
S
o

C
a

b

c

a

A
R
R
A

K
A
A
A
D

1

fi
m
r
p
s
c
fi
d
p
n
�
t
T
T
d
i
t
b
e
c
i
t

0
d

Materials Chemistry and Physics 126 (2011) 722–728

Contents lists available at ScienceDirect

Materials Chemistry and Physics

journa l homepage: www.e lsev ier .com/ locate /matchemphys

ynergetic effect of hybrid boron nitride and multi-walled carbon nanotubes
n the thermal conductivity of epoxy composites

hih-Chun Tenga, Chen-Chi M. Maa,∗, Kuo-Chan Chioub, Tzong-Ming Leeb, Yeng-Fong Shihc

Department of Chemical Engineering, National Tsing Hua University, Hsin-Chu 30043, Taiwan
Material and Chemical Research Laboratories, Industrial Technology Research Institute, Hsin-Chu 31040, Taiwan
Department of Applied Chemistry, Chaoyang University of Technology, Taichung 41349, Taiwan

r t i c l e i n f o

rticle history:
eceived 30 July 2010

a b s t r a c t

This study investigates the synergistic effect of combining multi-walled carbon nanotubes (MWCNTs) and
boron nitride (BN) flakes on thermally conductive epoxy composite. The surface of the two fillers was
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functionalized to form covalent bonds between the epoxy and filler, thereby reducing thermal interfacial
resistance. The hybrid filler provided significant enhancement of thermal conductivity, adding 30 vol%
modified BN and 1 vol% functionalized MWCNTs achieving a 743% increase in thermal conductivity
(1.913 W mK−1, compared to 0.2267 W mK−1 of neat epoxy).

© 2011 Elsevier B.V. All rights reserved.
. Interfaces

. Thermal conductivity

. Introduction

The development of polymer composites containing nanoscaled
ller has become a popular topic in materials science recently. Poly-
er composites for electronic packaging and other applications

equire high thermal conductivity to dissipate heat [1]. Ceramic
owders, including aluminum nitride [2,3], boron nitride [4,5] and
ilicon carbide [6] have been used extensively to enhance thermal
onductivity in reinforced polymer composites. Although nano-
ller has a positive effect on polymer matrices, their nanoscale
imensions, and high surface area make it difficult for nanocom-
osites to disperse. To optimize the thermal conductivity of
anocomposites, it is essential to consider the following model,
= ∼Cp�l, where Cp, �, and l represent the specific temperature,

he phonon velocity, and the mean phonon pathway, respectively.
hermal conductivity is sensitive to band velocity and scatting time.
hermal interface resistance obstructs the transfer of heat due to
ifferences in phonon transfer in the complex phase and a weak

nterface between polymer and filler. The polymer matrix con-
aining nanoscale filler with high surface area, forms a stronger
oundary than the same volume using microscale filler. It is nec-

ssary to minimize the thermal interface resistance at the polymer
omposites by the functionalization of the filler. Secondly, increas-
ng networks formation by using conductive filler promotes heat
ransfer and generates higher thermal conductivity. Filler with a

∗ Corresponding author. Tel.: +886 3 571 3058; fax: +886 3 571 5408.
E-mail address: ccma@che.nthu.edu.tw (C.-C.M. Ma).
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large aspect ratio easily forms such networks and dominate the
thermal conductivity of composites. Previous studies reported that
carbon nanotubes (CNTs) had a high aspect ratio and high ther-
mal conductivity (up to 3000 W mK−1) [7], and therefore show
potential as a heat transfer material. On the other hand, a polymer
matrix containing a high CNT content may present some problems.
For example, the CNTs may easily form bundle structure, which
causes the reciprocal phonon vector phenomenon [8], and also
increases composite viscosity. The increase of composite viscosity
hinders the composite process. One solution to this problem might
be the partial replacement of low-aspect-ratio filler with high-
aspect-ratio filler, thereby forming a hybrid filler with a perfectly
conductive network for next generation heat dissipation applica-
tions.

