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ABSTRACT: Crosslinked polystyrene-multiwalled car-
bon nanotube (PS-MWCNT) balls, which act as conductive
microfillers, were prepared by the in situ suspension poly-
merization of styrene with MWCNTs and divinyl benzene
(DVB) as a crosslinking agent. The diameters of the syn-
thesized crosslinked PS-MWCNT balls ranged from 10 to
100 lm and their electrical conductivity was about 7.7 �
10�3 S/cm. The morphology of the crosslinked PS-
MWCNT balls was observed by scanning electron micros-
copy and transmission electron microscopy. The change in
the chemical structure of the MWCNTs was confirmed by
Raman spectroscopy and Fourier transform infrared spec-
troscopy. The mechanical and electrical properties of the

PS/crosslinked PS-MWCNT ball composites were investi-
gated. It was found that the tensile strength, ultimate
strain, Young’s modulus, and impact strength of the PS
matrix were enhanced by the incorporation of the cross-
linked PS-MWCNT balls. In addition, the mechanical
properties of the PS/crosslinked PS-MWCNT ball compo-
sites were better than those of the PS/pristine MWCNT
composites. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 110:
3737–3744, 2008
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INTRODUCTION

To increase the inherent properties of polymers,
many researchers have studied polymer composites
with carbon nanotubes (CNTs), because CNTs are
widely seen as the ideal candidate for use as a rein-
forcing filler in composite materials, due to their
unique properties, for example, their very large as-
pect ratio (length/diameter) significantly larger than
1000,1 high Young’s modulus as high as 1 TPa,2 stiff-
ness, electrical and thermal conductivity, low den-
sity, and flexibility.3 Thus, CNTs offer many
opportunities for the development of fundamentally
new material systems.4 In many studies, polymer/
CNT composites showed better properties than the
pristine polymers, such as polystyrene (PS),3,5 poly
(methyl methacrylate),6 polyethylene,4 and polycar-
bonate,2 and can be used in various industrial fields.
However, CNTs have two main problems. One is
their poor dispersibility in various solvents or poly-
mer matrices, because CNTs form aggregates due to
the large van der Waals forces. The other is their
poor interfacial adhesion with the polymer matrix in

the final products, which is required for good load
transfer. Therefore, many methods have been pro-
posed to solve these problems, such as the surface
functionalization of the CNTs by acid-treatment, hal-
ogenation, alkylation, and grafted polymers which
are miscible with the polymer matrix or novel self-
assembling techniques.7–10 Although the tensile, elec-
trical, and thermal properties of the polymer matrix
in polymer/CNT composites were enhanced by the
individual dispersion of the CNTs, the impact
strength of the polymer matrix is slightly degraded
at higher CNT concentrations.11

PS, which is one of the most important thermo-
plastics, has now been manufactured industrially for
some 80 years. Generally, PS can be polymerized
through most polymerization methods, including
free-radical and ionic polymerization, etc. Also, PS,
as one of the general polymers, is inexpensive and
easy to use in a wide range of industrial processes.
Despite these advantages, PS is difficult to use in
some special areas, such as engineering applications.
Thus, PS is generally modified with other monomers
or polymers through copolymerization or blend mix-
ing. For example, acrylonitrile-butadiene-styrene ter-
polymer, styrene-acrylonitrile copolymer, or high-
impact PS (HIPS) exhibit improved thermal resist-
ance or impact strength due to such chemical or
physical modifications. HIPS is a typical rubber-
toughened polymeric material that is basically pre-
pared by phase separation between a rubbery phase
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such as polybutadiene (PB), to improve the impact
strength and toughness, and a glassy phase such as
PS.12 Typically, the PB content is in the range of 5–
15%. However, increasing the PB content for the
purpose of improving the impact strength decreases
the other properties, such as the tensile strength and
surface gloss. In addition, controlling the heat of
reaction and mix up is difficult, due to the increased
viscosity of the solution in the polymerization
process.

