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Abstract

Butyl rubber—Ba ;Srg 3 TiO3 composites (BR—BST) were prepared by sigma mixing followed by hot pressing. The stress—strain studies
show the good flexibility of the composite. The dielectric properties of the composites were investigated at both radio and microwave
frequencies. The relative permittivity (¢;) and loss tangent (tan ) improved with filler loading at both the frequencies. The relative
permittivity and loss tangent of the BR-BST composites at a maximum filler loading of 0.39 volume fraction (vg) are 13.1 and 0.009
respectively at 5 GHz measured by Split Post Dielectric Resonator (SPDR). The effective relative permittivity of the BR-BST
composites is compared with theoretical models. The variation of ¢ with temperature was also investigated in the range 22-80 °C at
1 MHz. The microwave dielectric properties of the composites are also studied after repeated bending. The coefficient of thermal
expansion (CTE) of the butyl rubber-BST composites decreased with the addition of the BST ceramic.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently electronic industry is in search of light weight,
stretchable and deformable substrate materials for micro-
wave electronic applications [1]. Today’s customary way of
electronic industry is the assembly of electronic compo-
nents on rigid and/or flexible printed circuit boards [2].
The use of flexible electronics is restricted to flat substrates.
In contrast to flexible electronics, stretchable electronics
can be used for curved surfaces and movable parts such as
the joints of a robot’s arm, human medical prostheses etc. [3].
The stretchable electronic circuit will integrate different
components onto polymer substrate that may be stretched
once or many times depending on the application [4]. The
stretchable circuit has the ability to withstand large levels of
strain without fracture and also no deterioration in the
electronic properties [1]. The soft and rubbery future of
electronic industry needs new materials to satisfy their
requirements [5]. The requirements for a material to be used
for flexible dielectric wave guide [6,7] applications are high
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relative permittivity, low loss tangent, mechanical flexibility,
low coefficient of thermal expansion, high thermal conduc-
tivity etc. It is very difficult to get a single material with all
the above mentioned properties. There are ceramics with
high relative permittivity and low loss tangent. But their
brittle nature restricts its use. Low loss polymers are also
available. But their high CTE and low thermal conductivity
precludes them from practical use. Therefore the application
of an individual polymer or ceramic alone is restricted in
many aspects. Hence the polymer—ceramic composites can
serve better performance than their constituent phases. The
conventional polymers such as polyethylene, polystyrene,
polypropylene are flexible enough but cannot be used for
stretchable applications. The conventional polymers can be
replaced by elastomers and the elastomer ceramic compo-
sites found applications ranging from ultrathin health
monitoring tapes to advanced imaging devices [5].

Many literatures are available on the microwave dielectric
properties of polymer—ceramic composites [8—11]. Only a few
reports are available in the field of elastomer ceramic com-
posites. Xiang et al. fabricated and investigated the dielectric
properties of polyolefin elastomer—SrTiO; composite with
different volume fractions of ceramic filler at the microwave
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frequency [12]. Janardhanan et al. and Thomas et al. [13,14]
reported the microwave dielectric, thermal and mechanical
properties of butyl rubber—strontium titanate and butyl
rubber—strontium cerium titanate composites respectively.
The elastomer chosen for the present study was butyl rubber
because of its excellent dielectric properties (e,~2.44 and
tan 6~10~* at 1 MHz), good weathering resistance, flexibil-
ity etc. [15]. Barium strontium titante (Bag 7St 3Ti03) is a well
known ferroelectric ceramic with very high relative permittiv-
ity (6,~2850 at 1 MHz) [16] was chosen as the ceramic filler.
Hu et al. investigated the dielectric properties of Bag s5Srq 45
TiOs—cyclic olefin copolymer composites with different filler
loadings with common and nano-size ceramic powders at
1 GHz [17]. Wang et al. prepared Ba ¢Sry 4TiO3—polymethyl-
methacrylate composites with 0-3, 1-3 and 2-2 type struc-
tures and studied the effect of composite type on the dielectric
properties at 10 kHz [18]. Lou et al. studied the dielectric
tunability of silicone rubber—Ba 45Sr( 35T105 composites with
various volume fractions of ceramic content [19]. Even though
dielectric properties of polymer—barium strontium titanate
composites are available in the literature, the microwave
dielectric properties of butyl rubber—BST composites are
not yet reported. The present investigation deals with the
synthesis and microwave dielectric, thermal and mechanical
characterization of butyl rubber—Bay 7St 3TiO3 composites.

