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Abstract 
The dielectric properties of silicone elastomer composites are important in designing flexible electronic 

devices. The recent explosive growth in wireless communication, automotive and biomedical applications 

increases the demand for flexible dielectric materials. However, it is very difficult to identify a 

homogeneous material which possesses these desired properties. Flexible silicone rubber- ceramic 

composites based BaTiO3 (BT), SrTiO3 (ST) and Ca(1−x)Nd(2x/3)TiO3 (CNT) ceramic fillers have been prepared. 

The relative permittivity, thermal conductivity and water absorption increase whereas the coefficient of 

linear thermal expansion decrease as the volume fraction of filler increases. In the case of dielectric loss; a 

decreasing trend is shown by SR-ST and SR-CNT composites with filler volume fraction whereas SR-BT 

composites show a reverse trend since BT is a lossy material. The composites have εr in the range 3–14 in 

the microwave frequency range. The composites with high filler loading are suitable candidates for core of 

flexible dielectric waveguide and embedded capacitor applications and the composites with ST and CNT are 

suitable for cladding of flexible dielectric waveguide and also for microwave substrate applications 

1. Introduction 
Flexible electronics is an important research area for the next generation consumer electronics and is 

becoming a part of our day today life [1]. The development of flexible electronic devices continues to 

advance at great speeds. It is increasingly being used in a number of applications which benefit from their 

low profile, light weight and favorable dielectric properties. Electronics on flexible substrates are becoming 

more useful for various devices including sensor arrays/skins, curved circuits and other large area 

electronics such as flexible displays, capacitors for energy storage, EMI shielding, flexible antenna, 

electronic paper, low-cost radio frequency identification tags and electronic textiles [2–4]. Compared to 

flexible electronics built on non-stretchable materials, stretchable materials offer a wide range of 

advantages such as ability to reduce package size and weight, cost effective installation and dissipation of 

heat at a higher rate. By replacing the rigid substrate with one that is mechanically flexible will enable a 

number of unique applications for displays, imagers and large circuits that can be conformably fitted on 

curved objects and surfaces as needed in biomedical imaging and structural monitoring [5]. In addition to 

this the flexible materials can cover curved surfaces and movable parts [3]. The stretchable circuits have the 

ability to withstand large levels of strain without fracture and also no degradation in the electronic 

properties [4]. 

The current market analysis estimates that the revenue of flexible electronics can reach 30 billion USD in 

2017 and over 300 billion USD in 2028 [6]. The continuous evolution of smaller, lighter and faster 

electronics necessitated the demand for new materials which can satisfy the requirements of today's 

electronic world. A flexible dielectric waveguide consists of a flexible core and a flexible cladding. For an 

ideal flexible waveguide, the core and cladding must be low-loss flexible dielectrics with the relative 

permittivity of the core being large [7]. Then only the fields of the guided mode would decrease rapidly 

with distance in the cladding. The requirements for a material to be used as a core of flexible dielectric 

waveguide are mechanical flexibility, high relative permittivity, low loss tangent, low coefficient of thermal 



expansion (CTE) and high thermal conductivity. It is difficult to obtain a single-phase material with all the 

above mentioned properties. Recently the research on the development of low loss millimeter wave 

guiding structures has attained much attention. Recently ceramicpolymer composites have been 

investigated extensively because of the need for flexible materials with high dielectric permittivity and low 

cost processing in the rapidly developing electronic industry [8]. However, through the composite approach 

the permittivity of the polymer can betailored to a greater extent by using high permittivity low loss fillers. 

Several polymer based dielectric waveguides were developed for flexible electronic applications [9,10]. The 

conventional ceramic polymer composites are flexible to a limited extent but they can’t be bend or stretch 

[11]. Accordingly the importance of the elastomer – ceramic composites, which is receiving wide attention 

due to its flexibility and stretchability. 

The majority of microwave applications are related to high speed microelectronics, radar and 

communication systems and they need low loss high permittivity materials. High relative permittivity (high-

k) ferroelectric ceramic-polymer composites have become potential candidate materials for integration into 

high frequency electronics due to their tailored dielectric, thermal, mechanical properties and ease of 

processing [12,13]. The future of electronics is expected to be soft and rubbery. Recently elastomer-

ceramic composites have been found to be most promising candidates for flexible electronic applications. 

