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ABSTRACT

BaTiO3 BASED FERROELECTRIC MATERIALS FOR 
ELECTROCALORIC COOLING APPLICATIONS

The aim of this project was to produce electrocaloric materials and to determine 

the potential of these materials for electrocaloric cooling applications.

The electrocaloric effect (ECE) of lead-free Ba0.8Sr0.2Ti1-xZrxO3 (0

ferroelectric ceramics was studied. The phase analysis of each ceramic composition that

was synthesized by conventional solid-state reaction technique was performed by X-ray 

Diffraction. Dielectric measurements were done to determine the phase transition 

temperatures (Curie temperature, Tc) of all compositions and also construct a phase 

diagram. T values were calculated indirectly using electrical polarization curves 

measured at different temperatures and Maxwell's equations.

T values that were obtained from different regions of the phase diagram are 

compared. The most suitable composition for applications was chosen considering the 

T value, temperature range where relatively large T is preserved and the Curie 

temperature of all ceramics. Ba0.8Sr0.2Ti0.93Zr0.07O3 ceramic located near the critical 

point shows the best performance with T value of 0.40 K under 20 kV/cm. In 

comparison with the lead-free ceramics studied in the literature, Ba0.8Sr0.2Ti1-xZrxO3

system can be considered as one of the best candidates for future electrocaloric cooling 

technologies.
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ÖZET

3

elektrokalorik 

malzemeler üretmektir.

Bu tezde Ba0.8Sr0.2Ti1-xZrxO3 (0 ferroelektrik 

seramiklerinin elektrokalorik etkisi

geleneksel yöntemiyle sentezle seramiklerin faz analizi X-

r. Dielektrik ölçümler 

c) ve böylece 

i

(

Sonuç olarak n elde edilen leri 

c yüksek 

ve en

uygun kompozisyon Kritik 

Ba0.8Sr0.2Ti0.93Zr0.07O3 malzemesinin, 20 kV/cm ve 

Elde edilen T i

Ba0.8Sr0.2Ti1-xZrxO3 (0

teknolojileri için  gelecek vadeden bir sistem dür.
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CHAPTER 1

INTRODUCTION

1.1. Electrocaloric Effect

Due to growing industry demand and increasing living standards, the cooling 

market has become a constantly growing large market. In the recent years, the 

significant increase in the use of refrigeration has led to the consumption of non-

renewable energy sources and climate change. In order to reduce environmental 

problems such as global warming and the amount of halocarbon gases in the 

atmosphere, the efficiency of the cooling technologies of cryogenic refrigerators, air 

conditioners and refrigerators should be increased considerably.

In addition to the need for increased energy efficiency, other environmental 

issues such as operating noise, use of environmentally harmful refrigerant chemicals 

make the need for more efficient alternative cooling technologies inevitable. Therefore,

studies on the development of alternative technologies such as magnetocaloric and 

electrocaloric cooling have been given importance. Although magnetocaloric cooling 

has been studied for a long time, the studies on electrocaloric cooling have only recently 

been growing. The most important advantage of electrocaloric cooling compared to 

magnetocaloric cooling is that the electric field (voltage) required for electrocaloric 

cooling is easier to apply (consumes less energy) compared to the high magnetic fields 

required for magnetic cooling.1

1.1.1. History

The electrocaloric effect (ECE) was firstly observed by Kobeko and Kurtschatov 

on crystals of Rochelle Salt in 1930. The effect was also discovered on potassium 

dihydrogen phosphate (KDP) in 1950, at that time it was not an option for electrocaloric 

cooling applications because of the small T values. First research to use this effect 

started in 1956 and continued in the 1960s and 1970s but due to the absence of
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significant electrocaloric temperature change (lower 1K), research interest in 

electrocaloric materials declined.

The ECE gained interest again in the 2000s after Mischenko et al. observed 

large ECE ( T=12 K) on PZT thin films which was called giant ECE.2 This was 

followed by more studies on oxide and polymer thin films. Estimation of the ECE is

typically done by an indirect method which utilizes measurements of electrical 

polarization as a function of electric field at different temperatures as will be described 

later. Besides the progress of indirect measurements techniques in 2000s3–5, few direct 

measurement systems started to emerge.6–8

1.1.2. Phenomenological & Thermodynamical Description

The principle of the Electrocaloric Effect (ECE) is related to changes in 

temperature and isothermal entropy induced by the change in polarization of a dielectric 

material with an external electric field, under adiabatic conditions.9

 
Figure 1.1. Schematic representation of electrocaloric cooling cycle in a dielectric 

material.10

The application (or removal) of the electric field orients the dipoles of the polar

material and accordingly causes an increase (or decrease) in the net polarization. This 

causes a decrease in entropy of the dipolar subsystem, leading to an increase in 

temperature to prevent total entropy change. If the electric field is removed from the 

system, the entropy increases and as a result the temperature falls to the initial 

temperature. Therefore ECE is reversible. Schematic representation as described in 

Figure 1.1 summarizes the basic principle of the ECE.

Figure 1.2 shows the stages of the EC cooling cycle and the traditional vapor-

compression cooling system and also the differences between them. Vapor-compression 

technology has been used predominantly in cooling devices since the 19th century. The 
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general operating principle of this system is summarized as the conversion of the 

refrigerant gas into the liquid form under pressure and the release of latent heat due to 

the phase transition. When the pressure is removed, the refrigerant converts back into 

the gas form and the latent heat is reabsorbed and the environment cools down.11 The 

EC cooling follows vapor-compression systems and includes the same stages as the 

reverse Carnot cycle.

 
Figure 1.2. Schematic presentation of the EC solid-state cooling cycle (left) and 

traditional vapor-compression cooling cycle (right).1

In the first stage known as the adiabatic polarization, dipoles in an EC material 

are aligned by the electric field and EC material heats up to prevent total entropy 

change. This stage is similar to the adiabatic compression of a refrigerant in the 

compressor of traditional vapor compression refrigerator.

The second stage is called isoelectric enthalpic transfer. The electric field is 

continued to be applied in order to prevent the dipoles from reabsorbing the heat while 

the heat is removed from the system. This stage corresponds to the isothermal 
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compression of the refrigerant in the compressor unit of the vapor compression 

refrigerator.

In the third stage called adiabatic depolarization, the removal of the electric field 

causes the dipoles to become unoriented. There is a flow of energy from the thermal

entropy to the dipole entropy and the temperature of the EC material decreases. This 

stage corresponds to the expansion of the refrigerant in an adiabatic expander of vapor 

compression refrigerator.

The last stage known as isoelectric entropic transfer closes the Carnot cycle. The 

electric field is not applied as in the third stage. Since the EC material is cooler than the 

environment, the heat is transferred from the cold reservoir to the working EC material. 

This is equivalent to the isothermal expansion of the refrigerant in the evaporator of 

vapor compression refrigerator.1

1.1.3. Applications

As mentioned above, traditional vapor-compression refrigeration systems 

require a refrigerant gas with high global-warming potential (GWP) such as 

hydrofluorocarbons and hydrochlorofluorocarbons.11 The pie chart in Figure 1.3 shows

the distribution of gases in the atmosphere. It can be observed that the amount of 

halocarbons that triggers global warming is considerable.

 
Figure 1.3. Distribution of the gases in atmosphere.12

When Figure 1.4 which shows the increase of these gases over the years is 

examined, it can easily be said that the increase in the use of traditional cooling 
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technologies causes this. It is particularly alarming that consumers in developing 

countries continue to use low-performance vapor-compression cooling technologies and 

pose a threat to the atmosphere.

 
Figure 1.4. The history of atmospheric concentrations of CFCs during 1940-2005.13

Because of the negative effects of existing cooling technologies on the 

environment, studies on more environmentally friendly alternatives have accelerated.

