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Abstract

Silicone rubber composites filled with micro- and nano-alumina were prepared and the effect of filler contents on the microwave

dielectric, mechanical, thermal and moisture absorption properties were investigated. The composite with 0.45 volume fraction (Vf) of

micro alumina has a relative permittivity (er ) of 5.89 and dielectric loss (tan d) of 9� 10–3 whereas 0.05 volume fraction of nano-alumina

has er of 3.52 and tan d of 1.97� 10–2, respectively at 5 GHz. The experimental er and tan d values of silicone rubber-micro-alumina

composites were compared with that of theoretical models. Among the theoretical models Modified Lichtenecker and Parallel model are

in good agreement with experimental values of er and tan d respectively. The silicone rubber nano-alumina composites have better

mechanical properties. The coefficient of thermal expansion (CTE) of composites decreased and the moisture absorption increased with

increasing amount of filler loading. The improved properties indicate that the silicone rubber-micro-alumina composite is a good

candidate for a flexible microwave substrate application.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Microelectronic packaging has been playing a key role in
the rapid development of the electronic technologies.
Flexible electronics creates a new era in the fast growing
electronic industry. Flexible electronics are increasingly
being used which benefits from their mechanical flexibility,
light weight and favorable dielectric properties [1]. Flexible
and stretchable electronics enable a wide range of applica-
tions such as capacitors for energy storage, microwave
absorbers, flexible dielectric wave guide, flexible displays,
sensor arrays, curved circuits, flexible antenna, etc. [2,3].
Recent years have witnessed an expanding interest in the
application of flexible polymer materials (e.g., polyimide,
polystyrene, polyethylene, etc.) as the substrates for elec-
tronic and display devices [4].

The requirements for an ideal microwave substrate
material are low dielectric loss for better performance,
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low relative permittivity to increase signal propagation
speed, good flexibility, high thermal conductivity and low
coefficient of thermal expansion [5–8]. Several ceramics
have the desired dielectric properties but the high proces-
sing temperature and brittle nature greatly limits their
practical use. The polymer materials meet the requirements
like mechanical flexibility, light weight, enhanced durabil-
ity, ease of processing, low cost, etc. [9]. However, their
high coefficient of thermal expansion and low thermal
conductivity limit their practical applications [10]. The
individual properties of both polymers and ceramics can be
tailored through composite approach where they provide
useful properties for microwave substrate and electronic
packaging applications. The objective of the present study
is to develop flexible microwave substrate for electronic
applications.
Among the available elastomers, silicone rubber was

chosen as rubber matrix. The most outstanding property
of silicone rubber is its excellent dielectric properties
including low relative permittivity, low dielectric loss
(er¼3-3.5, tan d¼10–3 at 1 MHz) and high stretchability
[11,12]. Besides dimethyl silicone rubber has highly elastic,
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Table 2

Formulations of silicone rubber nano-alumina composite.

Ingredients in phra SRN SR-nAL1 SR-nAL2 SR-nAL3 SR-nAL4

Silicone rubber 100 100 100 100 100

Dicumyl peroxide 2 22 2 2 2

Nano-alumina b0 [0] 5 [0.01] 10 [0.02] 15 [0.04] 20 [0.05]

aParts per hundred of rubber.
bVolume fractions of filler given in parenthesis.
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non-flammable, water and chemical resistant characteris-
tics. The high binding energy of the silicon–oxygen bond
(445 kJ/mol) makes them chemically stable even at high
temperatures up to 300 1C. The ceramic used in the present
study was alumina which is having good dielectric proper-
ties (er=9.7�10.5, tan d=2� 10–4 at1 MHz), low CTE,
high thermal conductivity and low cost. etc. [6,13].