These composite combines the stretchability and light weight of elastomer with good dielectric and thermal 

properties of ceramics. Xiang et al. studied the microwave dielectric properties of polyolefin elastomer 

(POE)–SrTiO3 composites, which can be used as the core of flexible waveguide [14]. Later Thomas et al. and 

Chameswary et al. reported the high permittivity filler loaded butyl rubber composites for dielectric 

applications in flexible electronics at microwave frequencies [15,16]. 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 [17]. Recently 

Salaeh et al. [18] prepared flexible epoxidized natural rubber-BaTiO3 composites and studied the influence 

of BaTiO3 concentration on cure characteristics, mechanical, dielectric and morphological properties of the 

composites. High permittivity ceramic materials can be used to make elastomer composites for flexible 

dielectric waveguide and capacitor applications. 

Silicone rubber is a well-known dielectric elastomer which is widely used in various industries due to its 

favorable dielectric properties, elasticity, biocompatibility, optical transparency, permeability, UV 

transmission and availability. The Si-O back bone makes them chemically stable even at high temperatures. 

The molecular structure gives silicones their unique properties, including water-repellency, cold-resistance 

etc. In the present paper we chose silicone elastomer as the matrix. High relative permittivity materials are 

used for the manufacture of embedded capacitor as well as dielectric wave guide applications. In order to 

develop flexible composites with low loss and high relative permittivity the ceramics used should have 

permittivity much higher than that of rubber matrix. Ceramics such as BaTiO3 (BT), SrTiO3 (ST) and 

Ca(1−x)Nd(2x/3)TiO3 (CNT) having high permittivity are chosen for the present study. BaTiO3 and SrTiO3 are well 

studied systems having a perovskite structure. The perovskite titanates like CaTiO3 and BaTiO3 have high 

relative permittivity but rather high dielectric loss. The perovskite titanates Ca(1−x)Nd(2x/3)TiO3 (x=0.39) was 

used as the low loss high permittivity material. In this paper we report the detailed investigation of silicone 

elastomer-high permittivity ceramic fillers like BaTiO3, SrTiO3 and Ca(1−x)Nd(2x/3)TiO3 filled composites to 

understand their dielectric, thermal and mechanical performance for flexible electronic applications. 

2. Experimental 
In the present work dimethyl end blocked silicone elastomer is used as the matrix and high permittivity 

fillers such as BaTiO3, SrTiO3 and Ca(1−x)Nd(2x/3)TiO3 used for the composite preparation. The silicone rubber 

used for the present investigation was methyl end blocked silicone rubber, molecular weight =4, 27,000 

g/mol, provided by Jyothi rubbers, Thrissur, India. The physical and electrical properties of silicone rubber 



are given in Table 1. Commercial grade dicumyl peroxide (DCP) was used as a curing agent. In rubber 

compounding, it is conventional to use parts per hundred of rubber (phr) to quantify the ingredients used 

for vulcanization. Ceramic fillers used were prepared by the solid state ceramic route. The Stoichiometric 

proportion of starting materials were weighed and mixed by wet ball milling using yttria-stabilized zirconia 

balls and dried. The powder thus obtained were then calcined at appropriate temperatures and ground 

well. Then it is used for composite preparation with silicone rubber. The raw materials used for the 

synthesis of BaTiO3 and SrTiO3 are BaCO3, SrCO3 and TiO2 (99.9+%, Sigma-Aldrich). The calcination 

temperature for BT is 1100 °C for 4 h and for ST it is 1200 °C for 4 h. Ca(1−x)Nd(2x/3)TiO3 (CNT) were 

synthesized using CaCO3, Nd2O3 and TiO2 (99.91%, Aldrich Chemical Company Inc., Milwaukee, WI) of high 

purity. The CNT ceramic powder was calcined at 1100 °C for 3 h. Barium titanate (BaTiO3) is the first 

ferroelectric ceramic and a good candidate for a variety of applications due to its excellent dielectric, 

ferroelectric and piezoelectric properties. It has a perovskite type structure with high relative permittivity 