For this purpose, several consortiums have been established to support alternative 

cooling technologies. The most important of these consortiums is CaloriCoolTM, a 

caloric material consortium based on private sector and university cooperation. The 

purpose of this consortium, which includes key research groups such as Pacific 

Northwest and Oak Ridge National Laboratories, University of Maryland, Pennsylvania 

State University, GE Global Research, United States Research Center, Astronautics 

Corporation of America, and Citrine Informatics, is to develop a device for testing 

caloric materials.

In addition to the works carried out in the consortium, many research groups 

focused on prototype studies. The EC device shown in Figure 1.5, produced by a group 

at the University of California, is among the most important of these studies. Figure 1.5 

(a) shows the thin and flexible EC device produced using P (VDF-TrFE-CFE) polymer.

This device can be used to prevent heating of smartphones and laptops.14

Li batteries used in smartphones under high workload create a fire hazard. Also,

thermal overload reduces battery life and causes fatigue in other components of the 

smartphone. Figure 1.5 (b) shows the difference in the temperature of the Li battery 

with and without EC device. Under high workload, Li batteries heat up to 52.5°C. When 
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allowed to cool in the air, the temperature decreases by 3°C in 50 s without the use of 

EC device, but with the EC device, the temperature decreases by 8°C in the first 5 s.

Thus, it is seen that the EC device helps to solve the problem caused by the overheating 

of Li batteries.14

 
Figure 1.5. (a) A flexible EC device and (b) temperature change of overheated 

smartphone battery with and without an EC device.14

1.2. Electrocaloric Materials

Materials that display adiabatic temperature change or isothermal entropy 

change when some external stimulus are applied or removed are called solid state 

caloric materials. These materials are extremely important for new refrigeration 

technologies that have the potential to replace existing vapor-cycle cooling

technologies.

Ferroic materials which have high caloric effects in the vicinity of their ferroic 

transition regions are known as the most useful caloric materials. These so called 

ferrocaloric materials are a large family of materials including ferroelectrics, 

ferromagnetic materials, ferroelastic materials/martensitic shape-memory alloys and 

multiferroic materials. These materials are exposed to a magnetic field (magnetocaloric 

effect), electric field (electrocaloric effect), hydrostatic pressure (barocaloric effect), or 

uniaxial stress (elastocaloric effect). The last two effects are classified as 

mechanocaloric effect. It is possible to say that the caloric materials are promising when 



7

compared with vapor-compression cooling because all caloric effects that achieve high 

energy efficiency with low environmental impact.15 When a magnetic field ( H) is 

applied to a magnetocaloric material, reversible temperature changes occur in the 

material. In mechanocaloric materials, these reversible thermal changes result from 

stress field ( applied to the material while these changes in the electrocaloric 

materials are caused by the applied electric field ( E).16

1.3. Properties of Electrocaloric Materials

EC materials are produced in the form of polycrystalline, single crystal, thin and 

thick film of ceramics. Thin and thick films of polymers are also used in EC materials.

Compared to the electrocaloric properties of these forms, the materials in the form of 

thin and thick film have high EC properties. However, the fact that these materials have 

volumetric problems for application due to their small size reduces their potential for 

EC coolers. Single crystals are considered as perfect, defect-free and highly dense. They 

show relatively large ECE.6 However, these materials are not suitable for application 

due to the difficulties in the production and high cost. Thus, research has focused on 

polycrystals due to the ease of production, characterization and measurements.

Table 1 summarizes the T values of some lead-containing and lead-free 

materials with their different forms. It is clearly seen that materials with lead-containing

have higher T values compared to lead-free materials but under very high electric 

field. In order to be able to make a more accurate comparison between lead-containing 

and lead-free materials , the temperature change per unit electric field ( T/ E) or 

electrocaloric efficiency should be taken into consideration. The main purpose of 

researchs on electrocaloric effect is to develop environmentally friendly cooling 

technology alternatives. Therefore, considering the toxic effects of the lead element, 

studies on electrocaloric effect are concentrated on lead-free materials.

One of the most commonly investigated materials is BaTiO3 (BT) among the 

lead-free materials. BT has highly polarisable property and high dielectric strength. 

These properties make this material a suitable candidate for EC cooling. This material 

has three structural phase transitions around -80°C, 5°C and 125°C from rhombohedral 

to orthorhombic, orthorhombic to tetragonal and tetragonal to cubic symmetry with the 

polar directions <111>, <110> and <001> , respectively.17
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Table 1.1. The electrocaloric responses of the most important lead-containing and lead-

free materials.

Material
Tc

(°C) (kV/cm) (K) (K.mm/kV) Method Ref.
PZT (95/05),

thin film 222 776 12 0.15 Indirect 2

PZN-PT (92/08),
single crystal 180 12 0.23 0.21 Direct 18

PMN-PT (92/08),
ceramic 23 15 1.4 0.93 Direct 19

PMN-PT (85/15),
ceramic 17 16 1.7 1.06 Direct 20

PMN-PT (75/25),
single crystal 100 10 0.61 0.61 Direct 21

PMN-PT (65/35),
thin film 140 750 31 0.41 Indirect 22

P(VDF-TrFE) (55/45),
thin film 80 2090 12.6 0.06 Indirect 23

BaTiO3,
single crystal 129 12 0.9 0.75 Direct 6

BaTiO3,
ceramic 125 20 1.11 0.56 Indirect 4

BaTi0.895Sn0.105O3,
ceramic 28 20 0.61 0.31 Indirect 5

Ba0.90Ca0.05Ti0.95Sn0.05O3,
ceramic 113 10.8 0.53 0.49 Indirect 24

Ba0.85Ca0.15Ti0.94Hf0.06O3,
ceramic 128 21 0.65 0.31 Indirect 25

Ba0.94Sr0.06Ti0.90Sn0.10O3,
ceramic 47 15 0.46 0.31 Indirect 26

BaTi0.80 Zr0.20 O3,
ceramic 38 21 1.1 0.52 Direct 8

Ba0.85Ca0.15Ti0.90Zr0.10O3,
ceramic 87 21.5 0.41 0.19 Indirect 27

BT has perovskite type crystal structure (ABO3 structure). The A and B sites are 

occupied by Ba and Ti elements, respectively. This structure allows doping with 

different atoms in both the A and B sites. Considering close values of ionic valency and 

ionic radius of the dopant atom, doping is performed. Therefore distortion of the 

perovskite structure is relatively small and charge neutrality is conserved. Typical A and 

B site dopant atoms are given in Figure 1.6. Dopant atoms change the structural phase 

transition temperatures of BT.
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Figure 1.6. The suitable A and B site substitutions for BaTiO3 and their effect on 

transition temperatures.17

Table 1.1 shows the electrocaloric responses from some doped and undoped-

BaTiO3 studies including applied electric field and phase transition temperatures of each 

material. T and T/ E values of undoped BT are considerably higher than those of 

doped-BT. However, doping can be used to decrease the Curie temperature of BT. For 

applications, a Curie temperature close to room temperature is preferred. Therefore, 

research has recently focused on doping studies. For example, it is observed that the 

phase transition temperature at which the T maximum is obtained, reduces from 125°C 

(BaTiO3) to 28°C (BaTi0.895Sn0.105O3) by doping.

At the moment, EC temperature change ( T) values of lead-free materials are 

not sufficient for use in refrigeration technologies. Therefore, many studies have been 

conducted to understand the EC properties of materials by developing different doping

strategies. With these studies, it is aimed to understand the mechanism that enhances the 

electrocaloric effect of materials. 
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1.3.1. Ferroelectric Properties

Ferroelectricity was first discovered in 1921 on Rochelle Salt by Valasek et al. 

With the discovery of barium titanate (BaTiO3) in 1950’s, used for capacitor 

applications and piezoelectric transducer devices, interest in these materials increased.

After BaTiO3, the discovery of many ferroelectrics with perovskite structure such as 

lead titanate (PbTiO3) accelerated.28

In the functional definition, ferroelectrics are known as dielectric materials 

having spontaneous polarization which can be switched under external electrical field.

