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ABSTRACT: Composites of an expanded graphite/digly-
cidyl ether of bisphenol A (DGEBA) were prepared by a
simple melt blending method, and their dielectric and me-
chanical properties were investigated. During observations
of fractured surfaces of the composites, the graphite sheets
were seen to be homogeneously dispersed in the epoxy
matrix. Moreover, the composites presented an enhanced
dielectric constant (� 180) and a low loss factor (� 0.05) at
50 Hz, suggesting their potential suitability for embedded
dielectric applications. The enhanced dielectric constant
can be explained by the percolation theory and the rela-

tively low loss factor was attributed to strong interfacial
interactions between the polymer molecules and the
AOH/ACOOH groups of the expanded graphite, which
constrained the orientational polarization of the polarons.
Furthermore, dynamic mechanical analysis of the compo-
sites showed a restricted macromolecular relaxation and
improved mechanical properties. VVC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 112: 3613–3619, 2009
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INTRODUCTION

Organic functional dielectrics with excellent dielec-
tric properties are highly desirable for use in a wide
range of applications, including high-energy density
media and embedded dielectrics.1 Dielectrics used
for the newly developed embedded technique within
the microelectronics industry require characteristics
such as a small volume, good processability, a high
dielectric constant (K), and a low loss factor (tan d).2

Single materials cannot satisfy all these requirements
simultaneously, and previous research has to a large
extent been focused on ceramic–polymer systems
that adopt ferroelectric ceramics as high-K fillers,
e.g., BaTiO3, PZT, and PMN-PT.3–5 The advantages
of such composites include a predictable dielectric
constant, a low loss factor, and an easy fabrication.6

However, the K-value requirements (i.e., K < 100)
for the composites could not be satisfied due to the
low bulk dielectric constant of the polymer matrix
(<10), as well as the high ceramic loadings (>50 vol
%) deteriorating the mechanical properties of the

resulting composites. However, when using a perco-
lation theory for the conductor–insulator composites,
the observation of a dramatic increase in the K value
close to the percolation threshold has attracted great
interest. For instance, Zhang has reported an all-or-
ganic composite actuator materials with a high K-
value of 400, when choosing copper-pathalocyanine
as a high-K filler7; Dang has found K-values of 400
in nickel–PVDF and CNTs–PVDF systems8,9; and
Rao has obtained a K-value of 2000 in an epoxy resin
filled with silver flakes.10 Similar enhancements of
the K-values in other metal–polymer systems have
also been observed. Nevertheless, the benefits of
these high-K materials have unfortunately been
counteracted by high dielectric loss factors, e.g., val-
ues of tan d of 0.1, 0.4, and >1.7,11–13 Several
researchers have reported on efforts to develop poly-
mer composites with high K and low tan d values.
Xiong et al. used organic titanate as a coupling agent
to engage a surface treatment of ceramic fillers, and
the results indicated a suppressed dielectric loss as a
result of a reduction of defects and an improved
compatibility14; Wong et al. have reported on an ep-
oxy resin filled with self-passivated Al particles,
where the nano-scale insulating Al2O3 layer gave
rise to a high K-value of 109 and a low loss factor of
0.02 in the Al/epoxy composites.15 Meanwhile, tire-
some preparation processes and a poor flexibility of
the composites have restricted their applications.
Obviously, on the premise of an excellent process-
ability, it is urgent to find a conductive filler/
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polymer system with a low loss factor and a high
dielectric constant to meet the practical requirements.

The present article reports on the use of expanded
graphite (EG), inherent of a high aspect ratio and
an excellent conductivity of the order of 104 S/cm,
as a conductive filler when preparing EG/epoxy
composites by a simple melt blending method.
Dielectric measurements showed that the composites
could be characterized with a high dielectric con-
stant (� 180) and a low loss tangent (tan d < 0.05) at
50 Hz, and such properties render them interesting
to be used for embedded dielectrics. The dynamic
mechanical properties of the composites were also
investigated. Moreover, a mechanism for the electri-
cal polarization and molecular relaxation processes,
which are related to the interfacial interactions
between the polymer network and the EG filler, was
proposed.

