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bstract

Silicone/expanded graphite (EG) composites were prepared by melt mixing and solution intercalation. The effect of EG content and preparation
ethods of composites on thermal conductivity of composites were investigated, and it was found that with increasing EG, the thermal conductivity
ncreased, and solution intercalation method showed better effect than melt mixing method in improving the thermal conductivity of composites.
ynamic mechanical analysis (DMA) was used to reveal that the storage modulus (E′) of SI-prepared composite is relatively greater than those
f MM-prepared composite counterparts. The scanning electron microscopes (SEM) observation confirmed that striking increase of thermal
onductivity might be attributable to higher surface-to-volume ratio of EG fillers.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since1987 the nylon 6/layered silicate nanocomposites were
rst prepared by intercalation polymerization in, the research
nd applications of layered silicate nanocomposites have made
reatly progress. Layered silicates such as montmorillonite can
e homogeneously dispersed in a polymer matrix in nanosheets
o improve the desirable properties of the matrix and even gen-
rate new properties that cannot be derived from conventional
omposite counterparts. Layered silicates usually have very high
spect ratios (width-to-thickness). Once uniformly dispersed
n a polymer matrix, properties of the polymer can be largely
mproved and some of them may not be shared by conventional
omposite counterparts [1–4].

Graphite is a layered mineral composed of weakly bonded
raphene sheets with a large aspect ratio. It consists of a large
umber of graphene sheets held together by van der Waals
orces. Single crystal graphite is one of the stiffest materials
n nature with an elastic modulus of over 1 TPa, which is many

imes greater than nanoclay. Unlike clay, graphite is thermally
nd electrically conductive. It also has a lower density than clay.
xpandable graphite, which is composed of natural graphite
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ake intercalated with acid, can be expanded up to hundreds
f times over its initial volume at high temperature, resulting
n separation of the graphene sheets at the nanoscopic level
long the c axis of graphene layers [5–7]. During the last several
ears, a number of papers have studied on material preparation
nd characterization of various polymer nanocomposite systems
einforced with expanded graphite (EG) [8–12].

Natural graphite has excellent electrical and thermal con-
uctivities. However, when it is mixed with polymers to make
omposites, its properties are generally reduced greatly [8]. To
nd a new method of preparing composites while keeping these
roperties as excellent as possible is always an interesting project
n material science.

In view of the successful preparation of layered sili-
ate nanocomposites by solution or melt intercalation, we
ttempted in this study to prepare silicone/EG thermal conduct-
ng nanocomposites by solution intercalation, in contrast to the
onducting composites prepared by normal melt mixing.

. Experimental
.1. Materials

Methylvinylsilicone gum (Mn 5.8 × 105; mole content of
inyl group, 0.15%), silica and 2,5-bis(tert-butyl peroxy)-
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,5-dimethyl hexane(DBPMH) were supplied by Chenguang
nstitute of Chemical Industry (Chengdu, China), Cabot China
td. (Shanghai, China) and Tianjin Akzo Nobel Peroxides Co.
td. (Tianjin, China), respectively. The graphite used in this
tudy was expandable graphite with an average diameter of
00 �m and an expanded volume of 250 mL/g, supplied from
handong Pingdu Jiaodong Graphite Co. (Qingdao, China).

.2. Sample preparation

The expandable graphite was placed in an oven at 950 ◦C for
apid expansion and exfoliation to obtain the expanded graphite
EG).

.2.1. Melt mixing (MM) method
Methylvinylsilicone gum, silica, EG and some other additives

ere rolled on a twin-roller at room temperature for certain time,
ollowed by compression molding at 190 ◦C and 9.8 MPa for
0 min to obtain 120 mm × 40 mm plates with a thickness of
mm.

