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ABSTRACT  

 

FERROELECTRIC CERAMIC-POLYMER NANOCOMPOSİTES 

FOR ELECTROCALORIC COOLING APPLICATIONS 

 

In this study, nanocomposites consisting of the polymer matrix and nanometer 

sized ceramic supporting phase were produced for electrocaloric cooling applications, 

which show potential as alternative refrigerant system. The aim of this study was to be 

able to estimate adiabatic temperature change (ΔT) of the composites by measuring 

saturated hysteresis loops for the composite materials that allow accurate calculation of 

the ΔT using the indirect method based on Maxwell’s relations. 

Ba0.94Ca0.06Ti0.925Sn0.075O3(BCST) composition ceramic was used as the 

supporting phase of the composite and P(VDF-TrFE)(55-45) co-polymer was chosen as 

the matrix. The ceramics were synthesized, as pellets by conventional solid-state method. 

Ferroelectric nanocomposites were manufactured by solution casting method by adding  

5, 7.5, 10 volume percent of the ceramic powder, which was obtained by grinding the 

pellets by using ball milling. Phase analysis of all materials done using  X-ray Diffraction 

method. Fourier Transform Infrared Spectroscopy was used to clearly understand the 

phase structure of polymer. Scanning electron microscopy was used for understand the 

distribution of ceramic particles in polymer matrix. Dielectric constant-dielectric loss and 

ferroelectric hysteresis loops were measured as a function of temperature for the  

electrical characterization of the materials. Adiabatic temperature change under electric 

field (ΔT) of the materials were calculated based on Maxwell’s equations indirectly using 

the temperature dependent electrical polarization data. 

The dielectric constant and electrical  polarization of the polymer matrix  have 

increased with the addition of ceramic particles. The hysteresis loops of thebn pure 

polymer and composites were saturated, therefore the temperature change can be 

calculated accurately with the indirect method. Maximum ΔT was calculated on the 

composite having 10vol% ceramic particles. (6.964K at 900 kV/cm).   
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ÖZET 

 

ELEKTROKALORİK SOĞUTUCU UYGULAMALARI İÇİN 

FERROELEKTRİK SERAMİK-POLİMER NANOKOMPOZİTLER 

 

Bu çalışmada, alternatif bir soğutucu sistemi olabilecek potansiyele sahip olan 

elektrokalorik soğutucu uygulamalarına entegre edilebilecek, yüksek soğutma sıcaklığı 

etkisini sağlayabilecek nanometre boyutlu seramik destekleyici faz ve polimer matrisli 

kompozit malzemeler üretilmiştir. Bu çalışmanın amacı doyum noktasına ulaşmış 

ferroelektrik histerisiz davranışı gösteren ferroelektrik özelliklere sahip olan kompozit 

malzeme sentezlemek ve dolaylı yöntemle hesaplanan elektrokalorik sıcaklık değişimini 

seramik katkısı ile arttırmaktır.   

Kompozit malzemenin destekleyici fazı Ba0.94Ca0.06Ti0.925Sn0.075O3(BCST), 

matrisi ise Polivinilidienflorid-cotrifloroetilen P(VDF-TrFE)(55-45) olarak seçilmiştir. 

BCST, geleneksel katı hal yöntemi kullanılarak pelet halinde sentezlendikten sonra,  saf 

P(VDF-TrFE)(55-45) polimeri, ve yüzde 5, 7,5, 10 hacim oranlarında seramik tozu 

(bilyalı değirmenle parçacık boyutu düşürülmüş) katkılanmış ferroelektrik polimer 

nanokompozitler çözeltiden döküm yöntemiyle sentezlenmiştir. Bütün malzemelerin faz 

analizleri X-ışını Kırınımı yöntemiyle yapılmıştır ve polimerin faz yapısını net olarak 

belirlemek için Fourier Dönüşümlü Kızılötesi Spektroskopisi kullanılmıştır. Seramik 

parçacıkların polimer matristeki dağılımı Taramalı Elektron Mikroskobu ile 

gözlemlenmiştir. Üretilen malzemelerin sıcaklığa bağlı olarak yapılan elektriksel 

karakterizasyonlarında, dielektrik sabiti ve ferroelektrik histerisiz eğrileri ölçülmüştür. 

Polarizasyonun sıcaklığa bağlı değişimi ve Maxwell’s denklemleri kullanılarak 

malzemelerin adiyabatik sıcaklık değişimi değerleri hesaplanmıştır. 

Katkılanma oranının artmasıyla polimer kompozitlerin dielektrik sabitleri ve 

elektriksel polarizasyon değerleri artmıştır. Polimer ve polimer-seramik filmlerin 

elektriksel polarizasyonu uygulanan elektrik alan ile doyum noktasına ulaşmıştır. Bu 

sayede, elektrokalorik sıcaklık değişimi değerleri (ΔT)  doğruya yakın bir şekilde indirekt 

metotla hesaplanabilmiştir. En yüksek adiyabatik sıcaklık değişimi (ΔT) 900 kV/cm 

elektrik alan altında hacimce yüzde 10 seramik katkılanmış kompozit malzemede 6.96 

(K) olarak elde edilmiştir.  
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CHAPTER 1 

 

INTRODUCTION 

 

In this section, background information is given about ferroelectrics, 

electrocaloric effect and its applications.  

 

1.1. Refrigerant Technologies and Their Problems 

 

Vapor compression refrigerant systems are used in cooling technologies. 

However, these systems have some drawbacks, which are related with polluting the 

environment. This type of cooling technology consumes high amount of electricity and 

releases Green House gases to atmosphere. In order to decrease Green House gases 

(Chlorofluorocarbon) and global warming effect to the world, many countries signed the 

Kyoto Protocol. It has been agreed in the Kyoto Protocol to reduce the harmful gases 

emitted by the coolers working with the traditional vapor compression refrigerants. This 

leads the changes in trends towards alternative refrigerant technologies. There are many 

types of non-vapor compression based technologies, and the studies about non-vapor 

compression systems are increased. These cooling technologies are based on  

thermoelectric, magnetocaloric, electrocaloric and elastocaloric effects. The most 

common of them is the  thermoelectric effect, but their low energy efficiency is barrier to 

replace vapor compression system. Caloric technologies utilize external electric field, 

mechanical force, and magnetic field to obtain temperature changes and are 

environmentally friendly. The caloric cooling based technologies have the potential to 

replace vapor compression based cooling technologies.[1] Electrocaloric cooling 

promising is a promising caloric cooling technology. The classes of ferroelectric 

materials, which have strong spontaneous polarization, show large electrocaloric cooling 

effect therefore we focused on these types of materials. In the following section  

ferroelectric materials are introduced.  
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1.2. Ferroelectricity Definition and the Brief History 

 

Ferroelectricity is a certain property of materials, which exhibit reversible 

spontaneous polarization under external electric field.[2]  

Rochelle Salt, which was the first material having ferroelectric properties, was 

discovered by Joseph Valasek. Before the ferroelectric properties were discovered, 

Potassium Hydrogen Tartrate ferroelectric material was found in the 1800s. David 

Bwester discovered the pyroelectric property (the spontaneous polarization as a function 

of temperature) of this material in 1824. In 1880, piezoelectric (showing stress changes 

under applied electric field) property of Rochelle Salt was understood by Jacques and 

Pierre Curie. In 1944, BaTiO3 , which is the member of the perovskite structure family, 

was produced and discovered ferroelectric properties. In 1952, Pb (Zr,Ti)O3(PZT), which 

is the best known piezoelectric material, was discovered by G.Shirane and S.Hoshino.[3] 

The first ferroelectric polymer, PVDF (Polyvinylidene flouride), was discovered by Heiji 

Kawai in 1969.[4]  

 

1.3. Ferroelectric Materials 

 

Ferroelectric materials have  polar crystal structure, which have positive and 

negative charge centers that do not overlap in the unit cell, these charges create the electric 

dipole moment, so the dipoles create the spontaneous polarization.[5] Ferroelectric, 

pyroelectric, piezoelectric, and dielectric properties of materials are interrelated; this 

relationship is shown in Figure 1.1. The classification of these properties based on  

symmetry is given Figure 1.2. Symmetry groups are divided into two subgroups, which 

are centro and non-centro symmetric. Piezoelectric materials have the basic non-centro 

symmetric crystal structure, and which also include polar symmetry. Pyroelectric 

materials have polar crystal structure. Ferroelectric materials have also polar crystal 

structure and additionally direction of their spontaneous polarization can be switched 

when the direction of electric field is reversed.[6]  

In order to understand the switching mechanism of ferroelectric dipole moments, 

hysteresis loops, which shows the behavior of the material under applied electric field, 

should be examined. Figure 1.3 demonstrates a typical hysteresis loop of a ferroelectric 

material.[5]  
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Figure 1.1.Schematic Illustration of the Relationship between Ferroelectrics, 

Pyroelectrics, Piezoelectrics and Dielectrics  

 

 

 

Figure 1. 2.  Classification of the materials based on symmetry [5] 

 

Firstly, the polarization (µC/cm2) of the material increases linearly with the 

electric field applied to the material. The domains located in different directions with the 

throw of applied field, start to switch in the direction of the applied electric field and there 

is a nonlinear increase in polarization, because this mechanism occurs quite quickly. After 

all domains have been switched on, the polarization increase become linear again and the 

domains reach saturation point (Ps). When the applied electric field is reduced, some 

domains will be back switch. When the electric field value reached zero, the polarization 

value will not be zero. The polarization under zero electric field is determined remnant 
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polarization (Pr). To reduce polarization to zero, the direction of applied electric field 

must be changed. With the increase of the applied electric field to negative direction, the 

dipoles start to re-orient in the opposite direction and reach the saturation point again. 

Finally, the applied electric field decrease to zero point, and the loop cycle is reversed. 

The electric field value that makes the polarization value zero is called coercive field 

(EC).[7] Figure 1.3 also shows that the formation of polarization mechanism is related to 

overlapping of Ti+4 ions of BaTiO3 is from the center of the crystal symmetry due to non-

centro symmetric behavior of BaTiO3.   

 

 

Figure 1. 3. Hysteresis Loop of a Ferroelectric Material 

 

In addition to the hysteresis loops, a ferroelectric material has a critical 

temperature is called Curie temperature (TC) showing the ferroelectric(non-

centrosymmetric) paraelectric (centrosymmetric) phase transition.[7] This transition from 

the ferroelectric to paraelectric phase is the characteristics of the most ferroelectric 

materials, but there may be some exceptions. For example, in PVDF homo-polymer 

melting temperature is below the Curie temperature, therefore para-electric phase 

transition can’t be observed this material.[8] 

 

1.3.1. Relaxor Ferroelectricity vs. Normal Ferroelectricity 

 

Relaxor material has some special polar nano regions (PNRs). PNRs, which is 

nanometer scale size (2-10nm), has spontaneous polarization different from nonpolar 
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regions. Nanodomains are formed with PNRs grows and connect to each other. The 

characteristic dielectric peak of relaxors is seen due to PNRs relaxation. Dielectric 

temperature of relaxors is defined Tm, and this is not similar to normal ferroelectric Curie 

temperature.[9] Figure 1.4 shows that dielectric, polarization versus temperature, and 

hysteresis loop behavior comparison of normal ferroelectric and relaxor feerroelectric 

materials. 

The major contribution of dielectric constant is due to polar nano regions. The 

broad size of PNRs distribution and decreasing random interactions between PNRs causes 

widen distribution of relaxation time, and this brings about broadened dielectric constant 

versus temperature behavior. [10] 

 

 

Figure 1. 4. The comparison of normal Ferroelectrics and Relaxor Ferroelectrics[11] 

 

1.3.2. Ferroelectric Ceramics 

 

There are different groups of ferroelectric ceramics; one of the important of them 

is perovskite-structured ceramics. The family members of perovskite ceramics are 
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BaTiO3, PZT, PT (lead titanate), PLZT (lead lanthanum zirconate titanate) and 

(Na,K)NbO3.  Perovskites have ABO3 type structure.[12]  

Figure 1.5 shows that the crystal structure of BaTiO3 (A site cation Ba, B site 

cation Ti) nonpolar phase (a), and polar phase (b) due to non-centrosymmetrical structure. 

According to this figure, BaTiO3’s non-polar phase is cubic, polar phase is tetragonal. 