The effective hybrid filler system proposed in this study
consisted of functionalized nano-scale boron nitride (BN) and func-
tionalized multi-walled carbon nanotubes (MWCNTs). This filler
was used to prepare thermally conductive epoxy composites. This
study attempted to enhance the thermal conductivity of the com-
posites, by increasing the number of heat transfer pathways with
hybrid filler containing high-aspect-ratio MWCNTs and flaked BN.
In the absence of covalent bonds at the interface, the difference
in stiffness between pristine filler and the epoxy matrix created
a small number of low frequency vibrational phonon modes. This

was an indication that a high thermal resistance existed in the com-
posite interface. We modified the filler to create covalent bonds
on the epoxy-filler interface, which simultaneously minimized the
interfacial thermal resistance and improved filler dispersion in the
polymer matrix.

dx.doi.org/10.1016/j.matchemphys.2010.12.053
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:ccma@che.nthu.edu.tw
dx.doi.org/10.1016/j.matchemphys.2010.12.053
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. Experimental

.1. Materials

The diglycidyl ether of bisphenol A (DGEBA) epoxy NPEL-128 was supplied
y the Nan Ya Plastics Co. Ltd., Taiwan, with an epoxide equivalent weight
f 190 g equiv.−1 4,4-Diaminodiphenyl sulfone (DDS) acted as a curing agent
nd was supplied by Chriskev Company, Inc., USA. Boron nitride was supplied
y Kallex Company LTD., Taiwan. Zirconate coupling agent (Ken-React® NZ37
dineopentyl(diallyl)oxy, di(para amino) benzoyl zirconate)) was supplied by the
enrich Perrochemicals, Inc., USA. 2,2′-Azobis-isobutyronitrile (AIBN) was obtained

rom the Showa Chemical Industry Co., Ltd., Japan. Glycidyl methacrylate (GMA)
as received from the Acros Organic Co., Belgium. Multi-walled carbon nanotubes

MWCNTs) were produced by chemical vapor deposition (CVD) and were supplied
y the CNT Company, Korea. The purity of the MWCNTs was 93%. The diameter of
he carbon nanotubes was 10–50 nm; the length was 1–25 �m.

.2. Surface modification of BN
The BN particles were modified by 1.0 wt% zirconate coupling agent with
etrahydrofuran under purified nitrogen. The detailed synthetic procedure is shown
n Fig. 1(a). The slurry then was mechanical stirred at 80 ◦C for 24 h. After the modi-
cation, the slurry was filtered and dried at 100 ◦C. The functionalization procedure
as via a zirconatization reaction and hydrolysis reaction.

Fig. 1. (a) Scheme for chemical functionalization of BN and (b) s
nd Physics 126 (2011) 722–728 723

2.3. Preparation of functionalized MWCNTs via free radical polymerization

Glycidyl methacrylate (GMA) monomer was de-inhibited using column with
celite and sea sand to remove the monomethyl ether hydroquinone (MEHQ)
inhibitor. The mole ratio of MWCNTs to GMA and to AIBN was 6.2:1:1. The mix-
ture was dispersed in NMP and sonificated at 65 ◦C under nitrogen atmosphere for
2 h, and then stirred for 24 h. After reaction, the GMA-grafted MWCNT slurry was
washed several times with acetone to remove all non-grafted GMA, and filtered with
0.2 �m Teflone microfiltration cell and then dried in a vacuum oven for 24 h. The
synthetic procedure is shown in Fig. 1(b).