.2.2. Solution intercalation (SI) method
The EG was dispersed in toluene to prepare a suspending dis-

ersion with certain EG content. The methylvinylsilicone gum
as dissolved in toluene by heating to a backflow temperature
f toluene (about 100 ◦C). The EG suspending dispersion was
dded drop by drop into the methylvinylsilicone gum solution
t the backflow state. After a backflow of 2 h, on cessation of
eating, a portion of toluene was extracted under vacuum dur-
ng the cooling process. Then resultant mixture was dried under
acuum. The resulting gum composites were pressed under the
ame conditions to obtain plates as in the MM method.
.3. Characterization

Thermal conductivities of silicone rubber were tested with
thermally conductive probe instrument RTC-C (Fig. 1)

Fig. 1. Schematic diagram of thermally conductive probe instrument.
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Ronghua Electronic Instrument Manufacture Co. Ltd., Jiangsu,
hina) by the stable state method, which was fabricated accord-

ng to the ASTM D-5470. The size of specimen is 13.0 cm in
iameter and 0.20 cm in thickness. Measurements were carried
ut by heating the heater blocks up to 100 ◦C, with the ther-
al pads clamped in between the two calorimeters in order to

roduce an average specimen temperature of 50 ◦C. For this, a
hiller plate with circulating water at a temperature of 26 ◦C was
laced above the cooling calorimeter to create a thermal gradient
rom the heating calorimeter to the cooling calorimeter. During
easurements, an onset pressure of 1 bar was applied to reduce

he effects of contact resistance between the specimen and the
alorimeters due to minor surface irregularities. Readings from
he thermocouples are recorded when equilibrium is achieved,
hereby two successive set of temperature readings are taken at
5 min interval, shows a difference of ±0.1 ◦C. The thermal con-
uctivity of the thermal pads were calculated from the Fourier’s
aw, as is shown in Eq. (1), based on the assumption that the heat
ow is one-dimensional in the perpendicular direction, and no
eat loss occurs in the lateral direction:

= Qh

A(Thot int − Tcold int)
(1)

here K is the thermal conductivity of thermal pads
W m−1 K−1), the average heat flux (Q) is the amount of heat
enerated by two cartridge heaters, Thot int the interface tem-
erature of the heating calorimeter (K), Tcold int the interface
emperature of the cooling calorimeter (K), A the surface area of
ested thermal pads (m2), and h is the thickness of thermal pads
m).

The average heat flux (Q) is the amount of heat generated
y cartridge heaters, while the interface temperature for both
he heating and cooling calorimeter were extrapolated from the
emperature gradients obtained from the thermocouples embed-
ed in each of the calorimeter block. The thicknesses of the
hermal pads (h) were measured using a digital camera, with pin
uides embedded in the calorimeter blocks as guidelines.

The storage modulus of the samples was measured in the
ertical mode using a dynamic mechanical analyzer (DMA
42, NETZSCH Instruments) at a fixed frequency of 1 Hz. The
ample dimensions were 20 mm × 8 mm × 2 mm. The sample
as tested with a temperature ranging from −130 ◦C up to

oom temperature at atmospheric pressure and a heating rate of
◦C/min.

Morphological observations on the thermal conductive sili-
one rubber were done using the field emission scanning electron
icroscope (FE-SEM), JEOL JSM-7600F. In order to study the
ller distribution and morphology, observations were carried out
n the tensile broken surface of EG filled thermal conductive
ilicone rubber.

. Results and discussion
.1. Thermal conductivity

Fig. 2 represents the variation of the thermal conductivity of
ilicone/EG composites, prepared by the MM and SI methods,
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ig. 2. Thermal conductivity vs. fraction of expanded graphite for silicone/EG
omposites prepared by two methods at 50 ◦C.

s a function of filler content. With the increase of EG con-
ent the thermal conductivity of silicone/EG composites were
mproved greatly. It was clearly that SI-prepared composite
howed higher thermal conductivity than MM-prepared com-
osite with the same filler content. The thermal conductivity
f SI-prepared silicone/EG is 0.32 W m−1 K−1 at 9 per hun-
red rubbers (phr), whereas the MM-prepared composite was
nly 0.24 W m−1 K−1, which is the conductivity level similar to
I-prepared composite at 4 phr.

.2. Dynamic mechanical properties

Fig. 3 shows the sample of the storage modulus E′ for sil-
cone/EG composites at 10 phr EG content as a function of

′
emperature. It can be found that the log E values of SI-prepared
omposite are relatively greater than those of MM-prepared
omposite counterparts, that is, the reinforcement effect for
he SI-prepared composite is more dramatic than that for the

ig. 3. Plots of storage modulus at 10 phr EG content as a function of temperature
or samples.
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M-prepared composite. The results also demonstrate that the
ntercalation may restrict the flexibility of silicone molecular
hains as well as increase the stiffness of the composite, result-
ng in the enhancement of the storage modulus. It is understood
hat the good dispersion of EG in silicone matrix could enhance
he surface-to-volume ratio of EG and interfacial factors, which
ould on the whole contribute to potent stiffening effect for the
omposites.