EXPERIMENTAL

Sample preparation

The epoxy resin used in this study was a diglycidyl
ether of bisphenol A, DGEBA (6101, Wuxi Chemical
Materials Co. of Jiangsu province, China) with an
equivalent weight of 250 g/equiv and an average
molecular weight of Mn ¼ 450 g/mol. The curing
agent was methyltetrahydrophthalic anhydride,
MTHPA (Xi’an Resin Factory, Shaanxi province,
China), and 2,4,6-tri(dimethylaminomethyl)phenol
(DMP30, Shanghai Chemical Reagent Factory,
Shanghai, China) was chosen as the accelerator. The
intercalated graphite, that was oxidized and interca-
lated by nitric and sulfuric acid, was supplied from
Qingdao Carbon Co. (China). Acetone, of chemical
purity, was used as received from Xi’an Chemicals
Factory (China).

The intercalated graphite was first dried in an
oven at 100�C for 24 h to remove the moisture, and
then placed in a muffle furnace at 700�C for 1 min
to obtain the EG. The volume expansion ratio along
the c-axis for the EG was about 200. A precalculated
amount of EG was charged to a beaker and acetone
was added. The resulting suspension was then soni-
cated for 30 min to form an EG–acetone slurry. The
slurry was slowly added to the epoxy resin and
stirred at 80�C for about 2 h, during which time
most of the acetone was evaporated. Subsequently,
the anhydride curing agent and DMP30 was added
and the mixture was stirred vigorously for another
30 min. The mixture comprised of EG/epoxy/curing
agent was degassed in a vacuum oven at 40�C for
half an hour, then cured at 100�C for 2 h and post-
cured at 150�C for 3 h. A series of EG/epoxy compo-
sites with EG loadings ranging from 0.5 to 5 wt %
were fabricated. A blank epoxy sample was also pre-

pared for comparison. The densities used for calcu-
lating the volume content (vol %) of the fillers were:
EG, 2.26 g/cm3; epoxy, 1.18 g/cm3.

Measurements

The fracture morphology of the EG/epoxy compo-
sites was studied using a JSM-2400 scanning electron
microscope (Japan) with an accelerating voltage of
20 kV. The selected specimens were coated with a
thin layer of gold prior to the SEM observations to
avoid a charge buildup.

A Shimadzu wide-angle X-ray diffractometer (Ja-
pan), equipped with a graphite homochromatic
instrument and a Cu anticathode (40 kV, 35 mA,
scanning rate 2�/min, 2y ¼ 10–70�), was employed
to measure the diffracting patterns of the composites
at ambient temperature (25�C).

Differential scanning calorimetry (DSC) was car-
ried out on a Netzsh PC-200 DSC (Germany). The
calorimeter had previously been calibrated with in-
dium, and the heating rate was set to 10�C/min. All
measurements were carried out under nitrogen
atmosphere from room temperature to 180�C.

The thermal stability of the samples was evaluated
by a Netzsh TGA-209C thermogravimetric analyzer
(Germany) under N2 atmosphere with a heating rate
of 15�C/min from room temperature to 600�C.

Samples, � 1-mm thick and 10 mm in diameter,
were subjected to dielectric measurements with a
parallel plate electrolyte method. The dielectric
measurements were performed on a type-1296
dielectric interface connected to an SI-1255 HF fre-
quency response analyzer from Solarton analytical
(UK). All the measurements were performed in the
frequency range of 1–106 Hz under room tempera-
ture. The dielectric strength of the samples was
measured using a ball-rod electrode arrangement
according to GB/T1408.1-99, with the alternative
current of 50 kV and 50 Hz.

Dynamic mechanical measurements were per-
formed on a DMA-Q800 analyzer (TA Instruments,
USA). Samples were cut into 35 � 10 � 1 mm3 sized
rectangles. All experiments were performed in canti-
lever mode from 25 to 180�C at a heating rate
of 3�C/min. The frequency for the experiments was
5 Hz.