2.4. Preparation of hybrid filler/epoxy composites

Unfunctionalized or functionalized BN particles and MWCNTs with curing agent
were dispersed in acetone in an ultrasonicator bath for 10 min. The epoxy resin and
reform agent were then added; the slurry was stirred for 10 min to obtain acceptable
homogeneity. The mixture was transferred to a mold and degassed in a vacuum oven
at 60 ◦C until most of the solvent was removed by evacuation. The curing conditions
were 1 h at 60 ◦C, 4 h at 120 ◦C, 2 h at 160 ◦C, and 2 h at 180 ◦C.
2.5. Instrumental analysis

Fourier transform infrared spectroscopy (FTIR) measurements were performed
on a Perkin Elmer RX1 spectrometer and collocated attenuated total reflectance
(ATR) equipment. The morphological observations were executed by a field emis-

cheme of the process of grafting GMA onto the MWCNTs.
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ion scanning electron microscope (FESEM) (JEOL JSM-6700F) and transmission
lectron microscopy (TEM) (JEOL 2100). Curing reaction of the epoxy compos-
tes was measured using a TA 2920 differential scanning calorimeter (DSC) in a
itrogen atmosphere. Samples were heated from 30 to 200 ◦C at a heating rate,
◦C min−1. The thermal conductivity of nanocomposites was measured by a Hot
isk thermal analyser (TPS2500, Sweden), which was based upon the transient
lane source method. The dimension of bulk specimens is 60 mm × 60 mm × 5 mm
ith the sensor placed between two similar slabs of materials. The senor supplied
heat pulse of 0.01 W for 10 s to the sample and recorded relevant tempera-

ure.

. Results and discussion

.1. Analysis of functionalized filler by infrared spectroscopy
An infrared spectrum of functionalized BN was compared with
ristine BN and zirconate coupling agent in Fig. 2. The weak
bsorption band of pristine BN at 3600–3200 cm−1 was caused
y the valence vibration of the O–H group on the BN, which

ig. 2. FTIR spectra (a) of pristine BN, functionalized BN and zirconate coupling agent. FTIR s

Fig. 3. FTIR spectra (a) of pristine MWCNTs, functionalized MWCNTs, a
nd Physics 126 (2011) 722–728

was the reactive site with zirconate coupling agent by sol–gel
reaction. The broad peak around 1627–1100 cm−1 could indicate
in-plane stretching vibration of hexagonal BN (1358 cm−1), but it
also possibly included the vibration of B–O (1403 cm−1). The peak
at 773 cm−1 represented the out of plane bending vibration [9].
During further modification of BN surface, the additional peaks
were observed at 3469, 3016, 2971–2952, 2135, 1714, 1230, and
1218 cm−1. The absorption band at 3469 cm−1 was a NH2 stretch-
ing band, while the peak at 3016 cm−1 indicated the aromatic C–H
stretch. Some peaks around 2971–2952 cm−1 were valence stretch-
ing vibrations of aliphatic C–H. The peak at 2135 cm−1 could be
attributed to N–H stretch. The peak at 1714 cm−1 corresponded to
the C O stretch, 1230 cm−1 could be attributed to C–N stretch and

1218 cm−1 was associated to C–(C O)–O stretch. The above absorp-
tion bands were absent in the case of pristine BN. IR spectroscopy
is not a strict proof for a covalent B–O–Zr bond, it is also possible
that zirconate coupling agent is only physically adsorbed to the BN
surface.

pectra (b) of BN are at 3700–2000 cm−1. FTIR spectra (c) of BN are at 2000–600 cm−1.

nd GMA monomer. FTIR spectra (b) of functionalized MWCNTs.
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Fig. 4. TEM image of functionalized MWCNTs.

