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ABSTRACT

Alumina particles were incorporated in poly(dimethyl siloxane) (PDMS) matrix in company with
multiwalled carbon nanotube (MWCNT) for improving the thermal and electrical conductivities. The
concentration of MWCNT was increased from 0 to 10 wt% to PDMS at fixed amounts of alumina (200
and 300 wt% to PDMS). Thermal conductivity of PDMS composites was increased with the increasing
amount of MWCNT and the excellent dispersibility of the incorporated pristine MWCNT was achieved.
Thermal and electrical conductivities of the composites were increased with the increasing concentration
of the alumina because the alumina particles help disperse MWCNT within the PDMS matrix due to the
ball milling effect during compounding. The properties of the alumina and MWCNT incorporated PDMS
composites were investigated in terms of the curing characteristics, electrical conductivity, and thermal
conductivity. The MWCNT/alumina incorporated composite showed the high electrical conductivity to

Electrical conductivity

the level of the semiconductor.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As the conducting filler, carbon nanotube (CNT) is widely used
not only for enhancing the conducting behavior but also for rein-
forcing the mechanical properties of composites. Since the CNT
shows the extremely high thermal and electrical conductivity, and
mechanical strength, a great attention has been paid to the appli-
cation of CNT in electronics [1-4]. As the electronic devices need
multifunction and high performance in a limited size, the thermal
management of products has become more important. For exam-
ple, a small difference in operating temperature in the order of
10-15°C can result in a two-fold reduction in the life time of a
device [5]. CNT has the one-dimensional unique structure which
enables the composites filled with CNT to have low percolation
threshold concentrations [6,7]. By using these characteristics, CNT
incorporated composites show the enhancement of thermal con-
ductivity even at low concentrations [8-10].

Many researchers have been used the metal oxides, metal and
ceramics such as alumina (Al,03), diamond, silicon carbide (SiC),
and the zinc oxide (ZnO) as the thermal dissipative filler in the
composite materials [11]. Goh et al. prepared the Al,03 and ZnO
filled silicone rubber where about 70% of the thermal conductiv-
ity enhancement was achieved at 10 vol% of the filler loading [12].

* Corresponding author. Tel.: +82 32 860 7475; fax: +82 32 872 0959.
E-mail address: seshim@inha.ac.kr (S.E. Shim).

0040-6031/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2010.08.019

Kou et al. explored the effect of the particle size of alumina on
the thermal conductivity of silicone rubber. Thermal conductivity
of the prepared composite was improved with alumina particles
with a smaller diameter at the same volume fraction [13]. Kim et
al. reported the linear increase of thermal conductivity of water
and ethylene glycol containing the alumina, zinc oxide, and tita-
nium dioxide. [14]. The improvement of thermal conductivity has
been explored for various systems including boron nitride (BN) in
polyethylene matrix, ZnO in silicone rubber, metal oxide fillers in
ethylene vinyl acetate (EVA) for the solar cell, modified ZnO in EVA,
and ZnO in ethylene glycol [15-19]. Silicone rubber-based thermal
interface materials with nanofillers have been widely used inindus-
trial applications including power supplies, automotive electronics,
motor controls, and power semiconductors due to their weather
resistance, impact resistance, unusual flexibility, easy processing,
chemical resistance, and temperature resistance [20].

The thermal conductivity of the CNT incorporated composites
was also explored for their unique one-dimensional structure. Fan
et al. showed the tremendous effect of CNT alignment on the ther-
mal conductivity. When the CNT was aligned in a single direction,
the composite material showed the excellent thermal conduction
behavior [21]. They also reported the length effect of CNT where
the thermal conductivity was the highest when the length of CNT
was shortened below 1 wm [22]. Also, it has been found that the
thermal conductivity of acid-purified CNT-loaded composites was
higher than that of pristine CNT [23]. This effect of the purifica-
tion and dispersions of CNT on the thermal conductivity of polymer
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composites have been investigated by several researchers [24-28].
As discussed above, the enhancement of the thermal conductivity
of polymer composites using CNT is an attractive research area.

