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ABSTRACT: The well dispersed multiwalled carbon
nanotube (MWCNT)/epoxy composites were prepared by
functionalization of the MWCNT surfaces with glycidyl
methacrylate (GMA). The morphology and thermal prop-
erties of the epoxy nanocomposites were investigated and
compared with the surface characteristics of MWCNTs.
GMA-grafted MWCNTs improved the dispersion and
interfacial adhesion in epoxy resin, and enhanced the net-
work structure. The storage modulus of 3 phr GMA-
MWCNTs/epoxy composites at 50�C increased from 0.32

GPa to 2.87 GPa (enhanced by 799%) and the increased
tand from 50.5�C to 61.7�C (increased by 11.2�C) compar-
ing with neat epoxy resin, respectively. Furthermore, the
thermal conductivity of 3 phr GMA-MWCNTs/epoxy
composite is increased by 183%, from 0.2042 W/mK (neat
epoxy) to 0.5781 W/mK. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 123: 888–896, 2012
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INTRODUCTION

Carbon nanotubes (CNTs) possess unique structural,
mechanical, thermal, and electrical properties. As a
result, they have extensive applications in various
fields.1 Due to the fact that most polymers possess a
low thermal conductivity, the introduction of high
thermal conductivity of CNTs is an effective method
to enhance the thermal transport of polymer compo-
sites. High thermal conductive composites could be
used for printed circuit boards and electronic devi-
ces. However, CNTs generally form agglomerated
stabilized bundles due to the Van der Waals force.
They are difficult to disperse in conventional
solvents and polymer matrix, and are extremely
resistant to wetting.2 Moreover, the weak interfacial
bonding between CNTs and polymer matrices may
limit the load transfer of stress. Previous studies
have investigated the dispersion and reinforcement
of CNTs in a polymer matrix, including noncovalent
and covalent functionalization.3–5 Several studies
reported the functionalization of CNTs and grafting
with polymer chains via free radical polymeriza-
tion.6–11 CNTs can well disperse in the polymer

matrix via free radical polymerization, such as poly-
(methyl methacrylate), polystyrene and etc,. Results
indicate that the free radical initiators can activate
CNTs to open their p-bonds, and that CNTs partici-
pate in the additional polymerization of the mono-
mer. Therefore, the polymer chains will be grafted
onto the surface of the CNTs, forming a strong inter-
facial bonding between CNTs and polymer matrix.
Major modifications approach to enhance the inter-

face adhesion between epoxy and CNTs are based on
amino-functionalized CNTs.12,13 Amino-functionalized
CNTs may act as a curing agent and react with the
epoxy matrix during the curing process and build a
covalent linkage. On the basis of these concepts,
Glycidyl methacrylate (GMA) was used and grafted on
the MWCNT sidewalls via free radical polymerization.
These reactive MWCNTs possess oxirane rings that can
improve their affinity to the epoxy matrix and react with
the amino group of the curing agent to form a highly
cross-linked structure with covalent bonds between
MWCNTs and epoxy. Figure 1 schematically shows the
mechanisms of these functionalizedMWCNTs.

EXPERIMENTAL

Materials

Multiwalled carbon nanotubes (MWCNTs, C100) were
produced by chemical vapor deposition (CVD) process
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and supplied by the CNT Co., Korea. The purity of the
MWCNTs was 93%. The diameter of the CNTs was 10–
50 nm; the length was 1–25 lm. The diglycidyl ether of
bisphenol A (DGEBA) epoxy NPEL-128 was supplied
by the Nan Ya Plastics Co. Taiwan, with an epoxide
equivalent weight of 190 g/equiv. Jeffamine D400 acted
as a curing agent and was supplied by the Huntsman
International LLC. The molecular weight is about 400 g/
mol. 2,20-Azobis-isobutyronitrile (AIBN) was obtained
from the Showa Chemical Industry Co., Japan. GMA, 1-
methyl-2-pyrrolidone (NMP), and acetone were
received from the Acros Organic Co., Belgium.