Extensive work has been done on ceramic filled polymers
for electronic packaging and microwave absorption applica-
tions [14,15]. Considerable amount of work has been
reported on silicone rubber–ceramic composites. However,
very little attention was paid on the microwave dielectric
properties, Volakis and co-workers studied the ceramic
(BaTiO3, Mg–Ca–Ti and Bi–Ba–Nd–Titanate) reinforced
polydimethyl siloxane (PDMS) composite substrates for
conformal microwave applications in the frequency range,
100 MHz–20 GHz [12]. The dispersion of ferroelectric cera-
mic powder of lead magnesium niobate–lead titanate (PMN–
PT) into silicone rubber matrix and the improvement of
dielectric, mechanical and electrical properties was investi-
gated by Gallone et al. [16]. Dielectric properties of calcium
copper titanate–silicone resin composites were reported by
Babu et al. [17]. Liou and Chiou reported the dielectric
tunability of barium strontium titanate–silicone rubber com-
posites for various filler volume fraction [18]. Recently Sim
et al. examined the thermal properties of silicone rubber filled
with thermally conductive, electrically insulating Al2O3, AlN
and ZnO for elastomeric thermal pads [19]. The effects of
thermally conductive filler type, volume fraction of the filler
and filler particle size distribution on the thermal conductiv-
ity and viscosity of room-temperature-vulcanized (RTV)
silicone rubber was investigated by Wang and Xie [20]. Zhou
et al. and Wen-ying et al. investigated the effect of alumina
particle size on the mechanical, thermal and physical properties
of alumina reinforced silicone rubber composite [11,21].
Recently the microwave dielectric properties of butyl rubber–
ceramic composites were investigated by Sebastian and co-
workers [22,23]. In this paper we report the effect of micro- and
nano-alumina particles on dielectric, mechanical, thermal and
moisture absorption properties of silicone rubber composites.

2. Experimental

2.1. Materials and composite preparations

The rubber used was methyl end blocked silicone rubber
(molecular weight=4, 27,000 g/mol) provided by Jyothi
Table 1

Formulations of silicone rubber micro-alumina composite.

Ingredients in phra SRN SR-mAL1 SR-mAL2 SR-mAL3

Silicone rubber 100 100 100 100

Dicumyl peroxide 2 2 2 2

Micro alumina b0 [0] 5 [0.01] 10 [0.02] 15 [0.04]

aParts per hundred of rubber.
bVolume fractions of filler given in parenthesis.
rubbers, Thrissur, India. Dicumyl peroxide (DCP) was used
as curing agent. Alumina (o10 mm) and nano-alumina
(o50 nm) were obtained from Sigma Aldrich, USA. The
alumina powders were heat treated at 100 1C for 24 h to
remove the volatile impurities. The silicone rubber, DCP and
ceramic were mixed thoroughly in a kneading machine
(Plastomek, Quilandy) with the rotation speed of 25 rpm for
45 min. The kneading machine consists of variable speed
mixer having two counter rotating sigma blades. The uni-
formly mixed composites were hot pressed at 200 1C for
90 min. The optimization of temperature and duration were
done by studying the cross linking behavior. The compositions
of micro-alumina filled silicone rubber are SRN, SR-mAL1,
SR-mAL2, SR-mAL3, SR-mAL4, SR-mAL5, SR-mAL6, SR-
mAL7 and SR-mAL8 are given in Table 1. The formulations
of nano-alumina silicone rubber composites are SR-nAL1, SR-
nAL2, SR-nAL3 and SR-nAL4 are given in Table 2. Max-
imum filler loading of about 0.45Vf is attained for SR-mAL
composites while only up to a volume fraction of 0.05 is
possible for SR-nAL composites. The mixing became more
difficult at higher loadings. For nano-alumina a relatively
lower volume fraction (0.05) can only be added to the silicone
rubber due to the high surface area of the nano-fillers.