2. Experimental

Bay 7Sr(3TiO; ceramic was prepared by following the
conventional solid state ceramic route. Stoichiometric
quantities of BaCOs3, SrCO3 and TiO, (99.9+ %, Sigma-
Aldrich) were ball milled for 24 h in distilled water using
Yttria-stabilized Zirconia balls in a plastic container. The
slurry was dried and calcined at 1100 °C for 6 h. The
calcined powder was ground well and sintered at 1300 °C
for 4 h. The powder was then sieved through a 25 pm sieve.
Butyl rubber—Ba, ;Sry3TiO3 composites were prepared by
sigma mixing. The compositions for BR-BST-0, BR-BST-1,
BR-BST-2, BR-BST-3, BR-BST-4, BR-BST-5, BR-BST-6
and BR-BST-7 are given in Table 1 [20]. The mixing was
done in a kneading machine. The composites thus obtained
were then hot pressed at 200 °C for 90 min under a pressure
of 2 MPa.

Table 1
Formulation of the composites used.
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The phase purity of the ceramic powder was analyzed by
X-ray powder diffraction technique with Cu-Ka radiation
(Philips X’Pert PRO MPD X-ray diffractometer). The
microstructure of the composites was examined using a
Scanning Electron Microscope (SEM) (Jeol Model, JSM
5600LV). Tensile tests on the BR-BST composites were
conducted using dumb-bell shaped samples of width
~4 mm and thickness in the range 1.5-2 mm. The mea-
surements were carried out in a Universal Testing Machine
(Hounsfield Model, H5K-S UTM) with a rate of grip
separation of 500 mm/min. The dielectric properties at
1 MHz were measured following the parallel plate capa-
citor method using a LCR meter (Hioki Model, 3532-50).
The dielectric properties at 5 GHz were measured by both
SPDR and cavity perturbation technique and at 15 GHz
by SPDR with the help of a Vector network analyzer
(Agilent Technologies, ES071C, ENA Series) [21]. The
thermal ageing of the BR—BST composites were performed
at 75 °C for 1-11 days in an air oven and the microwave
dielectric properties were measured using SPDR. The moist-
ure absorption characteristics of the composites were mea-
sured by following the ASTM D 570-98 procedure [22].
The samples with dimensions 50 mm x 50 mm x 2 mm were
weighed accurately and immersed in distilled water for 24 h.
The samples were then taken out and again weighed after
removing excess water from the surface. The volume% of
water absorption was then calculated using the relation

(Wf_ I/Vl)/pw
(Wf_ I/Vi)/pw—i_ I/Vi/pc

x 100
(1)

Volume% water absorption =

where W; and W; are the initial and final weights of the
sample and p,, and p. are the densities of distilled water and
sample respectively.

The microwave dielectric properties of the BR-BST com-
posites were investigated before and after immersing the
samples in water. The samples were then dried at 60 °C for
2 h and again dielectric properties were measured at 5 GHz.
The samples are bent manually by an angle of 180°. The
bending cycle was repeated for 125 times and the microwave
dielectric properties were investigated after each 25 cycles. The
linear coefficient of thermal expansion of each composite was
measured using a dilatometer (Netzsch Model, DIL 402 PC)

Ingredients® BR-BST-0 BR-BST-1 BR-BST-2 BR-BST-3 BR-BST-4 BR-BST-5 BR-BST-6 BR-BST-7
Butyl rubber 100 100 100 100 100 100 100 100

Zinc oxide 5 5 5 5 5 S S S

Stearic acid 3 3 3 3 3 3 3 3

Tetra methyl thiuram disulfide 1 1 1 1 1 1 1 1

Sulfur 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

BST® 0 10 (0.016) 25 (0.038) 50 (0.074) 100 (0.14) 200 (0.24) 300 (0.32) 400 (0.39)

#Parts per hundred.
®The corresponding BST volume fraction is given in parenthesis.
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Fig. 1. XRD pattern of Bag ;Sro3TiO5,

in the temperature range from 30 °C to 100 °C at a heating
rate of 2 °C/min.