The treatment of MWCNTs by free radical polymerization is
n effective method to graft polymer chain on MWCNT surface.
he functionalized MWCNTs exhibited good dispersion and long
erm stability which implied that the effective dispersion of MWC-
Ts was achieved by covalently grafting GMA polymer chains on

he MWCNT surface. FTIR spectra of pristine MWCNTs, functional-
zed MWCNTs and GMA monomer are shown in Fig. 3. After free
adical polymerization, the addition absorbance at 2896 cm−1 and
450 cm−1 appeared which indicated the C–H stretching and C–H
ending of GMA polymer chains. The peak at 1687 cm−1 could
ttribute to C O stretch of ester group; the peak at 1130 cm−1 indi-
ates C( O)–O stretch. In addition, three peaks at 1281, 992, and
64 cm−1 are attributed to the vibration of epoxide group. The pres-
nce and location of these bonds indicated that GMA polymer chain
as grafted on MWCNTs.
.2. The morphology of MWCNT and BN

This study also investigates the structures of functionalized
WCNT and BN using TEM (Fig. 4) and SEM (Fig. 5). These

Fig. 5. SEM image of pristine BN.
nd Physics 126 (2011) 722–728 725

results clearly show that the nanotube was coated with GMA-
grafting polymer. Moreover, a polymer shell appeared on the whole
MWCNT sidewall. The average MWCNT diameter was estimated to
be 15–30 nm. The surface of functionalized MWCNTs was rather
rough, and the average thickness of the polymer shell was about
1 nm. Fig. 5 shows a typical SEM image of the BN powder, which
exhibited a flake shape.

3.3. The morphologies of BN/epoxy composites and hybrid
filler/epoxy composites

Fig. 6(a) and (b) shows the fracture morphology of 25 vol%
BN/epoxy composites. These figures clearly showed that the pris-
tine BN was present mainly in the form of agglomerates. A poor
interface appeared between epoxy and BN (Fig. 6(a)), whereas the
functionalized BN was dispersed more uniformly and embedded
in the epoxy, confirming a much superior interface adhesion with
the BN in epoxy matrix (Fig. 6(b)). This phenomenon was due to
the amine group of zirconate coupling agent grafted on the BN
surface, which was attached to the epoxide group of epoxy by
covalent bonding. Fig. 6(c)–(f) shows SEM images of the fracture
surface of the hybrid filler/epoxy composites, which were prepared
with various amounts of BN and 1 vol% MWCNTs. Fig. 6(c) and (e)
shows epoxy composites containing 25 vol% pristine BN and 1 vol%
pristine MWCNTs. The pristine MWCNTs were dispersed in the
matrix as MWCNT bundles with a bundle diameter of about 1 �m.
Most of the MWCNTs were pulled out from epoxy matrix, indi-
cating an incomplete stress transfer from epoxy to MWCNTs. In
contrast, Fig. 6(d) and (f) shows that the epoxy composites contain-
ing 25 vol% functionalized BN and 1 vol% functionalized MWCNTs
showed a large number of white dots on the composite surfaces,
indicating that the nanotubes were well embedded in the epoxy
matrix.

3.4. Thermal conductivity of composites containing a single filler
or hybrid filler

Fig. 7 illustrates the thermal conductivity of epoxy/MWCNT
composites with pristine MWCNTs and functionalized MWC-
NTs. Huxtable et al. reported that the thermal conductivity of
CNT/polymer composites was lower than the intrinsic thermal
conductivity of CNTs, due to heat resistance caused by the
CNT–polymer matrix interface [10]. The measurements of thermal
conductivity for functionalized MWCNT/epoxy composites reveal
a significant improvement in thermal conductivity compared to
pristine CNTs. Specifically, thermal conductivity increases 135% by
adding small quantity (0.76 vol%) of functionalized MWCNTs. The
representative factor was proposed to demonstrate the enhance-
ment of thermal conductivity. The GMA polymer chain relates
MWCNTs to epoxy and provides good interface compatibility that
reduces interfacial thermal resistance. However, adding 1.6 vol%
MWCNTs decreases the thermal conductivity of MWCNT/epoxy
composites with functionalized MWCNTs and pristine MWCNTs.
Because an excessive amount of MWCNTs forms nanotube bun-
dles, the phonon structure disperses nanotubes bundles into three
dimensions by strong intertube coupling. This phenomenon pro-
hibits the phonon transfer, preserving the heat at the intertube
junction [11]. Accordingly, the optimum content of functionalized
MWCNTs is 1 vol%.