2.2. Characterizations

The swelling test of the rubber was conducted in toluene.
The samples were accurately weighed and immersed in a
beaker containing toluene for 24 h. These were removed
periodically from the bottles and blotted with filter paper to
remove excess solvent on the surface and again weighed and
then immersed in to the toluene again. The weight swelling
ratios (Q) were calculated from the weight of the sample in the
unswollen and swollen state using the expression [24]:

Q¼ ðMt�M0Þ=M0 � 100 ð1Þ
SR-mAL4 SR-mAL5 SR-mAL6 SR-mAL7 SR-mAL8

100 100 100 100 100

2 2 2 2 2

20 [0.05] 50 [0.12] 100 [0.22] 200 [0.35] 300 [0.45]



Fig. 1. Swelling ratio as a function of time for peroxide cured silicone

rubber at different temperatures.
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where Q is the weight swelling ratio, Mt is the weight of the
sample in the swollen state and M0 is the initial weight of the
samples. The samples used for studying the swelling behavior
of the peroxide cured silicone rubber have diameter 11 mm
and thickness 2 mm. The microstructures of the composites
were examined using a scanning electron microscope (SEM)
(Jeol Model, JSM 5600LV). Tensile tests on SR-mAL and SR-
nAL composites were conducted using dumb-bell shaped
samples of width E4 mm and thickness in the range
2–3 mm. The tensile measurements were carried out in
Universal Testing Machine (Hounsfield Model, H5K-S
UTM) with a rate of grip separation of 500 mm/min. The
frequency dependence of dielectric properties of both SR-mAL
and SR-nAL composites were measured at 1 MHz. The
variations in the relative permittivity of both SR-mAL and
SR-nAL composites with temperature were studied in the
temperature range between 25 1C and 80 1C at 1 MHz. The
radio frequency dielectric properties were measured by LCR
meter (Hioki 3532-50). Thin pellets with diameter 11 mm and
thickness o2 mm were electroded with silver paste on both
sides in the form of ceramic capacitors and were used for LCR
measurement. Dielectric sheets of dimensions 30 mm� 30 mm
and thickness of about 1.8 mm were used for the microwave
measurements. The microwave dielectric properties were
measured using a Split Post Dielectric Resonator (SPDR)
resonating at 5.15 GHz with the help of a Vector network
analyzer (Agilent Model, E5071C). The moisture absorption
characteristics of the composites were also measured. The
samples with dimensions 50 mm� 50 mm� 2 mm were
weighed accurately and placed in distilled water for 24 h.
The samples were removed, wiped to remove the excess water
from the surface and again weighed. The amount of water
absorbed was found based on the weight gain of the sample.
The volume % of water absorption was calculated using the
relation:

Volume % of moisture absorption

¼
ðW f�W iÞ=qw

ððW f 2W iÞ =qwÞ þðW i=qcÞ
� 100 ð2Þ

where Wf and Wi are the final and initial weights of the sample
and rw and rc are the densities of water and composite,
respectively. The density of the composites was measured
using Archimedes method. Coefficient of thermal expansion
(CTE) measurements were performed by dilatometer (Netzsch
Model, DIL 402 PC) in the temperature range between 25 1C
and 150 1C, at a heating rate of 2 1C/min. CTE was
determined from the slope of thermal expansion versus
temperature plots.

3. Results and discussion

3.1. Swelling behavior

The sorption–desorption method was used to determine
the swelling behavior of the vulcanizates [25]. The sorption
behavior curve of peroxide cured silicone rubber is shown
in Fig. 1. Generally the rate of solvent uptake of elastomer
decreased with effective cross linking. The contact of
rubber with organic solvent can be well explained by
absorption and diffusion phenomena. The diffusion
mechanism in rubber is essentially connected with the
ability of the polymer to provide pathways for the solvent
to progress in the form of randomly generated voids. As
the void formation decreases with peroxide curing the
solvent uptake also decreases. From the figure it is clear
that solvent uptake is lowest for the rubber vulcanized at
200 1C/90 min. It is also evident from the figure that the
reinforcement is most effective for the rubber cured at
200 1C/90 min. Hence 200 1C/90 min is taken as the opti-
mized hot pressing condition.

