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Abstract. 
Lead free ferroelectric ceramic [0.5[Ba(Zr0.2Ti0.8)O3]-0.5[(Ba0.7Ca0.3)TiO3]]/(BZT-BCT)-epoxy composites with 0-3 connectivity (particles connected in 3 dimensions) were prepared using hand lay-up technique followed by cold pressing for different volume fractions of (BZT-BCT) ceramic powder in the epoxy polymer matrix. The structural, microstructural, and dielectric properties of the composites have been investigated and discussed. XRD studies revealed the presence of both ceramic and polymer phases in the (BZT-BCT)-epoxy composites. SEM studies showed a uniform distribution of ceramic particles in the epoxy matrix, which confirmed the 0-3 connectivity in the composites. Dielectric studies revealed an increase in relative permittivity (
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) in the composites with the increase in the volume fractions of the ceramics up to 20%. This can be ascribed to the increase in density of the composites and dielectric properties of the epoxy polymer. At room temperature (RT) and at 1 kHz frequency, 0.2(BZT-BCT)-0.8(epoxy) composite showed the highest relative permittivity 
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. For the prediction of the effective dielectric constant of the composites, the experimental data were fitted to several theoretical equations. Effective medium theory (EMT) model and Yamada models were found to be useful for the prediction of the effective dielectric constant of studied composites.


1. Introduction 
Lead based ferroelectric ceramics have been at the forefront of ceramic industry since decades. This is due to their excellent dielectric, piezoelectric properties and electromechanical coupling coefficients [1–5]. Apart from these properties, one of the most interesting and important properties of lead based materials is the presence of morphotropic phase boundary (MPB). MPB plays a crucial role in these systems in the enhancement of dielectric, piezoelectric, and electromechanical properties [1, 2, 6]. As a result, lead based ceramics are the mainstay for high performance piezoelectric actuators, ultrasonic transducers, sensors, and so forth [7–9]. Despite all its advantages, Pb based ceramics are facing global restrictions due to their toxicity [10]. Recently, the focus of study is on lead free ferroelectric ceramics. Liu et al. first reported a lead free pseudo-binary 
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 ferroelectric system to replace lead zirconate titanate (PZT) based systems [11]. This system possesses a MPB near 50-50 composition similar to PZT system.