In this work, alumina was incorporated together with the pris-
tine MWCNT in poly(dimethyl siloxane) (PDMS; silicone rubber)
matrix. The fabricated PDMS composites showed much improved
thermal conductivity and electrical conductivity. Incorporated alu-
mina particles induce the dispersive mixing of CNT by means of
high shear generated among the alumina particles. With the high
loading of alumina, CNT was spatially well distributed in the inter-
stitial space to easily form the thermal and electrical conduction
pathways. Curing behavior and the rheological properties were also
investigated.

2. Experimental
2.1. Materials

PDMS (Mw = 674,000 g/mol, 0.1 mol% vinyl group) was supplied
from KCC Co., Korea. MWCNT (Hanwha Nanotech Co. Ltd., Korea)
synthesized via a chemical vapor deposition (CVD) method has
more than 95% purity. The diameter of MWCNT was 10-50 nm
and the length was 10-50 wm, respectively. The aspect ratio
was approximately 1000. Two kinds of alumina (DAW-10 and
DAW-45) purchased from Denka Co., Japan, have the median
diameter of 10 and 45 p.m, respectively. 2,5-Bis(tert-butylperoxy)-
2,5-dimethylhexane (DHBP; Akzo Nobel, The Netherlands) was as
a curative.

2.2. Compounding

The compounding of PDMS was accomplished by using a plan-
etary mixer (PTD-001, DNTEK Co. Ltd., S. Korea) and a two-roll
mill. Aluminas with 10 and 45 pm in diameters were first mixed
with a 1/1 (w/w) ratio. Then the appropriate amount of the pristine
MW(CNT was mixed with the alumina for the distributive mixing.
100 g of PDMS was charged into the chamber of the planetary mixer.
The each one third of the filler was added in every 30 min at 30 rpm.
After the incorporation of all amounts of the fillers, the rotation
speed of the impeller was increased from 30 to 100 rpm, then kept
for 3 h at room temperature. After the additional mixing at 30 rpm
for 1h, the compound was discharged and roll-milled for 3 min
prior to vulcanization. Compounded PDMS was additionally roll-
milled with 1 wt% DHBP to PDMS. After the incorporation of the
curing agent, the uncured composite was placed on the mold and
vulcanized at 170°C for 10 min using a hot press. The pressure of
the press was 17.2 MPa.

2.3. Characterization

A scanning electron microscopy (SEM) (S-4300, Hitachi) was
used to observe the morphology of MWCNT and prepared compos-
ites. In order to investigate the dispersibility and the wettability
of MWCNT and alumina in the PDMS matrix, the prepared PDMS
composite was cryogenically fractured. Thermal conductivity of
prepared silicone pads was measured using QTM-500 (Kyoto Elec-
tronics, Japan). QTM-500 measures the thermal conductivity of
thick and thin samples quickly by employing a hot wire method.
When the electric power is applied to the heating wire, the tem-
perature of wire rises with the time. Then the thermal conductivity
is given by

5 _ 4-In(e/t)
T 4An(T, - Ty)

where A refers to the thermal conductivity of the sample and q is
the generated heat per unit length. T and t are the temperature and

Table 1
Thermal conductivity of alumina and MWCNT incorporated PDMS composites.

MWCNT (wt% to PDMS) Thermal conductivity (Wm~' K1)

200 wt% alumina to 300 wt% alumina

PDMS to PDMS
0.0 0.590 0.855
0.2 0.611 0.884
0.5 0.614 0.891
1.0 0.655 0.931
2.0 0.705 1.004
5.0 0.786 1.142
10.0 0.867 n/a

time, respectively. Curing and rheology tests were performed on a
Rubber Process Analyzer (RPA 2000, Alpha Technologies, USA) by
following ASTM D6204-99. In order to remove adsorbed water in
the compounds, the uncured compounds without the curative were
dried at 80°C for 24 h in the vacuum oven prior to the rheological
test. It is noted that the adsorbed moisture is vaporized during the
measurement in the hot biconical die, resulting in misleading data.
The electrical conductivity of the composites was determined by a
resistivity meter (Loresta-GP, Mitsubishi Chemical Co., Japan).