3.2. Microstructure analysis of the filler and composites

Fig. 2(a) shows the SEM image of micro-alumina
particles. From the figure it is clear that the particles are
irregularly shaped with average size less than 10 mm.
Fig. 2(b)–(i) shows the fractured surface SEM images of
SR-mAL composites with different filler loading. It is
observed from the figure that the micro-alumina particles
are uniformly dispersed throughout the matrix. At lower
filler loading the matrix covers the ceramic particles but as
the filler loading increases the inter particle distance
decreases and this may leads to the agglomeration of filler
particles. Porosity is also found to increase with increase in
filler loading.
Fig. 3(a) and (b) shows the SEM images of nano-alumina at

different magnifications. The fractured surface SEM images of
SR-nAL composites are shown in Fig. 3(c)–(f). From the
figures it can be inferred that the nano-alumina particles are
almost uniformly distributed throughout the matrix. However,
nano-alumina particle shows agglomerations at higher filler
loading as evidenced by Fig. 3(f).

3.3. Density measurement of the composites

Fig. 4 shows the variations of experimental density of
composites with volume fraction of filler. The density of



Fig. 2. SEM images of (a) micro-alumina (b–i) cross sectional images of SR-mAL1, SR-mAL2, SR-mAL3, SR-mAL4, SR-mAL5, SR-mAL6, SR-mAL7

and SR-mAL8.

Fig. 3. (a and b) high resolution SEM images of nano-alumina (c–f) cross-sectional surface images of SR-nAL1, SR-nAL2, SR-nAL3 and SR-nAL4

composites.

L.K. Namitha et al. / Ceramics International 39 (2013) 7077–70877080
silicone rubber and composites were measured by Archi-
medes method. From the figure it is clear that the density
of composites increases linearly with increase in the filler
content.
3.4. Mechanical properties of the composites

Flexibility is an important property for a substrate
material in order to sustain the flexural loading during



Fig. 4. Variation of experimental density of (a) SR-mAL and (b) SR-nAL

composites with filler loading.

Fig. 5. Stress–strain graph of SR-mAL and SR-nAL composites.

Fig. 6. Variation of relative permittivity with log frequency of (a) SR-

mAL composites and (b) SR-nAL composites at 1 MHz.
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service. Poor flexural rigidity of substrate usually results in
excessive warpage and delamination [26]. The mechanical
properties of the composites are strongly influenced by the
size and shape of the filler, matrix properties as well as
the interfacial adhesion between the filler and matrix. The
addition of the filler increases the flexural strength of the
silicone rubber [27]. Fig. 5 shows the stress–strain curves of
SRN, SR-mAL2, SR-mAL4, SR-nAL2 and SR-nAL4. The
mechanical strength of the matrix is improved if the particles
are well dispersed throughout the composites. The inclusion
of finer particles into rubber produces better mechanical
properties as compared with larger particles [28]. It is clear
from the figure that the nano-alumina filled silicone rubber
composites show better reinforcement than the correspond-
ing silicone rubber-micro-alumina composites. As the filler
loading increases the flexibility of the composite decreases. It
is found that the silicone rubber filled with 20 phr nano-
alumina broken at an elongation of 85%. This may be due to
the formation of agglomerations at higher ceramic loading
which act as weak points in the composite and it easily break
when stress is applied [29].

3.5. Dielectric properties of the composites at radio and

microwave frequencies.

Fig. 6(a) and (b) shows the variation of relative permittiv-
ity with frequency in the range of 1 kHz–3 MHz for SR-
mAL and SR-nAL composites. The relative permittivity of
SR-mAL composites does not vary much with increase in
frequency but the variation is significant for the SR-nAL
composites. The relative permittivity shows a dip at a
frequency of about 177 kHz due to relaxation at this
frequency. The dip gradually disappears with increase in
filler content. The plot also shows that the relative permittiv-
ity increases as filler content increases. Fig. 7(a) and (b)
shows the variation of dielectric loss with log frequency for
SR-mAL and SR-nAL composites at 1 kHz–3 MHz. In
general, the dielectric loss decreases with increase in fre-
quency. However, the dielectric loss shows an increase at
frequencies of about 1.7 kHz and 316 kHz, respectively, due
to relaxation. As the ceramic content increases dielectric loss
of microcomposites decreases and for nanocomposite it
increases. It is known that both relative permittivity and
dielectric loss depend on electronic, ionic, dipole-orientation,
and space charge polarizations [30]. The present system of



Fig. 7. Variation of dielectric los with log frequency of (a) SR-mAL

composites and (b) SR-nAL composites at 1 MHz.

