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ABSTRACT: Functionally gradient composites of epoxy
resin having different weight percentages of flyash were
prepared under centrifugal force to obtain gradient in den-
sity, hardness, and electrical properties. Effect of tempera-
ture and frequency variation on dielectric constant (��), tan
�, and ac conductivity was determined by using a 4274 A
Multi-Frequency LCR meter. Electrical measurements were
carried out in a temperature range from 40 to 180°C and in
a frequency range from 1 to 100 kHz. It was observed that
the dielectric constant and tan � increased with increase in
temperature and decreased with increase in frequency. The
ac conductivity increases with increase in temperature and

frequency. The increased weight percentage of flyash in-
creased the compaction of flyash particle in the flyash-rich
phase of graded composites, which would have increased
the dielectric constant (��), tan �, and ac conductivity. Shore
D hardness and density of the functionally gradient com-
posites has also been determined and reported. A continu-
ous increase in the hardness from 69 to 76 and density from
1.287 to 1.41 g/cc has been observed. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 100: 1269–1276, 2006
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INTRODUCTION

In recent years functional gradient composites have
been developed as advanced composites. Several
methods have been used to obtain the gradient struc-
ture in the materials. Molding under centrifugal force
is one of the effective methods for fabrication of gra-
dient materials.1 Functional gradient composites have
been prepared with a thermosetting matrix by centrif-
ugation; some work has been done on the creation of
a gradient in electrical conductivity. For this purpose
long carbon fibers in epoxy resin2–5 have been used,
but there are also some studies concerned with small
metal particles6,7 and short carbon fibers8–10 for opti-
mized electrical conductivity.

Epoxies are widely used in insulation, such as elec-
trical machinery, switchgears, and bushings in trans-
formers.11 Polymers have a very low concentration of
free-charge carriers and thus are nonconductive and
transparent to electromagnetic radiation. Because of
this, they are not suitable for use as enclosures for
electronic equipment because they cannot shield it
from outside radiation. Beyond a critical concentration
of filler, the polymer becomes conductive. This forma-
tion of a network permits the movement of charge
carriers of the fillers through the matrix and therefore

the composites achieve a certain degree of electrical
conductivity.12 Several fillers can be added to the in-
sulating polymeric matrix to achieve different conduc-
tivities. Filled polymers are required for a variety of
industrial applications.13,14

Funabashi,3 Choe et al.,8,9 and Lee et al.10 have
measured the electrical conductivity of functionally
graded materials to verify the concentration and the
orientation of fibers inside an epoxy. According to
them, the electrical conductivity depends on the vol-
ume fraction of the fibers.

Flyash epoxy composites have potential use in the
area of thermoelectric power generation. Wu and
Tung11 have reported dielectric properties of pure ep-
oxy resin in the temperature range –50 to 70°C and
found a �-relaxation peak in the low temperature
range of –30 to –20°C due to the motion of diester
segments introduced in the pure epoxy crosslinking
network by the reaction of acid anhydride. They stud-
ied the relaxation response in a very limited temper-
ature range.

Determination of the dielectric constant, tan �, and
ac conductivity behavior of flyash-filled epoxy gradi-
ent composites are very necessary for finding its suit-
able application. In this article, flyash particles have
been incorporated in epoxy resin. Dielectric constant
and ac conductivity values have been determined at
different temperatures and frequencies and analyzed.
Shore D hardness and density of the functionally gra-
dient composites were investigated.
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EXPERIMENTAL

Materials

A commercial-type room temperature–cured epoxy
resin two-part system having a density of 1.201g/cm3

was supplied by M/s Chouksay Chemicals Pvt. Ltd.
India. Flyash having a size less than 45 �m used in this
study was obtained from a thermal power plant, Sarni
India. The composition of ingredients used in making
these composites is listed in Table I. The chemical
composition of flyash is listed in Table II.

Sample preparation

The method of preparation of the test sample is shown
schematically in Figure 1.15 Weighed amounts of dried
flyash particles for 9.9, 19.6, and 29.1 wt % were me-
chanically mixed with epoxy resin at room tempera-
ture until a homogeneous mixture was obtained. The
homogeneous mixture was then poured into a circular
mold cavity with a diamter of 60 mm and a thickness
of 12 mm. The samples were centrifuged for a constant
time of 60 min and speed of 700 rpm. The centrifuga-
tion speed was measured by phototachometer and
controlled by variator.

From the circular block, a cylindrical rod of 10 mm
diameter and 30 mm length was obtained and cured
further for 7 days at room temperature and was then
sliced using a diamond cutter (Leco VC-50) into six
pieces of 5 mm length. The pellet formed in the per-
pendicular direction to the centrifugal force direction.
From these sections, 2-mm-thick specimens were pre-
pared. Uniformity of surfaces was obtained by polish-
ing the sample using a polishing cloth. Both sides of
the samples were coated with an air-drying graphite-
conducting paint before electrical measurements.
Samples are numbered from 1 to 6 starting from the
periphery toward the center.