Preparation of GMA-grafted MWCNTs

GMA monomer was de-inhibited using column by
celite and sea sand to remove the monomethyl ether
hydroquinone (MEHQ) inhibitor. The weight ratio of
MWCNTs, NMP, and AIBN was 1 : 290 : 0.4. The
MWCNT content was 10 wt % with respect to GMA
content. The mixture was sonicated at 65�C under
nitrogen atmosphere for 2 h, then stirring for 24 h.
After reaction, the GMA-grafted MWCNTs slurry was
washed several times with acetone to remove the non-
grafted GMA, filtered with 0.2-lm Teflon microfiltra-
tion cell and then dried in a vacuum oven for 24 h.

Characterization of GMA-grafted MWCNTs

GMA-grafted MWCNTs were analyzed by thermog-
ravimetric analysis (TGA, TA instrument Q 60)

under nitrogen at a heating rate of 10�C/min.
Raman spectroscopy were recorded with LabRam I
confocal Raman spectrometer. The excitation wave-
length was 632.8 nm from He-Ne laser with a laser
powder of � 15 mW at the sample surface. X-ray
photoelectron spectra (XPS) measurements were per-
formed by a PHI Quantera SXM/AES 650 Auger
Electron Spectrometer (ULVAC-PHI INC.) equipped
with a hemispherical electron analyzer and a scan-
ning monochromated Al Ka (ht ¼ 1486.6 eV) X-ray
source. A small spot lens system was allowed to
analyze the sample that was less than 1 mm2 in
area. Fourier transform infrared (FTIR) spectroscopy
measurements were performed on a Perkin–Elmer
RX1 spectrometer and collocated attenuated total
reflectance (ATR) equipment. Transmission electron
microscopic (TEM) experiments were conducted on
a JEM-2100 microscope operated at 200 kV.

Preparation of GMA-grafted
MWCNTs/epoxy composite

The functionalized MWCNTs were dispersed in tet-
rahydrofuran (2 mg/mL) by an ultrasonicator bath
for 1 h. Epoxy was added and the solution was
stirred for 30 min. The mixture was placed in a
warm sonicator bath at 60�C until most of the sol-
vents were removed and then evacuated all solvents.
The curing agent was added to the mixture of
MWCNTs/epoxy and then stirred for 5 min with a
high shear mixer to obtain good homogeneity. The

Figure 1 The scheme of functionalization of MWCNTs and the preparation of MWCNTs/epoxy composites. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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blend was degassed for 1 h in a vacuum oven and
then transferred to a mold. The curing condition
was 1 h at 60�C, 1 h at 100�C, and 1 h at 160�C. The
MWCNTs/epoxy composites were prepared by 1
phr and 3 phr (parts per hundred part of epoxy
resin by mass) of MWCNTs.

Characterization of GMA-grafted
MWCNTs/epoxy composite

Dynamic mechanical measurements of MWCNTs/
epoxy materials (dimension 55 mm � 15 mm � 2
mm) were performed by a TA Instrument DMA
Q800 dynamic mechanical analyzer under air at a
heating rate of 5�C/min and a frequency of 1 Hz.
The thermal conductivity of nanocomposites was
measured by a Hot Disk thermal analyzer (TPS2500,
Sweden), which is based upon the transient plane
source (TPS) method.14 The dimension of bulk speci-
mens is 50 � 50 � 4 mm with the sensor placed
between two similar slabs of materials. The sensor

supplied a heat pulse of 0.5 W for 10 s to the sample
and associated change in temperature which was
recorded. The thermal conductivity of the samples
was obtained by fitting the data according to
Gustavsson et al.15

RESULTS AND DISCUSSION

XPS analysis of GMA-MWCNTs

The XPS analysis was used to investigate the surface
compositions of GMA-grafted MWCNTs. Figure 2
presents the results the surface element concentra-
tion. The main carbon peak was fitted by several
carbon-based functional groups that possess various
binding energies.16 The C1 peaks of pristine
MWCNTs can be fitted into two peaks, as indicated
in Figure 2(a). The most intense peak at 284.44 eV
can be assigned to the C¼¼C bonds of graphene
sheets.17 Meanwhile, the sp3 carbon atom (CAC
bond) appears at 285.1 eV.17 The binding energy at
290.2 eV can be ascribed to the p–p transition.17 Af-
ter grafting GMA on MWCNTs via free radical poly-
merization, three additional signals appeared in the
C1s spectrum [Fig. 2(b)] The peak at 286.30 eV is
attributed to the formation of a carbonyl bond
(CAO) on the GMA.16 The important C1s peak at
287.1 eV was the oxirane ring functional group on
the GMA chain.18 In addition, the signal at 288.90
eV was indicated by the ACOO bond (ester bond)
on the GMA.16 Unlike pristine MWCNTs, the O1s
signal disappeared. This confirmed that GMAs had
been grafted on the MWCNTs. Figure 3 shows
that the O1s spectra composed of three signals. A
peak at 532.31 eV is attributed to the C¼¼O bond of
poly(glycidyl methacrylate). The second peak at