Among the various polymerization techniques, the
suspension polymerization method, another name
for which is the mini-bulk polymerization method,
is used to fabricate polymers in the form of particles
or balls and is a process in which water insoluble
monomers, high stirring rates, and small amounts of
surfactant (stabilizer) are used. The particle size is
determined by the dispersed droplet phase, because
the suspension polymerization takes place entirely
in the dispersed monomer droplets. Also, a surfac-
tant is used to produce a colloidally stable disper-
sion through adsorption, to promote the dispersion
of the droplets and hinder the coalescence at the
monomer droplet-water interface.13

In this study, we fabricated crosslinked polysty-
rene-multiwalled carbon nanotube (PS-MWCNT)
balls, for use as reinforcing microfillers, using sty-
rene dispersed MWCNTs and divinyl benzene
(DVB) as a crosslinking agent via the in situ suspen-
sion polymerization method to simultaneous
enhance the tensile and impact properties of the PS
matrix. The crosslinked PS-MWCNT balls are misci-
ble with the PS matrix and the micrometer-sized fill-
ers inhibit the progression of cracks. In addition, we
observed the morphology and structure of the pre-
pared crosslinked PS-MWCNT balls and investi-
gated the mechanical and electrical properties of
their composites with commercial PS.

EXPERIMENTAL

Materials

MWCNTs (purity of 95%, supplied by Iljin Nano-
tech, Korea) produced by thermal chemical vapor
deposition (CVD) were used in this study. Styrene
(Samchun Pure Chemical, Korea) and DVB (80%,
Aldrich) were used as the monomer and the cross-
linking agent, respectively, and they were washed
three times with a 10 mol % aqueous solution of so-
dium hydroxide and then stored in a refrigerator.
Polyvinyl alcohol (PVA, Mw ¼ 77,000 g/mol, DC
Chemical, Korea) was used as a stabilizer without
further purification. 2,2-Azobisisobutyronitrile
(AIBN, Junsei, Japan) was used as an initiator and
was dissolved in ethanol to remove the inhibitor,
precipitated at �10�C, and stored in a refrigerator

before polymerization. PS (Mw ¼ 260,000 g/mol, Sci-
entific Polymer Products) was chosen as the polymer
matrix for the composite. Chloroform (CHCl3) was
obtained from DC Chemical, Korea.

Preparation of crosslinked PS-MWCNT balls

To obtain the crosslinked PS-MWCNT balls, the sty-
rene and pristine MWCNTs were reacted with DVB
via in situ suspension polymerization. First, 1.5 wt %
of the MWCNTs were loaded in a mixed solution
containing 4.5 g of styrene and 10 mol % DVB.
Ultrasound was then applied to the MWCNT disper-
sion using an ultrasonic generator (Kodo Technical
Research, Korea) with a nominal frequency of
28 kHz and a power of 600 W for more than 8 h at
25�C. At the same time, 0.125–0.183 g of PVA was
dissolved in 220 g of deionized water with weak
stirring. Then, AIBN was dissolved in the styrene-
DVB-MWCNTs mixed solution as an initiator. Under
vigorous stirring, the styrene-DVB-MWCNTs mixed
solution was dropped into the PVA dispersed deion-
ized water and the reaction system was converted to
an oil-in-water system. In situ suspension polymer-
ization was carried out in a 500-mL round bottomed
flask with mechanical stirring at 1600 rpm under a
nitrogen atmosphere at 75�C for 5 h. When the in
situ suspension polymerization was completed, the
crosslinked PS-MWCNT balls were obtained. The
withdrawn polymerization products were rinsed off
with methanol and deionized water, and centrifuged
repeatedly to remove the nonreacted styrene, DVB,
and PVA. Then, the crosslinked PS-MWCNT balls
were dried in a vacuum oven at room temperature
for 24 h. To confirm that they were crosslinked by
covalent bonds between the PS and MWCNTs, the
crosslinked PS-MWCNT balls were compared with
PS balls, crosslinked PS balls, and uncrosslinked PS-
MWCNT balls synthesized by the same process via
in situ suspension polymerization.