While the pyroelectrics are known as polar materials having a single symmetry, the 

ferroelectrics contain two different phases of symmetry as a polar symmetry phase and a

high symmetry phase. This is structural definition of ferroelectrics.29

Ferroelectric materials possess useful properties such as dielectric, piezoelectric 

and pyroelectric properties. These materials with high dielectric permittivities are used 

in capacitors. Due to their high piezoelectric effects, these materials are used in sensors 

and actuators. They are also used in infra-red detectors due to their high pyroelectric 

coefficients. These properties classify the ferroelectric materials under the dielectric

material class and form the Venn diagram as shown in Figure 1.7 with characteristic

features of the materials.

 
Figure 1.7. Venn diagram showing the relation between dielectrics, piezoelectrics, 

pyroelectrics and ferroelectrics.30

One of the most important characteristics of the ferroelectric materials is that 

they show ferroelectric hysteresis loop as a result of domain-wall motion under the 

electric field. Figure 1.8 shows the typical ferroelectric hysteresis loop. Under a low 
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electric field the polarization increases linearly with the magnitude of the electric field 

as shown in the AB path. There is no domain switching in the unfavourable direction of 

polarization because the electric field in this area is not large enough. With the increase 

of the electric field, the domain switching will start in the direction of the electric field

as in the BC path and the measured charge density will also increase. Polarization in 

this region increases nonlinearly. When all domains under the electrical field are 

oriented in the same direction as in point C, polarization starts to increase linearly again

(CD path). With the reduction of the electric field, some domains switch back, but the 

polarization under zero electric field is different from zero (point E). The polarization 

under zero electric field (point E) is called remanent polarization, Pr.

To obtain the zero polarization value, the electric field must be reversed as in 

point F. The electric field at which the polarization is zero is called coercive field, Ec.

An increase in the opposite direction of the electric field will lead to a new orientation 

of the dipoles and saturation (point G). To close the loop, the electric field is reversed 

and reduced to zero.

The spontaneous polarization, Ps value is obtained from where the intercept of 

the polarization axis with linear CD path. For polycrystalline materials, it is more 

accurate to express saturated polarization rather than spontaneous polarization since 

spontaneous polarization that equals to that of single crystal cannot be obtained in 

polycrystalline materials.31

 
Figure 1.8. Ideal hysteresis loop of a ferroelectric material.31
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An ideal hysteresis loop should be symmetrical. Therefore, -Pr = + Pr and + Ec =

-Ec equations must be provided in the ideal hysteresis loop. Many factors, such as 

thickness of the sample, charged defects, mechanical stresses, preparation conditions 

and heat treatment, can change hysteresis loop parameters (Pr, Ec, Ps and shape of the 

loop).31

When the temperature reaches Curie temperature (Tc), hyteresis loop becomes 

slim and linear. This change in the loop demonstrates the phase transition from 

ferroelectric (low symmetry phase)  to the non-ferroelectric or paraelectric phase (high 

symmetry phase) at Tc.29

The temperature dependence of the dielectric constant of the ferroelectric 

materials is by defined by the Curie-Weiss law32 shown in Equation 1.1.

= (1.1)

In this equation, T0 is the Curie Weiss temperature at which temperature begins 

deviate from linear behaviour. C is the Curie Weiss constant.

Like BaTiO3 introduced above, many ferroelectric materials have perovskite 

type crystal structure with a chemical formula ABO3. Most important advantage of this 

structure is that it allows doping by different atoms in both A and B sites. It is possible 

to change the phase transition character and the phase transition temperature of 

ferroelectric materials by dopant atoms. 

Doping also causes a change in the Goldschmidt tolerance factor (t) (given in 

Equation 1.2), which is a measure of the stability of the perovskite structure.29 In this 

equation, rA, rB and rO correspond the radii of the atoms at A and B sites and the oxygen 

atom, respectively.

= ( )( )                                                                                         (1.2)

Doping causes distortion of the crystal structure. Due to this distortion, the bond 

between the B-site ion and the oxygen ion, which is effective in the emergence of 

ferroelectric behaviour weakens. This changes the phase transition character of the 

ferroelectric material from first order to the second order or diffuse character.
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Undoped perovskite ferroelectrics have typically first order phase transition. At 

the phase transition temperature, the dielectric peak maximum increases sharply in a 

narrow temperature range. In diffuse phase transition, dielectric peak maximum is 

broadened showing little or no frequency dependence.

The increase in the doping level causes the formation of nanodomains induces 

relaxor ferroelectricity. This behaviour caused by compositional disorder due to 

doping. This disorder does not disrupt the charge neutrality rule but causes changes in 

off-center ionic shifts.29 The most distinctive feature of relaxor ferroelectrics is 

frequency dependence of the dielectric constant and shifting of the dielectric maximum 

by frequency.33

Relaxors exhibit hysteresis behaviour up to Tm. At Tm, the dielectric maximum 

shifts to high temperatures with increasing frequency. Relaxor ferroelectrics are 

subdivided in two groups as ergodic and non-ergodic.34

Figure 1.9 (a)-(c) shows the difference between hysteresis, phase transition and 

dielectric behaviour of normal and relaxor ferroelectrics, respectively. Figure 1.9 (a) 

shows that coercive field and remanent polarization values of the normal ferroelectrics 

are typically much higher than relaxor ferroelectrics and a slimmer loop is observed in 

relaxors.

While normal ferroelectrics such as BaTiO3 have a sharp phase transition at 

Curie temperature, a broad maximum in dielectric constant is observed at Tm for relaxor 

ferroelectrics (Figure 1.9 (b)). 

Figure 1.9 (c) shows the difference between the dielectric behaviour of normal 

and relaxor ferroelectrics. As mentioned earlier, the normal ferroelectrics obey the 

Curie-Weiss law. However, in relaxors, there is a strong deviation from the Curie-Weiss 

law. A modified Curie-Weiss law given in Equation 1.3 is used to describe the dielectric 

behaviour of the relaxor ferroelectrics.

= ( ) (1.3)

In this equation refers to the diffuseness coefficient. While the value for 

normal ferroelectrics is equal to 1, this value approaches to 2 for relaxor ferroelectrics. 
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Figure 1.9. Comparison of (a) hyteresis curves (b) phase transition behaviour and (c) 

dielectric behaviour of the normal ferroelectrics and relaxor ferroelectrics.35
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1.4. Measurement Methods

In this section, measurement methods of ECE will be explained. ECE can be 

measured using two different methods as direct and indirect method. In direct 

measurement, T is obtained from Differential Scanning Calorimetry. It is calculated by 

using Maxwell equations and ferroelectric hysteresis loops (P-E) in indirect method.

1.4.1. Direct Measurement

The principles of a nonadiabatic scanning calorimeter, expressed by Yao et al.,

have been used in direct measurements by Luo et al. IR temperature sensor was used to 

read temperature of sample by comparison the signal with a reference resistor at same 

voltage. The heater was placed under the EC film which was measured temperature 

dependence of ECE. For polymer films, a thermistor and a thermal bath were used 

rather than heater.

In another setup developed by Xiao et al., silicone oil was used to measure the 

temperature dependence of ECE. Thus, the temperature of the silicone oil and the 

temperature change value of the EC material under the electric field were read by two 

thermocouples.

In fact the direct method is not adiabatic. The voltage must be increased rapidly 

to prevent any heat exchange from the environment. Thus a more accurate measurement 

can be taken with direct method.1 Although direct measurement is so seldom and simple 

method, there are very few studies for measuring the ECE.7,8,36 The main advantage of 

this method is that it is more reliable compared to indirect measurement in thin film 

measurements expected in high EC effect.

1.4.2. Indirect Measurement

The indirect calculation of ECE was first proposed by Thacher in 1968.37 It was 

later used to analyze the thin films of PZT by Mischenko et al.2 The high electrocaloric 

temperature changes of these thin films accelerated the studies on indirect method.