Presently, the polymer-matrix composites with high dielectric permittivity have also received increasing interest for various potential applications such as underwater acoustic transducers, medical diagnostic transducers, and high frequency and energy harvesting applications [12–16]. As a result, a wide variety of high dielectric constant composite materials have been developed. Efforts to improve the overall dielectric performance of these materials have been devoted to maximize the dielectric constant and suppress the dielectric loss. Generally, 
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, BNBT, and KNN based ceramics have been actively explored as fillers [17–20]. The ceramic-polymer composites combine the properties of polymers such as mechanical flexibility, high strength, design flexibility, formability, and low cost with the high electroactive functional properties of ceramic materials. The advantages of these composites are higher dielectric constant with low dielectric loss, high electromechanical coupling coefficient (
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), and lower acoustic impedance (
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). Ceramic-polymer composites in different volume fractions with different connectivity patterns have been designed and fabricated for improving dielectric, piezoelectric, and pyroelectric properties [21, 22]. According to the connectivity pattern between the ceramic and polymer phases, ceramic-polymer composites can be classified into 10 different types. Among these 10 types, the 3-3, 1-3, and 0-3 connectivity (particles connected in 3 dimensions) patterns of composites are extensively studied [23–25]. The ceramic-polymer composites with 0-3 connectivity basically consist of separated ceramic particles randomly dispersed in the polymer matrix. Therefore, in 0-3 ceramic-polymer composites the ceramic particles are connected in zero dimensions in a three-dimensionally interconnected polymer matrix. The advantages of the 0-3 composites are that they are easy to fabricate, the volume fraction of the ceramic phase can be varied in a wide range, they have good flexibility, and they facilitate mass production. Among different polymers, epoxy resins are excellent electrical insulators and protect electrical components from short circuiting, dust, and moisture. Also epoxy resins are used in overmolded integrated circuits, transistors, and hybrid circuits and in making printed circuit boards. Flexible epoxy resins are used for potted transformers and inductors [26].
In this work, (BZT-BCT) ceramic powder with different volume fractions is incorporated into epoxy polymer matrix to form 0-3 composites. The structural, microstructural, and dielectric properties of the synthesized composites have been investigated and discussed in detail. And also, the experimental data of the dielectric constant of (BZT-BCT)-epoxy composites were fitted to several theoretical equations for prediction of the effective dielectric constant of ceramic-polymer composites.
2. Materials and Methods 
Lead free (BZT-BCT) ferroelectric ceramic samples were prepared by solid state reaction route. The synthesis of (BZT-BCT) system has been reported by the author of the paper [27]. 
The type of epoxy resin, used in the present investigation, is Araldite-AW-106, which chemically belongs to epoxide family. Its common name is bisphenol A diglycidyl ether. 1,3-Propanediamine (HV-953-IN) has been used as hardener. The 0-3 composites were prepared by hand lay-up technique. For the fabrication of (BZT-BCT)-epoxy composites, the (BZT-BCT) powder sintered at 1400°C for 6 h was mixed with epoxy resin and hardener. For different volume fractions of ceramics, a calculated amount of epoxy resin and hardener (in the weight ratio of 15 : 1) was thoroughly mixed with gentle stirring to minimize air entrapment. A steel mould, shown in Figure 1, has been designed and fabricated in the workshop and used for the preparation of cylindrical (pin) type specimen of length ~35 mm and diameter of ~10 mm. The mixture of (BZT-BCT) ceramic powder and epoxy resin were poured into the cylindrical cavity of the mould, which was fixed properly. During fixing some of the mixture may squeeze out, which requires proper care. After closing the mould the specimens were allowed to solidify in the mould at the RT for 24 h. A series of (BZT-BCT)-epoxy composites with different ceramic volume fractions ranging from 5% to 25% were fabricated. For the purpose of comparison, the matrix material was also cast under similar condition. After curing, the cylindrical samples were taken out from the mould and cut into required shapes and sizes for different measurements and characterizations.
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Figure 1: Steel moulds designed for the preparation of cylindrical (pin) type specimens.


XRD analyses of the ceramics and composites were performed on a Philips X-ray diffractometer X’Pert MPD using Cu 
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.15405 nm) radiation in order to examine the phases present in the system. The microstructures were observed using a JEOL JSM-6480LV scanning electron microscope (SEM). The bulk densities of the samples were measured by Archimedes’ method. Silver paste was applied on both sides of the samples for the electrical measurements. 
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were measured as a function of both temperature and frequency using a computer interfaced HIOKI 3532-50 LCR-HITESTER. 
3. Results and Discussion
Figure 2(a) shows the XRD patterns of (BZT-BCT)-epoxy composites. The XRD patterns of the composites reveal the presence of both (BZT-BCT) ceramics and epoxy polymer separately, as desired in a 0-3 ceramic-polymer composite [23]. Figure 2(b) shows the XRD patterns of (BZT-BCT) calcined ceramic powder and epoxy polymer. The XRD of calcined (BZT-BCT) ceramic powder shows a typical perovskite phase without any unwanted secondary phase peaks, while epoxy turns out to be amorphous. With the increase of (BZT-BCT) ceramic powder in the (BZT-BCT)-epoxy composites, the relative intensity of amorphous phase decreases in the low 
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 angle range (20–30°). It suggests that as the content of (BZT-BCT) ceramic powder increases, the (BZT-BCT) phases start dominating the crystal properties of (BZT-BCT)-epoxy composites. The lattice parameters and the structure of (BZT-BCT)-epoxy composites are calculated using a computer program package “Powdmult” [28]. Standard deviations, S.D. 
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, where “
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” is interplane spacing, are found to be minimum for different crystal structures. The crystallite size and microstrain are calculated using William Hall analysis by using the following formula [29]:
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 represents the full width half maximum peak, 
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 gives the microstrain, 
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 is the wave length of the X-ray used, and 
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 is the crystallite size. The intercept of the linear fit of (1) gives 
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 value and the slope gives 
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 value. The values of lattice parameters, crystallite size, and microstrain are given in Table 1. Figure 3 shows the SEM micrographs of pure (BZT-BCT) ceramic sintered at 1400°C for 6 h and (BZT-BCT)-epoxy composites with different volume % of ceramic powder. The (BZT-BCT) ceramic sample exhibits regular shaped grains with clear grain boundaries and less porosity with an average grain size of ~7.76 μm. The black region is the epoxy and the white and gray particles are the sintered (BZT-BCT) ceramic powders. It can be seen that the (BZT-BCT) particle distribution is homogeneous with small agglomeration. The ceramic powder is evenly distributed and surrounded by epoxy matrix, which clearly indicates 0-3 type of connectivity [23]. Uniform distribution increases with the increase in (BZT-BCT) ceramic volume % in the polymer matrix. The values of density and porosity of composite samples are listed in Table 2. The density of the composite samples is found to increase from 1.29 to 1.73 g/cm3 with the increase of volume % of (BZT-BCT) powder from 5 to 20 in (BZT-BCT)-epoxy composites. But the density decreases for the 25% volume fraction of (BZT-BCT) powder in (BZT-BCT)-epoxy composites, which can be attributed to the limit of addition of ceramic powder in the composite.
Table 1: Structural parameters of (BZT-BCT)-epoxy composites with the variation of volume % of (BZT-BCT) ceramic fillers.
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Table 2: Different parameters of (BZT-BCT)-epoxy composites with the variation of volume % of (BZT-BCT) ceramic fillers.
	