Fig. 8. (a) Variation of relative permittivity and loss tangent of SR-mAL

composites at 1 MHz and (b) variation of relative permittivity and loss

tangent of SR-nAL composites at 1 MHz.

L.K. Namitha et al. / Ceramics International 39 (2013) 7077–70877082
composite is a biphase mixture of two dielectrically and
chemically different materials. Hence the dielectric properties
of composites can be affected by the different volume
fractions of the fillers and polymer matrix.

A low relative permittivity is desirable for microelectronic
packaging to increase the signal transmission speed. The
relative permittivity of composites varies between the relative
permittivity of polymer and filler. Fig. 8(a) shows the relative
permittivity and dielectric loss of SR-mAL composite at
1 MHz. From the figure it is clear that er increases and tan d
decreases with increasing filler content. The dielectric
response of the composite at lower filler loading is mainly
due to the silicon rubber matrix (SRN have er of 3–3.5 at
1 MHz) and the gradual increase in the relative permittivity
of composite with filler content is due to the relatively high
relative permittivity of alumina (9.7–10.5 at 1 MHz). At
1 MHz, the relative permittivity of SR-mAL increases from
3.27 to 5.69 with increase in filler loading from 0 to 0.45Vf.
As the filler loading increases the connectivity between filler
particles and dipole–dipole interaction increases, which can
also lead to an increase in the relative permittivity [31].
Dielectric loss decreases as the volume fraction of micro-
alumina increases. This is mainly due to the low loss of
alumina filler (2� 10�4 at 1 MHz) compared to silicone
rubber matrix (�10�3 at 1 MHz). As the filler loading
increases from 0–0.45Vf, the dielectric loss of SR-mAL
composite varies from 2.8� 10�3 to 2� 10�4. Fig. 8(b)
depicts the relative permittivity and dielectric loss of SR-
nAL composites at 1 MHz. For SR-nAL composites both
the relative permittivity and loss factor increases with filler
loading. The mixing became more difficult at higher loadings
because of the high surface area and larger ceramic volume
of nano-fillers which is in agreement with the report of
Hu et al. [32]. Maximum filler loading of about 0.45Vf is
attained for SR-mAL composites while only up to a volume
fraction of 0.05 is possible for SR-nAL composites. Zhou
et al. reported that after certain volume percentage (40 vol%)
of filler loading, hardening and difficulty in processing occurs
with degraded mechanical property [28]. At 1 MHz, 0.05Vf of
filler loading SR-nAL composite has a relative permittivity of
3.73 and dielectric loss of 6� 10�3. For the same Vf, SR-
mAL composite has relative permittivity and dielectric loss of
3.63 and 2� 10�3, respectively. The main drawback of nano-
fillers is that the nanoparticles agglomerate easily because of
their high surface energy. The main reason for the higher
relative permittivity and dielectric loss of nanocomposite is
due to its hydrophilic nature.
The variation of microwave dielectric properties of SR-

mAL and SR-nAL composites at 5 GHz is shown in
Fig. 9(a) and (b), respectively. The microwave dielectric
properties have similar behavior as that of radio wave
frequencies. The dielectric properties of the composites
depend on the loading level of the filler, size and shape of
the filler particles and the interfacial properties of the



Fig. 9. (a) Variation of relative permittivity and loss tangent of SR-mAL

composites at 5 GHz and (b) variation of relative permittivity and loss

tangent of SR-nAL composites at 5 GHz.