Although there is a scientific discussion about the accuracy of the indirect method, 

many researchers have adopted this method. The main reason why this method is 
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popular is that it is difficult to measure directly due to the miniscule caloric effects of 

thin films.1 In order to calculate the EC temperature change indirectly, temperature 

dependent electrical polarization change under constant electric field is needed.

In order to make two different calculations as numerical method and polynomial 

fit method, the slope of the P-T graphs is needed. For numerical calculation, the slope is 

calculated using Equation 1.4.

  = + (1.4)

In the following formulas used for T and S calculations, P represents 

macroscopic electrical polarization, E1 (0 kV/cm) and E2 are initial and final external 

field, respectively, is density of ceramic, Cp is heat capacity, S is entropy change and 

T is electrocaloric temperature change.10

=                                            (1.5)

=                                                        (1.6)

There are some factors that limit the applicability of the indirect method, as in 

the direct method. It is not correct to calculate the EC temperature change with this 

method because the non-ergodic relaxor with low relaxation times limits the 

reproducibility of the indirect method. Also, EC temperature change of materials with 

only single domain structure is calculated by indirect method and polarization curve 

must be saturated.1 Although there are many limitations in the indirect method, this 

method is preferred by many researchers because it is faster and easier.

1.5. Physical Mechanisms for ECE

In this section, the effect of different physical mechanisms such as first-order 

and second-order transitions, critical point and relaxor behaviour on ECE will be 

explained.
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1.5.1. First Order vs. Diffuse Phase Transition

Doping of a ferroelectric material affects the EC behaviour by changing the 

phase transition characteristics. In normal ferroelectric state, phase transition can be of 

first order or second order (diffuse phase transition). The transition order can be 

explained by the discontinuity in nth-order derivative of Gibbs free energy at the phase 

transition temperature. While spontaneous polarization continuously changes for 

ferroelectric with second-order phase transition, spontaneous polarization changes 

discontinuously (abruptly) for a ferroelectric with first-order phase transition.31 The 

most significant characteristic of ferroelectrics having first-order phase transition, also 

known as normal ferroelectrics, is the sharp reduction in polarization with increasing 

temperature at the phase transition temperature and the ratio increases. Thus T

will be large but in narrow temperature range.

Figure 1.10 (a) shows the dielectric and polarization behaviour for ferroelectric 

with first-order phase transition near Tc. Dielectric behaviour is consistent with the 

sharp change in polarization. Figure 1.10 (b) shows the continuous decrease in 

polarization at the Curie temperature. 

 
Figure 1.10. Schematic temperature dependence of the dielectric permittivity and 

spontaneous polarization Ps for a ferroelectric with (a) a first-order and 

(b) a second-order and (c) for a relaxor ferroelectric.31

1.5.2. Critical Point

For BaTiO3, different dopants can be used to change the phase transition 

temperatures such that a critical point can be obtained in the phase diagram. Since 
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different ferroelectric phases are present at the critical point, the dielectric constant is 

high at this point because the material can be polarized along the polarization directions 

in each of these phases. Thus it is easier to achieve significant polarization change by 

application of electric field and this leads to greater EC temperature changes. A similar 

behaviour was observed in the composition closest to the critical point in the BaHfxTi1-

xO3 system.

Dielectric measurements shown in Fig. 1.11 (a) provide a phase diagram for 

BHT ceramics. The phase diagram in Figure 1.11 (b) shows that x = 0.11 is the critical 

point and the fact that the dielectric constant has the highest value at this point also 

supports the above description. At critical point, the electrocaloric effect was 0.35 K

under 10 kV/cm electric field. For BaHfxTi1-xO3 system, this value is the highest 

electrocaloric effect when compared with other BHT ceramics.32

 
Figure 1.11. (a) Temperature dependence of dielectric constant at 100 Hz and (b) the 

phase diagram of BHT ceramics.32

1.5.3. Relaxors

Ferroelectric relaxors display a diffuse phase transition with a broad maximum 

in the dielectric permittivity and a strong frequency dispersion of the permittivity below 
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the temperature of the maximum permittivity as shown in Figure 1.10 (c). Above the 

temperature of the maximum permittivity, relaxors do not obey the Curie–Weiss law.

As mentioned above, relaxor ferroelectric behaviour is observed when there is 

compositional disorder due to solid solution formation between different ferroelectric 

phases or doping of ferroelectrics. The fact that these materials have relatively high T

values in a wider temperature range has also increased the interest in these materials. 

Among the lead-containing ferroelectrics, T value for the most studied PMN 

(PbMg1/3Nb2/3O3) relaxor composition was found to be 2.5 K under 90 kV/cm electric 

field at 289 K.38 Among lead-free ferroelectrics, T value for Zr doped BaTiO3 relaxor 

composition was found to be 1.1 K under 21 kV/cm electric field at 311 K.8

1.6. Motivation of the Thesis

In 2006, the ECE value of PZT (PbZr0.95Ti0.05O3) thin film was measured as 12 

K under 776 kV / cm electric field by Mischenko et al. 2 Also this value is high and 

studies on lead-free bulk materials have accelerated due to low cooling capacity of thin 

films and limitation of use due to harmful effects of lead-containing materials. Thus

works on lead-free ferroelectric ceramic materials have increased. T of BaTiO3, one of 

the most popular fereoelectric ceramics, was found to be 0.90 K under 12 kV/cm by 

Moya et al.6 This value is lower compared to the T value of PZT, however T

obtained per applied electric field ( T/ E: electrocaloric efficiency) was found to be 

larger for BaTiO3. This T is however obtained only over narrow range of temperatures 

around Tc of BaTiO3 due to first order nature of the ferroelectric phase transition. In 

order to extend the temperature range, tune Tc, and make use of other mechanism to 

obtain large T, different studies have been carried out by substituting different 

elements to the A and B sites of BaTiO3.

Aim of this study was to investigate the EC properties of the Ba0.8Sr0.2Ti1-xZxO3

system for 0 , whose dielectric and pyroelectric properties had previously 

been studied by Szymczak et al.39 Szymczak obtained a phase diagram as shown in 

Figure 1.12 (b) by using the dielectric constant measurements in Figure 1.12 (a) for

different compositions. The main motivation of this study was to investigate how ECE 

changes in different regions of this phase diagram. In this context, it was decided to 

study the EC properties of five different compositions using the following phase 
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diagram. The composition of undoped BST and BSTZ0.03 which were thought to be 

dominated by the first order phase transition were selected. To determine the EC 

behaviour in the critical region, BSTZ0.05 and BSTZ0.07 compositions were selected 

while BSTZ0.10 which is considered to show diffuse phase transition, was also included 

in the study.

 
Figure 1.12. (a) Dielectric constant values for BSTZx ceramics (0

dielectric loss for x=0.01 as a function of temperature at 1 kHz. Inset 

Temperature-

Composition (T-x) phase diagram of BSTZx ceramics for 0 39

These different compositions at different points of the phase diagram, have

different phase transition characteristics and therefore are known to activate different 

mechanisms of the electrocaloric effect. Even though there are reports on electrocaloric 

effect of Sr doped BaTiO3 in the literature7,40,41,  electrocaloric properties of Sr and Zr 

co-doped ceramics of different Zr content has not been reported.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1. Material Preparation

In this section, the synthesis method of BSTZx ceramics for 0

explained in detail. Figure 2.1 illustrates the flow chart of the synthesis. BSTZx (x=0.00, 

0.03, 0.05, 0.07 and 0.10) bulk ceramics were prepared by conventional solid state 

reaction method using barium carbonate (BaCO3, >99.9%), titanium dioxide (TiO2,

3, >99.9%), and zirconium oxide (ZrO2, >99.9%) 

as raw materials. 