(≈1000–2000), loss tangent (≈10−2) and high breakdown strength [19]. BaTiO3 is widely studied for its 

numerous scientific and industrial applications, such as in dielectric capacitors, transducers and tunable 

phase shifters [20]. Strontium titanate (SrTiO3) is a wellknown ceramic; which exists as a centrosymmetric 

paraelectric material with a perovskite structure at room temperature. It has very large value of εr (=290) 

and low value (~10−3) of tan δ [21]. SrTiO3 has mixed ionic-covalent bonding properties. This nature of 

chemical bonding leads to a unique structure, which make it a model electronic material. Ratheesh and co-

workers studied the dielectric and mechanical properties of SrTiO3 based PTFE and PEEK composites and 

found that these composites are suitable for microwave substrate applications [22,23]. CaTiO3 is a 

perovskite titanate having high relative permittivity of ~ 170. However, the high dielectric loss and the large 

τε value (~ −400 ppm/°C limits its use in many practical applications [24]. In order to tune the dielectric loss 

and τf (temperature stability), the perovskite titanates were substituted with various elements. A 

significant modification in the properties of this material can be made through rare earth substitution, 

which has attracted immense attention. Yoshida et al. made substitution of Ca by trivalent Nd in CaTiO3 in 

the range of 0≤ x≤1 [25]. The loss tangent value decreased with increasing x value. After reaching a 

minimum value at x=0.39, it increased with a further increase in x value. In the present study we made 

quaternary compound Ca(1−x) Nd(2x/3)TiO3 where x=0.39 due to its useful dielectric properties. The εr and τε 

values are 98 and −130 ppm/°C respectively at x=0.39. Even though, the microwave dielectric properties of 

Ca(1−x)Nd(2x/3)TiO3 are studied the Ca(1−x)Nd(2x/3)TiO3 filled polymer or elastomer composites are investigated 

for the first time. 

The physical and electrical properties of ceramic fillers are given in Table 1. The compounding of silicone 

rubber ceramic composites was done by sigma blend method using a kneading machine. The process of 

sequentially adding the ingredients into the raw rubber is termed ‘compounding’. The mixing was done in a 

kneading machine (Plastomek, Quilandy) at room temperature. The silicone rubber was first masticated 

through the counter rotating sigma blades to make them soft and more processable. Dicumyl peroxide 

(DCP) was used as vulcanizing agent. Finally appropriate amount of ceramic fillers were added. The mixing 

was done for about 45 min with the rotation speed of 25 rpm to get uniform composites. The uniformly 

mixed composites were hot pressed at 200 °C for 90 min under a pressure of 2 MPa with appropriate dies. 

The optimization of temperature and duration were done by studying the cross linking behavior. After hot 

pressing, the composites with desired shapes were used for characterization. 

The powder XRD spectra were recorded using CuKα radiation (PANalyticalX’PertPRO Diffractometer, 

Almelo, Netherlands). The microstructure of the silicone rubber- ceramic composites was recorded using 

scanning electron microscope of JEOL JSM −5600LV, Tokyo, Japan. The composites were quite flexible so 

they were dipped into the liquid N2 and fractured. The fractured surfaces thus obtained were used for SEM 

analysis. The stress-strain properties of thecomposites were measured using a Universal Testing Machine 

(Hounsfield, H5K-S UTM, Redhill, U.K.) with a rate of grip separation of 500 mm/min following the American 



standard ASTM D412. Dumbbell shaped samples of width 4 mm and thickness in the range of 1.5–2 mm 

were used for the tensile measurements. The dielectric properties up to 3 MHz are measured by the 

parallel plate capacitor method with the help of an LCR meter (HIOKI 3532-50 LCR Hi TESTER, Japan) using 

cylindrical specimens of 11 mm diameter and 1–2 mm thickness. A vector network analyzer (Agilent 

Technologies, E5071C, ENA Series Network Analyzer) was used for the microwave measurements with the 

help of Split Post Dielectric Resonator and samples in the form of thin sheet. The SPDR´s operating at 5.155 

GHz and 15.155 GHz were used for the present study. Bending measurements of the composites were 

carried out by bending the samples manually in such a way that every part of the sample had undergone 

180° bending. The bending cycle was repeated for 125 times and the microwave dielectric properties were 

measured by SPDR operating at 5.155 GHz after every 25 cycles. The thermal expansion was measured 

using a Dilatometer (DIL 402 PC, NETZSCH, Selb, Germany). The thermal conductivity was measured by 

thermal properties analyzer (Flash Line™ 2000, Anter Corporation, Pittsburgh, USA). Graphite coated 

samples of diameter 12.57 mm and thickness ≈1 mm was used for thermal conductivity measurements. The 

water absorption characteristic of the composites was measured by following the ASTM D 570-98 

procedure. The dimensions of the samples used for the water absorption study was 50 mm×50 mm×2 mm. 