	Properties 	Materials
	(BZT-BCT) 50/50	Epoxy	(BZT-BCT)-epoxy composites with different vol % of (BZT-BCT) ceramics
	5	10	15	20	25
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 at 1 kHz	108	 	123	133	148	142	150
	Density (g/cm3)	5.7	1.74	1.29	1.45	1.63	1.73	1.62
	Apparent porosity of the composite in %	 	 	1.22	0.96	0.88	1.73	1.02
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(b)
Figure 2:  (a) XRD patterns of (i) sintered (BZT-BCT) ceramic, (ii) pure epoxy polymer, and (BZT-BCT)-epoxy composites with vol% (iii) 5, (iv) 10, (v) 15, (vi) 20, and (vii) 25 of ceramic fillers, where 
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and * represent epoxy and (BZT-BCT) phases, respectively. (b) XRD patterns of (i) calcined (BZT-BCT) ceramic powder and (ii) epoxy polymer.
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(f)
Figure 3: SEM micrograph of (i) sintered (BZT-BCT) ceramic and (BZT-BCT)-epoxy composites with the vol % (ii) 5, (iii) 10, (iv) 15, (v) 20, and (vi) 25 of ceramic fillers.
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 of sintered (BZT-BCT) ceramic samples has already been reported in our paper [27]. Figure 4(a) shows the variation of 
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 with frequency for the (BZT-BCT)-epoxy composite samples. Good dispersion along with homogeneous packing of ceramic filler is likely to exhibit high dielectric constant [30]. A maximum value of 
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 at 1 kHz frequency is achieved for the 20 vol.% of (BZT-BCT) ceramic filler in the composites and beyond 20% 
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 value starts decreasing. As expected, in all the cases, the effective dielectric constants obtained are higher than that of pure epoxy but much lower than that of pure (BZT-BCT) ceramics. The increase in 
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 values of composites up to 20% of filler can be related to the increase in density and also increase in connectivity between ceramics [21]. The decrease of
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in case of 25 vol% of the (BZT-BCT) ceramics in (BZT-BCT)-epoxy composites may be attributed to the decrease in density and increase in porosity of the composite. In all the (BZT-BCT)-epoxy composite samples, with the increase in frequency, 
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 decreases very fast up to 104 Hz, and in the frequency range from 104 to 106 Hz, it is almost constant. This can be related to the intermolecular cooperative motions and hindered dielectric rotations in the composite samples [31]. 
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(b)
Figure 4: Frequency dependence of (a) 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 and (b)
	
		
			
				t
				a
				n
				𝛿
			

		
	
 of (BZT-BCT)-epoxy composite samples.