Preparation of composites

PS/crosslinked PS-MWCNT ball composites were
fabricated by solution casting using chloroform. The
PS/crosslinked PS-MWCNT ball composites were
prepared with 0.5 and 1.0 wt % of the MWCNTs
with respect to the crosslinked PS-MWCNT balls.
Appropriate amounts of the crosslinked PS-MWCNT
balls were loaded in 30 mL of chloroform and then
dispersed by means of an ultrasonic generator.
Then, 3 g of PS was dissolved in the chloroform dis-
persion of the crosslinked PS-MWCNT balls and
stirred at room temperature for 24 h to obtain a ho-
mogeneous solution. The solution was then poured
into a square-shaped mold and the chloroform was
evaporated slowly at room temperature for more
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than 96 h until the composites were completely dry.
The PS/crosslinked PS-MWCNT ball composites
were denoted as PS-x-cMWCNTs, where x indicates
the MWCNTs concentration with respect to the
crosslinked PS-MWCNT balls. For comparison, PS
films and PS/pristine MWCNT composites were
prepared using the same processes. The PS films
were fabricated using only PS dissolved in chloro-
form, and the PS/pristine MWCNT composites were
fabricated with 0.5 and 1.0 wt % of the pristine
MWCNTs. The PS films and PS/pristine MWCNT
composites were designated as PS-f and as PS-x-
pMWCNTs, respectively, where x indicates the pris-
tine MWCNT concentration. However, otherwise, it
seems strange to say, for example, that PS is fabri-
cated from PS or to refer to PS composites (i.e., con-
taining only PS).

Characterization

The functional groups of PS and the structure of the
samples were verified using Fourier transform
infrared spectroscopy (FTIR, VERTEX 80v, Bruker
Optics, Germany). Each spectrum of the samples
was acquired by the accumulation of 64 scans with
a resolution of 4 cm�1 and spectral range of 4000–
400 cm�1. The presence of sp2 hybridized carbon in
the MWCNT samples was confirmed through the
examination of the E2g mode or G band (stretching
vibrations in the basal plane of crystalline graph-
ite), the so-called D band (indicating the level of
defects in the graphitic material) and the IG/ID ra-
tio (the intensity ratio of the D band to the G band
which is usually used for the assessment of the pu-
rity and crystallinity of CNTs) by Raman spectros-
copy (RFS-100/S, BRUKER, 1064 nm excitation,
Germany). The morphology of the balls and com-
posites was observed using field emission scanning
electron microscopy (FESEM, S-4300, Hitachi, Ja-
pan) at an accelerating voltage of 15 kV after pre-
coating the samples with a homogeneous Pt layer

by ion sputtering (E-1030, Hitachi, Japan). To con-
firm that the MWCNTs were present not only
inside the balls, but also on their surface, the inter-
nal structures of the crosslinked PS-MWCNT balls
were observed by transmission electron microscopy
(TEM, CM200, Philips) at an accelerating voltage of
100 kV. All of the ultrathin sections were micro-
tomed using an MTX ultramicrotome (Tucson, AZ)
with a diamond knife. Thermogravimetric analysis
(TGA, Q50, TA instruments, UK) was used to mea-
sure the MWCNT content in the crosslinked PS-
MWCNT balls. TGA was performed at a heating
rate of 20�C/min from room temperature to 600�C
under a dynamic nitrogen flow of 10 cm3/min. The
optical microscope used in this study was an Olym-
pus BX 51. To measure the electrical conductivity
of the crosslinked PS-MWCNT balls, they were pre-
pared in the form of disc-type pellets with a thick-
ness of 0.7 mm by applying a pressure of 1 ton at
room temperature using a Carver laboratory press
(Model 3912, Carver, Wabash, IN). The electrical
resistances of the composites and the crosslinked
PS-MWCNT balls were measured by a four-probe
method with a resistivity meter (Hiresta-up MCP-
HT450, Mitsubishi Chemical, Japan). The tensile
properties of the samples were determined follow-
ing the ASTM D638 (type I) test procedures and
were measured using a Universal Testing Machine
(UTM, Model 5569, INSTRON) at room tempera-
ture. The strain rate was 10 mm/min under a load
of 1 kN and 30% humidity. At least five measure-
ments were averaged to collect the tensile property
of a given sample. The un-notched Izod impact
strength was measured using the ISO 180/1U pro-
cedure and a pendulum impact testing machine
(Resil 25, CEAST, Italy). The samples were held by
a vertical cantilever beam, and the faces of the sam-
ples were impacted by a single swing of the pendu-
lum. At least five tests were performed for each
analysis at room temperature, and the average
value was calculated and reported.