The density of the composites was measured using Archimedes method. 

3. Results and discussion 
Silicone rubber–ceramic composites with high permittivity fillers like BaTiO3, SrTiO3 and Ca(1−x)Nd(2x/3)TiO3 

loaded composites were prepared as per the recipe given in Table 2. Maximum filler loading of about 0.28 

Vf can be attained for SR-BT composites whereas 0.3 Vf for SR-ST composites since the density of BaTiO3 is 

higher than that of SrTiO3. In the case of SR-CNT composites we can mix up to 0.43 Vf since Ca(1−x)Nd(2x/3)TiO3 

has a relatively low density. Larger amount of filler leads to inhomogeneous mixing, hardening and 

difficulty in mixing and also degradation of the mechanical properties [26]. Moreover, the processing step is 

more difficult when high filler amounts are incorporated. The optimum filler loading also depends on the 

particle size, distribution and morphology of the filler. Fig. 1 shows the XRD patterns of BT, ST and CNT and 

the diffraction peaks are in agreement with standard JCPDS patterns 83–1880 for BaTiO3, 35–0734 for 

SrTiO3 and 88-0082 for Ca(1−x)Nd(2x/3)TiO3. No additional peaks are observed in the powder X-ray diffraction 

patterns, which indicate the phase purity of the powders of BaTiO3, SrTiO3 and Ca(1−x)Nd(2x/3)TiO3. The 

formulation recipes of high permittivity ceramic reinforced silicone rubber composites and sample 

designation and corresponding ceramic volume fraction (Vf) are given in Table 2.  

Distribution of filler in the elastomer matrix and the morphology of the composite are studied using SEM. 

Fig. 2(A1),(B1) and (C1) shows the SEM micrographs of BaTiO3, SrTiO3 and Ca(1−x)Nd(2x/3)TiO3 ceramic. Fig. 

2(A2), (B2) and (C2) shows the fractured surface of lower volume fraction composites whereas (A3),(B3) and 

(C3) shows the fractogram of higher volume fraction composites respectively. The ceramic fillers are 

observed to be uniformly distributed throughout the elastomer matrix. In polymer-ceramic composites, as 

the filler loading increases the tendency for agglomeration will also increase due to the decrease in amount 

of polymer matrix which keeps the filler particles separated from each other and is evident from Fig. 2. The 

mechanical flexibility is a prime requirement for a material to be used for flexible applications. The stress –

strain curves of pure elastomer and the composites are shown in Fig. 3. It is clear that the stress for the 

same elongation is larger for ceramic filled composite as compared to unloaded elastomer matrix. As the 

highly brittle ceramic volume increases inside the matrix, the percentage of elongation decreases. 

Increased filler loading leads to increase in the stiffness of the composite and hence more stress is required 

for deformation. Filler parameters like size, shape and aspect ratio have a strong impact on mechanical 

response of the composites. 



Dielectric properties of 0–3 composites as a function of the volume fraction of the ceramic were studied by 

many authors. Fig. 4 shows the variation of relative permittivity and the dielectric loss of the composites 

with varying filler fraction at the radio frequency (1 MHz) as well as at microwave frequency (5 GHz and 15 

GHz) regions. The dielectric properties of a 0–3 composite using a dielectric as the filler are dependent on 

the dielectric properties of both the matrix and filler [11,27]. Even though fillers have a very large 

permittivity than that of matrix, the composite cannot attain relative permittivity more than about 15, 

since the relative permittivity depends on the rubber matrix.  

The dielectric properties of the rubber composites depend on the volume fraction, size, connectivity 

between the filler particles and shape of the ceramic fillers and also preparation methods [28]. The reason 

for the relatively low permittivity of the rubber ceramic composites may be due to the depolarization of the 

filler while incorporating in the rubber matrix since rubber matrix obscures the polarizability of the ceramic 

filler [29] and the poor connectivity between the ceramic filler particles [28]. Even at maximum filler 

loading the relative permittivity of elastomer– ceramic composite cannot increase to a very high value [30]. 

This is because the 0–3 type composite follows an exponential relationship between the volume fraction of 

the filler and relative permittivity of composite. Logarithm of the relative permittivity of polymer–dielectric 

ceramic composites (εr composite) is linearly proportional to the volume fraction of the filler (Vf) with the 

slope dependent on the dielectric properties of both components [13]. 