It has been reported that there exists a correlation between
he conductive network formation and the stiffening effect
rising from the EG dispersion in the polymer solution [13].
rom the above analysis, it is clear SI-prepared silicone/EG
omposites exhibits superior mechanical integrity in compar-
son with MM-prepared silicone/EG composites. It can be
nderstand that the conductive network will reach faster for
I-prepared composites than for MM-prepared composites at
ame EG content, which is accordance with the results of
ig. 2.

.3. Morphology and internal microstructure

The expandable graphite used was a kind of graphite interca-
ation compound (GIC), fabricated from natural flaky graphite
NFG) through chemical oxidation in the presence of con-
entrated sulfuric acid and nitric acid. The NFG is composed
f layered, but compactly fastened nanosheets of graphite
Fig. 4(a)). The GIC differs from the NFG and is itself a
anocomposite, containing intercalating agents and character-
zed by increased interplanar spacing. The EG obtained by rapid
eating of the GIC had much greater interplanar spacing than
hat of GIC, and thus emerged in a loose and porous vermic-
lar shape. Its structure is basically parallel boards and sheets,
hich deform and collapse in an irregular pattern and then form
network-like structure with many pores of varied sizes, rang-

ng from nanoscale to microscale (Fig. 4(b)–(d)). Fig. 4b reveals
he loose structures of expanded graphite whereas Fig. 4(c) and
d) displays the photomicrographs of the loose structures in
uccessively larger magnifications. Evidently, loose structures
ontaining multi-pores in the EG could be observed in Fig. 4(c).
or the EG prepared by the chemical method, the average pore
iameter is about 2 mm. The surface area per gram is roughly
0–40 m2/g and the pore volume is about 4–8 mL/g [14,15].
ig. 4(d) also suggests the thickness of the EG layer is less

han 100 nm. Thus, the galleries between the nanosheets of EG
nd pores in the EG network provide a larger space and can be
asily intercalated by suitable monomers, catalysts, and even
acromolecules.
Fig. 5 shows the SEM photographs of silicone/EG (10 phr)

omposites prepared by the two methods. It can be seen by
omparison of Fig. 5(a) with Fig. 4(b)–(d) that the internal
tructure of EG in the composites prepared by the SI method
as roughly identical to that of the original EG (i.e., they
oth emerged in a network structure), but the pore size and

he board thickness in the former were larger and thinner than
hose in the latter. This suggests that, EG becomes solid after
ntercalating and can basically maintain its original network
tructure during compression molding. It can be observed from
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Fig. 4. SEM photomicrographs of (a) natural flake graphite, (b) expanded graphite (EG), (c) EG at higher magnification, and (d) abundant multipores with an
i
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nterlayer thickness less than 100 nm are revealed in EG [13].

ig. 5(b) that the original long vermicular EG was fragmented,
nd most of the multi-pores in EG had been filled by the
ilicone molecules. At the interfacial regions, good contacts
xist between the matrix polymer and the EG filler, indicat-
ng strong polymer–filler interactions. Moreover, because the
ntercalation of silicone can promote the exfoliation of graphite
oards and sheets as well as enlarge the space between them,
he EG/silicone network formed had a larger size and finer
tructure (Fig. 5(c)) than those of the original EG network, char-
cterized by a greater aspect ratio of the sheets and boards.
owever, pronounced changes in the internal structure of EG

ook place in the composite prepared by the MM method
Fig. 5(d)). The boards and sheets of graphite were severely bent
nd bundled and both the interplanar space and the pore sizes
bviously diminished. This means that the original EG network
as largely destroyed under stress because of the absence of

ilicone.
The SEM observations mentioned earlier revealed the dif-
erences in the morphology and internal microstructure of the
ilicone/EG composites prepared by two methods from differ-
nt structure levels. It can be concluded that the nanocomposites
repared by solution intercalation had multiple network struc-