Figure 1 (a) Raman spectra of pristine MWCNTs and MWCNTs sonicated for 10 h in styrene and (b) FTIR spectra of
MWCNTs after sonication for 10 h in water and in styrene, respectively.
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RESULTS AND DISCUSSION

Although the degree of damage to the CNTs caused
by their sonication in water varies as a function of
the time and power, this procedure could signifi-
cantly damage the CNT framework.14 In this study,
the pristine MWCNTs were sonicated in styrene to
obtain a good dispersion. Thus, we confirmed the
structural alteration of the MWCNTs by Raman
spectroscopy. [Fig. 1(a)] The ratio of the intensity of
the G-band to the D-band (IG/ID ratio) has been
widely used to evaluate the defects in MWCNTs.
The IG/ID ratio of the pristine MWCNTs is 0.86 and
that of the MWCNTs sonicated in styrene for 10 h is
0.84. Therefore, it can be inferred that the pristine
MWCNTs were physically damaged by their sonica-
tion in styrene, resulting in a slight decrease in their
degree crystallinity. However, in this study, this
reduction in the degree of crystallinity of the
MWCNTs is negligible when considering their origi-
nal outstanding properties. Also, we investigated the
functional groups on the surface of the MWCNTs af-
ter their sonication for 10 h by FTIR spectroscopy.
[Fig. 1(b)] The FTIR spectrum of the MWCNTs soni-
cated in water revealed the characteristic adsorption

peaks at 1746 and 1686 cm�1 due to the C¼¼O
stretching vibrations. However, the MWCNTs soni-
cated in styrene did not exhibit these peaks. This
indicates that the damage induced by their sonica-
tion in water caused the MWCNTs to be broken and
that the sidewalls of the opened MWCNTs were oxi-
dized by water, whereas the MWCNTs sonicated in
styrene were only broken but not oxidized. Figure 2
presents a schematic diagram of the in situ suspen-
sion polymerization process used for fabricating the
crosslinked PS-MWCNT balls. Generally, suspension
polymerization is carried out in an oil-in-water sys-
tem and all of the polymerization reactions take
place in the dispersed monomer droplets which act
as the oil phase. Thus, in this study, DVB as a cross-
linking agent is dissolved in styrene to induce the
formation of crosslinking bonds between the PS mol-
ecules. The MWCNTs were dispersed in styrene and
were found to be present on the inside of the final
PS balls. If a sufficient amount of them was used,
the MWCNTs were not only embedded inside the
PS balls but also present on their surface. We syn-
thesized crosslinked PS-MWCNT balls by the in situ
suspension polymerization of the styrene monomer
in which the MWCNTs (1.5 wt % of MWCNTs)
were dispersed. The surface and inner morphologies
of the crosslinked PS-MWCNT balls were observed
by FESEM and TEM. Figure 3 shows the FESEM
images of the crosslinked PS-MWCNT balls. The
crosslinked PS-MWCNT balls were successfully pre-
pared with a spherical shape, and their diameters
ranged from 10 to 100 lm. [Fig. 3(a)] The MWCNT
content of the crosslinked PS-MWCNT balls was 4.3
wt % as determined by TGA. Figure 3(b) shows a
larger magnification image of the surface morphol-
ogy, which indicates that the MWCNTs were wholly
present on the surface of the crosslinked PS-
MWCNT balls. Figure 4 shows the TEM images of
the crosslinked PS-MWCNT balls. Numerous
MWCNTs were observed by TEM on the surface of
the crosslinked PS-MWCNT balls, as shown in Fig-
ure 4(a). These results confirmed those provided by
the FESEM images. Figure 4(b) shows the center

Figure 2 Schematic diagram of fabrication process of the
crosslinked PS-MWCNT balls via in situ suspension
polymerization.

