is robust and
less segregated, and the percolation curve of CNT
filled polymer is not so steep; it is, thus, easier to
precisely control the level of electrical resistance for
the material. Several other groups have also reported
an increase in the electrical conductivity for CNT-re-
inforced polymer composites.20–22 Barraza et al.23

reported a decrease in the electrical resistivity of a
CNT-filled polystyrene composite from 1016 to 106 X
cm, with a threshold at about 6 wt % of CNT.
The dependency of the electrical resistivity of the

PPS nanocomposites on temperature has also been
investigated, as shown in Figure 4. The resistivity of
both neat PPS and CNTs-filled composites is found
to be almost temperature independent in the experi-
mental range from 20 to 200�C, indicating that the
materials are thermally stable in electrical property.
Thus, when the nanocomposites are used in elec-
tronic devices, there is no compromise in their elec-
trical properties when temperature changes.
Figure 5 shows the TGA profiles as a function of

CNT fraction. The onset of decomposition of the
nanocomposites occurs at higher temperatures than

Figure 2 TEM micrograph of the PPS nanocomposite
with 2 wt % of CNTs.

Figure 3 Resistivity of the nanocomposites as a function
of CNT fraction.

Figure 1 FESEM micrograph of the multiwall carbon
nanotubes.
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that of neat PPS. The increment is about 13.5�C for 5
wt % of CNT filled PPS nanocomposite from 476�C
for neat PPS to 489.5�C of the nanocomposite. The
incorporation of CNTs into the PPS offers a great
stabilizing effect.

Information regarding the crystallization behavior
of the nanocomposites can be obtained from DSC
evaluation. Figures 6 and 7 show the second heating
and cooling DSC curves of PPS with different
amounts of carbon nanotubes. Both neat PPS and its
nanocomposites have one exothermic and one endo-
thermic peak, suggesting that the addition of CNTs
does not result in a formation of new crystalline
forms of PPS. However, the peak melting tempera-
tures (Tm) and peak crystallization temperatures (Tc)
shift to a lower end with increasing CNT content as
tabulated in Table I. For the peak melting tempera-
ture of the nanocomposites, the variation is less than
2�C in the experimental range, but the crystalline
temperature has stronger dependence on the CNT

fraction. With the addition of 0.5 wt % of carbon
nanotubes, the peak crystallization temperature is
about 6.0�C lower compared with neat PPS. By fur-
ther addition of CNTs, the decrease in Tc is less sig-
nificant; the Tc is about 10.3�C lower than that of
neat PPS for the CNT/PPS composite with 5 wt %
CNT.
In addition to the melting and crystallization tem-

peratures, the carbon nanotubes incorporated may
also affect other crystallization behaviors of the poly-
mer, such as degree of crystallinity and crystalliza-
tion rate. The impact on the DOC is considered
according to eq. (2); results are given in Table I. It
can be seen that the DOC of the samples with differ-
ent amounts of CNTs shows only small variations
ranging between 79.90% and 77.51%. Regarding to
crystallization rate, it is generally known that the
degree of supercooling (DT), which is defined by the
difference between the peak melting temperature
and onset crystallization temperature, can be used to

Figure 5 TGA profile of the PPS nanocomposites.

Figure 4 Temperature dependency of the resistivity of
the PPS nanocomposites.

Figure 6 DSC cooling curves of the PPS nanocomposites.

Figure 7 DSC heating curves of the PPS nanocomposites.

3480 YU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



characterize the crystallization rate of polymer melts.
An increase in DT generally indicates that the crys-
tallization rate of polymer is decreased.24 The DT
values for different CNTs-filled PPS are calculated
and shown in Table I. In contrast to the degree of
crystallinity, the crystallization rate is greatly
affected by the addition of CNTs. The DT increases
obviously from 29.31 to 37.54�C after incorporation
of only 0.5 wt % of CNTs; that is, the crystallization
rate is reduced by incorporating CNT filler. On fur-
ther addition of CNTs, the increase in DT becomes
smaller, and the DT for 5 wt % CNT reinforced
nanocomposite is about 40.35�C. The decrease in
crystallization rate indicates that the dispersion of
CNT in the polymer matrix hinders the molecular
movements in the melt state. It also explains why
the crystallization temperature shifts to lower tem-
peratures with CNT fraction.

Usually, addition of particles to polymer melts can
cause processing difficulties due to the increase in
viscosity. A test that can directly be connected to the
flow of polymer melt in process is shear rate or
shear stress sweeping viscometry test, as shown in
Figure 8. Both PPS and the nanocomposites show
steady shear viscosity with strong shear thinning
behavior during the experimental shear rate range.