The ionic displacement causes the change of the crystal structure and spontaneous 

polarization under external electric field.[12]  

 

 

Figure 1.5.  Position of atoms in perovskite structure (a) cubic (PS=0), (b) tetragonal 

(PS≠0) 

 

BaTiO3, a crucial ceramic of the perovskite ferroelectric material group, is a 

material with high dielectric constant and its Curie temperature is around 120ºC. The 

crystal structure of BaTiO3 changes with temperature, and cubic, tetragonal, 

orthorhombic and rhombohedral phases are observed. The cubic phase of BaTiO3 does 

not have ferroelectric properties, because Ti+4 is positioned at the center of mass of the 

oxygen octahedral. The phase transitions occur due to the distortion of TiO6 octahedron 

with temperature.[12] Figure 1.6 shows that polymorphic phases of BaTiO3 on the 

dielectric constant versus temperature graph. Temperature dependent polymorphic phases 

of BaTiO3 are respectively: rhombohedral (T<-90ºC), orthorhombic (-90ºC<T<5ºC), 

tetragonal (5ºC<T<120ºC), cubic (T > 120ºC).[13]  

One of the most important ferroelectric perovskite material, PZT (Lead Zirconate 

Titanate) is a ceramic and Zr+4 ions doped to Ti+4 B site: PbZrO3-PbTiO3. The PZT phase 

diagram shows the phases, as a function of temperature and composition (Figure 1.7.). 

Several phases can coexist in some special composition of this material, and this region 

is defined as MPB (morphotrophic phase boundary). PZT has a MPB in 52/48 ratio of Ti 
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/Zr at room temperature. MPB regions can show excellent properties, such as high 

piezoelectric constant and dielectric constant. In MPB region, six possible domain states 

in tetragonal phase <100>, 8 possible domain states in rhombohedral phase <111>, there 

are totally max 14 possible domain states. The total of all these domain states possibilities, 

which are coexisting around the  MPB composition, provide the excellent ferroelectric, 

piezoelectric, pyroelectric properties. However, lead based materials are not 

environmental friendly.[12]  

 

 

Figure 1. 6. Polymorphic phase transitions of BaTiO3 on the Dielectric Constant versus 

Temperature Graph[13] 

 

 

Figure 1. 7. Phase Diagram of PZT [14]  
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1.3.3. Ferroelectric Polymers 

 

Polymers have generally insulating properties. Polymers are classified as polar 

and nonpolar polymers. Dipoles in the chain symmetries of non-polar polymers cancel 

out each other (no net dipole moment), so the dielectric constant values of such polymers 

are very low. Some examples of these polymers are PDMS (polydimethylsiloxane), PS 

(polystrene), LDPE (lowdensity polyethylene), PET (polyethyleneteraphlate), etc. In 

polar polymers, dipoles cannot dampen one another, so a net dipole moment occurs, thus 

the dielectric constants of polymers are higher. Chain geometry also contributes to the 

formation of polar structure in this type of polymers. Polarity arises from the difference 

of between the elements forming the bonds in the polymer change.  The element having 

higher electronegativity creates a partial negative charge, having lower electronegativity 

creates a partial positive charge. The dipolar orientations of polymers are associated with 

the entanglement of long chains. [15] 

PVDF is one of the most important polymers among polar polymers. A monomer 

of PVDF polymer is given Figure 1.8(a) PVDF, which is a semi crystalline polymer, can 

be transformed into more than one polymorphic phase. These phases are called Alpha (α), 

Beta (β) and Gama (γ). The chain entanglement of each phases are different from each 

other, Figure 1.8. (b), (c), (d) show the differences of chain entanglement among phases. 

The only polar phase of the PVDF is beta phase, which has thermodynamically stable 

spontaneous polarization, because this phase has TTT (all trans) chain entanglement. In 

this conformation, fluorine atoms are located in one region of the chain and hydrogen 

atoms are located in the other region. Fluorine atoms create partial negative charge due 

to high electronegativity, hydrogen atoms create partial positive charge due to lower 

electronegativity.[15] Various methods are applied to obtain the beta phase. These methods 

are poling, annealing at high temperature, drawing, stretching, annealing at high pressure, 

etc.[16] 

In order to improve the polar structure of PVDF, the beta phase must be stable. 

Since it is very difficult to obtain 100% crystalline beta phase, copolymers, which have 

different two monomers, have been developed with various monomer addition to VDF 

monomer in the literature. When co-P(VDF-TrFE) is formed by connecting with VDF 

and TrFE monomers, conformation of TTT ( all trans) is generated by attaching the bulk 

group TrFE to VDF chain (weakening intermolecular interaction).[16] Moreover, ıt causes 
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low alpha and gamma, high beta phase formation in copolymers that crystallize with has 

low content of TrFE under applied high electric field. Therefore, copolymer, which has 

low contents of TrFE, shows favorable ferroelectric and piezoelectric properties.[17] In 

addition, different types of copolymer are produced by adding HFP (hexafluoropropene) 

and CTFE (cholorotrifluoroethylene) monomers to VDF. The crystallinity of P(VDF-

HFP) is lower than PVDF homopolymer, HFP increases the amorphous phase of crystal 

structure. The contribution of electrical properties associates with the addition rate and 

synthesis method. In addition to the copolymers, terpolymers, which consist of three 

different monomers, are also available. The one of the important of them is P(VDF-TrFE-

CTFE). When synthesizing of P(VDF-TrFE) copolymer, the distance between chains 

allows another monomer to settle, so cholorofluoroethylene can settle this space, with the 

addition of this co-monomer the distance between the chains is reduced. The repeat parts 

of copolymer and terpolymer materials are given in Figure 1.9.  

 

 

Figure 1. 8. (a) The chemical structure of PVDF monomer (b) ,(c) ,(d) The polymorphs 

chain conformation of PVDF[18] 

 

In order to understand ferroelectric properties of PVDF based polymer, the 

hysteresis loop behavior of these types of polymer must be investigated. Figure 1.10 (a) 

demonstrates that the hysteresis loop behavior of alpha, beta and gamma phases of PVDF 

at 10Hz. As mentioned previously, the beta phase, which is only ferroelectric phase of 

PVDF, shows rectangular shaped hysteresis loop behavior, is normal ferroelectric with 

high remnant and maximum polarization.  Displacement term can be used instead of 

polarization term in polymer systems, because the polarization values of polymer are 

lower than ceramics.[17] Figure 1.10 (b) demonstrates the hysteresis loop behavior of 55-
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45 composition of P(VDF-TrFE) copolymer at 10 Hz. Similar to beta phase PVDF, 

P(VDF-TrFE) copolymer has also rectangular shape hysteresis loop, which shows the 

normal ferroelectric behavior. 

 

 

Figure 1. 9. Schematic illustration of (VDF), (TrFE), (HFP) and (CTFE) monomers and 

P(VDF-TrFE), P(VDF-HFP),P(VDF-CTFE) and P(VDF-TrFE-CTFE) 

repeat units[19]       

                                          

In the Figure 1.9, the individual monomers, co-monomers, ter-monomers, which 

are found in PVDF based copolymer and terpolymer, are shown. Co-monomers insertion 

of PVDF chains increases the formation of ferroelectric effect with a steric blocking 

effect. For example, when P(VDF-co-TrFE) is formed, inserting an extra fluorine atom 

ensures that the chain entanglement under TC all trans (TTTT) (where the TrFE 

concentration is more than 11%). The presence of the –CF3 group P(VDF-co-HFP) 

copolymer provide dipole orientation easily. P(VDF-CTFE), like other copolymers, has 

an effect that ensures piezoelectric constant and ferroelectric properties developing. 

Creating PVDF copolymers reduces the activation energy required for the phase 

transition from alpha phase to beta phase by increasing the distance between chains, 

regardless of processing method. When third monomer is added to P(VDF-TrFE) 

copolymer, the chain conformation changes from TTTT to TGTG or T3G. In addition, 

termonomer reduces the domain size and causes wide ferroelectric paraelectric phase 
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transition (Curie temperature decreases close to room temperature). These reasons show 

reduction of ferroelectric behavior in terpolymer. Therefore, terpolymers of PVDF is 

classified under ferroelectric relaxors.[17] The comparison of the electrical properties of 

these most commonly used homo polymer, copolymer and terpolymer are given Table1.1.  

The changes of interchain  distance with comonomer and third monomer addition to 

PVDF chain is shown at Figure 1.11. Moreover, this figure demonstrates the appearance  

of the nanodomains and relaxor behavior in PVDF based terpolymer and irradiated 

copolymer because of the increase in the interchain spacing hysteresis loops of relaxor 

based PVDF terpolymer and irradiated copolymer are also given the figure 1.11. 

 

Table 1.1. Comparison of the electrical properties of beta phase of PVDF, P(VDF-TrFE), 

P(VDF-HFP), P(VDF-TrFE-CTFE) [15, 19-23] 

POLYMER MELT.

TEMP 

(ºC) 

DIELECTRIC 

CONSTANT 

(ɛr) 

LOSS 

TANGENT 

MAX. 

POLARIZATIO

N (µC/cm2) 

d33 (pC. N-1) 

PVDF ~170[20] 6-12[15] 0.025[15] 6.5[15]            

 (1500 kV/cm) 

24-34[19] 

P(VDF-TrFE) 

(55/45) 
~158[20] 18[21] <0.1[21] 8 [21]               

 (1500 kV/cm) 

25-40[19] 

P(VDF-HFP) ~140[20] 11[15] 0.4[15] 7[15]                

(5500 kV/cm) 

24[19] 

P(VDF-CTFE) 

(91/9) 
165 [20] 13[15] 0.03[15] 8[22]                 

(6000 kV/cm) 

140[19] 

P(VDF-TrFE-

CTFE) 

(80/12/2%mol) 

120-

140 

47 [15] 0.21[15] 5.2                  

(3000 kV/cm) 

81.64[23] 

 

 

 

Figure 1.10.  (a) The hysteresis loop behavior of alpha, beta and gamma phase of 

PVDF[17] (b) the hysteresis loop behavior of P(VDF-TrFE) 55-45  
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1.3.4. Ferroelectric Composites 

 

Composites are a group of materials produced by combining two or more classes 

of materials with different phase structures. Ferroelectric composites can exhibit 

improved functional properties, which are needed by modern electronic devices. Each 

part of composite might contribute particular properties. For example, a composite 

material consisting of ceramics, which have high piezoelectric constant with high 

breakdown strength with polymer matrix, can be used for an actuator, which is highly 

desired.[24] Ferroelectric composites are generally combined with ceramic-ceramic, 

polymer-ceramic, polymer-polymer materials group. Composites, which have polymer 

matrix (primary phase) and ceramic supporting phase (secondary phase and stronger than 

matrix), are group of materials that can be alternative for ferroelectric applications.[25-27]  

 

 

Figure 1.11. The change of interchain distance with the addition of co and third monomer 

to PVDF homo-polymer, and the effects of interchain distance on the 

ferroelectric properties[22]
 

 

One of most important factors in the formation of composites is that the phases 

used should be wetting each other very well; it means that the phases should stick 

together. Matrix and reinforcement are connected in different forms. The connectivity 

relationships of two-phase systems are shown Figure 1.12.  In two phase systems; 0-0, 0-
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1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3, 3-3 connectivity types are available (these connectivity 

and numbers are introduced by Newnham[28]). The most preferred  type is 0-3 type (first 

number shows the active phase second number shows the inactive phase, number 3 means 

that there is 3 dimensional connection), where reinforcement phase is randomly 

distributed in the matrix phase. For two phases of composites, two dimensional 

connection can be found between the phases, therefore the composites, which have 2-2 

connectivity, show the properties of laminar types of composites. [29]  

 

 

Figure 1. 12. Generally used connectivity types of two phase composite [30]  

 

1.3.4.1. Applications of Ferroelectric Composites 

 

There are different types of applications of polymer ceramic composite systems 

for different demands. Ferroelectric polymer ceramic composites are used in capacitor, 

transducer and actuator applications.[31]  

Energy storage devices (capacitors) should have large breakdown strength and 

dielectric constant. Materials, which have higher dielectric constant, give higher 

polarization at lower electric fields, and perovskite ceramics has higher dielectric 

constant. Breakdown field or dielectric strength is defined as the endurance of materials 

to high external electric field without failure. Polar polymers have long chains, and they 

need high amount of electric field for polarizing these chains. Breakdown strength of the 
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polymers is higher than those of the ceramics. Capacitive energy storage is calculated by 

using equation1.1. According to this equation, highest amount of maximum polarization 

and electric field is necessary for higher discharge efficiency, the production of composite 

materials provide both of the properties.[32] 

 

𝑈𝑒 = ∫ 𝐸𝑑𝑃

𝑃𝑚

𝑃𝑅

                                                                   (1.1. ) 

 

Polymer ceramic composites are also used in piezoelectric applications. The 

working principle of transducers is related to the converse piezoelectric effect. The 

working principle of actuators associate with direct piezoelectric effect. The most 

common connectivity types of the composites are 2-2(laminar form of fillers), 1-3(fiber 

form of fillers) for piezoelectric applications, because the longitudinal direction of fillers 

is parallel to polarization direction in these types of connectivity. Perovskite ceramic 

materials have high piezoelectric charge constant (d33), most well known ferroelectric 

perovskite is PZT, however lead based piezoelectric ceramics are not environmental 

friendly. Polymers have high dielectric breakdown and mechanical strength for the 

piezoelectric applications. Composites that consisted of piezoelectric ceramic and 

polymer might bring good properties of both materials. The different piezoelectric 

applications are energy harvesting system, actuator, transducer, biological device, MEMs 

(micro electromechanical systems), etc. According to demands of applications, the 

characteristics of composites can be modified.[33]  

 

1.4. Electrocaloric Effect 

 

In this section, the definition, history, measurement methods, potential 

applications of the electrocaloric effect and electrocaloric materials that can be used for 

applications will be discussed.  