 

The relative permittivity of polymer-ferroelectric ceramic composite cannot exceed 100 even at maximum 

filler loading [30]. The effective relative permittivity of polymer -filler composite material is dependent not 

only on the relative permittivity of the polymer and the filler, size and shape of the filler and the volume 

fraction of the filler, but also on the relative permittivity of the interphase region and volume of the 

interphase region. As the filler content increases the interfacial area increases and influence the dielectric 

properties significantly. The variation of relative permittivity and the dielectric loss of the composites with 

varying filler fraction at the radio frequency region (1 MHz) are shown in Fig. 4(a). It is evident from the 

figure that relative permittivity of all the composites increases with filler fraction. The value of εr increases 

with filler loading because εr of fillers is relatively higher than that of the matrix. The increased connectivity 

among the filler particles and between the polymer and filler can also enhance the relative permittivity. In 

the case of SR-ST and SR-CNT composites the dielectric loss decreases with filler loading which is due to the 

low dielectric loss of the filler particles. In the case of SRBT composites the dielectric loss increases with 

filler content. This is due to the high dielectric loss of the BT than that of silicone rubber matrix. 

Fig. 4(b) and (c) shows the variations in microwave dielectric properties of SR-BT, SR-ST and SR-CNT 

composites with filler loading. The trend in dielectric properties is similar to that of the radio frequency 

region. The relative permittivity increases with filler volume fraction since the fillers have higher εr. At a 

lower concentration, the rubber matrix isolates filler particles from each other and their dielectric 

properties will not play a dominant role. Moreover, as the ceramic content increases, the particles will get 

into contact with each other leading to the formation of continuous networks. Consequently dipole-dipole 

interaction increases and results in increased values of εr [31]. The variations in complex permittivity at 

microwave range are mainly caused by dipolar relaxation. The effective dielectric loss of SRST and SR-CNT 

composites decreases with filler loading because here the major factor deciding the dielectric loss is the 

low tan δ values of the fillers. Where as in the case of SRBT composites; a reverse trend is observed, 

dielectric loss increases with filler loading. The reason for this effect is the higher tan δ value of the filler. 

Moreover, the presence of porosity, the inhomogeneous dispersion of the filler particles moisture and the 



interface between the rubber matrix and ceramics can lead to additional loss. The dielectric properties at 5 

GHz and 15 GHz do not show appreciable differences since there is hardly change in polarization 

mechanisms. 

One advantage of the polymer-ceramic composites is that the relative permittivity can be varied by 

changing the volume fraction of the filler. Hence the prediction of effective dielectric behavior of the 

composite is important as far as its application in electronic packaging is concerned. Several theoretical 

models have been developed to estimate the relative permittivity of polymer-ceramic composite 

structures. The dielectric properties of the composites are influenced not only by the relative permittivity 

of the components but also by other factors such as the morphology, dispersion and the interaction 

between the two phases. The theoretical modeling enables the material scientists to arrive at novel 

composite systems without much experimental iterations. The experimental value of relative permittivity 

of composites are compared with the theoretical values predicted by several equations like Maxwell-

Garnet, Jayasundere –Smith, Lichtenecker and effective medium theory (EMT) model using the following 

equations [29,32–34]. 

Maxwell-Garnett equation 

𝜀𝑒𝑓𝑓−𝜀𝑚

𝜀𝑒𝑓𝑓+2𝜀𝑒𝑚
= 𝑣𝑓

𝜀𝑓−𝜀𝑚

𝜀𝑓+2𝜀𝑒𝑚
    (2) 

where εeff, εf, εm are the relative permittivity of the composites, filler and matrix respectively and vf is the 

volume fraction of the filler. 

The Maxwell-Garnett mixing rule was initially used to calculate the effective permittivity of a system where 

metal particles are encapsulated in an insulating matrix. This mixing rule was modified for polymer-ceramic 

composites incorporating homogeneous distribution of spherical ceramic particles and the excitation of 

dipolar character is considered [32]. 