Figure 2 XPS C1s spectra of (a) pristine MWCNTs
and (b) functionalized MWCNTs. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 3 XPS O1s spectra of functionalized MWCNTs.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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533.12 eV is the oxirane ring functional group, and
the third peak at 533.79 eV is the CAO bond. The
GMA of the oxirane ring group, which is produced
by free radical polymerization, the characterization
signal was shown in XPS. This indicated that the oxir-
ane ring existed and implied that the open ring reac-
tion does not occur during free radical polymeriza-
tion. These results further confirmed that GMA was
successfully grafted onto the surface of MWCNTs.

In this study, FTIR was also utilized to identify the
specific functional groups on the MWCNTs as an evi-
dence of the grafting of GMA. Figure 4 shows that no
strong vibrational peaks were observed in the FTIR
spectra of pristine MWCNTs. The FTIR spectra of
GMA-MWCNTs were compared with those of GMA
monomer and GMA-MWCNT mixtures, which the
evidence of the grafting of GMA-MWCNTs was pre-
sented. The addition peaks of GMA-MWCNTs
appeared after free radical polymerization. The vibra-
tional peaks existed at the frequency of 2896 and 1450
cm�1 indicating the CAH stretching and CAH bend-
ing of GMA polymer chains. The C¼¼O stretching
vibrations of ester group existed in GMA-MWCNTs
at 1702 cm�1. The peak at 1146 cm�1 indicated
C(¼¼O)AO stretching of GMA side chains. Further-
more, the C¼¼C stretching of GMA monomer
appeared at 1638 cm�1. The AIBN not only initiates
GMA but also the MWCNTs by opening p-bonds.19

The absence of C¼¼C stretching in the FTIR spectra of
GMA-MWCNTs indicated that the C¼¼C of the GMA
monomer was opened during polymerization, which
shows opposite results compared with GMA-
MWCNT mixtures. The grafting of polymer chains
onto the MWCNTs might be resulted from either
direct polymerization of GMA or by the attachment of
oligomeric PGMA chains, those specific functional
groups shall be appeared.19 The FTIR spectra of
GMA-MWCNT mixtures is similar to that of GMA
monomer, implying GMA monomer did not provide
covalent bonds with MWCNTs. In addition, three
small peaks at 1279, 996, and 868 cm�1 appeared in
GMA-MWCNTs which were attributed to the vibra-
tion of epoxide and those groups originated from the
GMA. Furthermore, Figure 4(b) shows different FTIR
spectra of GMA-MWCNTs and GMA-MWCNT mix-
tures after the washing procedure. The FTIR spectra
of GMA-MWCNTs presented the identical results af-
ter washing procedure. No significant signals were
observed in GMA-MWCNT mixtures after washing
procedure, indicating the GMA monomer was
removed from MWCNTs. Therefore, the FTIR spectra
of GMA-MWCNTs imply that GMA was indeed
grafted onto MWCNTs by free radical polymerization
and the similar results were reported by Wang et al.20

The extent of functionalization on MWCNTs can
be measured by the percentage of weight retention
from the TGA. Figure 5 shows the TGA curves of

pristine MWCNTs, GMA-MWCNTs, and GMA
monomers. The onset temperature of GMA mono-
mers was at 129�C and the end of decomposition
temperature was below 200�C. In contrast to GMA
monomer, the TGA curve of GMA-MWCNTs exhib-
ited a significant weight loss about 19 wt % between
150 and 450�C and the onset temperature of thermal
degradation was at 253�C. Furthermore, the pristine
MWCNTs showed no weight loss up to 450�C. The
weight loss of pristine MWCNTs started at 499�C
which was attributed to the presence of disordered
and amorphous carbons on the surface of pristine
MWCNTs.21 In comparison, the thermal degradation
temperature of GMA-MWCNTs is higher than that
of GMA monomers, implying the thermal degrada-
tion behavior is different. It suggested that the GMA
polymer chains were grafted onto the surface of
MWCNT. To prove the covalent functionalization
between MWCNTs and GMA polymer, the further
investigation of GMA-MWCNTs elucidate in the
Raman analysis.
Raman spectroscopy was used to analyze the