3. Results and discussion
3.1. XRD

Fig. 1 illustrates the XRD pattern of Bag;Srg3TiO3
ceramic powder sintered at 1300 °C for 4 h. The powder
diffraction patterns of Bag ;Srg3TiO; were indexed based
on the JCPDS File no. 44-0093. The single phase of the
tetragonal system was confirmed from the XRD.

3.2. Microstructure

Fig. 2(a) shows the SEM image of BST powder which is
irregularly shaped. The surface morphologies of BR-BST-
1 and BR-BST-7 composites have been shown in Fig. 2(b)
and (c), respectively. Both the composites show a uniform
dispersion of filler particles in the matrix but at higher filler
content some pores and agglomeration of the particles are
observed. Dispersion of the particles in the rubber matrix
for maximum filler loading is also depicted in Fig. 2(d)
which is the fractured surface of the BR-BST-7 composite.

3.3. Mechanical properties

The mechanical flexibility is a prime requirement for a
material to be used for flexible applications. Fig. 3 shows the
stress strain characteristics of butyl rubber—BST composites.
The mechanical properties of the elastomers are generally
improved by the addition of ceramic particles. The stress—
strain curves of particulate filler-rubber systems depend on
the extent of polymer filler interaction and the degree of
wetting of filler particles by the polymer matrix [23].
The stiffness of the composite increases with filler content.

Fig. 2. SEM image of (a) BST powder (b) BR-BST-1 (c) BR-BST-7 and
(d) fractured surface of BR-BST-7.
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Fig. 3. Stress—strain curves of BR-BST composites.

The BR-BST-7 composite is not broken even upto an
elongation of 1000%. This shows the good flexibility and
stretchability of the composite.

3.4. Dielectric properties

Fig. 4(a) shows the variation of relative permittivity of
BR-BST composites with filler loading at 1 MHz, 5 GHz
(measured by both cavity perturbation and SPDR methods)
and 15 GHz. From the figure it is clear that &, increases with
the filler content at all the frequencies. This increasing trend
of ¢, is expected since the relative permittivity of BST is very
much higher than that of the rubber matrix. The effective
dielectric properties are mainly influenced by the interface
regions [24]. The butyl rubber—BST composites have inter-
face regions between the elastomer and the ceramic. As the
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Fig. 4. Variation of (a) relative permittivity and (b) loss tangent with filler
loading of BR-BST composites.

filler content increases the interfacial area increases and
influence the dielectric properties significantly. At a low
volume fraction of ceramic, the filler forms a dispersed phase
in the matrix. The main contribution of relative permittivity
comes from the continuous matrix and hence the low relative
permittivity. As the filler content increases the connectivity
between ceramic particles increases leading to increase in
dipole dipole interaction which can also contribute to the
increase of relative permittivity but to a smaller extent [25].
Also it is worth to note that the ¢, of the composites at
microwave frequencies is found to be slightly larger than that
obtained at 1 MHz. This may be attributed to some resonance
phenomena taking place in the composite. In epoxy—SrTiOs
composites, it has been reported that a resonance absorption
occurs in the frequency range from about 5 GHz to 10 GHz
during which both the real and imaginary parts of the
complex permittivity reaches a maximum at a particular
frequency [26]. Similar behavior was observed in our previous
reports on butyl rubber composites [13,14]. Further studies are
needed to understand the reason for a lower ¢, in the radio
frequency range in butyl rubber composites.

Fig. 4(b) shows the variation of loss tangent of BR—BST
composites with ceramic content. The loss tangent shows
an increasing trend with filler volume fraction as the BST
has high loss tangent than the rubber matrix. The dielectric
loss of polymers mainly depends on the dipolar impurities,
end groups, chain fold, branch point etc. [27]. The dielectric
loss will be lower if the concentration of these groups is
lower. The dielectric loss of a polymer—ceramic composite
depends on the factors such as porosity, moisture content
and interface between two components in the composite.
The interfacial area increases with filler loading. Hence the
accumulation of space charges at the interface of hetero-
geneous system increases which in turn leads to the increase
in dielectric loss at low frequencies [14]. The interfacial
polarization is inactive at high frequencies. The large
dielectric loss may be due to the large loss from the dipole
relaxation of water at microwave frequency [28]. The com-
posite absorbs moisture as the filler content increases and are
discussed in Section 3.8. The butyl rubber—BST composites
with maximum filler loading of 0.39v¢ have a loss tangent of
0.004 and 0.009 at 1 MHz and 5 GHz respectively.