Figure 3 FESEM micrographs of (a) the crosslinked PS-MWCNT balls (b) with a higher magnification.
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part of one of the crosslinked PS-MWCNT balls,
which indicates that the MWCNTs were embedded
within them. From the results of FESEM and TEM,
we consider that the prepared crosslinked PS-
MWCNT balls are mainly constructed with
MWCNTs both in the interior and on the surface.

The FTIR spectra were analyzed to prove the suc-
cessful progress of the polymerization from styrene
to PS and the interaction between the PS and
MWCNTs. Figure 5 shows the FTIR spectra of the
PS balls, crosslinked PS balls, uncrosslinked PS-
MWCNT balls, and crosslinked PS-MWCNT balls.
The crosslinked samples were polymerized with
DVB as a crosslinking agent. Ring CAC stretching
vibrations were observed in the region of 1625–1430
cm�1. The FTIR spectrum of the PS exhibits the char-
acteristic adsorption peaks at 3082, 3059, and 3025
cm�1, due to the CAH stretching vibrations of an ar-
omatic compound, and the adsorption peaks attrib-
uted to ACH2A symmetric and asymmetric
stretching vibrations at 2922 and 2848 cm�1, respec-
tively.15 Compared with the FTIR spectra of the PS
balls and crosslinked PS balls, a new peak at about
1665 cm�1 was observed in the FTIR spectra of the
PS-MWCNT balls, regardless of the presence or ab-
sence of DVB as a crosslinking agent. This indicates
the existence of CAC bonds between the MWCNTs
and the polymer.16 Namely, during the progress of
the in situ suspension polymerization, radicals cre-
ated by the initiator were transferred to the surface
of the MWCNTs, causing them to open their p-
bonds. These opened p-bonds of the MWCNTs can
be linked with the styrene, oligomer, and PS, which
results in their grafting with the PS and consequent
strong interfacial adhesion caused by the covalent
bonding between the MWCNTs and the PS. In addi-
tion, the PS molecules are crosslinked with each
other due to the DVB. Thus, the prepared cross-
linked PS-MWCNT balls are successfully polymer-

ized via in situ suspension polymerization and are
linked by covalent bonding between the PS and the
MWCNTs, as well as being crosslinked between the
PS molecules.
The electrical conductivity of the crosslinked PS-

MWCNT balls was measured by the four-probe
method at room temperature and was found to be
about 7.7 � 10�3 S/cm. Thus, we expect that the
crosslinked PS-MWCNT balls would provide good
reinforcing properties in the polymer matrix, by act-
ing as a conductive microfiller, which is miscible
with PS.
We prepared PS/crosslinked PS-MWCNT ball

composites by solution casting from dilute solution.
As a control experiment, we prepared PS/pristine
MWCNT composites by the same method. The con-
centrations of MWCNTs were 0.5 and 1.0 wt %. Fig-
ure 6 shows that the crosslinked PS-MWCNT balls
were well dispersed in the PS matrix, so that the

Figure 4 TEM images of (a) the surface part and (b) the center part of the crosslinked PS-MWCNT balls.

Figure 5 FTIR spectra of the pristine MWCNTs, the PS
balls, the crosslinked PS balls, the uncrosslinked PS-
MWCNT balls, and the crosslinked PS-MWCNT balls.
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composite films were separated into two different
phases. Because of their miscibility with the PS ma-
trix, an improvement in load transfer can also be
achieved by using the crosslinked PS-MWCNT
balls.17 When compared with the PS/pristine
MWCNT composites, we expected that the PS/cross-
linked PS-MWCNT ball composites would be more
effective in reinforcing the PS matrix, due to the
improvement in their dispersion and load transfer.