RESULTS AND DISCUSSION

Fracture morphologies for the
EG/epoxy composites

Figure 1 presents SEM micrographs of fracture sur-
faces of the composites with varying EG content.
Figure 1(a) displays the morphology of the sonicated
graphite sheets, evidencing that single sheets around
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20 lm in width and 100 nm in thickness, could be
obtained by the sonication treatment. Figure 1(b), (c)
and (d), (e) show the morphologies of fracture surfa-
ces for the composites with EG concentrations of 0.5,
1 and 3.5, 5 wt %, respectively. It was clear that
except for sample with 5 wt % EG concentration, a
majority of the graphite sheets could be well-dis-

persed in the epoxy matrix in the form of stacked
layers.

WAXD patterns for the EG/epoxy composites

Figure 2 shows WAXD patterns for the EG/epoxy
composites with varying EG fractions. The WAXD

Figure 1 SEM micrographs of (a) a single EG sheet, as well as of the EG/epoxy composites with varying EG fractions
(b) 0.5 wt %, (c) 1.0 wt %, (d) 3.5 wt %, (e) 5 wt %.
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pattern for the neat epoxy was also given for com-
parison. Although neat epoxy displayed a broad dif-
fraction peak at a 2y of approximately 16�, the
composites exhibited sharp peaks at 2y of 26.5�

(002), corresponding to the characteristic peak for
neat graphite.16 This result implied that a majority of
the graphite sheets were still ordered or existed in
multilayers, thus, maintaining their original d-spac-
ing. It further suggested that the simple blending
method used in this study was insufficient for exfoli-
ating the graphite platelets into nanosheets as also
reported elsewhere.17,18 This conclusion was con-
sistent with the morphology observations from Fig-
ure 1. With increasing EG concentration in the
composites, the intensity of the peak at 26.5� became
much stronger, which was attributed to a higher
content of expanded graphite in the composites.

Thermal behavior of the EG/epoxy composites

Figure 3 presents DSC heating curves of the compo-
sites as well as of the pure matrix. It can be seen
that the glass transition temperature (Tg) was 124�C
for the pure epoxy matrix, and 123, 128, 130�C for
the composites with 0.5, 1, 3.5 wt % EG fractions,
respectively. When the EG concentration was low, a
lubricant effect facilitated the movement of the mo-
lecular segments. However, with an increase in EG
content, strong interfacial interactions between the
two phases constrained the mobility of the mole-
cules, which in turn led to increasingly elevated Tg

values.
Table I lists the degradation temperature of the

materials. The onset degradation temperature (Tonset)
and the maximum weigh loss temperature (Tmax) of
the composites were both found to be 1–5�C higher
than the corresponding values of the pure epoxy.
This was assigned to the expanded graphite having
a stacked structure composed of carbon atoms and
thus an excellent heat resistance. As a result, the EG
could block the heat transfer and improve the degra-
dation temperature of the composites. Moreover,
strong interfacial interactions between the two
phases were also believed to be helpful in obtaining
a higher degradation temperature.

Dielectric properties of the EG/epoxy composites

Figure 4 displays plots of the dielectric constant (K)
versus frequency for the composite materials. It can
be seen that the K-values of the composites varied
from 3.4 to 180 as the EG concentration increased to
3.5 wt % at 50 Hz. At a 5 wt % EG loading, on the
other hand, the K-value was significantly decreased
to about 70, and this drop was believed to be caused
by air bubbles or cavities induced by the blending
process during the preparation of the composite
with high filler concentrations. Moreover, it was
obvious that, for composites with higher EG load-
ings, the K-value was drastically lowered with
increasing frequency. Two obvious steps were visi-
ble in the K-curves for the composites with EG con-
centrations of more than 2.5 wt %. As is well
known, the main contributions to the K-values of the
EG/epoxy composites are two polarizing processes.

Figure 3 DSC curves of the pure epoxy and EG/epoxy
composites with varying EG fractions.