3.5. Temperature dependence of relative permittivity at
1 MHz

Fig. 5 shows the temperature dependence of relative
permittivity for different ceramic loadings. The relative
permittivity of polymer composites should be stable within
the operational temperature range of electronic devices for
practical applications. From the figure it is clear that all
the BR-BST composites are almost stable within the
measured temperature range. As the temperature increases
the relative permittivity decreases for all the composites.
This may be due to the difference in CTE of rubber and
filler which would disturb the aggregation of polar fillers
and thus reduces the relative permittivity [29,30].
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Fig. 5. Temperature dependence of relative permittivity at 1 MHz.
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Fig. 6. Variation of (a) relative permittivity and (b) loss tangent with
ageing at 75°C for different durations for all compositions at 5 GHz.

3.6. Thermal ageing

Fig. 6(a) and (b) shows the variation of relative per-
mittivity and loss tangent with thermal ageing at 75 °C for
different durations of BR—BST composites respectively. The
&, 1s almost independent of thermal ageing. But the loss factor
increases with ageing time. This may be due to some chemical
reactions occurring during ageing [31]. A similar behavior is
observed by Overton et al. for teflon films at 50 Hz [32].

3.7. Theoretical modeling

The precise prediction of relative permittivity of the com-
posite using the relative permittivity of the components and
the volume fraction of the filler is very important for the
design of composites for electronic applications. The compo-
sites are considered as heterogeneous systems and their
dielectric properties are influenced not only by the relative
permittivities of the components but also by other factors such
as the morphology, dispersion and the interaction between the

two phases. The following models are used to calculate the
effective relative permittivity of BR-BST composites: [11]
Jayasundere—Smith equation:

em(1—vp) +epvp [38m/(Si + 28m)] [14Gop(er—em) /& +26m)]
1—vp +vp[3em /(65 + 26m)I[1 + (Bvr(er—em)/ &5 +26m)]

Eeff =

(2)
Lichtenecker equation:
Ineer = (1 —vf)lnem + vplnee (3)
Maxwell-Garnet equation:
2em + e+ 20p(6r—&m)
= 4
fell = m 2em +&r—vr(er—&m) @
Effective Medium Theory:
e 14 vr(er—&m) (5)

em +n(1—vp)(er—&m)

where &y, &, &n are the relative permittivity of the compo-
sites, filler and matrix respectively and vy is the volume
fraction of the filler.

Fig. 7 shows comparison of the experimental values of ¢,
with Lichnetcker, Maxwell Garnet equation, Jayasundere
Smith equation and the Effective Medium Theory (EMT)
model. From the figure it is clear that Lichnetcker and
Maxwell Garnet equations hold good for low filler con-
tents [33,34]. This may be due to the imperfect dispersion
of ceramic particles at higher filler loading. The Jayasun-
dere Smith equation is also not matching with the experi-
mental values. In the Jayasundere Smith model all the
ceramic particles are considered to be spherical in shape.
The BST particles are irregularly shaped in the present
investigation which is evident from the SEM image in
Fig. 2(a). Hence this model shows deviation from experi-
mental values [35]. The experimental relative permittivity is
in good agreement with the EMT model [36]. According to
this model the composite is considered as effective medium

20 4

—l— Lichnetcker equation
—8@— Maxwell Garnet equation

:" 16 —k— Jayasundere smith equation

) -

= —&— EMT model

E —{— Experimental

£ 12-

£

e

D

2

RS

o

=

D

44

v r v r ' T v
0.0 0.1 0.2 0.3 0.4
Volume fraction of filler (v)

Fig. 7. Comparison between experimental and theoretical relative per-
mittivity with BST loading at 5 GHz.
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whose effective relative permittivity is obtained by aver-
aging over the relative permittivity of the two constituents.
EMT model is a self consistent model which assumes a
random unit cell (RUC) consisting of each filler sur-
rounded by a concentric matrix layer. When a RUC is
embedded in an effective medium it cannot be detected in
an electromagnetic experiment. This model incorporates a
shape factor ‘n’, which is subjected to the shape of ceramic
particles. The value of n for BR-BST composite is found
to be 0.17 which is in agreement with our previous report
[14]. Since the EMT model includes a shape factor there is
no restriction with the shape of the ceramic particles.
Hence it is very well matching with experimental values.