Fig. 8 shows the thermal conductivity of BN/epoxy composite.
The thermal conductivity of BN/epoxy increased with the BN con-

tent. With a low BN content, the BN was segregated around the
epoxy matrix, and provided only a slight increase in thermal con-
ductivity. The thermal conductivity of composites with a BN 25 vol%
increased significantly because the amount of BN was sufficient
to form the thermal network pathways. Composites containing
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ig. 6. SEM images of epoxy composites with (a) 25 vol% pristine BN, (b) 25 vol% fun
unctionalized BN and 1 vol% functionalized MWCNTs.

unctionalized BN possess better thermal conductivity than pris-
ine BN. Functionalized BN exhibits better interfacial interaction
n an epoxy matrix. In addition, the active organic monomolecu-
ar layer of BN reacts with epoxy through a crosslinking reaction,

hich forms chemical bonds between BN and epoxy and reduces
he thermal interface resistance. The MWCNT/epoxy composites
xhibited higher thermal conductivity than BN/epoxy composites
ith a low filler content, due to the fact that the inherent thermal

onductivity of MWCNTs was higher than that of BN. Moreover, the
igh-aspect-ratio of MWCNTs formed heat conductive pathways
n the epoxy matrix more easily than low-aspect-ratio BN, with an
rregular flake shape.

A comparison of Fig. 7 with Fig. 9 shows that the thermal conduc-
ivity of epoxy composites with two kinds of hybrid filler system
ere higher than epoxy composites with a single filler. Further-
lized BN, (c and e) 25 vol% pristine BN and 1 vol% pristine MWCNTs, (d and f) 25 vol%

more, the thermal conductivity of BN/epoxy composites increased
significantly when the BN loading exceeded 20 vol% BN (Fig. 8),
whereas adding 10 vol% BN and 1 vol% MWCNTs of hybrid filler
enhanced thermal conductivity (Fig. 9). Two factors were proposed
to explain the enhancement of thermal conductivity. First, high
thermal conductivity and aspect ratio of MWCNTs could easily
form thermal transfer pathway. Second, those results in Figs. 7–9
pointed out that for adding 1 vol% functionalized MWCNTs, ther-
mal conductivity enhancement ratio is 141.27%; for adding 25 vol%
functionalized BN, thermal conductivity increased to 188.88%.

Further, by adding both 25 vol% functionalized BN and 1 vol% func-
tionalized MWCNTs together, thermal conductivity increased to
699.74%. Thermal conductivity of composites containing MWCNT
and BN was existed to the synergistic effect. The hybrid filler sys-
tem improved heat conduction with three-dimensional networks,
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Fig. 7. Thermal conductivity of epoxy composites with various types of MWCNTs
(the symbol represents the thermal conductivity; the bar represents the enhance-
ment ratio).

Fig. 8. Thermal conductivity of epoxy composites with various types of BN.

Fig. 9. Thermal conductivity of epoxy composites with various types of hybrid filler.
Fig. 10. The curing reaction of epoxy and epoxy composites by non-thermal DSC.

and shows a positive effect on the thermal conductivity of compos-
ites. In addition, it was postulated that the heat transfer network
was the critical factor in the intrinsic thermal conductivity of filler
and filler content [1]. Further, by increasing functionalized BN con-
tent to 20 vol% and 1 vol% functionalized CNT, the synergistic effect
was obvious with an extra increase of 52.81% and a whooping
168.44% with 25 vol% functionalized BN and 1 vol% functionalized
MWCNTs, which however increased to 165.40% for 30 vol% func-
tionalized BN and 1 vol% functionalized MWCNTs. The synergistic
effect of the hybrid filler produced high thermal conductivity in
hybrid filler/epoxy composites, making it possible to reduce the
volume of inorganic filler in the epoxy matrix. Fig. 9 indicates
that the thermal conductivity of composites with functionalized
hybrid filler is higher than that of composites with pristine hybrid
filler.