Jayasundere-Smith equation 

𝜀𝑒𝑓𝑓 =
𝜀𝑚(1−𝑣𝑓)+𝜀𝑓𝑣𝑓[

3𝜀𝑚
𝜀𝑓+2𝜀𝑚

][1+(
3𝑣𝑓(𝜀𝑓−𝜀𝑚)

𝜀𝑓+2𝜀𝑚
)]

1−𝑣𝑓+𝑣𝑓[
3𝑒𝑚

𝑒𝑓+2𝑒𝑚
][1+(

3𝑣𝑓(𝑒𝑓−𝑒𝑚)

𝑒𝑓−2𝑒𝑚
)]

  (3) 

Jayasundere-Smith equation is a modification of well-known Kerner equation by including the interactions 

between neighboring spheres. This equation considers composite as a bi-phase system of dielectric spheres 

(εf) dispersed in a continuous medium (εm) and is valid only when εf»εm [29]. 

Lichtenecker equation 

ln𝑒𝑒𝑓𝑓 = (1 − 𝑣𝑓)ln𝑒𝑚 + 𝑣𝑓ln𝑒𝑓  (4) 

The most widely used relation for the prediction of εr is Lichtenecker's logarithmic law of mixing. It 

considers the composite system as randomly oriented spheroids that are uniformly distributed in a 

continuous matrix [33]. 

Effective Medium Theory (EMT) 

𝑒𝑒𝑓𝑓 = 𝑒𝑚 [1 +
𝑣𝑓(𝑒𝑓−𝑒𝑚)

𝑒𝑚+𝑛(1−𝑣𝑓)(𝑒𝑓−𝑒𝑚)
]  (5) 



 

where n is empirically determined parameter in the EMT model. 

In EMT model, composites are treated as an effective medium whose relative permittivity is obtained by 

averaging over the relative permittivity of the constituents. The basic concept of EMT model is that when a 

random unit cell (RUC) is embedded in an effective medium it cannot be detected in the electromagnetic 

experiment. A random unit cell is defined as a core of ceramic surrounded by a concentric shell of the 

polymer [34]. A correction factor ‘n’ is used to compensate for the shape of the fillers and is called 

morphology factor which is related to ceramic particle and can be obtained empirically. A small value of ‘n′ 

indicates a near spherical shape for the filler, while a high value of ‘n′ shows a largely non-spherically 

shaped particle. 

The theoretical models follow certain assumptions which are related to dielectric properties of individual 

components, the connectivity of polymer–ceramic composites, size and shape of the filler and morphology. 

Fig. 5 shows the comparison between experimental and theoretical values of relative permittivity at 5 GHz 

for SR-BT, SR-ST and SR-CNT composites. It can be seen that the theoretical values give the same trend as 

that of experimental curve. Maxwell Garnet relations predict lower εr compared to the experimental data. 

Reduction in depolarization of filler and increase in relative permittivity, which are not accounted in this 

formula, hence shows the deviation. For SR-BT composites the Lichtenecker and EMT models are matching 

well with experimental results [34]. Jayasundere-Smith and Lichtenecker models are valid for low volume 

fraction of filler loading, the entrapped air and imperfect dispersion of filler in the composites may be the 

reason [29,33]. Generally, the theoretical predictions are valid only for low volume fractions of filler loading 

[35,36]. This is due the imperfect dispersion of ceramic particle in polymer matrix. The EMT model is found 

to match with experimental values of SR-ST and SR-CNT composites. The morphology factor ‘n′ for EMT 

model is found to be 0.13, 0.103 and 0.205 SR-BT, SR-ST and SR-CNT composites respectively. EMT model 

fits well with the experimental results. This includes morphology factor 'n' which is obtained from empirical 

calculations. Shape of the filler is compensated by the correction factor, n in the polymer-ceramic 

composite. In EMT model, composites are treated as an effective medium whose relative permittivity is the 

average of the relative permittivity of the constituents. The effective permittivity of a composite depends 

on the various factors such as relative permittivity of individual components in the system, porosity, their 

volume fractions, size, shape, interphase polarizability and interphase volume fractions [34]. All these 

parameters cannot be accounted in a single equation. So some models show slight deviations.  

Fig. 6 shows the variation of microwave dielectric properties of silicone rubber composites after repeated 

bending of samples by an angle of 180°. From the figure it is clear that the relative permittivity of  the 

composites is almost independent of bending. The dielectric loss of composites shows marginal variation 

with bending which is clear from the figure. The prominent deviation of dielectric loss at higher filler 

loading may be due to the particle agglomeration at higher filler content. Similar behavior in PFCB 

(perfluorocyclobutene (poly 1,1,1-triphenyl ethane per-fluorocyclobutyl ether)-BaTiO3 composites was 

observed by Vrejoiu et al. [37]. The bending of the composites does not considerably affect the microwave 

dielectric properties and hence, they are suitable for flexible electronic applications. 