Fig. 10. Comparison of experimental and theoretical permittivity of SR-

mAL composites at 5 GHz.
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composites [33]. Fig. 9(a) depicts the relative permittivity
and dielectric loss of SR-mAL composites at 5 GHz. The
composite has a relative permittivity of 5.89 and a loss
tangent of 9� 10�3 for 0.45Vf of SR-mAL composite at
5 GHz. The decrease of effective dielectric loss of compo-
site with increase in filler content is due to the lower
dielectric loss of alumina filler (4.3� 10�5 at 5 GHz) than
silicone rubber matrix (1.59� 10�2 at 5 GHz). Fig. 9(b)
shows the relative permittivity and dielectric loss of SR-
nAL composite at 5 GHz. The 0.05 volume fraction of
micro-alumina loaded silicone rubber composite has a
relative permittivity of 3.21 and dielectric loss of
1.42� 10�2 at 5 GHz. For same volume fraction the
nano-alumina composite has a relative permittivity of
3.52 and dielectric loss of 1.97� 10�2 at 5 GHz. The high
value of dielectric loss of nanocomposites is due to the
presence of higher moisture content and large interface
area of nanoparticles [34]. The connectivity among the
filler particles and between the polymer and filler increases
with filler loading. Porosity is also found to increase with
increase in filler loading which is evident from the SEM
images. The presence of porosity decreases the relative
permittivity and increase the dielectric loss factor. How-
ever the effect of porosity is relatively smaller as compared
to the effect of filler addition.
The following theoretical models are used to calculate
the effective relative permittivity of SR-mAL composite at
5 GHz frequency.
Maxwell Garnet [35]

eeff� em

eeffþ2em
¼ f

ei� em

eiþ2em
ð3Þ

Jayasundere–Smith equation [36]

eeff ¼
emð1�f Þ þ eif ½ 3em=ðeiþ2emÞ� ½1þ ð3f ðei� emÞÞ=ðeiþ2 emÞ�

ð1�f Þþ f ½3em=ðeiþ2emÞ�½1þ ð3f ðei�emÞÞ=ðeiþ2emÞ�

ð4Þ

Lichtenecker equation [37]

In eeff ¼ f In eiþð1�fÞ In em ð5Þ

Modified Lichtenecker equation [38]

Logeeff ¼ logemþ f ð1�kÞ log
ei

em

� �
ð6Þ

Effective Medium Theory (EMT) [39]

eeff ¼ 1þ
f ðei�emÞ

emþnð1�f Þð ei�emÞ

� �
ð7Þ

where eeff , em and ei are relative permittivity of composite,
matrix and filler, respectively and f is the volume fraction
of the filler. Generally all the theoretical predictions are
valid for low filler contents. At higher volume fractions the
deviation is due to inhomogeneous dispersion of filler in
matrix. Fig. 10 shows the comparison of experimental and
theoretical values of relative permittivity of composite
obtained from the above models. Many theoretical models
suggest that the filler particle in a material should ideally
be separated, non-interacting and roughly spherical [40].
Maxwell Garnet relations predict lower er compared to the
experimental data. This relation is suitable for very low
volume fraction of ceramic particles. Reduction in depolar-
ization of fillers and increase in relative permittivity, which are
not accounted in this formula for higher filler loading [41].
Lichtenecker equation considers the composites are random



Fig. 11. Comparison of experimental and theoretical dielectric loss of SR-

mAL composites at 5 GHz.