The electrical conductivity of the PS/pristine
MWCNT composites were 3.5 � 10�7 and 4.1 � 10�7

S/cm and those of the PS/crosslinked PS-MWCNT
ball composites were 4.7 � 10�7 and 1.2 � 10�5

S/cm at MWCNT contents of 0.5 and 1.0 wt %,
respectively. Comparing the PS-1.0-pMWCNTs with
the PS-1.0-cMWCNTs, the latter exhibited better
electrical conductivity than the former, due to the
homogeneous distribution of the crosslinked PS-
MWCNT balls in the PS matrix.

In an attempt to examine the reinforcing effects of
the crosslinked PS-MWCNT balls, the tensile
strength and impact strength of the composites were
measured by a UTM and impact tester, respectively.
Figure 7 shows the stress–strain curves and Table I
summarizes the tensile properties of the samples.
The tensile strength, ultimate strain, and Young’s
modulus of the PS/crosslinked PS-MWCNT ball
composites were increased upon the incorporation
of the crosslinked PS-MWCNT balls. The tensile
strength, ultimate strain, and Young’s modulus of
the PS-1.0-cMWCNTs were increased by 24.0, 63.6,
and 19.7%, whereas those of the PS-1.0-pMWCNTs
were decreased by 2.3, 13.6, and 5.2%, when com-
pared with the corresponding values of the PS-f,
respectively. The poorer reinforcing effect of the
pristine MWCNTs was attributed to their poor dis-
persion and weak interfacial adhesion in the PS ma-
trix. Generally, the tensile strength, ultimate strain,
and Young’s modulus of a polymer are not simulta-
neously increased in polymer/CNT composites. In
the case where the crosslinked PS-MWCNT balls
were used as a reinforcing filler, however, the tensile

strength, ultimate strain, and Young’s modulus of
the polymer were simultaneously increased, so the
toughness of the polymer was increased by the
introduction of the crosslinked PS-MWCNT balls.
Also, the impact strength of the samples exhibits the
same tendency, as shown in Table I. The impact
strength of the PS-1.0-pMWCNTs was about 2.9 kJ/m2.
However, that of the PS-1.0-cMWCNTs was about
4.3 kJ/m2 which represents an increase of 16.2%
when compared with that of the PS-f. The increase
of the impact strength is caused by the inherent
properties of the MWCNTs and the improved
interfacial adhesion between the polymer and
MWCNTs. When impact damage is induced in the
polymer/MWCNT composites, the damaged areas
tend to magnify the stress locally due to develop-
ment of cracks in the composite matrix. However,
this detrimental effect induced by impact loading is
hindered by the presence of the crosslinked PS-
MWCNT balls in the composite matrix, due to the
so-called crack shielding effect, and the impact stress
is adsorbed by the crosslinked PS-MWCNT balls

Figure 6 (a) Optical micrograph and (b) schematic diagram of the PS/crosslinked PS-MWCNT ball composites.

Figure 7 Stress–strain curves of PS-f (-n-), PS-0.5-
pMWCNTs (-h-), PS-1.0-pMWCNTs (-~-), PS-0.5-
cMWCNTs (-!-), and PS-1.0-cMWCNTs (-�-).
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due to the high modulus and flexibility of the
MWCNTs.18 Thus, at the same concentration of
MWCNTs, the crosslinked PS-MWCNT balls exhib-
ited a better reinforcing effect in the polymer matrix
than the pristine MWCNTs.

The fracture surfaces of the composites after the
tensile test were observed by FESEM. Figure 8(a,b)
show the fracture surface of the PS-1.0-pMWCNTs.
The poor dispersion and weak interfacial adhesion
of the MWCNTs in the PS matrix can be clearly
observed. The MWCNTs were apparently pulled out
of the PS matrix, which is an indication that the PS-
1.0-pMWCNTs exhibited poor tensile load transfer.
Figure 8(c,d) show the fracture surface of the PS-1.0-
cMWCNTs, where the sphere morphology of the
crosslinked PS-MWCNT balls can be seen to act as a
conductive microfiller. When compared with the PS-
1.0-pMWCNTs, the strong interfacial adhesion of the
MWCNTs in the PS matrix can be observed, due to
presence of the PS-g-MWCNTs. The MWCNTs on
the fracture surface were disturbed by the tensile
loading force, due to the good interfacial adhesion
between the PS matrix and the crosslinked PS-