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 silicone rubber 

composites are almost stable within the measured temperature range. The temperature dependence of εr 

at 5 GHz of SR-BT, SR-ST and SR-CNT composite is depicted in Fig. 7. It can be observed that the relative 



permittivity of the composites with lower filler loading is almost constant throughout the measured 

temperature range. As the filler loading increases there is a decrease in relative permittivity with 

temperature. This may be due to the disturbed polarizability of dipoles with increase in temperature. The 

difference in CTE of rubber and filler may be also responsible for the decrease in relative permittivity 

[38,39]. The incipient ferroelectric nature of both BT and ST ceramics can also affect the temperature 

dependence of relative permittivity of SR-BT and SR-ST composites. Incipient ferroelectrics are 

characterized by increasing permittivity on cooling due to the softening of the lowest frequency polar 

optical phonon [40]. 

The variation in coefficient of thermal expansion (CTE) is an important factor for electronic packaging 

applications. The variation in CTE of ceramic filled silicone rubber composites are shown in the Fig. 8. The 

CTE of pure rubber matrix is (266 ppm/°C) very much reduced by the addition of ceramic fillers BT, ST and 

CNT which are having a very low CTE of 5.4, 9.4 and 10.3 ppm/°C respectively. It is clear from the figure that 

the thermal expansion of all composites are lowered with the addition of ceramic particles. 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 unable to expand with temperature. Hence the CTE of a composite is 

reduced with increase in filler content and composite with strong interface exhibits an additional reduction 

of CTE [41]. 

The silicone elastomer possesses a low value of thermal conductivity of about 0.2 Wm−1K−1. The thermal 

conductivity of the fillers are much higher than the matrix and obviously there is an expected trend of 

increase in the thermal conductivity value with the filler addition. The interfacial physical contact between 

polymer and filler is very critical for a polymer-ceramic composite [42]. The influence of the volume fraction 

of filler on the thermal conductivity of SR-BT, SR-ST and SR-CNT composites is shown in Fig. 9. It is observed 

that the thermal conductivity gradually increases with increasing filler content. At low volume fractions the 

filler particles will disperse randomly in the rubber matrix and a little increase of thermal conductivity. For 

higher filler content, the particles begin to touch each other and form conductive channels in the direction 

of heat flow causing an exponential rise in the thermal conductivity. Ceramic fillers seem to improve the 

thermal conductivity of polymers as they act as conducting channels with lower thermal resistance than the 

matrix. 

The effect of ceramic loading on specific heat capacity and thermal diffusivity of SR-BT, SR-ST and SR-CNT 

composites are also depicted in Fig. 9. The specific heat capacity decreases whereas thermal diffusivity 

increases with filler volume fraction. This is due to the effect of ceramic fillers. They have low Cp value and 

high thermal diffusivity compared to the rubber matrix. The result was in agreement with the earlier 

reports [43]. 

The dielectric properties are very sensitive to humid environment. Moreover, a high value of water 

absorption will lead to considerable degradation of mechanical as well as dielectric properties. The 

variation of water absorption of SR-BT, SR-ST and SR-CNT composites as a function of filler loading is shown 

in Fig. 10. It is clear from the figure that the water absorption of the composites increases with filler 

loading. The increase of moisture absorption may be due to the increase in porosity with filler loading and 

the hydrophilic nature of the ceramic particles. It has been reported that the materials with moisture 

absorption up to about 0.1% can be used for electronic packaging applications [44]. In the current study 

almost all composites exhibit moisture absorption within this limit. 



4. Conclusions 
Silicone elastomer reinforced with high permittivity ceramic fillers like BaTiO3, SrTiO3 and Ca(1−x)Nd(2x/3)TiO3 

and composites were prepared and their dielectric, thermal and mechanical properties are studied as a 

function of filler volume fractions. The dielectric properties measured at radio frequency and microwave 

frequencies are found to improve with increase in filler content. The mechanical flexibility of the 

composites is revealed by the stress-strain curves. The thermal properties also improved with filler loading. 