L.K. Namitha et al. / Ceramics International 39 (2013) 7077–70877084
mixtures of spherical particles. From SEM micrograph it is
clear that the particles are irregularly shaped and hence the
deviation from Lichtenecker equation. Jayasundere–Smith
equation is valid up to 0.1Vf of filler. This model considers
composite as a bi-phase system of dielectric spheres (ef)
dispersed in a continuous medium (em) and is valid only when
ef4em [23]. EMT model is valid only up to 0.1 volume
fraction of filler. EMT model considers composite as an
effective medium whose relative permittivity is the average
relative permittivity of constituents. The complex effective
permittivity will depend on the homogeneity of distribution of
the filler, shape and size of filler; also interface between filler
and matrix. EMT model includes a morphology factor ‘n’
which gives the shape of the filler used in the polymer–ceramic
composite. The shape factor n is determined from empirical
calculations, which is found to be 0.15 for SR-mAL compo-
sites. However, the particle size should be small for better
fitting with the theoretical predictions is the only restriction of
EMT model. In the present case filler particles are not very
small in size and hence show deviation from the experimental
values. Among the models Modified Lichtenecker equation is
in good agreement with the experimental values as shown in
Fig. 10. In Modified Lichtenecker equation a fitting factor k is
used which gives the interaction between the filler and matrix.
Modified Lichtenecker model has been attempted to account
the shape factor and distribution of the filler. Also the fitting
factor is sensitive to polymer matrix and ceramics. The fitting
factor for SR-mAL composite is �0.4774 which is in
agreement with an earlier report [38].

Theoretical models for predicting the dielectric loss is
relatively less and are more complicated. The following
equations are used to model the loss tangent of composite.

General mixing model [42]

ðtandcÞ
a
¼
X

V fi ðtandiÞ
a

ð8Þ

tan dc and di are the loss tangent of composite and ith
material respectively,a is a constant, Vfi is the volume
fraction of ith material. The value of constant a determines
the mixing rule where a¼�1 (serial mixing) a¼1 (parallel
mixing) and a¼0 gives logarithmic mixing rule.

The Bruggeman model [43]

e00 ¼
ðe0i�e0Þðe0iþ2e

0Þe0

ðei�e0mÞðe
0
iþ2e

0Þe0m
e00mþ

3ðe0�e0mÞ

ðe0�e0mÞðe
0
iþ2e

0Þ
e00i ð9Þ

where e0i; e0m; e0; e00i; e00m and e00 are the real and
imaginary part of the filler, matrix and the composite
respectively. In the case of SR-mAL composite the major
factor controlling the dielectric loss is the low tan d value
of the filler (4.3� 10�5) compared to the matrix (1.59�
10�2). But for nano-alumina, the loss is high due to the
hydrophilic nature and large interaction volume of filler.
Fig. 11 shows the comparison of dielectric loss of SR-mAL
composite at 5 GHz with theoretical models. Parallel
model gives a better fit to the experimentally observed
values of tan d. The parallel mixing rule shows a deviation
at high volume fraction (0.45Vf) due to the agglomeration
of filler. The Bruggeman model and Serial model failed to
evaluate the dielectric loss of silicone rubber-micro-
alumina composite. The dielectric loss of a composite
depends on the intrinsic and extrinsic factors. The extrinsic
factors such as defects, size and shape of fillers, micro-
pores, etc. contributes to dielectric loss of composite. A
new model satisfying both intrinsic and extrinsic factors
need to be developed for better fitting with all volume
fractions of filler [14,44].
The temperature dependence of relative permittivity (ser)

of both micro- and nano-alumina composites at 1 MHz are
shown in Fig. 12(a) and (b), respectively. The temperature
dependence of permittivity in polymers depends on two
factors such as the glass transition temperature, Tg, and
the frequency dependence of material [45]. It can be seen
from the figures that the temperature variation of relative
permittivity is relatively small in both the composites. Both
SR-mAL and SR-nAL composites show a slight decrease
in relative permittivity with increase in temperature
for all the compositions. As the filler volume fraction
increases from 0–0.45 the percentage deviation in er
decreases from about 9–5% for SR-mAL composites and
for SR-nAL composites (0–0.05Vf) the deviation is about
9–6%. The large difference in CTE of the filler and matrix
is responsible for the disturbance of aggregation of
polar components and thus the decrease in relative per-
mittivity with temperature [46,47]. Thus from the figures it
can be concluded that the silicone rubber micro-
alumina and silicone rubber nano-alumina composites
show reasonably good temperature stability of relative
permittivity.
3.6. Variation in coefficient of thermal expansion of the

composites

Fig. 13 shows the variation of coefficient of thermal
expansion of the SR-mAL and SR-nAL with filler volume
fraction. A reduction in CTE was observed with increase in
filler loading. CTE values of alumina filler and pure silicone



Fig. 12. Variation of relative permittivity with temperature for (a)

SRmAL composites and (b) SRnAL composites at 1 MHz.