 

1.4.1. Definition and History 

 

Electrocaloric effect, which is a physical phenomenon, refers to fact that the 

materials with dipolar constituents become ordered or disordered with an externally 
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applied electric field (under adiabatic conditions), and temperature changes obtained with 

the changes in the subsystem entropies of the dipoles. [34]   

Electrocaloric effect was first determined theoretically as an inverse effect of 

pyroelectricity by William Thomson. In 1943, Kobenkov and Kurshatov calculated the 

first adiabatic temperature change of Rochelle Salt (0.003K). In 1962, it was determined 

that maximum elecrocaloric effect properties where found at the  Curie temperature. After 

these developments, efforts have been made to increase electrocaloric temperature and 

entropy change in many organics and inorganics, so research is ongoing to make them 

available.[35] 

Figure 1.13 demonstrates the changes in the states of dipoles under applied 

electric field. When an electric is applied to a dielectric material whose dipoles are 

randomly distributed, the dipoles became oriented. Since the ambient conditions are 

adiabatic, the total entropy does not change, while the dipolar entropy decreases, lattice 

vibration entropy increases, so temperature increases. The electric field is removed when 

the dipoles turn to random state. The dipolar entropy increases while the vibrational 

entropy decreases, therefore temperature decreases.[34]  

 

Figure 1.13. Schematic illustration of ordering and disordering of electrical dipoles with 

the applied electric field in a  electrocaloric cooling cycle (modified from[34]) 

 

 Electrocaloric systems, which create cooling effect of materials having 

ferroelectric dipoles under applied electric field, without using any gas and pressure can 

be compared to conventional compressors used today. In Figure 1.14, the cooling cycles 

of both systems are given. In the adiabatic environment, temperature increases by 

compressing of the gas with pressure in the conventional compressors and by the 

formation of isothermal polarization (dipoles orient, so dipole entropy reduces and lattice 

entropy therefore temperature increases) of dipoles in elecrocaloric coolers. In the reverse 

situation, temperature decreases by expansion of gas with reduced pressure in 
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conventional compressors and, by reducing of the lattice vibration entropy and increasing 

of dipole entropy in the electrocaloric coolers.[34]  

 

1.4.2. Measurements Method of ECE 

 

The electrocaloric effect is measured directly and indirectly.  

 

 

 

Figure 1.14. Schematic Illustration of the Electrocaloric and conventional Vapor 

Compression based Cooling Cycle [36] 

 

1.4.2.1. Indirect Method 

 

Indirect method is based on the calculation of the electrocaloric temperature 

change and using Maxwell’s equations and by using the information obtained from the 

temperature dependent ferroelectric hysteresis loops. The equation 1.2 is derived from 

the differential form of Gibbs free energy and isothermal entropy and adiabatic 

temperature change are calculated by using equation 1.3 and 1.4. 

 

(
𝜕𝑆

𝜕𝐸𝑖
)

𝑇

=  (
𝜕𝑃𝑖

𝜕𝑇
)

𝐸
                                                               (1.2) 
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∆𝑆 = −
1

𝜌
 ∫ (

𝜕𝑃

𝜕𝑇
)

𝐸
𝑑𝐸                                                           (1.3)

𝐸2

𝐸1

 

 

∆𝑇 = −
𝑇

𝐶𝑃 ∗  𝜌
∫  (

𝜕𝑃

𝜕𝑇
)

𝐸
𝑑𝐸                                                    (1.4)

𝐸2

𝐸1

 

 

In this equation, T is the temperature, (ρ) is the density, (E) is the electric field, 

(CP) is specific heat capacity under constant electric field, adiabatic temperature change 

(ΔT), isothermal entropy change (ΔS), differential change of polarization as a function of 

temperature under constant electric field ( (𝜕P/𝜕T)E).  In order to calculate ΔS and ΔT, it 

is necessary to obtain (𝜕P/𝜕T)E. P(T) is extracted from temperature dependent hysteresis 

loops. According to these values, P(T) curve can be drawn and a polynomial can be used 

to fit the curve and by differentiating the fitted curve (𝜕P/𝜕T)E can be obtained. 

Alternatively without performing the fit, (𝜕P/𝜕T)E can also be calculated by using 

equation 1.5.[37] 

 

(
𝜕𝑃

𝜕𝑇
)

𝐸
=  

1

2
∗ (

𝑃𝑛 −  𝑃𝑛−1

𝑇𝑛 − 𝑇𝑛−1
+  

𝑃𝑛+1 − 𝑃𝑛

𝑇𝑛+1 − 𝑇𝑛
)                                  (1.5) 

 

In the electrocaloric effect studies, indirect measurement is preferred(%85) 

because it is giving  faster results and it is relatively easy to conduct. Direct methods have 

also some drawbacks. [38-42] Indirect measurements also have some drawbacks, such as 

inapplicability for relaxor ferroelectrics. 

 

1.4.2.2. Direct Method 

 

Direct measurement systems calculate the adiabatic temperature change in the 

material from the applied electric field by means of measuring either heat flux or 

temperature without any extra calculations. Figure 1.15 shows the calorimeter and 

thermal sensors used for direct method respectively; (a) DSC (b) heat flux sensor and 

thermocouples (c)thermistors (d)infrared thermal sensors and cameras. DSC (Differential 

Scanning Calorimetry) devices can measure EC heat flux in  under applied electric field. 
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From the values of heat flux the entropy and temperature changes can be calculated.  In 

order to measure changes of adiabatic temperature change by using DSC, various 

modifications are needed.[34] 

 

 

Figure 1.15. The schematic representations of direct measurements of electrocaloric 

effect using  (a) DSC, (b)heat flux and sensors, (c) thermistors and (d) 

infrared temperature sensors and camera[1] 

 

Direct measurements have some drawbacks, due to these drawbacks, in general 

indirect measurements (depend on Maxwell’s equation) are preferable for the 

electrocaloric effect studies, but however for some types of materials, indirect 

measurements cannot be used if accuracy is neededs. For example, relaxor ferroelectrics 

are not in thermal and mechanical equilibrium, because they have polar nanodomains 

which have regions that act as ferroelectric but are not ferroelectric.[37]  

 

1.4.3. Electrocaloric Materials 

 

In order to obtain a high ECE according to Landau Devonshire theory and 

Maxwell’s equations, the materials must show high polarization change as a function of 
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temperature change. Ferroelectric materials can achieve this in the ferroelectric (FE) 

paraelectric (PE) phase transition region, because the domains will be random above 

Curie temperature, so the polarization of the material drops. It is important that EC 

materials can provide adiabatic temperature change close to room temperature. Relaxor 

ferroelectrics, which have polar nanoregions, have high polarization values under a small 

electric field, because their nanodomains can be oriented under small electric fields. They 

show a high ECE in a wide temperature range (close to room temperature), however their 

ECE can be measured accurately only with the direct method.[1] 

Organic and inorganic FEs or relaxor FEs are produced as a single crystal or 

polycrystalline  bulk, thick film and thin film forms.[1] Some of organic, inorganic and 

composite based ECE studies are compared in table 1.2 in terms of ECE properties. 

Electrocaloric strength is defined as the adiabatic temperature change divided by electric 

field (ΔT/ ΔE). Generally, the electrocaloric strength (K.m/MV) values of ceramics are 

higher than the other groups, because low amount of electric field is enough the make 

that their ferroelectric domains aligned. However, the dielectric breakdown strength of 

ferroelectric ceramics is low. ΔT values and breakdown strength of the polymers are 

generally higher than ceramics, but their electrocaloric strength values are lower. Because 

they have long chains, and the orientation of the dipole moments of polymers in long 

chain needs high amount of electric field. Therefore, in order to improve ECE 

performance, many research groups tried composite materials, which have ceramic filler 

and polymer matrix parts. Their results show the enhancement of ECE with ceramic filler 

addition to the polymer matrix.[43-45] Relaxor terpolymer and their composites enhance 

the ECE properties most, but direct methods must be used for the calculation of their ECE 

due to their thermodynamically unstable nanodomains.  

 

1.4.4. Potential Applications of Electrocaloric Cooling Technology 

 

Conventional cooling systems (air conditioners, refrigerators, etc.) use the 

harmful gases such as HFC (hydrofluorocarbon) which leads to the global warming. It is 

predicted that the direct emission of these harmful gases will constitute 45% of the CO2 

emission in 2050. The refrigerants used today contribute to the global warming indirectly. 

Cooling systems also have high share in the electricity consumption in the many countries 

(America: 22%, China: 14%). It is considered that electrocaloric coolers can potentially  
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meet the need of environmentally friendly cooling technologies, especially in terms of 

carbon emission and Green House effect.[1]  

 

Table 1. 2. Summary of electrocaloric properties of different types of materials 

Material Form T(ºC) ΔE 

(kV/cm) 

ΔT(K) ΔS 

(J/kgK) 

Method Reference 

Ba0.65Sr0.35TiO3 +Mn Bulk 20 90 3.08 4.77 Indirect Liu et.al.[46] 

BaTiO3 Thick 

Film 

80 800 7.1 10.1 Direct Bai et.al.[47] 

BaZr0.2Ti0.8 O3 Thick 

Film 

40 97 4.9 8.536 Direct Hui Jian 

et.al.[48] 

BaTiO3 Single 

Crystal 

97-

147 

10 1.6 1.9 Direct Bai et.al.[49] 

Ba0.995Ce0.005Ti0.99 

Mn0.01O3 

Bulk 120 30 1.22 - Indirect Liu et. al.[50] 

0.92(Na0.5Bi0.49Nd0.01 

TiO3) – 0.08(BaTiO3) 

Bulk 67-87 50 0.95 - Indirect Kandula 

et.al.[51] 

PbZr0.95Ti0.05O3 Thin 

Film 

226 480 12 - Indirect Mischenko 

et. al.[38] 

(PbMg1/3Nb2/3O3)0.7 -

(PbTiO3)0.3 

Bulk 145 90 2.6 - Direct Rožič et.al. 
[52] 

Pb0.8 Ba0.2ZrO3 Thin 

Film 

135 598 45.3 46.9 Indirect Peng et.al. 
[53] 

P(VDF-TrFE) 55/45 Thick 

Film 

80 2090 12.6 62 Indirect Neese et.al. 
[41] 

P(VDF-TrFE-CFE) 

59.2/33.6/7.2 

Thin 

Film 

30 1500 14.8 73.5 Direct Li et.al.[54] 

P(VDF-TrFE) 68/32 Thin 

Film 

33 1600 20 95 Direct Lu et.al.[55] 

P(VDF-TrFE-CFE) 

62.5/29/8.5 – P(VDF-

TrFE)55/45 

Thin 

Film 

20-60 750 5 - Direct Chen et.al. 
[56] 

P(VDF-TrFE-CFE)- 

BST67 

Thin 

Film 

30 2500 50.5 210 Direct Zhang et.al. 
[57] 

P(VDF-TrFE-CFE)- 

PMN/PT 

Thin 

Film 

30 1800 31 150 Direct Li et.al. [43] 

P(VDF-TrFE)52/48- 

Ba0.75 Sr0.25TiO3 

Thin 

Film 

75-80 600 2.5 - Indirect Jiang et.al. 
[45] 

 

Figure 1.16 demonstrates the published articles about ECE in the last twenty 

years. The studies of ECE increased every year, and this shows the demand for 

environmentally friendly cooling systems. In addition, the prototypes of electrocaloric 

coolers is developing together with the number of studies on  ECE. Some examples of 

EC prototypes, will be examined in this section. 