Testing

Electrical

Capacitance and tan � values were measured by using
a Hewlett–Packard LCR Meter model 4274 A in the
temperature range 40 to 180°C. Heating rate was kept
constant at 1°C/min.

�� � C/Co,

where C and Co are the capacitance of the electrodes
with and without dielectric, respectively; Co is given
by

Co � [(0.08854A)/d]pF,

where A (cm2) is the area of the electrodes and d (cm)
is the thickness of the sample. The ac conductivity (�)
was calculated using the relation

�ac � �o���tan �,

where �o is the permittivity of the free space (8.85
� 10�12 fm�1), tan � is the dielectric dissipation factor,
and � is the angular frequency, which is equal to 2�f.

The dissipation factor, tan �. is defined as follows:

tan � � ��/��

where �� is the dielectric loss.

Hardness

Hiroshima hardness tester (Durometer) model RHT-1
was used to determine the hardness of the specimen.
The hardness is defined as the resistance of a specimen
to the penetration of a hardened steel truncated cone
(Shore A), a radius cone (Shore D), or a spherical flat
indenter. For this test the cylindrical samples were cut
parallel to their axes (centrifugal force direction) and
polished. The hardness was measured at room tem-
perature along the axis over the length of the sample.

Density

For this test the cylindrical samples were cut into the
pellet form of 2 mm thickness perpendicular to the
centrifugal force direction. The density was measured
by a Mattler Toledo machine using the Archimedes
principle at room temperature.

TABLE II
Chemical Composition of Flyash15

Sample no. Composition Value

1 SiO2 65.1
2 Al2O3 25.1
3 Fe2O3 4.2
4 CaO 1.4
5 Other-metal oxide 4.2

TABLE I
Composition of Ingredients

Sample no. Epoxy (wt %) Flyash (wt %)

1 90.1 9.9
2 80.4 19.6
3 70.9 29.1
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RESULTS AND DISCUSSION

Figure 2 shows the effect of temperature on the dielec-
tric constant (��) for 29.1 wt % flyash-filled epoxy
gradient composites (samples 1 and 6) in the temper-
ature range 40–180°C and at 1 kHz frequency. It was
observed that the dielectric constant increased with
increasing temperature. The dielectric constant value
increased sharply and thereafter suddenly increased
with respect to temperature variation for all the sam-
ples. Another interesting observation in the dielectric
constant (��) with temperature behavior is that, at
higher temperatures, the difference in dielectric con-
stant between samples increased compared to lower
temperatures. This increase of the dielectric constant
value at higher temperatures between samples is due
to the availability of more space for the easy rotation
of dipoles with increasing temperature.

Dielectric behavior of flyash-filled epoxy composite
is very similar to the finding obtained for a silica-filled

resin system. Tim et al.16 reported that the dielectric
constant of polymeric systems results from permanent
dipole motions within the system. The cynate ester
resin has a characteristically low dielectric constant
due to low polarity of the central trazine ring. The
addition of untreated silica filler, with its surface hy-
droxide groups being polar, was thought to act to
increase composite dielectric constant.

Figure 3 shows the variation of tan � with temper-
ature for 29.1 wt % flyash-filled epoxy gradient com-
posites (samples 1 and 6) in the temperature range
40–180°C and at 1 kHz frequency. It was observed that
tan � increased with increasing temperature. The sam-
ple shows that, after 110°C, there is a sudden increase
in tan �, while the other sample shows that this type of
sudden increase in tan � behavior is delayed to 128°C.

Figure 4 shows the variation of ac conductivity with
temperature for 29.1 wt % flyash-filled epoxy gradient
composites (samples 1 and 6) in the temperature range

Figure 1 Schematic diagram of epoxy gradient composite.

Figure 2 Variation of �� versus temperature for 29.1 wt % flyash-filled flyash epoxy gradient composite (samples 1 and 6)
at 1 kHz frequency.
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40–180°C and at 1 kHz frequency. These plots show
that ac conductivity increased with increasing temper-
ature. The ac conductivity behavior of flyash-filled
gradient epoxy composite is very similar to its tan �
behavior. The sudden increase in ac conductivity
matches the temperatures observed in tan � behavior.

Similar to our observation, the temperature depen-
dence of ac conductivity has been explained by con-

sidering the mobility of charge carriers responsible for
hopping. As temperature increases, the mobility of
hopping ions also increases, thereby increasing con-
ductivity. The electrons that are involved in hopping
are responsible for the electronic polarization of these
composites.17

Tim et al.16 reported that the two main factors in-
fluencing conductivity in filled AroCy B composites

Figure 3 Variation of tan � versus temperature for 29.1 wt % flyash-filled flyash epoxy gradient composite (samples 1 and
6) at 1 kHz frequency.