extent of disorder in CNTs. Figure 6 shows the

Figure 4 FTIR spectra of pristine MWCNTs, GMA-
MWCNTs, pristine MWCNTs containing with GMA, and
GMA monomer. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Raman spectra of the pristine MWCNTs and GMA-
MWCNTs. There are two main signals in the range
1200–1700 cm�1, which are the typical Raman peaks
of MWCNTs.22 The range in 1329 cm�1 is labeled as
the D band. The disorder induced band in the
graphite lattice, or defects in the MWCNTs.23 The G
band in the 1580 cm�1 corresponded to the Raman
active E2g mode, and indicated the crystalline graph-
ite structure in MWCNTs.24 It is possible to calculate
the ID/IG ratio to obtain the structural purity of the
CNTs. The ID/IG value of pristine MWCNTs was
1.04 6 0.03 and the ID/IG value of GMA-MWCNTs
increased to 1.35 6 0.04. This indicates that the
MWCNTs were modified by free radical polymeriza-
tion. The free radical initiators opened the C¼¼C
bond in MWCNT during the addition polymeriza-
tion of GMA. The D0 band at � 1610 cm�1, which
was also attributed to the defects and disorder in
MWCNTs.25 It was observed that the signal of func-
tionalized MWCNTs is greater than pristine
MWCNTs, which is known to be affected by the dis-
order in nanotubes, implying that GMA was grafted
onto MWCNTs. If GMA was attached to the
MWCNT surface by a noncovalent interaction, the D
band of Raman spectrum will not significantly
changed. Consequently, it was concluded that GMA
has been successfully grafted onto the MWCNTs
according to the combined results of XPS, Raman,
and FTIR.19

Dispersion ability of GMA-MWCNTs

Figure 7 shows different dispersing abilities of
MWCNTs in tetrahydrofuran, including pristine
MWCNTs and GMA-MWCNTs. When pristine
MWCNTs were stirred with tetrahydrofuran, the

pristine MWCNTs aggregated easily and precipi-
tated at the bottom [Fig. 7(a)] Furthermore, after
chemical modification of MWCNTs, GMA-MWCNTs
possessed an oxirane ring group, which changed the
compatibility of pristine MWCNTs with tetrahydro-
furan, allowing GMA-MWCNTs to be easily dis-
persed into low polarity tetrahydrofuran, as shown
in Figure 7(b). Moreover, the dispersed solution of
GMA-MWCNTs [Fig. 7(c)] did not precipitate after 6
months. In this study, the process of preparing ep-
oxy composites was conducted by tetrahydrofuran
for the dispersion of MWCNTs. GMA-MWCNTs is
easily dispersed in tetrahydrofuran, also possessing
similar functional group with epoxy resin to
improve the compatibility with epoxy matrix.
The microstructure of GMA-MWCNTs was inves-

tigated by TEM, as shown in Figure 8. The surface
of pristine MWCNTs was relatively smooth and
clean, due to their high purity. After chemical
modification, an extra phase appeared on the side-
wall of GMA grafted with GMA-MWCNTs. This
specimen was washed by solvent several times. This
implied that the individual MWCNTs along with

Figure 5 TGA curve of GMA-MWCNTs, GMA
monomers, and pristine MWCNTs. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 6 Raman spectra of (a) pristine MWCNTs and (b)
GMA-MWCNTs. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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surrounding amorphous polymer and the grafting
reactions have taken place on the MWCNT sidewall,
causing that the functionalized MWCNTs can
improve the dispersion ability of MWCNTs in or-
ganic solvent. The morphology of epoxy nanocom-
posites was further investigated by TEM (Fig. 9).
Pristine MWCNTs was agglomerated in the
MWCNTs/epoxy composite were observed. The in-
homogeneous dispersion of pristine MWCNTs may
be attributed to the strong interaction among the
MWCNT itself and the large difference in specific
surface energy between MWCNTs and epoxy matrix.
GMA-MWCNTs were dispersed well in epoxy ma-
trix, however, there are some small bundles of
MWCNTs existed. It also confirmed the dispersion
of GMA-MWCNTs in Figure 6.