Zhang, Z. et al. designed a cooling device by using P(VDF-TrFE-CFE) polymer. 

Device consists of CNT(single walled carbon nanotubes electrode) conductive layer 

frame coated on thick PET film due to electrostatic actuation. EC terpolymer was stacked 

on PDMS. Their device is attached to Li-ion battery, and they attached a thermocouple 

for to measured temperature changes. In air, temperature of  the battery has decreased 3ºC 
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in 50 seconds. When they tried cooling by using EC device, the temperature of battery 

have decreased 8ºC in 5s at 6.77MV/m electric field at 0.8 Hz.[58] This demonstrates that 

EC cooling device can help as microcooling device.. 

Gu. et al. designed a circle-like refrigerant system where hot and cold plates are 

located mutually, unlike the potential other cooling devices designs. The schematic 

representation and working principle of this system is shown in Figure1.17 (They 

obtained ΔT:0.86K under 200 V for Y5V ceramic composition).[59] In addition, Zhang, 

Q. et.al. synthesized BST nanowire-BNN-P(VDF-TrFE-CFE) composite and obtained a 

cooling power density of 400W/cm3.[60] 

 

Figure 1. 16. The number of published articles with the topic ‘electrocaloric’ in the  last 

12 years (Web of science  search with the topic electrocaloric, on June 

22th,2020) 

 

 

Figure 1.17. The schematic illustration of designed potential cooling device by Zhang, 

Q. et.al. and working principle of device[59]  
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1.5. Literature Review 

 

The studies about polymer ceramic based composite systems using electrocaloric 

cooling applications increases day by day. In this section, some of the electrocaloric effect 

studies on polymer ceramic composite systems will be explained.  

Jiang et.al. synthesized a composite using solution casting method by combining 

the BST supporting phase (10%volume, 26% mass ratio) with 30 nm particle size 

synthesized with the hydrothermal method and P(VDF-TrFE)52/48 polymer as the matrix 

phase. It was emphasized that the Curie temperatures of the composite phases should be 

close to each other because the max ΔT value at ECE is obtained in the Curie temperature 

region. If matrix and filler parts Curie temperature values are very different from each 

other, the max ECE could not be observed, because both of them create max ECE at 

different temperature area. They used the indirect methods for ECE calculations. They 

observed that the ΔT value of composites was higher than pristine polymer. They 

suggested that increase is caused by the local dielectric and ferroelectric properties 

occurring in areas close to ceramic and polymer interface. Comparison of  the hysteresis 

loops of the composite and pristine copolymer at room temperature (a) and polarization 

versus temperature attitude of composite (b) are show in Figure 1.18. The polarization 

value of pristine copolymer is lower than that of BST-P(VDF-TrFE), the loops of both of 

them are not saturated. They obtain ΔT= 2.5 under 600 kV/cm.[45]   

 

 

Figure 1.18. Temperature dependent P(E) loops for (a) Pristine P(VDF-TrFE) and BST-

P(VDF-TrFE), (b)BST-P(VDF-TrFE) [45] 

 

Aziguli et al. synthesized composite consisting of P(VDF-TrFE-CFE) 

61.3/30.5/8.2 (relaxor)  polymer matrix and addition of 0, 2.5, 5, 7.5, 10% volume ratio 
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BaZr0.2Ti0.8 O3 ceramic reinforcement parts. The reinforcement part produced with 

conventional solid state methods, and particle diameter was 1 µm. Composites were 

synthesized by solution casting method and N,N-Dimethylformamide used as polar 

solvent, and direct method with specially designed calorimeter was used for the 

measurement of ECE  properties. They obtained maximum ΔT= 7.4 K and ΔS= 30 J/kgK 

under 900 kV/cm at around 25ºC for (5vol %) BZT-P(VDF-TrFE-CFE) composite. The 

ΔT value was found almost 1.5 times larger than that of pristine terpolymer. This result 

shows that the addition of ceramic filler increases ECE performance, but ΔT value 

decreased with above the 5vol% concentration of the ceramic. Figure 1.19 shows Q, ΔT, 

ΔS values.[61] 

 

 

Figure 1.19. Q(a), ΔT(b), ΔS(c) comparison of P(VDF-TrFE-CFE) terpolymer and BZT-

P(VDF-TrFE-CFE) composites at room temperature and different electric 

field[61] 

 

Li et.al synthesized composites consisting of P(VDF-TrFE-CFE) 59.4/33.4/7.2 

relaxor terpolymer (produced with suspension radical polymerization) and 

0.9Pb(Mg1/3Nb2/3)O3- 0.1PbTiO3 relaxor ceramics as the reinforcement phase. Addition 

of 37.5 wt% filler content provide maximum ECE properties ΔT= 9.4K ΔS=85 kJ/Mk at 

750 kV/cm. ECE of 37.5 weight percent of ceramic filler added composites was better 

than pristine polymer, and only 75 V was enough for EC cooling. The dielectric 

displacement of the composites increased with the filler addition. Above the 37.5 wt% 

filler addition to the polymer matrix decreases the ECE. Changes of crystallinity and 

interfacial coupling factor, which are affected by the volume fraction at interfacial layer, 

changed the adiabatic temperature change. Both volume fraction and crystallinity degree 

were maximum for the composition, which has of 37.5wt% filler, so it showed the best 

ECE performance. ΔT and ΔS graphs are given in Figure 1.20.[43] 
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Figure 1. 20. PMN-PT-P(VDF-TrFE-CFE) composites (a) ΔT, (b) ΔS values at the 

different filler addition under 750 kV/cm electric field[43] 

 

Zhang et al. synthesized the BST (Ba0.67 Sr0.33TiO3) reinforce P(VDF-TrFE-CFE) 

(62.3/29.9/7.8) matrix nanocomposite. BST produced in the form of nanoparticle 

(average diameter: 180nm), nanowire (average diameter: 120nm), nanocube (average 

diameter: 200nm) and nanorods (average diameter: 300nm) with hydrothermal method. 

They manufactured the nanocomposite with DMF solvent by solution casting. Addition 

of the filler phase in different morphology caused different results in terms of electrical 

properties. The highest aspect ratio was found the BST nanowire. The dielectric constant 

of %15 BST nanowire added composites was 72.5; this was higher than other 

morphologies. In this study, composite materials, which have high ECE properties, were 

produced by Zhang et.al. Figure 1.21 shows that the ECE properties (ΔT, ΔS, and Q (T* 

ΔS)) of nanocomposites with 10 vol% nanofiller and pristine terpolymer at 1000 kV/cm 

all morphologies of nanofiller BST increases the ECE properties.[44]  

In general ceramic filler addition to polymer matrix improves the ECE properties. 

There are some explanations about the enhancement mechanism of ECE. One of them is 

interfacial coupling There is an interface between ceramic and polymer parts of 

composites.  Ferroelectric ceramics have the strong dipole moment, and they do not need 

high electric field, however polymer, which has long chain configuration), needs high 

electric field for their ordering of their dipole moment. Ceramics, which are polarized at 

lower electric field will amplify the applied electric field and increase the effective 

electric field acting on the polymer matrix increasing the electrical polarization. In 

addition, new dipole moments might from in the interface close to ceramic filler region 

causing interfacial. Some research groups proven that the interface effect between 

ceramic particles and polymer matrix region by using Piezoresponse Force Microscopy. 
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[62] Optimal filler addition to polymer matrix is important for enhancement of 

electrocaloric effect. Above a critical concentration called the percolation concentration, 

fillers are too close to each other and are aggregated. Inside the filler, electric field 

increases too much, this causes harder orientation of dipole moments inside the filler. 

Therefore, polarization changes dependent on temperature decreases.[63] In addition, 

shape, formation, size of filler is very important for EC composite systems. Fillers should 

distribute homogenously in composites for obtaining good electrical properties. If it is not 

distributed homogenously, this leads to voids or defect like behavior in systems, and this 

effect the properties of composites.[44]  

 

 

Figure 1.21.Q, ΔT, ΔS values comparison of P(VDF-TrFE-CFE) polymer and 

10%BST(Np, Nc, Nr,Nw)-P(VDF-TrFE-CFE) nanocomposites at 1000 

kV/cm[44] 

 

1.6. Research Objectives 

 

In this study, nanocomposites, which have P(VDF-TrFE) 55/45 polymer matrix 

and Ba0.94Ca0.06Ti1-xSnxO3 ceramic reinforcement particles were studied. One of the 

purposes of this study is the development of ECE performance with filler addition into 

the polymer matrix. To obtain saturated hysteresis loop for composite materials is the 

second aim of this study. Since indirect measurement methods are used, the hysteresis 

loops of nanocomposites must be saturated and exhibit ferroelectric properties. In 

addition, it was necessary to choose Curie temperature ranges of the filler and matrix 

phase close to each other, because maximum adiabatic temperature change is obtained at 

the Curie temperature. In electrocaloric cooling systems, it is desirable that the cooling 
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effect is as close to room temperature as possible, therefore Curie temperatures must also 

be close to the room temperature.  

PVDF can used as the matrix material, but only the beta phase is polar phase and 

obtain to a hundred percent of beta phase requires extra processing. Also the Curie 

temperature of PVDF (195ºC) is higher than melting temperature (177ºC), so it cannot be 

used for ECE applications. Therefore, when the other copolymers are examined, P (VDF-

TrFE) copolymer, which have high dielectric constant and polarization value, was chosen. 

When the phase diagrams of the P(VDF-TrFE) copolymer in the literature are examined, 

the 55/45 composition, showing the normal ferroelectric(not relaxor ferroelectric) 

property with the Curie temperature closest to room temperature, was chosen. The Curie 

temperature of 55/45 composition is ~68ºC.  

As a reinforcement phase, it has been found suitable to choose BaTiO3, one of the 

environmentally friendly lead free ferroelectrics. The Curie temperature of BaTiO3 is 

around 120ºC. As stated above, the Curie temperatures of the phases of nanocomposites 

should be close to each other, and to achieve that Ca (A site) and Sn (B site) doped to 

BaTiO3 decrease the TC. Wang et al. studied Ca and Sn doped BaTiO3.
[64] The 

composition of BCST ((Ba0.94Ca0.06)(Ti0.925Sn0.075)O3), which has similar Curie 

temperature with P(VDF-TrFE) 55/45 was chosen based on Wang. et al.’s results.  

The main aim of this study is to obtain a high ΔT value under a moderate electric 

field that can be used in electrocaloric cooler applications with thick film composites 

produced with solution casting method. Addition ceramic filler to polymer matrix 

improves electrocaloric cooling performance performance of the materials according to 

previous studies. It was aimed to investigate using indirect measurements.  
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CHAPTER 2 

 

EXPERIMENTAL 

 

2.1. Sample Preparation 

 

Experimental steps are given separately for: 

a) Synthesis and characterization of (Ba0.94Ca0.06)(Ti0.925Sn0.075)O3 ceramic 

nanoparticles.  

b) Synthesis and characterization of pristine P(VDF-TrFE) (55/45) polymer thick 

film.  

c) Synthesis and characterization of the composite materials by the addition of 5, 7.5 

and 10  volume percent of ceramic nanoparticles into polymer matrix. 

 

2.1.1. Synthesis of (Ba0.94Ca0.06)(Ti0.925Sn0.075)O3 

 

The production flow chart of the ceramic part of the composite material given in 

Figure 2.1. Conventional solid-state method was used for the manufacturing of the 

reinforcement part of the composites. Before the composites were synthesized, the 

ceramics were produced in pellet form and characterized. 

To synthesize the (Ba0.94Ca0.06)(Ti0.925Sn0.075)O3 ceramic, BaCO3 (99.9% 

Entekno), TiO2 (99.9% Sigma Aldrich), CaCO3 (99.999% Sigma Aldrich) and SnO2 

(99.9% Merck) starting powders were kept at 200ºC overnight in the thermal oven 

(Memmert UF55). The starting powders were stoichiometrically weighed on the 

analytical balance (RADWAG- AS220. R2) and mixed with ethanol and Yttrium 

stabilized Zirconia balls (diameter: 5 mm) in 30 ml HDPE Nalgene bottle. After the 

mixture was mixed in the Planetary Ball Mill (RETSCH PM 100) for 250 rpm 8 hours, 

ethanol is evaporated from powder at 70ºC in the thermal oven. Then the mixture of 

powders was calcined at 1200ºC for 4 hours in high temperature furnace (Protherm 

Muffle Furnace).  The powders were mixed again at 250 rpm for 8 hours in planetary ball 

mill and solvent evaporated. PVA (Polyvinyl alcohol) that was used for binder and 2 % 

weight of powders were dissolved pure water at 80ºC and 250 rpm on magnetic stirrer 
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(Heidolph Hei-Tec). PVA solution and ceramic powders were mixed at same condition 

in the planetary ball mill, and solution was dried again. The powders were pressed with a 

Hydraulic Press (Specac) by applying 375 MPa pressure, thus the ceramic pellets, each 

weighing approximately 0.5 g, are obtained. Then the binder was burned out at 600ºC for 

4 hours (1ºC/min ramp rate). Following the burn out process, ceramic pellets were 

sintered at 1350ºC for 3 hours. After sintering, the ceramic pellets were polished with SiC 

sand papers of 1000 and 2000 mesh for the electrical measurements.  