Figure 4(b) shows the variation of
	
		
			
				t
				a
				n
				𝛿
			

		
	
 versus frequency for the composite samples. Dielectric loss decreases with the increase in frequency for all the compositions and becomes almost constant in the higher frequency range. The decrease in dielectric loss with frequency can be due to the decrease of space charge polarization [32]. The decrease in tan
	
		
			

				𝛿
			

		
	
 with frequency can also be ascribed to the decrease in electrical conductivity of the composites with the increase in frequency [33]. The
	
		
			
				t
				a
				n
				𝛿
			

		
	
 also decreases with the increase in ceramic loading in the (BZT-BCT)-epoxy composites, but, with 25 vol% of ceramic filler in the composite, the
	
		
			
				t
				a
				n
				𝛿
			

		
	
 value again increases. This can be explained in terms of percolation threshold [34]. It is known that percolation threshold varies depending upon the matrix, filler, particle size, shapes, spatial orientation, and processing parameters. In case of (BZT-BCT)-epoxy composites, the percolation limit of the composite (in terms of BZT-BCT ceramic particles) may have reached 20 vol%. 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 and
	
		
			
				t
				a
				n
				𝛿
			

		
	
 values at RT and 1 kHz frequency of the composite samples are given in Table 2.
Various dielectric models are used in order to predict the effective dielectric constant (
	
		
			

				𝜀
			

			
				e
				ﬀ
			

		
	
) of the (BZT-BCT)-epoxy composites. Figure 5 shows the comparison of the RT 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 values of the composites at 1 kHz (experimental), for different volume % of (BZT-BCT), with the 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 values,calculated based on various models.




	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
			
	
	
		
		
			
	
	
		
		
			
	
	
		
			
			
			
			
		
		
			
		
		
			
		
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
	
	
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
	
	
	
	
		
	
		
	
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 5: Variation of effective dielectric constant (
	
		
			

				𝜀
			

			
				e
				ﬀ
			

		
	
) (measured at RT and 1 kHz frequency) of (BZT-BCT)-epoxy composites as a function of volume % of (BZT-BCT) ceramics.


For the (BZT-BCT)-epoxy composites, the most commonly used dielectric mixing models, the Lichtenecker model [35], Maxwell’s model [36], and the Clausius-Mossotti model [37], are not fitting properly. 
Effective medium theory (EMT) [38] model is used for calculating the 
	
		
			

				𝜀
			

			
				e
				ﬀ
			

		
	
 of the composites. 
According to EMT model the 
	
		
			

				𝜀
			

			
				e
				ﬀ
			

		
	
 is given by
						
	
 		
 			
				(
				2
				)
			
 		
	

	
		
			

				𝜀
			

			
				e
				ﬀ
			

			
				=
				𝜀
			

			

				𝑝
			

			
				
				𝑓
				1
				+
			

			

				𝑐
			

			
				
				𝜀
			

			

				𝑐
			

			
				−
				𝜀
			

			

				𝑝
			

			

				
			

			
				
			
			

				𝜀
			

			

				𝑝
			

			
				
				+
				𝑛
				1
				−
				𝑓
			

			

				𝑐
			

			
				𝜀
				
				
			

			

				𝑐
			

			
				−
				𝜀
			

			

				𝑝
			

			
				
				
				,
			

		
	

					where
	
		
			

				𝑓
			

			

				𝑐
			

		
	
is the volume fraction of the ceramic powder 
	
		
			

				𝜀
			

			

				𝑐
			

		
	
, 
	
		
			

				𝜀
			

			

				𝑝
			

		
	
, and 
	
		
			

				𝑛
			

		
	
 are the dielectric constants of the ceramic particle, polymer and the ceramic morphology fitting factor, respectively. 
	
		
			

				𝑛
			

		
	
 takes the values 0 (prolate), 1/3 (sphere), and 1(oblate) and intermediate values for intermediate shapes [38]. 
The parameter 
	
		
			

				𝑛
			

		
	
 is calculated by using (2) to fit the experimental and theoretical values of the (BZT-BCT)-epoxy composites. The calculated 
	
		
			

				𝜀
			

			
				e
				ﬀ
			

		
	
 values are given in Table 3. The experimental 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 values fit well into the EMT model with 
	
		
			
				𝑛
				=
				0
				.
				0
				7
			

		
	
 for the volume fractions (≤20%) of the (BZT-BCT) ceramics.
Table 3: Comparison of experimental and theoretical values of 
	
		
			

				𝜀
			

			
				e
				ﬀ
			

		
	
 of (BZT-BCT)-epoxy composites with the variation of volume % of (BZT-BCT) ceramic fillers.
	