TABLE I
Degradation Temperatures of the Pure Epoxy and the

Various EG/Epoxy Composites

Sample Tonset (�C) Tmax (�C)

Pure epoxy 398 410
0.5 wt % 399 412
1.0 wt % 402 415
3.5 wt % 403 416

Figure 2 WAXD patterns for the pure epoxy and EG/ep-
oxy composites with varying EG fractions.
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The first is an interfacial polarization, which was
induced through a local accumulation of free
charges captured by defects or interfaces in the com-
posites, and it relaxed at about 5 � 102 Hz. The
other is a molecular polarization, attributed to the
polarization of electrons, atoms and various sized
dipoles. Here, the polarization of the dipoles domi-
nated the molecular polarization and it faded at
about 103 kHz. The gradual decrease of these two
polarizing processes was believed to cause the two
step-wise reductions of the K-values with the
increasing frequency, as can be clearly seen in Fig-
ure 4. As for the composites with lower EG concen-
trations (i.e., 0.5 and 1 wt %), no such steps were
obvious from the figure.

Figure 5 shows the measured dielectric constant of
the EG/epoxy composites as a function of the EG
volume fraction. A moderate increase in K-values

was observed for EG loadings below 1.0 vol %, and
a more significant increase occurred at concentra-
tions above 1.0 vol %. At a frequency of 50 Hz and
at room temperature, a maximum value of 180 was
reached for the composite with � 2 vol % (3.5 wt %)
of EG. However, for EG loadings superior to 2 vol
%, the K-value was drastically reduced, and this was
believed to be caused by the increase in porosity of
the composites. The abrupt increase in K-values at a
volume fraction of 1.0 vol % EG, indicated the for-
mation of a percolating network.13 To estimate the
percolation threshold concentration (tc), the experi-
mental data were fitted with power laws for the
composite near the percolation threshold8:

k / k0 t� tcð Þx

Here, x is known to be the critical exponent for per-
colative transition of various dimensions. The best
fits of the K-values were given by tc ¼ 0.98 vol %
and x ¼ 2.17.

As expected, the percolation threshold for the EG/
epoxy composites was much smaller than the tc
value of 16 vol % obtained for most conductor/insu-
lator systems with micro-sized granular fillers, and
the critical exponent, x ¼ 2.17, differed from the typ-
ical value of � 2 that can be calculated for three-
dimensional composites with a classical statistical
percolation model. For conductor/insulator compo-
sites, the tc and x values are not only related to the
bulk properties of the filler and matrix, but also to
the filler shape and dispersion state.19 The higher
the aspect ratio of the filler, or the better the disper-
sion state of the filler, the smaller is the volume
concentration needed to form a conductive pathway
(see Fig. 6). In the present case, since an EG parti-
cle has a huge surface area with a high aspect ratio

Figure 5 The dielectric constants of the composites with
varying volume fraction of EG.

Figure 6 A schematic plot of the effect of the filler shape
on the conducting network in polymer composites; (a) a
conductive channel: left-sphere shaped, right-sheet shaped,
(b) dispersion states.

Figure 4 The dielectric constants versus frequency for the
various EG/epoxy composites.

EXPANDED GRAPHITE–EPOXY COMPOSITES 3617

Journal of Applied Polymer Science DOI 10.1002/app



(� 200), it can readily form a conductive channel
from point 1 to point 2 with a relatively low thresh-
old. Other researchers have also observed this phe-
nomena for similar EG/epoxy systems, and have
found improved conductivities with an increase in
EG content,20 as well as low percolation thresholds
for EG concentrations of � 3 wt %.21 A high aspect
ratio and a good dispersion are key factors to obtain
high-K and low loss composites.

Figure 7 displays plots of loss tangent versus fre-
quency for the studied materials. As can be seen, the
loss factors for a majority of the composites were
below 0.05 (at 50 Hz and room temperature). It is
worth pointing out that as the EG fraction was
increased to 5 wt %, the tan d values became even
lower (at 50 Hz). Generally, the total loss tangent is
constituted of a conductive and a polarized part.
Here, as the fraction of the conductive filler
increased, the conductive loss also increased, and

the low value of the total loss suggested a depressed
polarized part. This can be explained by the exis-
tence of strong interfacial interactions, including
hydrogen bonds and covalent linkages, between the
epoxy molecules and the AOH/ACOOH groups of
the expanded graphite. These interactions con-
strained the turnarounds of the related polarons and
lowered the total loss tangent.