MWCNT balls. Thus, the crosslinked PS-MWCNT
balls were shown to act as a conductive microfiller
which enhances their reinforcing effects, resulting in
the improved electrical and mechanical properties of
the polymeric composites, due to the homogeneous
distribution and good interfacial adhesion of the
crosslinked PS-MWCNT balls. Also, these electrically
conductive and micrometer sized balls can be used
as particles on electrorheological particles, due to
their electrical conductivity in the range of 10�9 to
10�1 S/cm.19

CONCLUSIONS

In this study, we successfully synthesized cross-
linked PS-MWCNT balls using MWCNTs dispersed
in styrene before its polymerization and DVB as a
crosslinking agent by in situ suspension polymeriza-
tion. Also, we prepared PS/crosslinked PS-MWCNT
ball composites by solution casting from chloroform
to investigate the ability of the crosslinked PS-
MWCNT balls to act as a conductive microfiller rein-
forcing the polymer matrix. The prepared cross-

TABLE I
Mechanical Properties of PS and Composites

Sample codes Tensile strength rmax (MPa) Ultimate strain emax Young’s modulus (MPa) Impact strength (kJ/m2)

PS-f 17.0 � 1.0 0.022 � 0.010 720.8 � 39.6 3.7 � 0.3
PS-0.5-pMWCNTs 17.3 � 0.8 (2%) 0.015 � 0.003 (�31.8%) 723.8 � 22.7 (0.4%) 3.0 � 0.2 (�18.9%)
PS-1.0-pMWCNTs 16.6 � 0.7 (�2.3%) 0.019 � 0.006 (�13.6%) 683.1 � 24.0 (�5.2%) 2.9 � 0.5 (�21.6%)
PS-0.5-cMWCNTs 17.9 � 0.7 (5%) 0.028 � 0.002 (27.3%) 820.7 � 19.5 (13.9%) 4.0 � 0.2 (8.1%)
PS-1.0-cMWCNTs 21.0 � 0.6 (24%) 0.036 � 0.007 (63.6%) 863.0 � 31.2 (19.7%) 4.3 � 0.4 (16.2%)

Figure 8 FESEM micrographs of fractured surfaces in composites after tensile test: (a) PS-1.0-pMWCNTs (b) with a
higher magnification, and (c) PS-1.0-cMWCNTs (d) with a higher magnification.
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linked PS-MWCNT balls have a spherical shape and
their diameters ranged from 10 to 100 lm. The
FESEM and TEM micrographs confirmed that the
MWCNTs were present both in the interior and on
the surface of the crosslinked PS-MWCNT balls, so
they were mainly constructed with the MWCNTs.
Through TGA measurements, we found that the
amount of MWCNTs included in the crosslinked PS-
MWCNT balls was about 4.3 wt %. The crosslinked
PS-MWCNT balls exhibited an electrical conductivity
of about 7.7 � 10�3 S/cm and, when used as conduc-
tive microfillers, they were better distributed in the
composites made with commercial PS than the pris-
tine MWCNTs. The electrical conductivity of the PS/
crosslinked PS-MWCNT ball composites was 1.2 �
10�5 S/cm at an MWCNT content of 1.0 wt %. The
mechanical properties of the PS/crosslinked PS-
MWCNT ball composites at an MWCNT content of
1.0 wt %, viz. their tensile strength, ultimate strain,
Young’s modulus, and impact strength, were
improved by 24.0, 63.6, 19.7, and 16.2%, respectively,
when compared with the PS matrix. This indicates
that the crosslinked PS-MWCNT balls were homoge-
neously distributed and had good interfacial adhesion
with the PS matrix. Thus, it was confirmed that the
prepared crosslinked PS-MWCNT balls act as a con-
ductive microfiller reinforcing the polymer matrices.
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