Firstly, the starting powders were dried in order to remove chemically bound 

water at 200°C for 12 hours. Therefore, the powders were weighed in stoichiometric 

ratios. After weighing, the starting powders were milled in 30 ml nalgene container with 

pure ethanol and zirconia balls for 12 h using a ball-mill. The mass ratio (ball-to-

powder) was 10:1. After mixing, the suspension was dried at 78.5°C for 12 h in order to 

evaporate ethanol and then dried powders were calcined at 1100°C for 4 h.

The calcined powders were mixed with 2wt% polyvinyl alcohol (PVA) as a 

binder in pure water for 8 h. Then, pure water was evaporated from the mixture in a 

controlled manner and the powders were ground in an agate mortar. The powders were 

pressed into 10 mm-diameter pellets at 375 MPa by hydraulic press and then these 

pellets were sintered at 1400°C for 4 h in a alumina crucible. For microstructural

analysis and electrical measurements, these ceramics were polished to 1 mm thickness 

by using sand papers 600, 1000 and 2000 mesh in order.

2.2. Characterization of the Materials

In this section, some analyses were done for the characterization of synthesized 

ceramics.
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Figure 2.1. Flow chart of the synthesis.
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2.2.1. Particle Size Analysis

In this study, Dynamic Light Scattering (DLS) technique was used for particle 

size analysis of the powders after calcination. This technique that is also known as 

Photon Correlation Spectroscopy (PCS) or Quasi-Elastic Light Scattering (QELS) is a 

very useful analytical method for determining the size distribution of particles in 

suspension. One of the most important advantages of this technique is that it allows to 

perform analysis in a wide size range from below 0.005 μm to several microns.

In this study, particle size analysis of the powders after calcination was 

performed with the Zetasizer Nano ZS (Malvern Instruments, Worcestershire,UK) at the 

Materials Science and Engineering department in IZTECH. For each composition, 5 mg 

of the powder was dispersed with 1.5 ml of  ethanol in a cuvette. The measurement time 

of the prepared suspension is about 5 minutes.

2.2.2. Phase Analysis 

X-ray Diffraction (or XRD) is used for doing phase analysis of the samples. The 

general working principle of this method is based on the similarity between the 

wavelength of the X-ray lights and the interatomic distance (1 Å).42

Phase analysis of the powders obtained after calcination and sintering processes

was performed with a X-ray Diffractometer (XRD) instrument (Philips X’Pert Pro,

equipped with Cu K  source) at Materials Research Center in IZTECH. XRD patterns 

were collected between 20° and 80° with 0.0170 (°2 ) step size and 56.3 seconds per 

step. X-ray patterns as shown in the Results and Discussion section were analyzed with 

the search and match function of the High Score Plus program.43

2.2.3. Microstructural Analysis

Microstructural analysis and grain size determination of the synthesized samples 

were done by Scanning Electron Microscope (SEM). 

Thermal etching is generally necessary to obtain a clear SEM image from 

sintered and polished ceramic samples. The etching temperature is generally known to 

be 100°C below the sintering temperature for ceramic samples. It is not possible to see 
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grain boundaries without thermal etching because polishing process makes grain 

boundaries invisible. Due to thermal etching, a contrast is formed between the grain and 

grain boundaries.44

In this study, the sintered and polished ceramics were thermally etched at 

1300°C for 1 hour. Then, the ceramic samples were ultrasonically disaggregated in pure 

acetone and dried at 100°C for 12 hours to remove humidity. The SEM instrument used 

is a Philips XL 30S FEG with an EDX (Energy Dispersive X-Rays) detector at the 

Materials Research Center in IZTECH. Both Secondary Electron and Back Scattering

Detectors (BSD) were used to obtain SEM images. However, only BSD images 

showing larger contrast between grains and grain boundaries are included in this thesis.

The working principle of BSD is based on the differences in the number of atoms (Z) in 

the sample. Larger atoms are more powerful electron scatterers than light atoms. This 

difference between atomic numbers makes it easier to distinguish between different 

phases.

EDX analysis was also performed to check the composition of the samples 

however due to the overlapping X-ray energies of Ba and Ti the composition cannot be 

accurately determined. Therefore EDX results are not included in this thesis. 

2.2.4. Density Measurements

Accurate density measurement is important since density affects the dielectric 

breakdown strength of the samples and other physical properties for ECE. Archimedes' 

principle is used for the density measurements of the samples. Following density 

equation is used to estimate the density.

= (2.1)

In this equation, and represent density values of ceramic sample and water

( = 1.0 g/cm3) respectively. is dry weight of the ceramic and is weight of 

the ceramic in water. corresponds to the weight of the ceramic after removed from 

the water. The measurements required for the density estimation were done using the 

density kit of the Radwag-As 220.R2 analytical balance.
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2.3. Electrical Measurements

In order to characterize the electrocaloric properties of the samples, temperature 

dependence of dielectric and ferroelectric properties was measured. For both electrical

measurements, the thickness and diameter values of the sintered and polished ceramics

were recorded. Typically pellets with 8 mm diameter and less than 1 mm thickness were 

used. Silver epoxy was coated onto the surfaces of the pellets to form conductive 

electrodes. Silver epoxy is cured by firing at 135°C for 7 min. The pellets were placed 

in the sample holder as shown in Figure 2.2 for the measurements. The sample holder 

was filled with insulating silicone oil for preventing electrical sparks.

 
Figure 2.2. Sample holder used in electrical measurements.

2.3.1. Dielectric Constant Measurements

In this study, dielectric measurements were done for determining phase 

transition behaviour and Curie temperatures of the ceramics and also for constructing 

the phase diagram. Dielectric materials are known as insulating or nonmetallic 

materials. The separation of positive and negative electrically charges on an atomic or 

molecular level under the electric field makes these materials useful for capacitor

applications.

The dielectric constant or relative dielectric constant, r is a measure of charge 

storage capacity and can be calculated using the parallel plate capacitor equation given 

in Equation 2.2.
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= ..                                                                     (2.2)

where A is the area of the plates, l is the thickness of the pellets, 0 is the 

dielectric constant of vacuum and r is the relative dielectric constant of the dielectric 

material.45

Capacitance measurements were performed every 3°C in the temperature range 

between 24°C and 200°C by Keysight E4980AL Precision LCR-meter at 

Electroceramics Laboratory at IZTECH. Temperature is controlled by the temperature 

controller of the Aixacct ferroelectric test system. Ac signal with 1 V potential is 

applied to the pellets at different frequencies (120 Hz, 1 kHz, 10 kHz and 100 kHz) and 

capacitance and dielectric loss values are recorded. Dielectric constant was calculated 

from the Equation (2.2) by using the capacitance values.

2.3.2. Polarization Measurements

In order to characterize ferroelectric properties and calculate electrocaloric effect 

(ECE) using indirect method, P-E loop or hysteresis loop measurements were 

performed every 3°C in the temperature range between 24°C and 108°C with an Aixacct

TF Analyzer 1000 unit connected with a 10 kV high-voltage amplifier (TREK Model 

610E) at the Electroceramics Laboratory at IZTECH.

Temperature-dependent hysteresis loops of ceramic samples were obtained at 1 

Hz. The temperature range of measurement was determined by considering the Curie 

temperatures of the ceramics. The measurements for all ceramics continued until 

hysteresis loops became completely linear, showing paraelectric character.  
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Phase Analysis

Phase analysis of the synthesized samples as described in the material 

preparation section was done after each heat treatment (calcination and sintering) 

process by X-ray diffraction (XRD) experiments. Figure 3.1 (a) shows the room 

temperature XRD patterns performed on BSTZx calcined samples in the range of 20° to 

80° and Figure 3.1 (b) shows close examination of Bragg peak between 43°-48° as a 

function of x.

 
Figure 3.1. XRD patterns of calcined BSTZx samples for 0 in the range of 

2 -48°.

It can be seen that the phases are not completely formed after calcination 

process. The calcination process is a heat treatment reaction that allows the 

decomposition of carbonates. Therefore, a single calcination process may not always be

sufficient to achieve a homogeneous single phase.
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Figure 3.2 (a) indicates the room temperature XRD patterns performed on 

sintered BSTZx samples for 0 20° to 80° and Figure 3.2 (b) 

shows close examination of the range between 43°-48°.