Dynamical mechanical analysis
of MWCNTs/epoxy composites

Figure 10 shows the effect of MWCNT content on
the storage modulus (E0) of MWCNTs/epoxy com-

posites obtained from dynamic mechanical analysis
as a function of temperature (25–100�C). The elastic
modulus of epoxy was decreased by three orders of
magnitude with increasing temperature, which
resulted from the glass-rubber transition.26 The sud-
den decrease in the modulus represents the energy
dissipation phenomenon involving the motions of
the polymer chain. Several studies reported that
adding CNTs to polymer matrices caused an
increase in the storage modulus.8,26–28 However, this
study shows a decrease of the storage modulus of
the pristine MWCNTs/epoxy composites. This result
can be attributed to the fact that pristine MWCNTs
did not possess good compatibility with epoxy, and
therefore cause a decrease in the cross-linking
density of epoxy and increase the free volume.29

Moreover, the curing agent in this study is amine ter-
minated polypropylene glycol, which may easily affect
the curing reaction by the steric hindrance of CNTs.
Above the glass transition temperature (Tg), there

are no significant differences in the storage modulus

Figure 7 Photograph showing the dispersion of function-
alized MWCNTs (a) and pristine MWCNTs (b) in THF.
The photographs of (a) and (b) were taken after 1 day of
storage at room temperature. The dispersion of functional-
ized MWCNTs (c) was taken after 6 months of storage at
room temperature. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 8 TEM images of functionalized MWCNTs
(a) and pristine MWCNTs (b). [Color figure can be viewed
in the online issue, which is available at wiley
onlinelibrary.com.]
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when pristine MWCNTs or GMA-MWCNTs were
added. Below the Tg, GMA-MWCNTs positively
affected the elastic properties of the epoxy matrix.
The storage modulus of 3 phr GMA-MWCNTs/ep-
oxy composite at 25�C is 2.91 GPa, and then
decreases to 2.87 GPa at 50�C and to 0.04 GPa at
100�C. The storage modulus of neat epoxy at 25�C is
2.48 GPa, 0.32 GPa at 50�C, and 0.01 GPa at 100�C.
These results showed that the enhancement of stor-
age modulus for 1 phr GMA-MWCNTs/epoxy at
50�C increased approximately 388% [1.56 GPa com-
pared with neat epoxy (0.32 GPa)] and 3 phr GMA-
MWCNTs/epoxy was increased around 518% from
the neat epoxy at 50�C [1.98 GPa compared with
neat epoxy (0.32 GPa)]. This result was attributed to
extremely high modulus of MWCNTs and their
interactions with epoxy resin to form dense network
structure.28 Furthermore, the free volume of GMA-
MWCNTs/epoxy would be reduced to exhibit a
higher dynamic mechanical property.

The peak temperatures of tan d curves can be
defined as Tg.

27 Figures 11 and 12 show that the tan
d and the Tg shifted behavior of epoxy nanocompo-
sites, respectively. The temperature can be obtained
corresponding to the decreasing of the area under
the tand curve when PGMA-MWCNTs content
increases, due to functionalized MWCNTs that could
enhance the rigidity of epoxy composites, which will
reduce the elasticity of epoxy composites. On the
other hand, the area of tan d was increased by add-
ing pristine MWCNTs. Pristine MWCNTs do not
possess reactive sites with epoxy resin, which may
hinder the curing reaction to reduce the cross-link-
ing density; hence, the composite will possess higher
elasticity. The Tg for the nanocomposites obviously
increased at high temperatures, and the Tg of the

epoxy matrix was 50.5�C, increasing to 56.8�C for 3
phr pristine MWCNTs/epoxy composites and
increasing to 61.7�C for 3 phr GMA-MWCNTs/ep-
oxy composites. After adding different contents of
pristine MWCNTs to the epoxy, the Tg of 3 phr pris-
tine MWCNTs/epoxy were similar to 1 phr pristine
MWCNTs/epoxy, because the unmodified
MWCNTs are easily agglomerated to reduce the
reinforcement effect. Therefore, the increase of Tg

and the storage modulus for epoxy matrix by GMA-
MWCNTs could be interpreted as the decrease of
chain mobility. The steric hindrance of MWCNTs
and the functional group was based on MWCNTs,

Figure 9 TEM images of epoxy nanocomposites: (a) pristine MWCNTs and (b) GMA-MWCNTs.