	Vol % of  (BZT-BCT)ceramic fillers in (BZT-BCT)-epoxy composites	Experimental values of 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
  (at 1 kHz and at RT)	
								
								Theoretical values of 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 (at 1 kHz and at RT) according to different models
	EMT model	Yamada model
	

	5	14	11.75	12.25
	10	20	17.01	18.07
	15	22	22.88	24.56
	20	34	29.46	31.82
	25	25	36.89	40.03
	



The model, developed by Thomas et al. [36], is also used to predict 
	
		
			

				𝜀
			

			
				e
				ﬀ
			

		
	
 of the presently studied composites. As per this model,
						
	
 		
 			
				(
				3
				)
			
 		
	

	
		
			

				𝜀
			

			
				e
				ﬀ
			

			
				=
				𝜀
			

			

				1
			

			
				
				1
				+
				𝑛
				𝑓
			

			

				(
			

			
				B
				Z
				T
				-
				B
				C
				T
			

			

				)
			

			
				
				𝜀
			

			

				2
			

			
				−
				𝜀
			

			

				1
			

			

				
			

			
				
			
			
				𝑛
				𝜀
			

			

				1
			

			
				+
				
				𝜀
			

			

				2
			

			
				−
				𝜀
			

			

				1
			

			
				
				
				1
				−
				𝑓
			

			

				(
			

			
				B
				Z
				T
				-
				B
				C
				T
			

			

				)
			

			
				
				
				.
			

		
	

Here 
	
		
			

				𝜀
			

			

				1
			

		
	
 and 
	
		
			

				𝜀
			

			

				2
			

		
	
 are the 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 values of the epoxy and (BZT-BCT) ceramics, respectively. 
	
		
			

				𝑛
			

		
	
 is the parameter related to the geometry of the ceramic particles and 
	
		
			

				𝑓
			

			

				(
			

			
				B
				Z
				T
				-
				B
				C
				T
			

			

				)
			

		
	
 is the volume fraction of the (BZT-BCT) ceramics in the matrix phase. The parameter 
	
		
			

				𝑛
			

		
	
 is evaluated such that the mismatch between the theoretical and observed values is minimum. The experimental results are comparable to those obtained using this model for the volume fractions up to 20% of the (BZT-BCT) ceramics, when the parameter 
	
		
			

				𝑛
			

		
	
 is ~14.66 (given in Table 3).
The temperature dependence of both
	
		
			

				𝜀
			

			

				𝑟
			

		
	
and
	
		
			
				t
				a
				n
				𝛿
			

		
	
 for the sintered (BZT-BCT) ceramic samples has been reported earlier by the same authors [27]. Figure 6(a) shows the temperature dependence of 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 at 1 kHz frequency for the (BZT-BCT)-epoxy composite samples. The increase in values of 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 from RT to 60°C range is very small, suggesting the low value of temperature coefficient of capacitance. 
	
		
			

				𝜀
			

			

				𝑟
			

		
	
 value increases continuously to a certain temperature (
	
		
			

				𝑇
			

			
				m
				a
				x
			

		
	
) corresponding to 
	
		
			

				𝜀
			

			
				𝑟
				m
				a
				x
			

		
	
 for the composite samples. With the increase in vol% of ceramic filler in the composites, the effect of ceramic starts appearing and there starts dependence of 
	
		
			

				𝑇
			

			

				𝑐
			

		
	
 or 
	
		
			

				𝑇
			

			
				m
				a
				x
			

		
	
 on the ceramic content. There is no systematic variation of 
	
		
			

				𝑇
			

			
				m
				a
				x
			

		
	
 (shown in Table 2) corresponding to 
	
		
			

				𝜀
			

			
				𝑟
				m
				a
				x
			

		
	
 at 1 kHz for the composites. This can be ascribed to the mobility of polymers, the disruption of contacts between the filler particles caused by the thermal expansion of the matrix and ceramic, and the change in the dielectric response of the ceramic particles with temperature [39].
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