 
Figure 3.2. XRD patterns of sintered BSTZx samples for 0 in the range of 2

(a) from 20° to 80° and (b) close examination between 43°-48°.

Peak splitting near 45° corresponds to the tetragonal phase in the perovskite 

structures. In order to identify the symmetry of the phases, a close examination is

required in this region. All these ceramics have a pure perovskite phase without 

secondary impurity phases. Due to the diffusion of Zr element into the crystal structure,

change in lattice parameters causes gradual overlapping of two diffraction peaks and 

peak shifting around 46°. With the increase of the Zr substitution, it can be seen that the 

peak around 46° is shifting towards the lower angles. This change could be explained by

the fact that Zr4+ ion has a larger ionic radius than Ti4+ ion (0.72 Å and 0.605 Å,

respectively).46

It is observed that the tetragonality has disappeared with the increase of Zr 

amount. Due to the splitting of (002) and (200) diffraction peaks, tetragonal symmetry 

can be deduced for undoped BST and x=0.03 ceramics. Zr-doped with x=0.05 ceramic

is between orthorhombic and tetragonal region according to the phase diagram in the 

literature39 and so it is expected that peak splitting is not clear as observed in Figure 3.2
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(b). x=0.07 and x=0.10 ceramics are in the rhombohedral phase region at room 

temperature and the absence of peak splitting is consistent with rhombohedral 

symmetry. 

3.2. Particle Size Analysis

Particle size analysis of the powders after calcination process was done by

Dynamic Light Scattering (DLS).

 
Figure 3.3. Particle size distribution for BSTZx samples after calcination. 
Particle size distribution is homogeneous without an extra peak for each 

composition as shown in Figure 3.3. Thanks to this homogenous distribution, sintering 

is expected to be more effective. The average particle sizes of these compositions are 

825, 712, 615, 712 and 615 nm for x=0.00, 0.03, 0.05, 0.07 and 0.10, respectively. The 

fact that these values are close to each other proves that the density values as described 

in Table 3.1 do not change much between compositions. % theoretical density was 

expressed with respect to the theoretical density of undoped BST composition (5.83 

g/cm3) using and the following Equation (3.1).

% = 100                                               (3.1)
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Table 3.1. Density values of sintered BSTZx samples for 0 

Compositions d (g/cm3)

Ba0.8Sr0.2TiO3 5.23 (90%) 

Ba0.8Sr0.2Ti0.97Zr0.03O3 5.33 (91%) 

Ba0.8Sr0.2Ti0.95Zr0.05O3 5.36 (92%) 

Ba0.8Sr0.2Ti0.93Zr0.07O3 5.35 (92%) 

Ba0.8Sr0.2Ti0.90Zr0.10O3 5.33 (91%) 

Particle size and density values could be correlated with each other to verify the 

effect of particle size on sintering process. It could be said that decreasing particle size 

facilitates diffusion kinetics of the compositions throughout sintering process and 

consequently density increases with the decrease of particle size.

3.3. Microstructural Analysis

Microstructural analysis of the thermally etched BSTZx ceramics for 0 

0.10 was done by Scanning Electron Microscopy (SEM). Figure 3.4 (a)-(e) shows the 

microstructure and also grain size of the sintered ceramics at 1400°C.

All ceramics have dense microstructures and are practically non-porous. It is 

observed that Zr substitution increases the grain size. Grain sizes are approximately 

30.2, 36.3, 68, 77.6 and 96 μm for x=0.00, 0.03, 0.05, 0.07 and x=0.10, respectively.

However, an impurity phase, which was not detected in XRD experiments, was 

observed for all compositions between the grain boundaries.

Energy-Dispersive X-ray Spectroscopy (EDX or EDS) analysis for the 

characterization of the impurity phase was done but X-ray energy values of Ba and Ti 

elements are very close to each other. In addition, X-ray energy values of Sr and Zr

elements are too close to each other as shown in Table 3.2. EDX analysis gives no clear 

information about the compositions and phases for this study. Due to low amount of the 

impurity phase (no impurity phase was visible in XRD plots) we assume that the 

impurity phase does not affect the electrical measurements.
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Figure 3.4. SEM micrographs of BSTZx ceramics for (a) x=0, (b) x=0.03, (c) x=0.05, 

(d) x=0.07, and (e) x=0.10.

Since the sintering temperature is the same for each composition, different 

amounts of Zr substitution on the B-site of the perovskite structure should be 

responsible from the changes in the grain size. Zr substitution increases the grain size in 

agreement with the literature.46
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Table 3.2. X-ray energies of Ba, Ti, Zr and Sr elements.47

Z Element

56 Ba 32.194 36.378 4.466 4.828

22 Ti 4.512 4.933 0.452 0.458

40 Zr 15.775 17.668 2.044 2.126

38 Sr 14.165 15.835 1.806 1.871

3.4. Dielectric Measurements

Capacitance and dielectric loss values for each composition were measured 

between 24°C and 200°C with the LCR meter. Dielectric constant was calculated by 

using these values as described in the Section 2.3.1.

Figure 3.5 (a)-(e) shows the dielectric constant values for each ceramic sample 

at different frequencies. For the undoped (x=0) BST ceramic in the Figure 3.5 (a), the 

sharpness of dielectric peak behaviour shows that there is a first order phase transition  

at 69°C (Curie temperature or Tc) and this behaviour is consistent with studies in the 

literature.48,49

The behaviour did not change much for x = 0.03 and x = 0.05 and it was 

observed that Tc decreased slightly with the addition of Zr. Tc values are 64°C and 63°C 

for x=0.03 and x=0.05, respectively. For the x = 0.07 composition, the dielectric peak

maximum becomes sharper and Tc decreases to 60°C as shown in Figure 3.5 (d). 

There is also an extra peak around 33°C. x=0.10 sample shows the broadest

dielectric peak however peak maximum does not shift to higher temperatures with 

increasing frequency ruling out relaxor behaviour as shown in Figure 3.5 (e). There is 

also a significant decrease in Curie temperature (53°C) in comparison with the other 

compositions.

Figure 3.6 (a) shows the dielectric constant values measured at 1 kHz for all 

compositions. When dielectric constant and loss values in Figure 3.6 (a)-(b) are 

examined, it is clear that Tc and the sharpness of dielectric peak decreases with the Zr

substitution, implying that the dielectric behaviour changes from the first order phase 

transition to the diffuse phase transition. It can be observed that the dielectric constant is 
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the highest for the x = 0.07 composition. In addition, Figure 3.6 (b) shows the dielectric 

loss of BSTZx ceramics which is consistent with dielectric behaviour.

 
Figure 3.5. Temperature dependence of dielectric constant of BSTZx ceramics for (a) 

x=0, (b) x=0.03, (c) x=0.05, (d) x=0.07, and (e) x=0.10.

The diffuseness constant ( ) values, of the samples were calculated by using the 

dielectric constant versus temperature plots. Normal ferroelectrics follow the linear 

behaviour of Curie-Weiss law above Curie temperature, Tc. In diffuse phase transition, a 
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deviation from Curie-Weiss law above Tc occurs because of a broadening of the 

maximum dielectric constant near Tc.

 
Figure 3.6. Temperature dependence of dielectric constant (a) and dielectric loss (b) at 1 

kHz for the BSTZx ceramics with x=0, x=0.03, x=0.05, x=0.07, and x=0.10.