Figure 10 Storage modulus of epoxy nanocomposites
with pristine MWCNTs ratio of 1 phr and 3 phr; and
GMA-MWCNTs ratio of 1 phr and 3 phr. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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which could react with the epoxy, increase the cross-
linking extent to form rigid networks.

Thermal conductivity of
MWCNTs/epoxy composites

The high aspect ratio and the huge surface area of
CNTs strongly affect the thermal conductivity of
nanocomposites. High aspect ratio and highly ther-
mal conductivity of fillers provide a conduction of
phonons over a long distance without any transi-
tions from particle to particle. Although, the ther-

mal conductivity of general filler is 100 times higher
than that of the polymer matrix, there is no signifi-
cant enhancement in the thermal conductivity of
the composites by the experimental results.30 Theo-
retically, the transport of thermal energy in CNTs
could be related to a phonon conduction mecha-
nism, including the number of phonon active
modes, the boundary surface scattering, the length
of the free path for electrons and phonons, and
Umklapp scattering.31

The thermal conductivity of GMA-MWCNTs/ep-
oxy composites exhibits a significant increase com-
pared with pristine MWCNTs/epoxy composites.
Thermal conductivity of GMA-MWCNTs/epoxy
composites increased around 78% (0.3626 W/mK)
by adding 1 phr GMA-MWCNTs, and increased
183% (0.5781 W/mK) by adding 3 phr GMA-
MWCNTs, as shown in Figure 13. The significant
enhancement of thermal conductivity could be
explained by the good interfacial adhesion between
CNTs and epoxy to affect the phonon conduction.
Good dispersion of GMA-MWCNTs in the epoxy
matrix will increase the heat flow channel. When
polymer matrix contains high MWCNTs content,
MWCNTs form bundle structure to cause the recip-
rocal phonon vector phenomenon.32 Hence, the
thermal conductivity of pristine MWCNTs/epoxy
composite exhibits a slight increase (51%, 0.3082 W/
mK) by adding 1 phr pristine MWCNTs, increasing
128% (0.4650 W/mK) by adding 3 phr pristine
MWCNTs. Due to the agglomeration of pristine
MWCNTs will form micro structure to reduce the
aspect ratio and form inhomogeneous structure in
matrix. In other words, the bundle of MWCNTs will
lead to the phonon–phonon umklapp scattering on
tube–tube interconnections, consequently reducing

Figure 11 Tan d of epoxy and nanocomposites with pris-
tine MWCNTs ratio of 1 phr and 3 phr; and GMA-
MWCNTs ratio of 1 phr and 3 phr. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 12 Glass transition temperature (Tg) of
MWCNTs/epoxy composites with different pristine
MWCNTs and GMA-MWCNTs contents. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 13 Thermal conductivity of nanocomposites with
various contents of pristine MWCNTs and GMA
MWCNTs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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the thermal transport capability,33,34 dominating the
relative enhancement of the thermal conductivity.

CONCLUSIONS

The surface functionalized MWCNTs were success-
ful grafting of GMA onto MWCNTs by free radical
polymerization, which appeared to be effective in
enhancing dispersion in epoxy matrix. The incorpo-
ration of GMA-MWCNTs exhibited better reinforc-
ing effect on the thermal properties compared with
pristine MWCNTs. This indicated that the GMA-
MWCNTs can react with epoxy through covalent
integration to enhance the interfacial interaction,
which can reduce the thermal interfacial resistance
between GMA-MWCNTs and epoxy matrix. Further-
more, the good compatibility could provide more
complete network structure due to the extended
area of MWCNTs-epoxy contact. Consequently, the
thermal conductivity and Tg of epoxy composite
containing with 3 phr GMA-MWCNTs were
increased 183% and 11�C, respectively. This sug-
gested that the effective modification of MWCNTs
was important for the potential of MWCNTs in
enhancing thermal properties of epoxy composites.
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