This is a typical property for polymers in which the
molecular chains orient themselves in the direction
of the flow. Significant shear thinning property was
also been observed in other kinds of nanocompo-
sites, such as clay-reinforced polymer hybrid materi-
als.25,26 The viscosity of the PPS composites also
increases with CNT loading, especially at lower
shear rates. For example, at a shear rate of 48.6 s�1,
the viscosity for neat PPS is 416.6 Pa s, whereas the
viscosity for the nanocomposite with 7 wt % of CNT
loading is 2525.3 Pa s. The latter is about six times
higher than the former. As a comparison, at the
higher shear rate of 2493.1 s�1, the viscosity differ-
ence for the two materials is only about two times.
Figure 9 shows the viscosity of the PPS nanocom-

posites as a function of CNT fraction at different
shear rates. Inflexion points at 0.5 wt % of CNT can
be seen in the curves, especially at low shear rates
from 48.9 to 145.9 s�1. Before this point, the viscosity
shows rapid increase with CNT fraction, but after
this point, the influence of the CNTs on the viscosity
is not so strong. The existence of the inflexion point
indicates that there is a percolation in terms of the
viscosity of the nanocomposites, and this percolation
threshold lies at 0–0.5 wt % of the CNTs. Morphol-
ogy of the CNT networks interpenetrating into the
PPS molecular chains might have an obvious change
before and after the percolation threshold.
Both electrical and rheological properties of the

PPS nanocomposites show sudden change with the
CNT fraction, suggesting that both of them are sensi-
tive to the interconnectivity of the CNTs in the PPS
matrix to set up network and to impede polymer
mobility. The sudden change is in the range of 0–0.5
wt % of CNT for viscosity and 1–2 wt % of CNT for
electrical conductivity. This difference is mainly
attributed to the different nanotube–nanotube dis-
tance required for the electrical conductivity and

TABLE I
DSC Results of CNT-Filled PPS Nanocomposites

CNT
fraction
(wt %) Tm (�C) Tc (

�C) DOC (%) DT

0 280.36 241.75 79.90 29.31
0.5 279.39 235.79 78.02 37.54
1 279.17 235.94 78.86 36.93
2 279.76 235.93 79.72 36.26
5 278.69 231.37 77.51 40.35
7 278.75 232.40 78.07 40.17

Figure 8 Rheological properties of the PPS nano-
composites.

Figure 9 Viscosity of the PPS nanocomposites versus
CNT fraction at different shear rates.
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polymer mobility.27,28 For electrical conductance of
the nanocomposites, it is assumed that the carbon
nanotubes reach the percolation threshold in poly-
meric matrix when they have physical contact with
each other or they are close enough, usually less
than 5 nm, to allow electron hopping/tunneling
processes. However, for the viscosity of the nano-
composites, when the distance between two nano-
tubes is smaller than the radius of gyration of a
polymer chain in molten state, which is generally
about dozens of nanometers, the carbon nanotubes
can be linked by random coils of polymer chains
and impede the motion of polymer chains. Thus, the
viscosity of the composites will be affected by the
existence of carbon nanotubes at lower loading.
Moreover, the carbon nanotubes with defects con-
tribute little to the electrical property of the materi-
als. Therefore, a denser or broader carbon
nanotube’s path is required to achieve the electrical
percolation threshold.

The mechanical properties of materials are always
very important for their applications. Figure 10
shows the mechanical properties of the CNT rein-
forced PPS nanocomposites. It can be seen that both
Young’s modulus and tensile strength increase sig-
nificantly with the increasing carbon nanotube load-
ing. Comparing the mechanical properties of 5 wt %
CNT-reinforced composite with neat PPS, the modu-
lus increases by about 33% and tensile strength
increases by about 172%, respectively. The improve-
ments in the mechanical properties also verify the
uniform dispersion of CNTs in the PPS matrix.

Figure 11 shows FESEM micrographs of fracture
surfaces of the neat PPS resin and the nanocompo-
site containing 5 wt % of CNT. It can be seen clearly
that carbon nanotubes disperse uniformly in the PPS
matrix. Comparing the two fracture surfaces, the
failure surface of the nanocomposite is much coarser
and the nanotubes are seen clearly to be pulled out,

Figure 10 Mechanical properties of the PPS nanocompo-
sites as a function of carbon nanotube fraction.

Figure 11 FESEM micrographs of the fracture surfaces of
(a) neat PPS, (b) PPS with 5 wt % of CNTs, and (c)
enlarged (b).
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indicating a certain degree of load transfer from the
resin to the carbon nanotubes, so higher tensile
strength is obtained for the nanocomposite.

CONCLUSIONS

Carbon nanotube-reinforced PPS nanocomposites
with significant improved electrical, thermal, and
mechanical properties have been successfully fabri-
cated through melt compounding. The electrical re-
sistivity of the derived nanocomposites is about 1.12
� 105 X cm at CNT concentration as low as 2 wt %.
The resultant electrical resistivity is also temperature
independent in the experimental range. The incorpo-
ration of carbon nanotubes into PPS shows signifi-
cant improvement in thermal stability of the
nanocomposites but a decrease in their crystalliza-
tion rate. For the rheological behavior, both neat
polymer and its nanocomposites show shear thin-
ning behavior. The rheological threshold observed is
lower as compared with the electrical threshold. The
addition of carbon nanotubes into the polymer also
has great impact on the mechanical properties of the
nanocomposites. Both modulus and tensile strength
of the nanocomposites increase significantly with
increasing carbon nanotube fraction. The morphol-
ogy analysis on fracture surfaces indicates that the
enhancement of carbon nanotubes on the mechanical
properties is due to a certain degree of load transfer
from resin to the CNT fillers.

The experimental results of the nanocomposites
present a very positive prospect to industry
applications.
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