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ABSTRACT: Multiwalled carbon nanotube (MWCNT)/
epoxy composites are prepared, and the characteristics and
morphological properties are studied. Scanning electron mi-
croscopy microphotographs show that MWCNTs are dis-
persed on the nanoscale in the epoxy resin. The glass-transi-
tion temperature (T,) of MWCNT/epoxy composites is dra-
matically increased with the addition of 0.5 wt % MWCNT.
The T, increases from 167°C for neat epoxy to 189°C for 0.5
wt % CNT/epoxy. The surface resistivity and bulk resistivity
are decreased when MWCNT is added to the epoxy resins.
The surface resistivity of CNT/epoxy composites decreases

from 4.92 x 10" Q for neat epoxy to 3.03 x 10° Q for 1 wt %
MWCNT/epoxy. The bulk resistivity decreases from 8.21 x
10" Q cm for neat epoxy to 6.72 x 10° Q cm for 1 wt %
MWCNT/epoxy. The dielectric constant increases from 3.5
for neat epoxy to 5.5 for 1 wt % MWCNT/epoxy. However,
the coefficient of thermal expansion is not affected when the
MWCNT content is less than 0.5 wt %. © 2006 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 103: 1272-1278, 2007
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INTRODUCTION

Carbon nanotubes (CNTs) have generated much
interesting research since ljima identified their struc-
tures' in 1991. CNTs possess excellent electrical,” me-
chanical,® thermal, and magnetic properties* and have
low density, high strength, high toughness, high sur-
face areas, and flexible and high chemical stability.””

Recently, CNT/polymer composites have been inves-
tigated including matrices such as polyethylene,®
polypropylene,'’ poly(methyl methacrylate),'* poly(vi-
nylcarbazole), and polyamide."> Epoxy resins are usu-
ally applied in electronics, paints, electrical insulators,
printed circuit boards, and packaging materials. Several
studies have been conducted to improve the properties
of epoxy incorporated with CNTs.'"*™ Bae et al. added
acid modified CNTs to liquid-crystal epoxy and studied
their surface properties, cure l(ine’cics,14 and mechanical
and thermal properties.'” The addition of CNTSs to ep-
oxy can improve the mechanical properties of the ep-
oxy>"#273 because of the excellent mechanical proper-
ties of CN'Ts.”

Nanocomposites can be used as antistatic materials if
their surface electrical resistivity is lower than 107° Q/
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square. When the surface electrical resistivity of the
nanocomposites is lower than 10°° Q/square, they can
be used for electrostatic discharge. The CNT nanocom-
posites can be used as shielding materials for electro-
magnetic interference or radio frequency interference if
the surface electrical resistivity is lower than 107* Q/
square. The electrical resistivities of CNT/epoxy nano-
composites can be adjusted by controlling the CNT con-
tent of the material. CNTs also have excellent thermal
conductivity, so adding CNTs to epoxy can improve
thermal conductivity of the nanocomposites.'®3! The
thermal conductivity of pure CNTs can be up to 2800
W/m K3 1t is anticipated that, with the addition of
CNTs into the epoxy resin, the electrical and mechanical
properties of nanocomposites may be enhanced.

In this research, multiwalled CNT (MWCNT)/ep-
oxy composites were prepared and the thermal, mor-
phological, and electrical properties were investi-
gated. Characteristics such as the glass-transition tem-
perature (T,), thermal expansion coefficient, electrical
resistivity, dielectric constant, and morphological
properties of CNT/epoxy composites are discussed.

EXPERIMENTAL
Material

MWCNTs were obtained from the Nanotech Port
Company (Shenzhen, China). The method of prepara-
tion of the MWCNTs was the chemical vapor deposi-
tion method. The purity of the CNTs was 95%. The
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diameter of the CNTs was 40-60 nm, the length was
0.5-40 um, and the specific surface area was 40-3000
m?/g. The electrical resistivity of the MWCNTSs was
about 107* Q. A diglycidyl ether of bisphenol A
(DGEBA) type epoxy resin was obtained from the
Nan Ya Plastics Corp. 4,4'-Diaminodiphenyl sulfone
was obtained from the Chris KEV Company, Inc.
(Terrance Leawood, KS).