p
E
a
F

ure, which was composed of the particles, the boards or sheets,
nd the nanosheets with different scales. On the contrary, there
ere no such multiple networks existing in the normal com-
osites prepared by melt mixing. This can be attributed to the
act that during solution intercalation, the silicone molecules
an more sufficiently intercalate the pores and galleries of EG
hrough the solvation effect of toluene, the physical absorption
f EG pores, driven by the solution flow at the boiling state
nd the extraction under vacuum. Moreover, as the intercala-
ion process proceeded, the graphite boards and sheets might
e further delaminated and exfoliated, which would allow more
ilicone molecules to intercalate and enlarge the space between
hem. Thus, the intercalated silicone can support, improve,
nd solidify the formed EG/silicone network, thus preventing
he network from destruction under stress. Compared with the
ase mentioned above, the silicone molecules that entangled
ach other in the highly viscous melt cannot intercalate the
pacing between the sheets of EG under shear stress or com-

ression; at most, they can infiltrate only the larger pores of
G. Consequently, the original EG network was destroyed to
large extent under the stress, which have been proved by

ig. 5(d).
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Fig. 5. SEM micrographs of silicone/EG (10 phr) composi

.4. Formation of thermal conducting paths

The electrically conducting mechanism of polymer com-
osites is associated with one key question: how to form the
onducting paths [16]? Since the thermal conduction system
as some analogy with the electric conduction system, it can
e found that the formation of the thermal conductive paths
s great of importance. In previous studies, it has been proved
hat the more conductive particles the more conductive paths
an be formed. But if we can obtain more thermal conductive
arts with the same particles content, i.e., get higher thermal
onductivity with lower volume content of filler, the contradic-
ion between high thermal conductivity and good processing
ehavior can be solved in certain degree. In fact, the dispersed
orphology of thermal conducting fillers in polymer matrices

reatly depends on geometrical factor of filler. Hence, the for-

ation mechanism of thermal conducting paths is related to

he fact that the conducting filler particles with different mor-
hologies and internal microstructures can form the paths by
istinct ways or patterns. For the silicone/EG conducting com-

d
t
c
p

pared by solution intercalation (a–c) and melt mixing (d).

osites investigated in this study, according to their thermal
onductivity—filler content relations as shown in Fig. 2, EG
ith different morphologies and internal microstructures can be

ntroduced to focus on the formation mechanism of conducting
aths. The models illustrated in Fig. 6 can be used to interpret
t.

For the nanocomposites prepared by solution intercalation
Fig. 6(a)), the EG particles with a large surface-to-volume
atio can abut or contact and then form a conducting path
etwork at lower EG contents, resulting from the interca-
ation of silicone into them and thus forming EG/silicone
anoscale and microscale networks, which protect the EG
articles from destruction during compression. Therefore,
ow addition of filler showed higher thermal conductiv-
ty. As to the normal composites prepared by melt mixing
Fig. 6(b)), the EG particles’ shape is drastically changed

uring the melting processing, resulting in the reduction of
he surface-to-volume ratio. Consequently, only at higher EG
ontents can they abut or contact and form the conducting
aths.
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ig. 6. Structural models of silicone/EG composites prepared by (a) solution
ntercalation and (b) melt mixing, showing the formation of conducting paths.

. Conclusions

Solution intercalation was used to prepare the silicone/EG
hermally conductive composites. In contrast with the con-
entional composites prepared by melt mixing, the thermal
onductivity of the composites was much higher. When the EG
ontent was 9 phr, the thermal conductivity of the former reaches
.32 W m−1 K−1, whereas the latter was only 0.24 W m−1 K−1.
MA results demonstrate that the intercalation may restrict the
exibility of silicone molecular chains as well as increase the
tiffness of SI-prepared composite, resulting in the enhancement
f the storage modulus. As observed from SEM micrographs,
G fillers dispersed in silicone matrix showed different surface-
o-volume ratio. For SI-prepared composites, the EG particles
ith a large surface-to-volume ratio can abut or contact and

hen form a conducting path network at lower EG contents. It
an be concluded that the surface-to-volume ratio of EG fillers

[

[

a Acta 462 (2007) 70–75 75

layed a deciding role in the striking improvement of thermal
onductivity of the composites.
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