 

2.1.2. Synthesis of Pristine P(VDF-TrFE) (55/45) 

 

The flow chart for the synthesis of pristine polymer (0% ceramic doped) is given 

Figure 2.2. Solution casting method was used for the manufacturing of the polymer 

matrix. Before the composites are synthesized, the polymers were produced in thick film 

form and characterized.  

To synthesize the pristine copolymer thick film, P (VDF-TrFE) 55/45 (PolyK 

Technologies) powders were dissolved in N,N-Dimethlyformamide (DMF) (5%wt). 

Then the solution was mixed at 500 rpm for 4 hours on the magnetic stirrer (Heidolph 

Hei-Tec) and sonicated for half an hour in the ultrasonic bath (ISOLAB), and then the 

solution was casted into the petri dish. DMF was evaporated at 70ºC overnight. To obtain 

the predominantly ferroelectric phase of the copolymer, heat treatment was applied at 

135ºC for 3 hours (2ºC/min ramp rate). The final copolymer thick film was divided into 

small pieces for the characterization steps. 

 

2.1.3. Synthesis of the Composites  

 

The production flow chart of the composite (5, 7.5, 10 volume percent ceramic 

doped) is given Figure 2.3. Solution casting method was used for the production of thick 

film composite materials, similar to the pristine copolymer.  

To synthesize the P (VDF-TrFE) 55/45- BCST composite, firstly BCST ceramic 

pellets were ground in agate mortar to obtain powder of BCST. Ball milling process was 

applied to reduce the particle size of the BCST powders. P(VDF-TrFE)55/45 copolymer, 

nanosized BCST powder, and DMF were weighed (5%wt). The copolymer powders were 

dissolved with DMF via the magnetic stirrer at 500 rpm for 4 hours. Then BCST ceramic 
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powders were added to the solution and the solution was mixed at 500 rpm for overnight. 

The solution was sonicated for half an hour in the ultrasonic bath and casted into the petri 

dish. DMF was evaporated at 70ºC, and heat treatment was applied at 135ºC for 3 hours 

(2ºC/min ramp rate). The thick film composites were divided into small pieces for the 

characterization steps by using scissors. 

 

2.2. Materials Characterization 

 

The characterization methods used for the synthesized are detailed in this section. 

 

2.2.1. Density Measurements 

 

The density determination kit of the RADWAG- AS220. R2 analytical balance 

was used for calculate the density of the BCST ceramic pellet materials. This density 

determination kit working principle is based on Archimedes’ Principle. 

According to the Archimedes’ principle, the buoyancy force of an object 

immersed in a water or any liquid is equal to the weight of the liquid in which the object 

is displaced. Therefore, this principle is well suited for calculating the density of solid 

objects using the mass of solid objects in air and its effective mass in the water. The 

effective mass under water plus the mass of displaced water gives the actual mass of solid 

object. The amount of displaced fluid allows the volume of solid object to be calculated 

thus the density to be calculated. The formula used to calculate the density of ceramic 

pellets is given below. The symbols in the formula mean  ρ: density, X: weight of the 

sample in air, Y: weight of the sample in the liquid, ρl: density of the liquid, ρ0: density 

of air.[65] 

 

𝜌 =
X

(X − Y)
(𝜌𝑙 − 𝜌0) + 𝜌0                                                     (2.1. )   

 

2.2.2. X-Ray Diffraction (XRD)   

 

X-Ray Diffraction experiments were used to determine the crystal structures and 

phases of the synthesized materials. X Ray Diffraction experiments (Philips X’pert Pro) 
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were done at IZTECH Center for Material Research. XRD patterns of BCST are collected 

between 20º-80º angle range with 0.04 º/s scanning speed. X-ray diffraction 

measurements of thick film samples were done by using a Bruker D2 Phaser in Eskişehir 

Technical University (Ender Suvacı Laboratory). XRD patterns were collected using 

0.02º/s scanning speed between 10-90º. 

 

2.2.3. Scanning Electron Microscopy (SEM) 

 

In order to get information about the microstructures of the samples, the analysis 

was carried out on scanning electron microscope( Philips XL 305 FEG and FEI Quanta 

250 FEG in IZTECH Center for Materials Research). For BCST ceramic, polymer and 

composites, both backscattering and secondary electron detector images were recorded at 

different magnifications.  

 Etching process must be applied in order to distinguish grain structure and grain 

boundaries of polycrystalline ceramic pellet samples. The ceramic samples were kept in 

acetone solution for 1 hour before the thermal etching. The thermal etching process was 

performed by applying heat treatment for 1 hour at 100ºC below the sintering temperature. 

After thermal etching process, the ceramic pellets were waited again in the acetone 

solution. The polymer and composite films do not require any preliminary preparation. 

To obtain thickness of the thick films, the films were broken with liquid nitrogen. In the 

first time, thick films were cut with scissors, but this caused bending of the film. The 

bending causes problems in determining the thickness of the films and that’s why 

generally the films were broken after freezing with liquid nitrogen.[66-68]  Thick film 

samples were kept for ten seconds in liquid nitrogen, and samples could be broken easily. 

The ceramic, polymer and composite materials, which are insulators, were coated with 

gold by a sputter coating. 

 

2.2.4. Fourier- Transform Infrared Spectroscopy (FTIR) 

 

FTIR measures the vibration frequencies of various bonds and determines the 

functional groups in the molecules. In order to have an idea about the phase structures of 

polymer based materials, generally this method is used for supporting XRD experiment. 

ATR (Attenuated total reflectance) FTIR measurements were done with Perkin Elmer 
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Spectrum Version 104.3 in IZTECH Biotechnology and Bioengineering Application and 

Research Center. For the measurement, wavelength range was selected between   400-

4000 cm-1 and transmittance (%) signals were measured. 

 

2.2.5. Differential Scanning Calorimetry (DSC) 

 

Differential Scanning Calorimetry (DSC) instrument measures the change the 

amount of energy in the sample under heating, cooling or at constant temperature. In 

addition, this instrument is used to determine thermal parameters such as specific heat 

capacity, phase transition temperature, reaction and conversion kinetics, degree of 

crystallinity of the materials. DSC measurements were used to get an idea about curie and 

melting temperature of synthesized samples in this study. TA Instruments Q10 was used 

at IZTECH Geothermal Energy Research and Application Center. The temperature range 

and heating rate were selected between 0°C and 200°C and 10°C/min, and the experiment 

was done under flowing nitrogen gas. 

 

2.2.6. Dynamic Light Scattering Analysis (DLS) 

 

Dynamic Light Scattering Analysis (DLS) is a spectroscopic method that 

examines the size distributions of small particles in a dilute suspension or solution.  In 

this method, the light created by the monochromatic light source coming from the laser 

hits the particles in the colloidal suspension with Brownian motion which depends on the 

particle size, viscosity and temperature, then scattered light which is defined as Rayleigh 

scattering have different wavelength and intensities.[69] The formation of constructive and 

destructive interferencne due to Brownian motion between particles dispersed in the 

solution causes fluctuations in the intensity of scattered light. The change caused by these 

fluctuations in scattered light give cumulative information about the size distribution of 

the particles.[70] 

Ceramic particles need to be as small as nanosize in order to disperse more easily 

and homogeneously in the polymer ceramic composites. Therefore, the sintered BCST 

ceramic pellets crushed using ball,  5 mg of ceramic powder was dispersed ultrasonically 

with 1.5 ml of ethanol. DLS measurements were done with Zetasizer NanoZS, Malvern 

Instruments at IZTECH Materials Science and Engineering Department (DemirLab.). 
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Figure 2. 1. Synthesis flow-chart of Ba0.94Ca0.06Ti0.925Sn0.075O3 

 

 Dielectric Measurement 

 Hysteresis Measurement 

 

  

BaCO3, TiO2 , CaCO3, SnO2 powders 

were weighed stochiometrically. 
 

Powders were mixed with ethanol and ball 

milling process was applied. (250rpm-12h) 

 The solution is dried and mixed in agate mortar. 

Calcination process was applied. 

(1200ºC- 3h) 

 XRD  

Ball Mill process was applied. 

(250rpm-8h) 

 The solution is dried and mixed in agate mortar. 

The powders were pelletized by hydraulic press 

and the binder was evaporated. (600ºC-4h) 

The powders were mixed with PVA 

dissolved in pure water. (250rpm-8h) 

 

 The solution is dried and mixed in agate mortar. 

Pellets were sintered. 

(1350ºC-4h) 

Pellets are ground and their density were 

measured. 

 XRD  

 Thermal etching, SEM  

Pellets were coated with silver paste for 

electrical measurements. 
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Figure 2. 2. Synthesis flow-chart of pristine P(VDF-TrFE) 55/45 

 

 

 

 

 

P(VDF-TrFE) (55/45) copolymer and 

N,N Dimethylformamide  were prepared. 

The solution was mixed on the magnetic 

stirrer at 500 rpm for 4 hours. 

Sonication was applied for half an 

hour. 

The solution was casted into petri dish. 

DMF was evaporated at 70ºC. 

Heat treatment was applied for 3 hours 

at 135ºC. 

The final film was divided into small 

pieces for characterization steps. 

The film was coated with silver paste. 

 XRD, DSC, SEM, FTIR  

 Dielectric Measurement 

 Hysteresis Measurement 

 

  
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Figure 2. 3. Synthesis flow-chart of BCST- P(VDF-TrFE)55/45 composites 

 

 

After sintered ceramic pellets were ground in 

agate mortar, ball milling was applied. 

Ceramic and copolymer powders are 

dissolved in DMF. 

Polymer and DMF were mixed at 500 rpm 

for 4 hours on the magnetic stirrer. 

Ceramic powders were added to the 

solution and mixed for overnight. 

Sonication was applied for half an hour. 

The solution was casted into the petri dish 

and DMF was evaporated at 70ºC. 

Heat treatment was applied for 3 hours 

at 135ºC. 
. 

The final film was cut into small pieces 

for characterization steps. 

It was coated with silver paste. 

 

 XRD, DSC, SEM, FTIR  

 Dielectric Measurement 

 Hysteresis Measurement 

 

  
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2.2.7. Dielectric Measurements 

 

In order to characterize the electrical properties of the produced materials, 

dielectric properties measurements were done. Materials must be prepared for electrical 

characterization steps. For the electrical measurements, ceramics with 10 mm diameter 

and 1 mm thickness were polished and coated with silver paste (RS PRO RS:123-9911). 

The silver paste was dried at 135ºC for 7 minutes in the drying oven (Memmert UF55). 

In the sample preparation of polymer and composite films, silver paste was applied to 

rectangular cut samples (approximate thickness between 20-40µm) with the help of a 

mold with a diameter of 13 mm. The silver paste was dried at room temperature for 1 day.  

Dielectric measurements were performed under AC Voltage at four different 

frequencies (100 Hz, 1 kHz, 10 kHz, 100 kHz)  between 25°C - 150°C (TF 1000 

temperature controller) by using on the LCR Meter (Keysight, E4980AL) and the data 

was collected by using a Lab-view program. The samples were placed in a sample holder 

filled with silicone oil (Aixacct piezo sample holder TFA 423-7), as the silicone oil 

prevents formation of sparks.  

LCR meter measures the impedance of a circuit and converts it to Inductance, 

Resistance or Capacitance. The working principle of LCR meter is related to the concept 

of Impedance. Impedance (Z) consists of Reactance XS (imaginary) and Resistance RS 

(real) parts. Reactance is defined by XS= |Z|* sin θ, resistance is defined by RS= |Z|* cos 

θ.[71] For reactance to be capacitive, the θ angle must be less than zero, and to be inductive, 

the angle must be greater than zero. The LCR meter reads and displays the capacitance 

values of the materials in this context. Dielectric constant values were calculated using 

parallel plate capacitor equation. εr: relative permittivity, C: capacitance (F), d: thickness 

(mm), A: surface area (mm2), ε0: vacuum permittivity (8.854x10-12F/m). 