To determine the diffuseness of a phase transition, modified Curie-Weiss law 

expressed in Equation 3.2 is used. In this equation, r corresponds to the maximum 

dielectric constant, Tm is the temperature at which the maximum dielectric constant is 

observed and and are assumed as constants. = 1 describes normal ferroelectric 

behaviour while = 2 suggests complete transition to a relaxor behaviour.50

= ( )                                                              (3.2)

The diffuseness constant,  of undoped BST ceramic was calculated as shown in 

Figure 3.7. Firstly, the Tm and Tcw temperatures were determined as shown in Figure 3.7 

(a) by fitting the temperature-dependent inverse dielectric constant graph with a linear 

equation (solid line). Tcw temperature was accepted as the temperature at which 

experimental data (square symbols) begins deviate from linear behaviour. Then

coefficient was obtained from the slope of the graph in Figure 3.7 (b). The same 

procedure was repeated for other compositions with Zr addition and values was found 

as 1.143, 1.162, 1.202, 1.247 and 1.326 for x=0.00, 0.03, 0.05, 0.07 and x=0.10,

respectively. The value of diffuseness constant increases with the increase of Zr 

addition as shown in Figure 3.8.
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Figure 3.7. The inverse dielectric constant plotted at 1 kHz as a function of temperature

(a) and the double logarithmic plot to deduce diffuseness constant, (b) for 

undoped BST ceramic (the square symbols denote the experimental data 

and the solid line denotes the linear fits using the Curie-Weiss law).

Although the highest value is obtained for x=0.10, the value for this 

composition is much smaller than the value for the relaxor behaviour ( =2). Large 

amount of B site doping strengthens the relaxor behaviour.25,36 However in this study

the B site doping is not sufficient for inducing relaxor behaviour consistent with some 

literature studies.32,50

 
Figure 3.8. Diffuseness constants ( ) of BSTZx ceramics.

Figure 3.9 shows the phase diagram of BSTZx ceramic systems for 0 

which is constructed by using the temperature-dependent dielectric constant data of the 
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BSTZx (0 ) and dielectric data of Szymczak et al. Black symbols are data 

points of the phase transition temperatures from the reference study39 and red symbols 

are data points of the phase transition temperatures from this study. In this study, the 

phase diagram could not be completely constructed because the dielectric measurement

range is between 24°C and 200°C. However, when ferroelectric-paraelectric phase 

transition temperatures (Tc values) are examined, the phase transition temperatures are 

similar to those of Szymczak et al.

 
Figure 3.9. Phase diagram of BSTZx ceramics for 0 

points of the phase transition temperatures from the reference study39 and 

red symbols are data points of the phase transition temperatures determined 

using dielectric measurements in this study.

According to the phase diagram, Tc decreases while tetragonal-orthorhombic 

phase transition temperatures (TT-O) and orthorhombic-rhombohedral phase transition 

temperatures (TO-R) increase as the Zr doping level x rises. Thus, the phase transition 

temperatures become close to each other with Zr substitution. Highest dielectric 

constant value for x=0.07 sample can be explained by the fact that this composition is in 

the critical region where more than one ferroelectric phase is present because the 

material can be polarized along the polarization directions in each of these phases.

Looking at the phase diagram, it can also be said that the extra peak which is around 

33°C for this composition corresponds to the orthorhombic-tetragonal phase transition 

temperature.
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In summary, it is known that the Curie temperature decreases with the addition 

of Zr. In fact, the addition of Zr weakens the bond between the Ti and the O ions. Since 

this bond is weak, the Ti ion is able to maintain its tetragonal position only at low 

temperatures. Therefore, with the addition of Zr, Tc shifts to lower temperatures.46 The 

fact that Tc is around room temperature is one of the main motivations of this study.

3.5. Polarization Measurements

Ferroelectric hysteresis loops (P-E) were measured every 3°C on heating in the 

temperature range of interest under different electric fields by using Aixacct TF1000 

instrument in order to evaluate the electrocaloric effect (ECE) of all compositions.

Figure 3.10 (a)-(e) displays the P-E hysteresis loops of BSTZx ceramics for 0

. The curves show that the saturation 

polarization, coercive field and remnant polarization gradually decrease as the 

temperature increases. All compositions are ferroelectric below the Curie temperature. 

When the temperature is higher than the Curie temperature, the P-E loops become slim 

and linear. This change in the P-E loops demonstrates the phase transition from 

ferroelectric to the paraelectric phase.25

Figure 3.10 (f) shows the comparison of all compositions at 24°C and 1 Hz. The 

saturation was reached for each ceramic under 20 kV/cm electrical field at this 

temperature and ferroelectric behaviour is clear for all samples. Table 3.3 summarizes 

the Ps, Pr as well as Ec under 20 kV/cm at 24°C and 1 Hz. The Pr, Ps and Ec values of the 

undoped BST ceramic are higher than others.

Table 3.3. Hysteresis loop parameters of the BSTZx ceramics.

Composition
Ps

(μC/cm2)
Pr

(μC/cm2)
Ec

(kV/cm)
Ba0.8Sr0.2TiO3 16.37 8.84 1.71

Ba0.8Sr0.2Ti0.97Zr0.03O3 12.67 5.94 1.66
Ba0.8Sr0.2Ti0.95Zr0.05O3 14.06 6.83 1.69
Ba0.8Sr0.2Ti0.93Zr0.07O3 14.49 6.45 1.27
Ba0.8Sr0.2Ti0.90Zr0.10O3 12.96 4.40 1.08
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Figure 3.10. The P-E loops of BSTZx ceramics for (a) x=0, (b) x=0.03, (c) x=0.05, (d) 

x=0.07, (e) x=0.10 and (f) comparison of all ceramics at 24°C and 1 Hz.

3.6. Calculation of the Electrocaloric Temperature Change

Temperature dependence of electrical polarization (P-T plots) extracted from the 

P-E hysteresis loops are plotted at different electric fields ranging from 0 to 20 kV/cm 

as shown in Figure 3.11 (a)-(e).
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Figure 3.11. The P-T curves of BSTZx with (a) x=0, (b) x=0.03, (c) x=0.05, (d) x=0.07, 

(e) x=0.10 at various electric fields and 1 Hz and (f) comparison of 

remanent polarization of all compositions.

For all compositions, the polarization increases with increasing electric field 

while the increase of the temperature causes a decrease in the polarization. It was also 

noticed that the change in the electric field affected the polarization behaviour near the 

Curie temperature. The sudden decrease in the polarization at 0 kV/cm near the Tc, was 

broadened by rising the electric field. The increase in electric field causes shifting of the 
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polarization to higher temperatures and therefore Tc increases for all samples under 

electric field.

Figure 3.11 (f) shows the remanent polarization values and how the polarization 

changes with respect to the composition close to the Tc. With the increase in the amount 

of Zr, Tc decreases and the sudden decrease in the polarization near the Tc was 

broadened. This is related to a transition from a first order to diffuse phase transition 

character as will be discussed below.32

The T and the isothermal entropy change ( S) were numerically calculated by 

using the following Maxwell’s relationships using Equations (3.3) and (3.4):2 ( ) term 

in these expressions was calculated numerically using Equation (3.5).28

=                                                      (3.3)

                          =                                                        (3.4)

( )  = +                                             (3.5)

where is density of ceramic, E1 (0 kV/cm) and E2 are initial and final electric field, 

respectively. The heat capacity Cp value was taken as 0.50 J g-1 K-1 for all BSTZx

compositions using BaTiO3 based ferroelectric ceramic materials in the literature.3,41,51

Figure 3.12 (a)-(e) displays electrocaloric effect (ECE) or adiabatic temperature 

change ( T) as a function of temperature for BSTZx ceramics at different electric fields 

ranging from 5 to 20 kV/cm. Calculated T values are 0.62, 0.42, 0.43, 0.40 and 0.35 K 

for x=0.00, 0.03, 0.05, 0.07 and 0.10, respectively near the Tc at 20 kV/cm. For each 

ceramic, the increase in the electric field caused the increase of T values and also peak 

broadening.