Preparation of CNT/epoxy nanocomposites

DGEBA-type epoxy and 4,4'-diaminodiphenyl sul-
fone were dissolved in acetone. The weight ratio of
epoxy to 4,4'-diaminodiphenyl sulfone was 3 : 1. The
CNTs were dispersed in acetone. Epoxy and CNT
solutions were mixed and 4,4’-diaminodiphenyl sulfone
solution was added. The blend was placed on an alu-
minum plate after being completely stirred. Solvent
was removed completely at 40°C. Then, the blend
was cured at 150°C for 4 h, followed by postcuring at
180°C for 1 h.

Property measurements

Glass-transition temperature and thermal
expansion coefficient

The T, and thermal expansion coefficient were mea-
sured by thermomechanical analysis (TMA) on a TA
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Instruments TMA 2940. The temperature rising rate
was 10°C/min.

Thermal conductivity

The thermal conductivity was tested with an H940
heat conduction unit (see setup, Fig. 1), and the sam-
ple dimensions were 10 x 10 x 1 mm.

Electrical resistivity

The surface and bulk (dc) electrical resistivity were
measured by an ULTRA Mesohmeter SM-8220 from
DKK TOA Corporation. The electrical resistivity was
measured at room temperature (25°C).

Dielectric constant

The dielectric constant was measured by a radio fre-
quency-impedance/material analyzer (HP-4291B),
which was calibrated by a poly(tetrafluoroethylene)
standard. The frequency of the sample was measured
at 1 GHz. The dielectric constant was measured at
room temperature (25°C).

Temperature measurement
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Figure 1 The setup of the thermal conductivity measurement.
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Figure 2 An SEM microphotograph of the 1 wt %
MWCNT/epoxy nanocomposite at original magnifications
of (a) x30,000 and (b) x45,000.

Morphological properties

The morphological properties were evaluated by
scanning electron microscopy (SEM) on a Hitachi FE-
SEM 5-4200.

RESULTS AND DISCUSSION

Morphological property

The dispersion of CNTs in the epoxy resin was
observed by SEM microphotographs (Fig. 2). The
high resolution SEM shows that the mixture of CNTs
and epoxy resin was mixed well. Observation of the
cross section of the CNT/epoxy composites revealed
that some of the CNTs were aggregated. The CNTs

were mostly buried inside the epoxy matrix and part
of the CNT clusters could be seen.

Thermal properties

Figure 3(a) shows the effects of the CNT content on
the T, of the composites. The T, values increased
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from 167°C for neat epoxy to 189°C for 0.5 wt %
CNT/epoxy and further to 192°C for 1.0 wt % CNT/
epoxy. The T, increased rapidly when the content of
CNT was below 0.1 wt % and increased slowly at
higher CNT content (0.5 wt %). The well-dispersed
CNTs may limit the motion of the polymer chain.
When the MWCNT content was higher than 2.0 wt %,
the adhesion between the MWCNTs and epoxy was
reduced.

Figure 3(b) shows that the effect of the CNT content
on the thermal expansion coefficient was insignifi-
cant. The thermal expansion coefficient of the compo-
sites decreased slightly with MWCNTs from 62.33
ppm/°C for neat epoxy to 59.80 ppm/°C for 10.0 wt %
MWCNT/epoxy.