 

ε𝑟 =
C ∗ d

A ∗ ε0
                                                                       (2.2. ) 

 

2.2.8. Ferroelectric Hysteresis Loop Measurements  

 

In order to characterize the ferroelectric properties of the materials, the shape, 

behavior and polarization values (PS, PR) of the hysteresis loops were investigated. In 
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order to calculate the electrocaloric temperature change of samples indirectly by using 

Maxwell’s equation, the change of the polarization with respect to temperature must be 

obtained.  Hysteresis loops were measured using Aixacct TF Analyzer 1000 connected to 

TREK 610E High Voltage Amplifier.  

The samples were placed into the sample holder filled with silicone oil and the 

measurements were performed between room temperature and the temperature at which 

linear hysteresis loops are obtained.  For all samples(coated with silver paste), the amount 

of applied voltage (AC) was increased at regular intervals to reach the saturation point. 

Then the electric field was kept constant, and the temperature was increased in a stepwise 

manner. The temperature was increased until the hysteresis loops became completely 

linear. Measurements were performed at 10 Hz for ceramic pellets and at 100 Hz for thick 

films. In order to the calculate the electrocaloric temperature change, polarization as a 

function of temperature at constant electric field must be obtained based on the indirect 

method. The polarization values at each temperature were collected from second quadrant 

of hysteresis loop of materials at same electric field and P-T curve drawn. ((𝜕𝑃)/(𝜕𝑇))𝐸 

was obtained by using numerical equation (1.6) or by differentiating of the polynomial 

fitted P(T) curve. Then adiabatic temperature change of samples was calculated by 

inserting values of the((𝜕𝑃)/(𝜕𝑇))E, ρ, E, CP and T of the samples in the 1.4 equation.  
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

In this section, the structural and electrical characterization measurements of 

synthesized samples have been given and discussed. 

 

3.1. Structural and Electrical Characterizations of BCST 

 

Firstly, results of different characterization measurements of the filler part of the 

nano composites are given. 

 

3.1.1. X-Ray Diffraction of BCST   

 

Figure 3.1 demonstrates the XRD pattern of BCST ceramics. Impurity peak was 

not observed, and the XRD pattern of BCST shows the formation of pure perovskite 

structure.[64]  

 

 

Figure 3.1. XRD pattern of Ba0.94Ca0.06Ti0.925Sn0.075O3 
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3.1.2. Scanning Electron Microscopy Analysis of BCST 

 

In order to visualize of microstructure of BCST ceramics, backscatter electron 

images were taken from the scanning electron microscopy. According to the backscatter 

images of BCST at the 2500x, which are given the figure 3.2, grains are formed properly, 

and grain sizes are almost similar for each of them. Average grain sizes was estimated as 

30 µm. 

 

 

Figure 3.2. SEM images of Ba0.94Ca0.06Ti0.925Sn0.075O3 ceramics at 2500x magnification 

 

3.1.3. Dielectric Measurements of BCST  

 

In order to understand ferroelectricity and phase transition behaviour of BCST, 

temperature dependent dielectric measurements were done with LCR meter and TF1000 

Analyzer. Figure 3.3 demonstrates the dielectric constant and loss versus temperature 

graph between   room temperature and 200 ºC at different frequencies. The ferroelectric 

paraelectric phase transition of BCST was observed at ~70ºC (Curie temperature). 

According to XRD measurements, there was a tetragonal orthorhombic phase transition 

for BCST, which has 0.0075 content of Sn, at room temperature.[72] A peak was observed 

in both dielectric constant and dielectric loss measurements at the room temperature, this 
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proved the tetragonal orthorhombic phase transition. Dielectric constant and loss values 

of BCST were very close to similar studies in the literature.[64] 

 

Figure 3.3. Dielectric Constant and Loss as a function of temperature of 

Ba0.94Ca0.06Ti0.925Sn0.075O3 ceramics at 1 kHz, 10 kHz and 100 kHz. 

 

3.1.4. Hysteresis Loop Measurements and ΔT Calculation of BCST 

 

In order to calculate ECE with the indirect method, temperature dependent 

hysteresis loops of the samples were measured by using Aixacct TF Analyzer 1000. The 

hysteresis loop of BCST showed the ferroelectric behavior and maximum polarization of 

BCST was measured 18 µC/cm2. Electrocaloric temperature change was calculated by 

using Maxwell’s equations (1.4.). Density value of BCST ceramic was measured by based 

on Archimedes principle, and found the 5.66 g/cm3. Specific heat capacity value was 

taken from other studies, a 500 Jkg/K.[73-75] Figure 3.4 indicates the hysteresis loop, 

polarization and ΔT versus temperature behavior of BCST at 5, 10, 15, 20 kV/cm electric 

field at 10 Hz frequency. Maximum adiabatic temperature change was obtained 0.42 K 

at 20 kV/cm at Curie temperature region due to ferroelectric paraelectric phase transition. 

ΔT peak at the room temperature is related with the orthorhombic to tetragonal phase 

transition. 
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Figure 3.4. (a)P(E) loops at different temperature, (b) P(T) and (c)ΔT vs T graphs of 

Ba0.94Ca0.06Ti0.925Sn0.075O3 .  

 

3.1.5. Particle Size Analysis of BCST   

 

The main aim of ball milling, which was applied to sintered ceramic, is to reduce 

the particle size to the nanometer scale as much as possible. The milled particle size of 

final ceramic powder was obtained between 100 and 200 nm. Particle size distribution of 

reinforcement phase obtained from DLS experiment given the figure 3.5. 

 

3.2. P(VDF-TrFE) and P(VDF-TrFE)-BCST Characterizations 

 

In this section, the results of characterization experiments of thick films which are 

5, 7.5, 10 volume percent of BCST added composites and pristine copolymer will be 

discussed. 

5, 7.5, 10 volume percent of ceramic powder were chosen in the composite thick 

films. Figure 3.6 indicates that volume percent of both polymer and ceramic parts 

corresponding to the weight percent. 
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Figure 3. 5. The particle size distribution of Ba0.94Ca0.06Ti0.925Sn0.075O3 

 

 

Figure 3.6. Volume corresponding to weight percent ratios of both 

Ba0.94Ca0.06Ti0.925Sn0.075O3 and P(VDF-TrFE) 55-45 in the composites. 

 

3.2.1. X-Ray Diffraction Measurements of Thick Films  

 

The crystalline phases and chain conformation of pristine polymer and composites 

were obtained by using X-ray diffraction characterization method.  Indirect method was 

used for ECE calculation in this study, so it is important that the material have the 

ferroelectric properties. Figure 3.7 demonstrates X-ray diffraction patterns of BCST, 

pristine copolymer, and composites (5, 7.5, 10vol% BCST) normalized moreover the 

characteristic 2θ region of copolymer are given to show how the polymer changes with 
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the ceramic powder addition. P(VDF-TrFE) copolymer have the some characteristic peak 

belongs to ferroelectric phase. These peaks are shown at 2θ: 19.2º  and 18.7º belongs to 

(110) and (200) planes (non-polar α phase), and (110) planes indicate the β crystalline 

phase (polar phase), which has ferroelectric chain conformation (TTT zig-zag), of 

copolymer.[45] According to our results, there was a broad peak at the 19.2º degree, so this 

proved that the beta phase of copolymer was obtained. The semi crystalline behavior 

brings about wide pattern mechanism, because there is still amorphous phase in the 

polymer and composite materials. This shows that the final thick film products did not a 

hundred percent crystallinity.  

The XRD pattern of composite materials gave not only polymer characteristic 

peak but also ceramic characteristic peaks. Increased ceramic powder addition brought 

about the shifted of polymer characteristic peak to lower angles, moreover the nonpolar 

phase of copolymer has also been formed. To understand the appearance of the nonpolar 

phase in composite and copolymer characteristic peak shifting, d spacing values of (110) 

planes for all thick films were calculated by using Bragg’s law: λ = 2dsinθ. The d inter 

chain spacing values of pristine polymer, Comp5vol%, Comp7.5vol%, Comp10vol% at 

the (110) plane (polar phase of copolymer) were found as 4.5620, 4.6454, 4.6612, 4.6771 

respectively. When the amount of BCST nanoparticles increases, the inter chain spacing 

increases, it can be explained with the decrease of the ferroelectric phase of copolymer.[76] 

XRD peak shifting is associated with increasing of the inter chain spacing, thus this shows 

that phases are close to paraelectric state and proved ferroelectric behavior of the 

materials.[77] In addition, increasing of inter chain distance of copolymer with ceramic 

filler addition can causes ferroelectric domain size of polar phase become smaller, but 

this does not indicate that the ferroelectric phase is not found.[78] Another approach about 

lattice spacing increasing and splitting of copolymer characteristic pattern was suggested 

by Liu et al. They investigated how the different VDF volume content of P(VDF-TrFE) 

copolymer could affect the properties of the copolymer. They claimed that VDF content, 

which was between 49 and 55, had morphotropic like behavior due to the  peak splitting 

among these VDF contents. (200) planes belongs to 3-1 helical chain conformation and 

(110) planes belongs to TTT chain conformation. The presence of both type of chain 

conformation in the crystal structure was explained with morphotropic phase like 

behavior by Liu et al.[79]   
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Figure 3.7. The XRD patterns of Ba0.94Ca0.06Ti0.925Sn0.075O3, P(VDF-TrFE)55-45, 

Comp(5 vol% BCST), Comp(7.5 vol% BCST) and Comp(10 vol% BCST) 

and between 2θ: 15-22º. 

 

3.2.2. Fourier Transform Infrared Spectroscopy of Thick Films 

 

In order to understand bond vibration modes and functional groups of molecules 

in the polymer chain and ceramic crystal structure, ATR Fourier Transform Infrared 

Spectroscopy measurements were done. Figure 3.8 demonstrates transmittance signals of 

synthesized ceramic powder, pristine copolymer and composite thick films. The β phase 

signals of P(VDF-TrFE) copolymer are C-H2 and C-F2 stretching vibrations which given 

the signals at 1285 and 847cm-1 wavelength.[80] According to the FTIR transmittance 

analysis results, our pristine copolymer give characteristic signals of the beta phase. The 

characteristic FTIR signals of BaTiO3 based ceramics are Ti-O vibration and CO3 

stretching at ~594 and 1447cm-1 wavelength.[81] The Ti-O vibration of Sn and Ca co 

doped BT give the signal at 500 cm-1 wavenumber lower the pure BT, Ca and Sn doping 

can leads to Ti-O vibration signals shifting.[82]  
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Figure 3.8.  The transmittance signals of Ba0.94Ca0.06Ti0.925Sn0.075O3, P(VDF-TrFE)55-45, 

Comp(5 vol% BCST), Comp(7.5 vol% BCST) and Comp(10 vol% BCST) 

between 2500 and 400 cm-1. 

 

 

Figure 3. 9. C-F2/ C-H2 vibrations intensities ratios versus BCST filler content. 

 

Doping of some elements to A site and/or B site of BaTiO3 decreases the Curie 

temperature, and this reflects on Ti-O vibration wavenumber. The study of Utara et.al. on 

Ca and Zr co doped BaTiO3 ceramic shows that Ti-O vibration signal of this material was 
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at the 560 cm-1 wavenumber, this indicates that doping mechanism decreases the vibration 

signal wavenumber.[82]  

In addition, the 879 cm-1 belonged to the amorphous phase of copolymer.[83] The 

ceramic filler content increasing in the composites decreases the intensity of the 

amorphous copolymer a phases, but the intensities of the others vibration and stretching 

signals also reduces. In order to understand why intensity of signals decrease, the 

intensities of stretching C-F2 (847cm-1) and C-H2 (1285cm-1) vibrations were divided by 

each other. The comparison of ratios for pristine copolymer, and composites are shown 

the figure 3.9. When the ceramic filler content increases in the composites, CF2/CH2 

intensity ratio decreases. Ceramic powders and polymer chain are found together in the 

composites, and they have to wet well each phase to another for obtaining a good 

composite. This wetting mechanism can creates Van der Walls connection between them 

and, therefore causes large interfacial interactions.[84]   

 

3.2.3. Scanning Electron Microscopy of Thick Films  

 

In order to understand the microstructure, morphology and cross section of all 

produced thick films, like sintered ceramic pellets, scanning electron microscopy was 

used. Cross section images were taken for the estimation of the thickness of thick films. 