3.8. Moisture absorption

Fig. 8 shows the moisture content of BR—BST composites
as a function of ceramic loading. The polymer—ceramic
composites are very sensitive to humidity. Since water is a
polar molecule with high ¢ and tan ¢ it will seriously affect
the dielectric properties of the composites. From the figure it
is clear that the volume% of moisture increases with filler
volume fraction. The volume of polymer—ceramic interface
increases with filler loading which in turn promotes moisture
absorption [37,38]. The increasing trend may be due to the
presence of pores which is evident from the SEM image in
Fig. 2(c).

Fig. 9(a) and (b) shows the variation of microwave dielectric
properties of the composites with filler loading before and
after immersing the samples in water for 24 h, respectively at
5 GHz. Then the samples are taken out and dried at 60 °C for
2 h. Again microwave dielectric properties are studied as a
function of ceramic content. The relative permittivities of the
composites before and after water immersion are almost same.
But after drying it slightly decreases with the ceramic content.
The loss tangent of BR-BST composites is slightly higher after
water absorption. This may be due to the high relative
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Fig. 8. Variation of moisture absorption with filler content of BR-BST
composites.
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Fig. 9. Variation of (a) relative permittivity and (b) loss tangent with filler
content before and after water immersion and after dried at 60 °C for 2 h.

permittivity and loss tangent of water. Similar behavior was
observed by Hakim et al. in natural rubber-intermediate super
abrasion furnace (ISAF) composites [39].The loss tangent
decreases for composites after drying. This may be due to the
evaporation of water during drying.

3.9. Bending

Fig. 10 shows the variation of microwave dielectric
properties of BR-BST composites after repeated bending
of samples by an angle of 180°. From the figure it is clear
that the relative permittivity of the composites are almost
independent of bending upto a volume fraction of 0.32 and
after that it slightly decreases after 25 cycles of bending.
The loss tangent of the butyl rubber—BST composites is
also almost constant throughout the repeated bending
upto a filler loading of 0.24v; and the loss tangent shows
a slight variation after a volume fraction of 0.24. The
deviation at higher filler loading may be due to the particle
agglomeration at the higher filler content [40].Similar result
is observed in our previous report [14].
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3.10. Coefficient of thermal expansion

Fig. 11 shows the variation of coefficient of thermal
expansion (CTE) of BR-BST composites with filler content.
The CTE of pure rubber matrix is 190 ppm/°C. As the filler

volume fraction increases, the CTE decreases. When a
composite is heated, the polymer matrix will expand more
than that of ceramic fillers. The expansion of matrix will be
reduced if the interfaces are capable of transmitting stress.
The polymer chains get arrested in the presence of ceramic
and will be unable to expand with temperature. Hence the
CTE of a composite is reduced with increase in filler content
and composite with strong interface exhibit an additional
reduction of CTE [41,42].

4. Conclusion

BR-BST composites were prepared by sigma mixing
followed by hot pressing. The microstructure of the
composites shows a homogenous dispersion of ceramic
particles in the rubber matrix. The dielectric properties of
the composites were improved with filler loading both at
radio and microwave frequencies. The BR-BST-7 compo-
site attained a relative permittivity of 13.1 and loss tangent
of 0.009 at 5 GHz measured by SPDR. All the butyl
rubber—BST composites are almost thermally stable within
the measured temperature range. The ¢. and tan ¢ of the
BR-BST composites were investigated with ageing time
and with bending at 5 GHz. The EMT model is in good
agreement with experimental ¢, The moisture content of
the composites increases with filler loading. The CTE of
butyl rubber composites are found to be decreased with
filler content. All the measured properties indicate that the
butyl rubber—BST composite is suitable for flexible dielec-
tric wave guide applications.
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