3. Results and discussion

The composition of the fabricated composites and their mea-
sured thermal conductivity are given in Table 1. It is noted that roll
milling was impossible for a 10 wt% MWCNT/300 wt% alumina to
PDMS content because the compound was too stiff and fragile. Fig. 1
shows the SEM microphotographs of the cryogenically fractured
PDMS composite filled with 200 wt% alumina to PDMS and without
MWCNT, observed at different magnifications. The critical concen-
tration for percolation of spherical particles in polymer matrices is
known to be around 15 vol%[29]. In Fig. 1(a), spherical alumina par-
ticles show the dense packing within PDMS. The dense packing of
thermally conductive filler in the matrix is very important because
it provides the effective pathway for the phonon movement in
an insulator. Fig. 1(b) shows the morphology of good wettability
between alumina particles and PDMS. This good wettability orig-
inates from the hydrogen bonding interaction at the interface. It
is well known that metal oxides have abundant hydroxyl groups
on their surfaces and these hydroxyl groups can bring about the
hydrogen bonding with oxygen atoms in PDMS main chains [30].

Fig. 2 displays the thermal conductivity of the composites filled
with 200, 210, and 300 wt% alumina to PDMS and various amounts
of MWCNT. The thermal conductivity of the MWCNT incorporated
composites was progressively increased with increasing concen-
tration of MWCNT up to 10 wt% to PDMS at the same concentration
of alumina. As the thermally conductive filler, alumina increases
the thermal conductivity of the composites without the addition of
MWOCNT. Thermal conductivity of 200, 210 and 300 wt% alumina to
PDMS incorporated PDMS was 0.590, 0.623 and 0.855Wm~1 K1,
respectively. After the incorporation of MWCNT, the thermal con-
ductivity of the composite shows the high value after 1.0 wt%
MWCNT loading relative to PDMS. At 10 wt% MWCNT with 200 wt%
alumina to PDMS, the thermal conductivity of the composite was
0.867Wm~1K-1. This value is 47% higher than that of 200 wt%
alumina incorporated PDMS. At the same weight of total filler con-
tent of 210 wt% to PDMS, the PDMS composite filled with 200 wt%
alumina/10 wt% MWCNT to PDMS has a 40% higher thermal con-
ductivity than that of the 210 wt% alumina only filled composite.
Bahr et al. reported that the lowering of the percolation thresh-
old when CNT was dispersed together with the insoluble plastic
particles in CNT dispersed solution [31]. Both 200 and 300 wt% alu-
mina to PDMS incorporated composites show about 3,4, 10, 20, and
33% of the thermal conductivity enhancement at 0.2, 0.5, 1, 2, and
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Fig.1. SEM microphotographs of 200 wt% alumina to PDMS incorporated composite
at (a) low and (b) high magnifications.
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Fig. 2. Thermal conductivity vs MWCNT concentration with 200 wt% (O) 210 wt%
(A)and 300 wt% () to PDMS-alumina incorporated PDMS. Inset presents the initial
slopes at low concentrations of alumina.
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Fig. 3. SEM microphotographs of 200 wt% alumina and 5wt% MWCNT to PDMS
incorporated PDMS at (a) low and (b) high magnifications.

5 wt% MWCNT to PDMS incorporation, respectively. For comparing
the increase in the thermal conductivity, a simple linear regression
was applied. The slope of the composites filled with the 300 wt%
alumina to PDMS has a higher value than that of 200 wt% alumina
filled systems. The initial slopes (inset to Fig. 2) are much higher
because the thermal conductivity of the composite can be increased
with the incorporation of small amount of MWCNT. The more alu-
mina particles in the PDMS matrix offer the lower vacancy which
can be filled with the PDMS matrix at the same volume. Conse-
quently, MWCNT can easily make the three-dimensional network
at the high amount of the alumina and the slope of thermal con-
ductivity as a function of the amount of the MWCNT was higher at
300 wt% alumina to PDMS filled composites than 200 wt% alumina
filled composites.