SR-BT composite has εr =13.38 and tan δ=0.0435 (at 5 GHz), CTE=188 ppm/°C, TC=0.4 Wm−1K−1 and water 

absorption =0.116 vol% for 0.272 Vf of BT loading. For 0.305 Vf of ST content, the SR-ST composites have εr 

=14.21 and tanδ=0.0116 (at 5 GHz), CTE=142 ppm/°C and TC=1.02 Wm−1K−1 and water absorption of 0.089 

vol% and SR-CNT composites achieved εr of 11.90 and tan δ of 0.0115 (at 5 GHz), CTE and TC of 156 ppm/°C 

and 0.58 Wm−1K−1 respectively and water absorption of 0.072 vol% for 0.43 Vf of CNT. The composites with 

highest filler loading are suitable candidates for core of flexible dielectric waveguide and embedded 

capacitor applications. The measured properties indicate that all the other compositions of SR-BT, SR-ST 

and SR-CNT composites can be used for cladding of flexible dielectric waveguide and also for microwave 

substrates applications. 
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Tables and Figures 
Table 1. Dielectric and physical properties of ceramic fillers. 

Material Density 
(g/cm3) 

Avg. Particle 
size (µm) 

Relative 
permittivity εr 

Dielectric loss 
tan δ 

Coefficient of 
thermal 
expansion 
(ppm/°C) 

Thermal 
conductivity 
(Wm−1K−1) 

BaTiO3 6.01 0.90 1250 (at 1 MHz) 10-2 (at 1 MHz) 5.4 2.6 

SrTiO3 5.12 0.80 290.0 (at 1 GHz) 10-3 (at 1 GHz) 9.4 12.0 

Ca(1−x)Nd(2x/3)TiO3 4.57 0.90 98.0 (at 7 GHz) 10-3 (at 7 GHz) 10.3 2.4 

 

Table 2. The formulations of silicone rubber composites (Ingredients in phra). 

Composite material Sample 
designation 

Silicone rubber 
in phra 

Dicumyl peroxide 
(DCP) in phra 

Filler in phra []b 

Silicone rubber Batio3 (SR-
BT) 

SRBT0 100 2 0[0] 

SRBT1 100 2 10[0.04] 

SRBT2 100 2 50[0.09] 

SRBT3 100 2 100[0.16] 

SRBT4 100 2 200 [0.28) 
    

Silicone rubber SrTiO3 (SR-
ST) 

SRST0 100 2 0[0] 

SRST1 100 2 10[0.02] 

SRST2 100 2 50[0.09] 

SRST3 100 2 100 [0.18] 

SRST4 100 2 200 [0.30] 
    

Silicone rubber Ca(1-
x)Nd(2x/3)Tio3 (SRCNT) 

SRCT0 100 2 0[0] 

SRCT1 100 2 10[0.04] 

SRCT2 100 2 50[0.16] 

SRCT3 100 2 100 [0.27] 

SRCT4 100 2 200 [0.43] 

a Parts per hundred of rubber. 

b Volume fractions of filler given in parenthesis. 

 

 

 

 

 

 



Fig. 1. XRD patterns of (a) BT (b) ST and (c) CNT. 

 

Fig. 2. SEM images of (A1) BT (B1) ST (C1) CT ceramics, (A2),(B2) and (C2) fractograms of low filler loaded 

composites and (A3),(B3) and (C3) fractograms of higher filler loaded SRBT, SRST and SRCT composites 

respectively. 

 

 



Fig. 3. Stress-strain curves of SRBT, SRST and SRCT composites. 

 

 

Fig. 4. Variations of dielectric properties of SR-BT, SR-ST and SR-CNT composites at (a)1 MHz, (b) 5 GHz and 

(c) 15 GHz. 

 



 

Fig. 5. Comparison of experimental and theoretical relative permittivity of (a) SR-BT (b) SR-ST and (c) SR-

CNT composites at 5 GHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 6. Variation of dielectric properties of (a) SR-BT (b) SR-ST and (c) SR-CNT composites with bending. 

 

 

Fig. 7. The variation of relative permittivity of (a) SR-BT (b) SR-ST and (c) SR-CNT composite 

 



Fig. 8. Variation of coefficient of thermal expansion of (a) SR-BT, (b) SR-ST and (c) SRCNT composites with 

ceramic loading. 

 

Fig. 9. Variation of thermal conductivity, specific heat capacity and thermal diffusivity of (a) SR-BT (b) SR-ST 

and (c) SR-CNT composite with filler volume fraction 

 



Fig. 10. Variation of water absorption of (a) SR-BT (b) SR-ST (c) SR-CNT composites with filler loading. 

 