Figure 8 demonstrates the dielectric strength of
the various composites. As can be seen, the dielectric
strength of the prepared EG/epoxy composites
decreased with an increasing EG volume fraction.
When the EG concentration was 0.4 vol %, the
dielectric strength was lowered from 25.6 to 8.8
MV/m, due to the existence of conductive compo-
nents. No abrupt shift in the breakdown voltage was
observed, indicating an unchanged breakdown
mechanism. In high electric fields, electrons of the
composites can be accelerated, and an increasing
number of electrons become excited through mutual
collisions, thus inducing a so-called ‘‘electron ava-
lanche’’ and thereby destroying the material.

Dynamic mechanical behavior of the
EG/epoxy composites

Figure 9 presents the dynamic mechanical behavior
of the neat epoxy material as well as its composites.
The temperature position of the maximum of the
loss modulus peak was taken as the glass transition
temperature (Tg) of the composite. At temperatures
preceding the glass transition, it could be seen from
the storage modulus-temperature curves that the
dynamic modulus of the EG/epoxy composites was
much higher than that of the neat matrix. The
modulus decreased in the following order: 3.5 wt %
> 1 wt % > 0.5 wt % > neat epoxy. And modulus
of the composite with 3.5 wt % EG was as much as

Figure 8 The dielectric strength versus EG content for
the EG/epoxy composites.

Figure 9 DMA curves for the neat epoxy and the EG/ep-
oxy composites.

Figure 7 The loss tangent for the pure epoxy and various
EG/epoxy composites.
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40% higher than that of the pure epoxy matrix, and
such an increased modulus was not only due to the
fine dispersion of rigid EG sheets in the matrix, but
also due to the crosslinking effect induced by the
interfacial interactions between the polymer and EG.
During the resin curing process, a hydrogen bond or
covalent linkage between the epoxy molecules and
the EG sheets was believed to have formed as a
result of the existence of an AOH or ACOOH func-
tionality on the surface of the EG. Thereby, strong
interactions between EG and the matrix were estab-
lished. From the loss modulus-temperature curves, it
is clear that, for an EG concentration of 0.5 wt %, the
Tg was lowered by 3�C when compared with the
neat epoxy, and this may have been caused by a
lubrication effect of the EG sheets, thus facilitating
the movements of the chain segments. However,
with the increase in EG fraction (� 1 wt %), the
strong interaction between the epoxy molecules and
the EG sheets may counteract this lubrication effect
thus lowering the mobility of the chain moieties and
causing an increase in Tg. This was in accordance
with the loss tangent properties, as shown in Figure
7, in which the composite containing 0.5 wt % EG
filler displayed relatively high tan d value.

It can be seen from Figure 9, since the transition
of the composite is related to the motions of chain
segments, that the relative activity of the polymer
molecules can be characterized by the intensity of
the transition peak. Evidently, the intensity of the
loss modulus for the composites was much higher
than that of the neat epoxy, and it increased with an
increasing EG fraction. This suggests that the mutual
interaction between the polymer segments and the
EG sheets became stronger with higher EG loadings.
This was also consistent with the results from the
dielectric measurements, suggesting that the dielec-
tric and the dynamic mechanical properties of the
composites were linked to each other through inter-
facial interactions.

In summary, the EG/epoxy composites reported
herein were 2–3 type composites designed for em-
bedded dielectrics applications. The enhanced
dielectric constant (� 180) and relatively low loss
factor (<0.05) rendered this material a promising
candidate for use in embedded dielectrics. The inter-
esting properties were attributed to a favorable com-
bination of a high aspect ratio, a two-dimensional
geometry, stiffness, and excellent conductivity of the
EG material.

CONCLUSIONS

In conclusion, percolative expanded graphite/epoxy
composites could be prepared by a simple melt
blending method, and showed promising potential
for use in embedded dielectrics since they displayed
not only enhanced dielectric and mechanical proper-
ties, but also a compatible processability and low
cost. SEM observations showed that the graphite
sheets were homogeneously dispersed in the epoxy
matrix with a layered formation. The composites
presented an enhanced dielectric constant of 180 as
well as a low loss factor of 0.05 at 50 Hz. This
improved dielectric constant can be explained by the
percolation theory, and the relatively low loss factor
can be attributed to strong interfacial interactions
between the polymer molecules and the expanded
graphite.
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