Figure 4 Variation of ac conductivity versus temperature for 29.1 wt % flyash-filled flyash epoxy gradient composite
(samples 1 and 6) at 1 kHz frequency.
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are ion concentration and ion motion. Furthermore,
ion motion in this system is likely to be governed by
polymer backbone motion. The motion of the thermo-
set backbone becomes significant in the region 40–
50°C below their glass transition temperatures.

Figure 5 shows the effect of logarithm of frequency
with dielectric constant for 29.1 wt % flyash-filled
epoxy gradient composites (samples 1–6) in the fre-
quency range 1–100 kHz. Measurements were done at
40°C. This shows that the dielectric constant decreases
with increasing frequencies. Figure 6 shows the effect

of logarithm of frequency with tan � for 29.1 wt %
flyash-filled epoxy gradient composites (samples 1–6).
This shows that tan � decreases with increasing fre-
quencies. At a critical frequency all of the gradient
composites have shown that there is peak in the tan �
plots. Figure 7 shows the effect of logarithm of fre-
quency with ac conductivity for 29.1 wt % flyash-filled
epoxy gradient composites (samples 1–6). It was ob-
served that ac conductivity increases with increasing
frequency. The increase of frequency increased ac con-
ductivity by increasing the hopping of conducting

Figure 5 Variation of �� versus log f for 29.1 wt % flyash-filled flyash epoxy gradient composite (samples 1–6) at 40°C.

Figure 6 Variation of tan � versus log f for 29.1 wt % flyash-filled flyash epoxy gradient composite (samples 1 and 6) at 40°C.
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electrons present in flyash. At higher frequencies, this
hopping frequency could not match the applied field
frequency.

Maximum dielectric constant, tan �, and ac conduc-
tivity values were observed at the bottom of the sam-
ple for 29.1 wt % flyash-filled epoxy gradient compos-
ites. These maximum dielectric constant, tan �, and ac

conductivity values decreased from periphery to cen-
ter at all frequencies, because sample 1 has maximum
flyash content compared with sample 6, which has
minimum flyash content. Between samples 1 and 6
there exists a gradient decrease of flyash and hence
there is a gradual decrease in dielectric constant, tan �,
and ac conductivity.

Figure 7 Variation of ac conductivity versus log f for 29.1 wt % flyash-filled flyash epoxy gradient composite (samples 1 and
6) at 40°C.

Figure 8 Variation of �� versus distance for 9.9, 19.6, and 29.1 wt % flyash-filled flyash epoxy gradient composite at 1 kHz
frequency.
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Figures 8, 9, and 10 show the variation of dielectric
constant, tan �, and ac conductivity with distance for
9.9, 19.6, and 29.1 wt % flyash-filled epoxy gradient
composites (samples 1–6) at 1 kHz frequency. It was
observed that for the increase in distance from periph-
ery to center, which is 30 mm, dielectric constant, tan
�, and ac conductivity decrease with increasing differ-
ent wt % of flyash, because sample 1 has maximum

flyash content compared with sample 6, which has
minimum flyash content. Between samples 1 and 6
there exists a gradient decrease of flyash and hence
there is a gradual decrease in dielectric constant, tan �,
and ac conductivity.

Figure 11 shows the variation of hardness and den-
sity with distance. Maximum and minimum shore D
hardness values observed were 78 and 69 (Table III. It

Figure 9 Variation of tan � versus distance for 9.9, 19.6, and 29.1 wt % flyash-filled epoxy gradient composite at 1 kHz
frequency.

Figure 10 Variation of ac conductivity versus distance for 9.9, 19.6, and 29.1 wt % flyash-filled flyash epoxy gradient
composite at 1 kHz frequency.
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was found that the hardness values were very high at
maximum flyash contents. Minimum hardness values
were observed in the composites, which had the low-
est flyash content. This is because increased flyash
content increased the silica in the composites.

CONCLUSIONS

1. Gradient composites of epoxy resin filled with
different flyash weight percentages were suc-
cessfully developed.

2. An increase in hardness from 69 to 76 and den-
sity from 1.287 to 1.41 g/cc has been observed
for the distance from center to periphery.

3. The dielectric constant, tan �, and ac conductiv-
ity increased with the distance from the center
to periphery.

4. The dielectric constant and tan � increased with
increased temperature and decreased with in-
creased frequency.

5. The ac conductivity increased with increased
temperature and frequency.

The authors acknowledge the CTSM, CMM-0022 project for
support of this work.
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Figure 11 Variation of hardness and density versus distance for 29.1 wt % flyash-filled flyash epoxy gradient composite at
40°C.

TABLE III
Density and Hardness of Graded Flyash Epoxy

Composites

Sample no. Density (g/cc)
Hardness
(Shore D)

1 1.4901 78
2 1.3341 75
3 1.3021 74
4 1.2981 74
5 1.2871 69
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