Fig.3(a) and (b) shows the morphology of the cryogenically frac-
tured composite with 5wt% MWCNT/200 wt% alumina to PDMS
at low and high magnifications, respectively. The composite was
soaked in the liquefied nitrogen before the fracture. As shown in
Fig. 3, MWCNT between the alumina particles was well-dispersed
in the PDMS matrix and it gives a pathway for the heat conduc-
tion between the alumina particles existing in PDMS. The viscosity
and modulus jumped when the MWCNT was incorporated in the
PDMS-alumina composites. Song and Youn showed the rise of
complex viscosity at the CNT/epoxy composites [32]. Because the
shearing force of the composites is proportional to the viscosity
of fluid, fine dispersion of the MWCNT was accomplished during
the compounding process. Shimizu et al. reported the fabrication
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Fig. 4. (a) Cure curves of 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 wt% MWCNT to PDMS incor-
porated PDMS containing 200 wt% alumina to PDMS at 170 °C. (b) Scorch time (T'10)
vs MWCNT concentration.

of homogeneous dispersion of MWCNT in the thermoplastic elas-
tomer via high shear processing [33]. Fig. 3(b) displays the MWCNT
dispersion within the PDMS matrix around the alumina particles.
Even though MWCNT was incorporated without a prior treatment,
the MWCNT in the composite shows the excellent dispersion in the
PDMS matrix. The high shear and the ball milling effect from the
alumina particles promote the dispersion of MWCNT.

Curing test of the composites containing 200 wt% alumina to
PDMS with various amounts of MWCNT was performed using the
RPA2000®. In Fig. 4(a), the maximum torque of the composites was
proportional to the amount of MWCNT. Especially, the maximum
torque jumped above 2.0 wt% MWCNT to PDMS contents, possi-
bly originating from the formation of network structure among
MWCNTs. Due to the reinforcing effect of the MWCNT in various
polymer-based nanocomposites [34,35], the maximum torque of
the composites was naturally increased. In MWCNT and alumina
incorporated PDMS nanocomposites, the reversion (the decrease
of torque with time) is not observed for prolonged time span
because PDMS has excellent thermal stability at a high tempera-
ture. Angelini and coworkers reported the reduction of scorch time
as increasing amount of MWCNT but there was no clear explanation
[35]. In this experiment, the T'10 (the time to achieve 10% cure of
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Fig. 5. Storage modulus (top) and complex viscosity (bottom) of MWCNT and
200 wt% alumina to PDMS incorporated PDMS composites with different concen-
trations of MWCNT.

the maximum torque) was decreased until the amount of MWCNT
reached to 10 wt% to PDMS (Fig. 4(b)). The heat supplied from the
surface of the composites can easily penetrate into the center of the
composites with enhanced thermal conductivity from the MWCNT
loading. Eventually, the crosslinking reaction starts fast, resulting
in the reduction in T'10 at the similar maximum torque from O to
10 wt% MWCNT to PDMS. At 10 wt% MWCNT incorporation relative
to PDMS, the curing reacting instantly starts upon applying heat.
For measuring the dynamic properties of the composites, Rub-
ber Process Analyzer (RPA 2000) with a biconical die containing
two cone shaped dies was employed. Fig. 5(a) and (b) shows the
storage modulus and complex viscosity, respectively. The rheo-
logical properties of the composites were obtained in a frequency
sweep mode at 100 °C with 0.2° strain. In Fig. 5(a), the storage mod-
ulus of the composites was increased with the increasing MWCNT
for the 200 wt% alumina to PDMS incorporated PDMS. Due to the
high aspect ratio and surface area of the MWCNT, the composites
can easily form the percolated conformation. The filler-filler and
filler-fluid interactions are increased with increasing filler con-
tents and the storage modulus increases. For higher than 2 wt% to
PDMS loading of MWCNT, the storage modulus of the composites
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shows a plateau region at low shear rates. This behavior is similar
to that of a crosslinked network. The networks from the connection
between polymer chain and filler prevent the long range conforma-
tional changes and consequently the composite shows the solid like
behavior [32,36]. Complex viscosity of the composites as a function
of shear rate is displayed in Fig. 5(b). Newtonian behavior in the
viscosity is only observed for composites containing MWCNT less
than 1.0 wt% to PDMS. Above 1.0 wt% MWCNT to PDMS contents,
the PDMS composites filled with alumina and MWCNT exhibit non-
Newtonian behavior. 5.0 and 10.0 wt% MWCNT filled PDMS showed
the behavior of power law fluids. Similar to the storage modulus,
the high aspect ratio and large surface area of MWCNT offer the
interactions with the PDMS polymer chains.