Figure 4 summarizes the normalized thermal con-
ductivity of the MWCNT/epoxy nanocomposites.
Normalized thermal conductivity is defined as the ra-
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Figure 3 The effect of the CNT content on the (a) glass-
transition temperature (T,) and (b) thermal expansion coef-
ficient of the MWCNT /epoxy nanocomposites.
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Figure 4 The effect of the MWCNT content on the nor-
malized thermal conductivity of the MWCNT/epoxy nano-
composites; k,,, thermal conductivity of nanocomposites;
ko, thermal conductivity of neat epoxy.

tio of the thermal conductivity of the nanocomposites
to the thermal conductivity of the neat epoxy.
Although MWCNTs possess excellent thermal con-
ductivity, the thermal conductivity of MWCNT/ep-
oxy nanocomposites was not improved significantly
by the MWCNT content. Xu et al.3* compared the the-
oretical and experimental data of the thermal conduc-
tivity of single-walled CNT (SWCNT) filled poly(vi-
nylidene fluoride) (PVDF) composites at room tem-
perature. They found that the experimental data of
the thermal conductivity of SWCNT-filled PVDF were
lower than the theoretical data. Xu et al. postulated
that the poor thermal conductivity of the CNT/poly-
mer composites was due to the nonuniform size of
the MWCNTs, and their vacancy and dislocation in
MWCNT may affect the thermal conductivity.** The
high resistance between the nanotube-matrix or
nanotube—nanotube interface may also affect the ther-
mal conductivity of the nanocomposites.>*

Electrical properties

Figure 5(a,b) illustrates the effect of the MWCNT con-
tent on the surface and bulk resistivity of the
MWCNT/epoxy nanocomposites. The solid lines con-
necting symbols are guides for the eyes. As can be
seen in Figure 5(a), the surface electrical resistivity of
MWCNT/epoxy composites decreased from 2.88
x 10" Q for 0.4 wt % MWCNT/epoxy to 6.69 x 10° Q
for 0.6 wt % MWCNT/epoxy, and it then decreased
slowly when the MWCNT content was higher than
0.6 wt %. The bulk resistivity decreased from 8.21
x 10" Q cm for neat epoxy to 7.57 x 10” Q cm for 0.6 wt
% MWCNT/epoxy, and it decreased slightly when

the MWCNT content was higher than 0.6 wt % [Fig.
5(b)].

In classical percolation theory, the electrical con-
ductivity of a filled material follows a power law rela-
tionship, as shown in Eq. (1)3035:36;

opc = oo(P — P.)' 1)

where opc is the electrical conductivity of the nano-
composites, G, is the electrical conductivity of the
MWCNT itself, P. is the volume fraction of the perco-
lation threshold, P is the volume fraction of the filler,
and t is the critical exponent.

In the current case, the density of the MWCNTSs can
only be estimated approximately; the mass fraction of
the MWCNTs is preferred instead of the volume frac-
tion. Otherwise, the electrical conductivity can be
defined as the inverse electrical resistivity. To search
out the three-dimensional percolating systems, the
bulk electrical resistivity was used instead of the elec-
trical conductivity. The t is the absolute value of the
slope of the plot of log(ppc) versus log(P — P.). The
modified percolation theory becomes

Ppc = po(M — M)’ )

where ppc is the bulk electrical resistivity of the nano-
composites, pg is the bulk electrical resistivity of the
MWCNT itself, M, is the mass fraction of the percola-
tion threshold, and M is the mass fraction of the filler.

The theoretical predictions of ¢ related to the system
dimensions showed values ranging from 1.6 to
2.0.%%%°% Experimental values of 0.7-3.1 have been
reported.%/36 As shown in Figure 5(b), the electrical
conductivity of MWCNT/epoxy nanocomposites is in
good agreement with the percolation behavior as pro-
posed by Eq. (2). The best fitting to the experimental
values resulted in a P, value of 0.6 wt % and a t value
of 2.9.

The inclusion of a conductive filler can alter the
dielectric characteristics of the polymer medium in
which they are dispersed.” ** The MWCNTs will
affect the dielectric properties of the nanocomposites
containing between 0 and 1.0 wt % CNTs.