To understand of the distribution of  ceramic powders in the polymer matrix, back scatter 

electron images were taken at different magnification. Figure 3.10 shows that the Back 

Scatter images of pristine copolymer (a), 5vol% filler added composite (b), 7.5vol% filler 

added composite (c), and 10vol% filler added composite at 5.000x. Figure 3.11 also 

demonstrates the 10.000x for the same samples.  According to SEM images, different 

volume content of BCST nanoparticles are distributed in polymer matrix homogenously, 

moreover the agglomeration is not seen in any samples. Homogenous distribution implies 

strong adhesion between ceramic and polymer parts, so this creates high level of 

interfacial connection between them.[85] When we compare to other similar studies, which 

studies polymer (matrix part) ceramic (reinforcement part) nanocomposite, the 

distribution of ceramic powders into polymer matrix is better in our case. [86-88] 

Figure 3.12, 13, 14, 15 demonstrate the cross section images of thick film samples 

broken with liquid nitrogen. The thickness of the samples were estimated by SEM images. 
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Figure 3. 10. The surface SEM images of (a) pristine P(VDF-TrFE), (b)Comp(5 vol% 

BCST) (c) Comp (7.5 vol% BCST), (d) Comp (10 vol% BCST) at 5.000x.  

Figure 3.11. The SEM images of (a)pristine P(VDF-TrFE), (b) Comp(5 vol% BCST), (c) 

Comp (7.5 vol% BCST), (d)  Comp (10 vol% BCST) at 10.000x.  
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Figure 3.12. Cross section image of P(VDF-TrFE) 55-45 thick film (average thickness: 

21µm). 

 

 

Figure 3. 13. Cross section image of Comp5 vol% BCST thick film (average thickness: 

26µm). 

 

 

Figure 3. 14. Cross section image of Comp7.5 vol% BCST thick film (average thickness: 

28µm). 
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Figure 3. 15. Cross section image of Comp10 vol% BCST thick film (average thickness: 

24 µm). 

 

3.2.4. Differential Scanning Calorimetry of Thick Films  

 

The amount of energy absorbed or released was measured with DSC equipment. 

Clear patterns were obtained for the composites, which contains polymer part, that’s why 

energy changes of polymer was more than ceramics. Figure 3.16 demonstrates DSC 

heating curves of 0, 5, 7.5, 10 volume percent of BCST composites at the Curie 

temperature region. According to this graph, increasing of filler content brought about 

shifting to low temperature (similar to other studies[89, 90]), because reduction of polymer 

volume fraction decreases enthalpy of polymer.[91]  

 

 

Figure 3.16. The DSC heating curves of P(VDF-TrFE)55-45, Comp(5 vol% BCST), 

Comp(7.5 vol% BCST) and Comp(10 vol% BCST). 
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3.2.5. Dielectric Measurements of Thick Films 

 

The first step of electrical characterization is the dielectric properties 

measurement. In order to calculate the values of dielectric constant value calculation, 

parallel plate capacitor formula (2.2) was used. The dielectric constants of all produced 

samples autwere calculated based on this formula, by using a Lab-view program. 

There are many approaches of 0-3 type of polymer ceramic composite dielectric 

constant calculation. Some of them are Jaysundere-Smith Equation (3.1.), Modified 

Lichtnecker Equation (3.2.), Series mixing formula (3.3.), Maxwell Wagner Equation 

(3.4.), and Effective Medium Theory (3.5.).[92]  

 

𝜀𝑒𝑓𝑓 =
𝜀𝑚(1 − 𝑣𝑓) + 𝜀𝑖𝑣𝑓 [

3𝜀𝑚

𝜀𝑖2𝜀𝑚
] [

1 + 3𝑣𝑓(𝜀𝑖 − 𝜀𝑚)
𝜀𝑖 + 2𝜀𝑚

]

1 − 𝑣𝑓 + 𝑣𝑓 [
3𝜀𝑚

𝜀𝑖 + 2𝜀𝑚
] [

1 + 3𝑣𝑓(𝜀𝑖 − 𝜀𝑚)
𝜀𝑖 + 2𝜀𝑚

]
                        (3.1. ) 

 

log 𝜀𝑓𝑓 = log 𝜀𝑚 + 𝑣𝑓(1 − 𝑛) log (
𝜀𝑖

𝜀𝑚
)                                        (3.2. ) 

 

1

𝜀𝑒𝑓𝑓
=

𝑣𝑓

𝜀𝑖
+

(1 − 𝑣𝑓)

𝜀𝑚
                                                           (3.3. ) 

𝜀𝑒𝑓𝑓 = 𝜀𝑚

2𝜀𝑚 + 𝜀𝑖 + 2𝑣𝑓(𝜀𝑖 − 𝜀𝑚)

2𝜀𝑚 + 𝜀𝑖 − 𝑣𝑓(𝜀𝑖 − 𝜀𝑚)
                                              (3.4. ) 

 

𝜀𝑒𝑓𝑓 = 𝜀𝑚 [1 +
𝑣𝑓(𝜀𝑖 − 𝜀𝑚)

𝜀𝑚 + 𝑛(1 − 𝑣𝑓)(𝜀𝑖 − 𝜀𝑚)
]                                  (3.5. ) 

 

Temperature dependent dielectric measurement were done between room 

temperature and 150ºC for thick films. The melting temperature of copolymer materials 

is 158 ºC. Figure 3.17 shows that dielectric constant- dielectric loss versus temperature 

graphs for all solution casted thick films at 1, 10 and 100 kHz. There was a net 

ferroelectric paraelectric phase transition at Curie temperature for all thick film samples. 

The transition temperature TC does not shift with increasing frequency for all samples 

showing the ferroelectric behavior, this proves the normal ferroelectric (and not relaxor 

ferroelectric) behavior of these samples. This is very important for calculation of the 
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electrocaloric temperature change by using indirect method. Dielectric constant versus 

temperature behavior of the composites are similar to pristine polymer, and dielectric 

behavior of composites is dominated by polymer matrix. Above the curie temperature the 

value of dielectric loss of all thick film samples increase at low frequency range, this 

could be related to enhanced the mobility of some impurity ions.[93]   

 

Figure 3.17. Dielectric permittivity and  Tanδ versus temperature graph of P(VDF-

TrFE)55-45, Comp(5 vol% BCST), Comp(7.5 vol% BCST) and Comp(10 

vol% BCST) at 1,10 and 100 kHz. 

 

Figure 3.18 shows the comparison of dielectric constant, tangent loss versus 

temperature behaviors of pristine copolymer, 5, 7.5, 10% volume content ceramic filler 

added thick films. The dielectric permittivity of pristine copolymer is generally between 

10 and 15 values at the room temperature.[94, 95] Maximum dielectric constant values are 

obtained at the Curie temperature region, and this is three times of value, which is at the 

room temperature, in the literature.[21] Maximum dielectric constant value of our pristine 

copolymer was measured 40 at the 1 kHz, which was approximately three times of value 

at room temperature. Dielectric constant increased and dielectric loss reduced with BCST 
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ceramic filler addition, this is shown that the polymer ceramic composites.[88, 96-98] 

Maximum dielectric constant (εmax) of 0, 5, 7.5, 10% volume content thick films were 

found 40, 60, 67, 76, which is the almost twice of pristine copolymer dielectric constant 

, moreover the Curie temperature of samples were found 71.7, 76.3, 73.4, 72,4ºC  

respectively at 1kHz frequency. The Curie temperature of the composites did not change 

systematically with filler addition, and this is not common in composite systems.[99] As 

previously mentioned that there are many theoretical calculation methods for 0-3 type of 

composite systems. When the dielectric constant was calculated by using theses 

equations, Maxwell Wagner and Jayesundere Smith gives the closest-results. Figure 3.19 

shows the comparison between theoretical estimation and measured dielectric constant. 

Maxwell Wagner equations gives the correct dielectric constant for composites having 

low volume content ceramic filler[100], so dielectric constant of comp5vol% is very close 

to theoretical calculation with Maxwell Wagner equation. However, the differences 

between theoretical and measured dielectric constant increases with high content filler 

addition. Jayesundere-Smith equation is also reasonable for estimation of the dielectric 

constant of 0-3 type composites. According to this model, the spherical shape of particles 

added to polymer matrix, and it is necessary that there is  good connection between the 

ceramic fillers which are well distributed in the polymer matrix).[101] In polymer ceramic 

composite systems, interfacial polarization and space charges increases dielectric 

constant at low frequencies, but this may change at high frequencies.[102] Enhancement of 

dielectric constant for our composites is observed at both low and high frequencies. 

Therefore, we cannot say the reason of improvement due to space charge or interfacial 

polarization.  

 

3.2.6. Hysteresis Measurements of Thick Films 

 

 Figure 3.20 demonstrates that saturated hysteresis loops and current density 

versus electric field curves of the thick film samples.  

The comparison of P-E loops and I-E curves of thick films under 900 kV/cm 

electric field at 10 Hz are given the figure 3.21. Hysteresis loop shape of pure P(VDF-

TrFE) copolymer was rectangular-like shaped, because the tilting effect slowly increases 

depending on frequency.[103] The maximum polarization value of pristine copolymer was 

found 4.3 µC/cm2 at 900 kV/cm, this is close to literature results.[41, 95] The maximum and 
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remnant polarization increased and coercive field decreased with BCST filler addition 

into the polymer matrix.[104-106] The production of composites, which are defect free and 

have strong dipole-dipole interaction, is important for increasing polarization and 

decreasing coercive field.[107] 

 

 

Figure 3.18. The comparison of dielectric constant, dielectric loss versus temperature 

graph of P(VDF-TrFE)55-45, Comp(5 vol%  BCST), Comp(7.5 

vol%BCST) and Comp(10 vol% BCST) at 1, 10 and 100 kHz. 

 

 

Figure 3.19. The comparison of experimental and calculated dielectric constant of 

composites with different volume content of BCST. 
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Table 3.1 demonstrates that remnant polarization (Pr), coercive field (Ec), 

maximum polarization (Pmax), and Curie temperature (TC) values of synthesized samples. 

The maximum polarization value of composite, which has 10 volume percent BCST, was 

measured 6.43µC/cm2. It is approximately 1.5 times larger than that of the pristine 

copolymer. Remnant and maximum polarizations increases with addition of BCST 

particles, because of the amplifying effect of the ceramic of the polymer/ceramic 

interface. Ceramics, which has high dielectric constant need low electric field to 

polarized, in contrast to polymers, which have long chain configuration, need high 

amount of electric field. The other mechanism  about enhancement of the polarization is 

the interfacial polarization. Interfacial polarization can form at the interface between the 

ceramic and the polymer, which can increase the polarization of composites.[17]  

Current- Electric Field (I-E) behavior of ferroelectric materials shows time 

dependent domain switching, and it is  crucial to obtain symmetrical current loop with 

well defined switching peaks in both negative and positive electric field.[108] Figure 3.21 

(b) shows that the current increases with ceramic filler addition, similar to the polarization 

behavior.  

 

3.2.7. Electrocaloric Temperature Change (ΔT) Calculation of Thick 

Films  

 

The electrocaloric temperature change of the thick film samples were calculated 

with the indirect measurement methods, similar to BCST ceramics. In order to calculate 

adiabatic temperature change of materials, density and specific heat capacity of materials 

must be known. Used density and specific heat values of the ceramic part is given above 

the ceramic part results. 55-45 P(VDF-TrFE) copolymer density was accepted as 

1.77g/cm3.[109] Furthermore, composite materials’ densities were calculated using the 

composite mixing rule. The density of Comp5vol%, Comp7.5vol% and Comp10vol%, 

were used as  1.898, 1.997, 2.096 g/cm3 respectively.[110] The heat capacity value pristine 

copolymer was accepted as 2000 J/kgK in the Curie temperature region value from the 

other studies.[111] Composites’ specific heat capacity values were calculated using the 

mixture rule, similar to the density calculation.[112] Calculated specific heat values of 

composites, which have 5, 7.5, 10 volume percent of BCST, were 1784, 1681, 1585 J/kgK 

respectively. 
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Figure 3. 20.  P-E loops and I-E curves of  (a) P(VDF-TrFE) 55-45, (b) Comp (5 vol% 

BCST), (c) Comp (7.5 vol% BCST), (d) Comp (10 vol% BCST)  
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Figure 3. 21. Comparison of (a) P-E loops, (b) I-E curves of all thick film samples at 

900 kV/cm electric field 

 

Table 3.1 . Pr, Pm, EC, TC, εr and tanδ values comparison of P(VDF-TrFE) 55-45, Comp(5 

vol% BCST), Comp(7.5 vol% BCST), Comp (10 vol% BCST)and 

Ba0.94Ca0.06Ti0.925Sn0.075O3.  