This study utilized SEM (Fig. 6) and DSC (Fig. 10) to determine
the improvement of interfacial interaction and wettability between
filler and epoxy matrix, and dispersion of the filler. Comparing the
DSC curves of epoxy composites with pristine hybrid filler and func-
tionalized hybrid filler revealed that the enthalpy (�H) of the curing
reaction of the pristine hybrid filler system was weaker than that of
functionalized hybrid filler system. Moreover, the maximum curing
temperature dropped with the addition of filler. These phenom-
ena indicate the steric hindered effect of filler on epoxy curing.
There is no covalent bonding between hybrid filler and epoxy, and
the interfacial interaction between the hybrid filler and epoxy was
weak. However, the reactive sites of the functionalized hybrid filler
reacted with the epoxy during the curing process. This increased
the �H of the functionalized hybrid filler system, and implied that
adding functionalized hybrid filler decreased the free volume of
composite material. Moreover, this factor also led to an effective
reduction in the resistance of the thermal interface. The schematic
chemical interactions of functionalized BN and MWCNTs/epoxy are
illustrated in Fig. 11. Fig. 11(a) shows that the amine groups on
the BN surface participate in the opening ring reaction with epoxy,
leading to the formation of an ester and an OH group [12]. The
epoxide rings of functionalized MWCNTs first reacted with amine
curing agent, and then cross-linked with the other epoxy groups

(Fig. 11(b)). Moreover, the amine group of BN and the epoxide group
of MWCNTs had a possibility to react (Fig. 11(c)).

The findings from the thermal, FTIR, and morphology results
above revealed the reasons for the improvement in the thermal
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Fig. 11. Reaction scheme for function

onductivity of composites containing hybrid filler, and illus-
rated how the chemical modification of the hybrid filler surface
ffected thermal conductivity. The surface functionalization of filler
mproved the dispersion and chemical bonding of epoxy matrix
nd filler, and was able to reduce the thermal interfacial resistance.
oreover, hybrid filler was easily able to form a thermal conduc-

ive network, which was a practical means to increase thermal
onductivity.

. Conclusions

This study used various inorganic fillers including BN and MWC-
Ts with surface functionalization, alone or in combination, to
repare epoxy composites. The surface of MWCNTs was func-
ionalized by free radical polymerization of GMA, and BN was

odified with a zirconate coupling agent to improve the inter-
acial interaction. Results showed that the thermal conductivity
n the hybrid filler composites were higher than that of single
ller composites, due to the synergistic effect of the hybrid filler.

he thermal conductivity of epoxy composite containing 30 vol%
odified BN and 1 vol% functionalized MWCNTs was 1.91 W mK−1,
hich was higher than that of epoxy composite with 30 vol% pris-

ine BN (0.95 W mK−1), epoxy composite with 30 vol% pristine
N and 1 vol% pristine MWCNTs (1.12 W mK−1) and neat epoxy

[

[
[

BN and MWCNTs with epoxy matrix.

(0.18 W mK−1). DSC analysis confirmed the reaction conversion
and molecular confinement between epoxy and filler. The �H of
epoxy composites with 25 vol% pristine BN and 1 vol% MWCNTs
(63.3 J g−1) was lower than that of neat epoxy (129.0 J g−1), because
the presence of inorganic filler hindered the mobility of the reac-
tive species. However, the �H of epoxy composites with 25 vol%
modified BN and 1 vol% functionalized MWCNTs (120.8 J g−1) was
comparable to that of neat epoxy, due to the fact that the reactive
groups on the modified filler surface were able to bond chemi-
cally with the epoxy matrix, leading to a reduction in the thermal
interfacial resistance.
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