The relative dielectric constant (or permittivity) is
a measurement of the extent to which the electrical
charge distribution in a material can be polarized
by the application of an electrical field. In an alter-
nating electric field, the samples can be character-
ized bg a complex dielectric constant or permittivity
(4142,

et =¢ —ig’ 3)

where ¢ is the real part of the dielectric constant or
the common dielectric constant of the material and
¢” is the imaginary part of the dielectric con-

stant. 4?43
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Figure 5 The effect of the CNT content on the (a) surface resistivity and (b) bulk resistivity of the MWCNT/epoxy nano-

composites.

The ¢’ represents the polarizability capacitive (or
capacitive behavior) of the material, whereas the &”
represents the energy losses due to polarization and
conduction.*"*?

Figure 6(a) shows that the ¢ of the MWCNT/epoxy
increased from 3.5 for neat epoxy to 5.5 for 1 wt %
MWCNT content epoxy. Figure 6(b) illustrates that the
¢” of the MWCNT/epoxy increased from 0.10 for neat
epoxy to 0.24 for 0.6 wt % MWCNT content epoxy, and
the €¢” decreased slightly to 0.22 when the MWCNT
content was 0.8 and 1.0 wt % under the 1-GHz testing
frequency. The ¢ of MWCNT/epoxy nanocomposites
increased slightly at low MWCNT content and rapidly
at higher MWCNT content, and the €” increased rap-

Journal of Applied Polymer Science DOI 10.1002/app

idly at low MWCNT content and decreased slightly at
higher MWCNT content. The ¢ was similar to the
change in electrical resistivity: it increased sharply
when the MWCNT content was higher than 0.6 wt %.
The enhancement of the dielectric constant can be
explained according to percolation theory, which was
similar to the electrical resistivity.*>**

ga(P. —P)* (4)

where P, and P are the volume fraction of the filler at
the threshold and the volume fraction of the sample,
respectively, and s is the dielectric constant critical
exponent. However, the volume fraction of the MWCNT
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Figure 6 The effect of the MWCNT content on the dielec-
tric constants: (a) the real part (¢/) and (b) imaginary parts
(¢") of the MWCNT/epoxy nanocomposites.

can only be estimated approximately. The percolation
theory can be modified and expressed as Eq. (5):

ga(M. — M) 5)

where M, and M are the mass fraction of the filler at
the threshold and the mass fraction of the sample,
respectively, and ¢ is the modified dielectric constant
critical exponent. In this work, the M. was about
0.006 (0.6 wt %) and t was 3.7. The percolation thresh-
old of the two-phase random spherical filler compos-
ite is about 0.16.**** The percolation threshold of the
MWCNT/epoxy nanocomposites was much lower
than that of the two-phase random spherical filler
composite.*® This is because the MWCNTs are tube
shaped, not spherical, which led to the formation of a
conductive path at lower content.**

CONCLUSIONS

MWCNT/epoxy nanocomposites were successfully
prepared and the properties were investigated. SEM

microphotographs showed that most of the MWCNTs
were well dispersed, but some of the MWCNTs
aggregated. The surface resistivity of the MWCNT/
epoxy composites decreased from 4.92 x 10'* Q for
neat epoxy to 3.03 x 10° Q for 1 wt % MWCNT epoxy.
The bulk resistivity decreased from 8.212 x 10" Q cm
for neat epoxy to 6.72 x 10 Q cm for 1 wt % MWCNT
epoxy. The T, of the nanocomposites increased from
167°C for neat epoxy to 189°C for 0.5 wt % MWCNT
epoxy. The ¢’ value increased from 3.5 for neat epoxy
to 5.5 for 1 wt % MWCNT epoxy, and the ¢” value
increased from 0.10 for neat epoxy to 0.24 for 0.6 wt
% MWCNT content epoxy. The addition of MWCNTs
to the epoxy resin enhanced the electrical properties,
Tg, and dielectric constant. However, the effects on
the thermal conductivity and thermal expansion of
MWCNT/epoxy was insignificant.

This research was financially supported by the National
Science Council, Taiwan.
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