The electrical behavior of the composites was explored by
measuring the electric conductivity. The electrical conductivity
of the MWCNT incorporated polymers has been investigated by
many researchers. Winey and Chauver showed the improve-
ment of electrical conductivity for the single walled carbon
nanotube (SWCNT)/poly(methyl methacrylate) (PMMA) nanocom-
posites. The electrical conductivity of the SWCNT/PMMA composite
was increased with the small amount of SWCNT (0.5 wt% [37] and
2vol% [6]) up to about 10~ Sm~1. Schulte reported the electrical
conductivity of the CNT/epoxy composite using the different types
of CNT. The electrical conductivity of the composites was highest
at the unmodified CNT [38]. The electrical conductivity of the pure
PDMS is 1015 S -1 [39]. The electrical conductivity of PDMS was
raised up to 10~1S -1 at the 4.5 wt% incorporation of carbon black
[40]. The electrical conductivity of the alumina/MWCNT incor-
porated PDMS composites is represented in Fig. 6. The electrical
conductivity of the alumina/MWCNT incorporated PDMS compos-
ites was dramatically increased with the increment of the amount
of MWCNT. In Fig. 6, the electrical conductivity of the compos-
ite was higher than 100S ~! (the unit of electrical conductivity is
Scm~1inFig. 6) for 5 wt% MWCNT/300 wt% alumina to PDMS incor-
porated composite. The higher content of alumina leads the higher
electric conductivity at the same concentration of the MWCNT.
Considering that alumina is an insulating material, the improved
electrical conductivity for higher contents of alumina is ascribed to
the fine dispersion of MWCNT in PDMS matrix. With low intersti-
tial area at the high amount of alumina may cause the formation of
three-dimensional network of MWCNT, resulting in the significant
elevation of electrical conductivity.

4. Conclusion

In order to investigate the effect of electrically insulating
particulate filler in PDMS/MWCNT composites, alumina particles
were incorporated and their thermal conductivity, dispersion uni-
formity, rheological properties, curing properties, and electrical
conductivity were characterized. The thermal, electrical, and rhe-
ological behaviors of the alumina/MWCNT filled PDMS composites
were significantly affected with increasing filler concentration.
Especially, the thermal and electrical conductivity of the compos-
ites were dramatically increased with the increment of MWNCT at
high loadings of alumina particles. The SEM morphology showed
that MWCNT was finely dispersed throughout the PDMS matrix due
to the additional ball milling effect by alumina particles. Although
the alumina particles assisted the dispersion MWCNT in PDMS
matrix, an abrupt increase in thermal and electrical conductivity
was not observed at the low concentration of MWCNT. However,
the maximum torque from the curing test, storage modulus, and
viscosity of the alumina (200 wt% to PDMS)/MWCNT filled PDMS
compounds jumped after 2.0wt% MWCNT to PDMS loading. It
is thought that the addition of electrically insulating hard par-
ticles may help disperse MWCNT in PDMS matrix. Finally, the
MWCNT/alumina incorporated composites show the high electrical
conductivity to the level of the semiconductor.
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