Fig. 13. Variation of CTE of (a) SR-mAL and (b) SR-nAL composites

with ceramic content.

Fig. 14. Variation of moisture absorption of: (a) SR-mAL and (b) SR-

nAL composites with filler loading.
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rubber are 7.2 ppm/1C and 266 ppm/1C, respectively. The
CTE of 0.36 volume fraction of micro-alumina filled silicone
rubber is 138 ppm/1C and 0.05 volume fraction of nano-
alumina filled silicone rubber is 175 ppm/1C, compared to
unfilled silicone rubber (266 ppm/1C). The reason may be that
there exist mechanical interaction between filler and matrix,
which binds the matrix together preventing it from expanding
as much as the unfilled matrix. In the case of nano-alumina
the reduction in CTE is abrupt, because of the large surface
area and the interaction volume of nano-alumina, which may
block the thermal expansion of the matrix [48].
3.7. Variation in moisture absorption of the composites

Moisture absorption of the composite substrate material
is very important since it adversely affects the dielectric
properties of substrate for practical applications [34].
Variation in moisture absorption of alumina (micro and
nano) loaded silicone rubber composite as a function of
filler is given in Fig. 14. There is a large variation in
moisture absorption of composites with micro- and nano-
alumina. For microcomposite, the moisture absorption
increases as filler loading increases because the porosity
increases at high volume fractions. But in the case of nano-
alumina, for a small volume fraction large increase in
moisture absorption occurs which is due to the agglomera-
tion of filler and hydrophilic nature of nanoparticles. This
high moisture absorption may be a reason for large
dielectric loss of nanocomposite.
4. Conclusions

Mechanically flexible and stretchable silicone rubber
micro-alumina and silicone rubber nano-alumina compo-
site were prepared in a kneading machine followed by hot
pressing. The optimum temperature and duration for hot
pressing were obtained from cross linking studies. The
variation in dielectric properties at 1 MHz and 5 GHz,
mechanical flexibility, coefficient of thermal expansion,
temperature dependence of relative permittivity and moist-
ure absorption of micro- and nano-alumina filled silicone
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rubber matrix were investigated. The variation of relative
permittivity with temperature showed that the SR-mAL
and SR-nAL composites have good temperature stability
of relative permittivity. Relative permittivity of both
micro- and nano-alumina composite increased and loss
tangent of micro-alumina decreased and that of nano-
alumina increased with filler loading at 1 MHz and 5 GHz.
For 0.05 volume fraction of micro-alumina composite, the
relative permittivity is 3.21 and loss tangent is 1.42� 10�2

at 5 GHz and for the same volume fraction of nano-
alumina composite er is 3.52 and tan d is 1.97� 10�2 at
5 GHz. Relative permittivity of 5.89 and tan d of 9� 10�3

is obtained for 0.45 volume fraction of micro-alumina
composite at 5 GHz. The experimental values of relative
permittivity and dielectric loss were compared with theo-
retical models. Among the different theoretical models
Modified Lichtenecker and Parallel model are in good
agreement with experimental values of er and tan d,
respectively. The mechanical property is better for nano-
alumina composites as compared to that of micro-alumina
composite. The dielectric properties are good for micro-
alumina composites for practical application. Coefficient
of thermal expansion and moisture absorption were low
for micro-alumina composite compared to nano-alumina
composites. The micro-alumina filled silicone rubber com-
posite is a good candidate for flexible microwave substrate
application.
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