Materials Pr 

(µC/cm2) 

Pmax 

(µC/cm2) 

EC 

 (kV/cm) 

TC 

 (°C) 

εr       

(1kHz) 

tanδ 

(1kHz) 

P(VDF-TrFE) 55-45 2.15 3.5 466 71.7 40 0.69 

Comp(5vol% BCST) 3.14 4.55 435 76.3 60 0.44 

Comp(7.5vol% BCST) 4.18 5.66 389 73.4 67 0.37 

Comp(10vol% BCST) 4.81 6.43 396 72.4 76 0.22 

Ba0.94Ca0.06Ti0.925Sn0.075O3 8.28 16.41 1.55 75.9 8470 0.020 

 

Figure 3.22, 3.23, 3.24 and 3.25 show the temperature dependent hysteresis loops, 

P(T) and ΔT vs. T  graphs of pristine P(VDF-TrFE) 55-45, Comp5vol%, Comp7.5vol% 

and Comp10vol% respectively. P(T) (fitted and non-fitted) and ΔT-T (sixth grade 

polynomial fitted) comparison of all thick film samples under 100,  500, and 900 kV/cm 

electric fields are shown in figure 3.23. Addition of the ceramic filler increases 

polarization and also the slope of the P(T) curve, therefore adiabatic temperature changes 

increases accordingly. In other words, electrocaloric effect improved with ceramic filler 

addition to the polymer matrix, similar to the other studies.[43, 45, 60, 61, 63] Maximum 

adiabatic temperature change of the composites was found to be 4.414 K (P(VDF-TrFE)), 

5.903K (Comp5vol%), 6.38K(Comp7.5vol%) and  6.964K(Comp10vol%) at 900 kV/cm. 

There was a systematic improvement of ECE. 
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Figure 3.22. Temperature dependent P-E loops, P(T) and ΔT graphs of  Pristine polymer 

 

 

Figure 3.23. Temperature dependent P-E loops, P(T) and ΔT  vs T graphs of Comp(5 

vol%BCST) 
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Figure 3.24. Temperature dependent P-E loops, P(T) and ΔT vs T graphs of Comp(7.5 

vol%BCST) 

 

Figure 3.25. Temperature dependent P-E loops, P(T) and ΔT vs T graphs of Comp(10 

vol%BCST) 
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Figure 3.26. The comparison of P(T) and ΔT vs T curves obtain by fitting the P(T) curves 

with a 6th degree polynomial at (a)100 kV/cm, (b) 500 kV/cm, (c) 900 kV/cm   

 

 

Figure 3.27. (a) ΔT and (b) ΔT /ΔE as a function of BCST volume content  values of 

solution casted thick films under different electric field. 
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Isothermal entropy changes can be useful the in the design of electrocaloric 

cooling systems. Generally, isothermal entropy changes of ceramic materials are lower, 

because of the  small ionic displacements in ferroelectric ceramics, so this causes the low 

entropy changes.[41] Isothermal entropy changes were calculated with Maxwell’s 

equations based on indirect method. Figure 3.28 demonstrates that the entropy changes 

versus temperature behaviors of every thick film samples at 100, 500 and 900 kV/cm 

electric field. ΔS increases with ceramic filler addition, and the maximum ΔS was 

calculated as  68.19 J/kgK at 900 kV/cm for Comp10vol%.  

 

 

Figure 3.28. The comparison of ΔS vs T curves obtain by fitting the P(T) curves with a 

6th degree polynomial at (a) 100kV/cm, (b) 500kV/cm, (c) 900kV/cm 

 

Figure 3.29 indicates that isothermal entropy change and ΔS/ΔE values at 

different electric fields for each thick film samples. Addition of ceramic filler increased 

both isothermal entropy changes and ΔS/ΔE. Isothermal entropy change values of BCST 

ceramic phase were 0.961J/kgK (5 kV/cm), 1.88319 J/kgK (10 kV/cm), 2.64718 J/kgK 

(15 kV/cm), 3.29561 J/kgK  (20 kV/cm).  
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Figure 3.29. (a) ΔS and (b) ΔS / ΔE as a function of BCST volume content values of 

solution casted thick films under different electric field. 

 

Table 3.2 includes a summary of electrocaloric properties of polymer thick films, 

polymer-polymer composites and polymer ceramic composites. Relaxor(terpolymer) -

relaxor based composite systems were more commonly studied, because they show  

higher adiabatic temperature changes (in a broad temperature range) close to room 

temperature, and their ECE was measured by using direct method as they are relaxor 

ferroelectrics. Relaxors have nanodomains, which are not stable thermal and 

thermodynamically, therefore indirect method is not proper for the calculation of 

electrocaloric temperature change of relaxors. Direct measurements have some 

drawbacks for the accurate adiabatic temperature change calculation. One of them is that 

it is very difficult to provide adiabatic conditions. If the adiabatic conditions cannot be 

established, the value of electrocaloric temperature change cannot be obtained accurately 

by using direct method. Indirect method is suitable for non-relaxor based composite 

systems, which are normal ferroelectrics. We focused on the ferroelectric-ferroelectric 

based composite systems since their adiabatic temperature changes can be measured  

accurately by using indirect method. Moreover, in order to calculate ΔT using indirect 

method correctly, ferroelectric hysteresis loop must be saturated demonstrating a normal 

ferroelectric behavior is obtained. Other studies on ferroelectric polymer based composite 

systems use non-saturated hysteresis loop for the calculations e.g; their adiabatic 

temperature change results are not accurate.[45] We obtained the saturated hysteresis loops 

for the ferroelectric composites. The composite, which contains 10 volume percent of 

BCST, gave highest adiabatic temperature and isothermal entropy change. In addition, 

electrocaloric strength values are better than other similar studies on ferroelectric 

composites.  
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Table 3. 2. Electrocaloric properties comparison with the literature. 

Material ΔE 

(kV/cm) 

ΔT 

(K) 

ΔT/E 

(Kcm/kV) 

ΔS 

(J/kgK) 

ΔS/E Method/ 

Material 

Type 

Ref. 

P(VDF-TrFE-CFE) 

(59.4/33.4/7.2 mol%) 

0.9Pb(Mg1/3Nb2/3)O3- 

0.1PbTiO3(37.5wt%) 

750 9.4 0.0125 85 0.113 Direct-

Relaxor 
[43] 

P(VDF-TrFE-CFE) 

(62.3/29.9/7.8mol%)- 

Ba0.67Sr0.33TiO3(10vol%) 

750 9 0.012 80 0.106 Direct-

Relaxor 
[57] 

P(VDF-TrFE) (52/48)- 

Ba0.75Sr0.25TiO3 

(10vol%, 26wt%) 

600 2.5 0.004 - - Indirect-

Ferroelectric 
[45] 

P(VDF-TrFE-CFE) 

(62.5/29/8.5mol%)- 

P(VDF-TrFE) 

(55/45)(5vol%) 

750 3.5 0.0046 - - Direct-

Relaxor 
[56] 

P(VDF-TrFE-CFE) 

(62.5/29/8.5mol%)- 

P(VDF-TrFE) 

(55/45)(10vol%) 

750 5 0.0066 - - Direct-

Relaxor 
[56] 

P(VDF-TrFE-CFE) 

(61.3/30.5/8.2mol%) – 

BaZr0.2Ti0.8O3(5vol%) 

900 7.4 0.00986 30 0.033 Direct-

Relaxor 
[61] 

P(VDF-TrFE-CFE) 

(62.3/29.9/7.8mol%) – 

BNNs-BST-1-2-3 

2000 35 0.0175 310 0.155 Direct-

Relaxor 
[60] 

P(VDF-TrFE-CFE) 

(63.2/29.7/7.1mol%) –

BaTi0.89Sn0.11O3(7.5vol%) 

1000 9 0.009 79 0.079 Indirect-

Relaxor 
[63] 

P(VDF-TrFE-CFE) 

(62.3/29.9/7.5mol%) –

Ba0.67Sr0.33TiO3(NPs,NCs,

NCR) 

1000 14 0.014 120 0.12 Direct-

Relaxor 
[44] 

P(VDF-TrFE) (55/45) 1200 8 0.0066 26 0.021 Indirect-

Ferroelectric 
[21] 

P(VDF-TrFE-CFE) 

(62.5/29/8.5mol%) –  

ZrO2 (3vol%) 

1400 9.2 0.00657 46 0.032 Direct-

Relaxor 
[113] 

P(VDF-TrFE) (55/45) 2090 12 0.00574 55 0.026 Indirect-

Ferroelectric 
[41] 

P(VDF-TrFE) (55/45) 900 4.4 0.0046 44.172 0.049 Indirect-

Ferroelectric 
This 

work 

P(VDF-TrFE)- 

BCST(5%vol) 

900 5.9 0.00663 57.737 0.064 Indirect-

Ferroelectric 
This 

work 

P(VDF-TrFE)- 

BCST(7,5%vol) 

900 6.3 0,00717 62.657 0.069 Indirect-

Ferroelectric 
This 

work 

P(VDF-TrFE)- 

BCST(10%vol) 

900 6.9 0.00773 68.188 0.075 Indirect-

Ferroelectric 
This 

work 
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3.3.Discussions of Results 

 

Upon the addition of ceramic filler in to the polymer matrix, the electrocaloric 

temperature change (ΔT) and isothermal entropy change (ΔS)  increases. There are 

different mechanisms in the literature about the enhancement of ΔT.   

According to the similar studies, the interfacial coupling factor, which occurs 

between ceramic and polymer parts, leads to increase of the ECE.  Interfacial coupling 

can be simply explained as the following: Ceramics which are polarized at lower electric 

field will amplify the applied electric field and increase the effective electric field acting 

on the polymer matrix at the interface between ceramic and the polymer, increasing the 

electrical polarization. In order to understand the interface effect, some research groups 

reported different experiments. Qiang et al. used the piezoelectric force microscopy to 

understand the effect of interfacial coupling factor on relaxor terpolymer and  BZT 

(barium zirconium titanate) composites.[62] Concentration, size, shape and aspect ratio of 

ceramic particle are very important in the composite systems. There is a limit of 

concentration of ceramics for obtaining favorable ferroelectric properties. Above the 

percolation concentration, the ceramic fillers aggregate, and this caused the polarization 

and ∂P ∂T⁄  to decrease.[43] In order to understand the effect of the shape, size and aspect 

ratio of the fillers in the composite system, Zhang et al.  used phase field model to assess 

the electric field distribution between fillers, which have different morphologies. They 

obtained the maximum electrocaloric temperature change with the nanowire filler having 

high aspect ratio. In our study, BCST ceramic fillers were distributed in polymer matrix 

very well, according to the SEM images. This may cause the high interfacial coupling 

effect between matrix and ceramic filler region, and this increases the thermal motion of 

dipole moment in the interfacial region, so (∂P) (∂T)⁄   and ΔT values of our composites 

increased. If the filler concentration of composite reach the percolation, the dielectric 

constant, polarization, and ΔT should have decreased due to the electric field intensity 

making it difficult to move to dipole moments ordering. This indicates that we have 

achieved the optimal amount of filler below the percolation concentration. The new 

experiments can be tried with above ten volume percent of ceramic filler addition, in order 

to find the percolation concentration of composite systems as the future work.  
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CHAPTER 4 

 

CONCLUSION  

 

In this thesis, ferroelectric polymer ceramic composites (P(VDF-TrFE)55-45-

BCST) with different amount of BCST (0, 5, 7.5, 10 vol%)  were synthesized using 

solution casting method in order to investigate their electrocaloric properties for  

electrocaloric cooling applications.  

The structure of composites was checked using XRD and FTIR measurements. 

Homogenous distribution of the ceramic nanoparticles in the polymer matrix was 

confirmed using SEM images. Dielectric measurements showed that dielectric constant 

increases and dielectric loss decreases as BCST content increases in the composites. The 

hysteresis loops of ferroelectric ceramic polymer composites were saturated very well, in 

contrast to many other ferroelectric composite studies in the literature. Ferroelectric 

polarization also increased as BCST content was increased. Electrocaloric temperature 

change (ΔT) and isothermal entropy change (ΔS) of the samples were calculated using 

the indirect method. The maximum ΔT, ΔT/ΔE (electrocaloric strength) and ΔS values 

were obtained for the composite, which has 10% volume BCST filler as  6.964K, 

0.007Kcm/kV and 68.188J/kgK   under applied 900 kV/cm by using the indirect method. 

These values are quite promising and must result from the large interfacial coupling effect 

due to the homogenous distribution of ceramic particles in polymer matrix.  
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