Figure 3.13 (a) exhibits the electrocaloric temperature change T as a function 

of temperature for all BSTZx ceramics at 20 kV/cm electric field and 1 Hz. The T

value of the undoped BST ceramic is higher than Zr substituted compositions. The 

increase in amount of Zr causes the peak broadening and decrease in the Tc. Also, the 

isothermal entropy change S in Figure 3.13 (b) is consistent with the T behaviour.
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Calculated S values are 0.88, 0.59, 0.61, 0.57 and 0.52 K for x=0.00, 0.03, 

0.05, 0.07 and 0.10, respectively near the Tc at 20 kV/cm.

 
Figure 3.12. Numerically calculated T-T curves of BSTZx with (a) x=0, (b) x=0.03, (c) 

x=0.05, (d) x=0.07, (e) x=0.10 at various electric fields and 1 Hz.
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Figure 3.13. Temperature dependence of (a) T and (b) S at 20 kV/cm and 1 Hz.

The calculation of the EC temperature change ( T) was repeated by using P-T

curves that are fitted using a fourth order polynomial. The reason for using two different 

methods in T calculations is to differentiate between artificial anomalies caused by 

imperfect fitting and real sample behaviour. Figure 3.14 (a)-(e) displays the fitted P-T

curves at 20 kV/cm and 1 Hz. Black symbols are the experimental points and red line is 

fitted curve. 

It can be easily seen that the increase in amount of Zr facilitates the P-T curves

to be more easily fitted. This is related to a transition from a first order to diffuse phase

character. Due to the increase in the Zr substitution, the sudden drop in polarization 

around Tc was broadened and so P-T curves was fitted easily.

For all ceramic compositions, the T-T curves as described in Figure 3.15 (a)-

(e) were obtained at different electric fields ranging from 5 to 20  kV/cm and at 1 Hz by 

using the fitted P-T curves. When the comparison plot of the fitted T-T for all 

compositions in Figure 3.15 (f) is examined, the values and the behaviour are consistent 

with the T values that were calculated numerically in Figure 3.13 (a). Therefore, T

values calculated with both methods are compatible, showing the goodness of the fits.

Table 3.4 summarizes the comparison of the ECE properties of the BSTZx

ceramics studied in this work with those in the literature. For this work, it could be seen 

that the T of the undoped BST ceramic is higher than the other compositions doped 

with Zr. The Zr substitution of the B-site on the perovskite causes disorder at B-site and 

a decrease in the tetragonality.46 This behaviour was demonstrated by XRD 

measurements in Figure 3.2. Therefore, the ECE properties are expected to be high for 
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the undoped BST ceramic as it shows the first order phase transition according to 

discontinuous/sharp drop of remanent polarization at Tc.

When the maximum T values of the Zr-doped compositions are compared, it 

can be seen that peak T value of x=0.05 composition is greater than the other Zr doped 

ceramics.

 
Figure 3.14. Fitted P-T curves of BSTZx with (a) x=0, (b) x=0.03, (c) x=0.05, (d) 

x=0.07, (e) x=0.10 at 20 kV/cm electric field and 1 Hz. 
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Figure 3.15. Fitted T-T curves of BSTZx with (a) x=0, (b) x=0.03, (c) x=0.05, (d) 

x=0.07, (e) x=0.10 at various electric fields and 1 Hz and (f) comparison 

of the fitted -T for all ceramics at 20 kV/cm.

According to the phase diagram shown in Figure 3.9, phase transition 

temperatures (TO-R, TT-O, TC-T) become close to each other, resulting in multiphase 

coexistence, therefore the entropy change ( S) increases at x=0.05. Also, when the 

SEM micrographs are observed in the Figure 3.4, the grain size of x=0.05 ceramic is 

larger than x=0.03. It is known that larger grain sizes enhance the properties of ECE, 
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because decrease in grain boundary density strengthens the ferroelectricity. It should be 

noted that ECE properties of BaTiO3 single crystal are larger than polycrystalline 

ceramics.7

Table 3.4. Comparison of the ECE properties of the BSTZx ceramics studied in this 

work with those in the literature.

Material
Tc
(K) (K) (kV/cm) (K.mm/kV) Method Ref.

BaTiO3,
single crystal 402 0.9 12 0.75 Direct 6

BaTiO3,
ceramic 398 1.1 20 0.56 Indirect 4

Ba0.65Sr0.35TiO3,
ceramic 296 0.42 20 0.21 Indirect 7

Ba0.94Ca0.06Ti0.875Sn0.125O3,
ceramic 298 0.24 6 0.4 Indirect 52

BaTi0.89Hf0.11O3,
ceramic 343 0.35 10 0.35 Indirect 32

Ba0.8Ca0.2Ti0.96Zr0.04O3,
ceramic 386 0.27 7.95 0.34 Indirect 46

BaSn0.1Ti0.9O3,
ceramic 337 0.48 15 0.32 Indirect 26

Ba0.8Sr0.2TiO3,
ceramic 345 0.44 10 0.44 Indirect

This 
work

Ba0.8Sr0.2TiO3,
ceramic 351 0.62 20 0.31 Indirect

This 
work

Ba0.8Sr0.2Ti0.97Zr0.03O3,
ceramic 342 0.25 10 0.25 Indirect

This 
work

Ba0.8Sr0.2Ti0.97Zr0.03O3,
ceramic 351 0.42 20 0.21 Indirect

This 
work

Ba0.8Sr0.2Ti0.95Zr0.05O3,
ceramic 342 0.25 10 0.25 Indirect

This 
work

Ba0.8Sr0.2Ti0.95Zr0.05O3,
ceramic 351 0.43 20 0.215 Indirect

This 
work

Ba0.8Sr0.2Ti0.93Zr0.07O3,
ceramic 342 0.23 10 0.23 Indirect

This 
work

Ba0.8Sr0.2Ti0.93Zr0.07O3,
ceramic 351 0.40 20 0.20 Indirect

This 
work

Ba0.8Sr0.2Ti0.90Zr0.10O3,
ceramic 333 0.20 10 0.20 Indirect

This 
work

Ba0.8Sr0.2Ti0.90Zr0.10O3,
ceramic 342 0.35 20 0.175 Indirect

This 
work

Since x = 0.07 sample is the closest composition to the critical point of the phase 

diagram, different ferroelectric phases coexist at this composition. Its dielectric constant 
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is the highest among others because the material can be polarized along the polarization 

directions in each of these phases. Similar to our case, Li et al.32 has reported that 

BaHfxTi1-xO3 ceramics shows the largest dielectric maximum for a composition at 

located at the critical point. However, in that case, they also obtained largest T for the 

same composition. On the other hand, in our study T value of x=0.07 composition is 

smaller than x=0.0 and x=0.05 compositions. This might be related with the specific 

heat value that we use to calculate T. We were not able to measure specific heat 

accurately and we assumed a constant value from the earlier studies for all 

compositions. Specific heat values for different compositions might differ slightly. 

Nevertheless, this slight difference might have changed the order of T with 

composition. 

seen that x=0.10 ceramic shows 

diffuse phase transition, therefore  is low. For this reason, although the grain sizes 

of x=0.07 and x=0.10 ceramics are larger than others, the T values of these ceramics 

are smaller than other ceramics.
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CHAPTER 4

CONCLUSIONS

The goal of this work was the determination of the electrocaloric temperature 

change ( T) values of lead-free Ba0.8Sr0.2Ti1-xZxO3 ceramics for 0 by using 

the phase diagram from Szymczak et al.

When all the results were evaluated, it was evident that the electrocaloric 

behaviour changes at different regions of the phase diagram. Zr substitution caused a

decrease in tetragonality and a phase transition character changes from first order to 

diffuse type. This causes a decrease in the T values while expanding the operating 

temperature range of ECE. In the region where the first order phase transition is 

effective, the sharpness of the change in temperature-dependent polarization narrows

the operating temperature range which may restrict the applicability of ECE.

When the obtained T values are compared, the x=0.07 composition with large 

operating temperature range and relatively large T value is considered to be the 

optimum composition. The T value has been found as 0.40 K under 20 kV/cm electric 

field at 351 K for this composition. Based on these results, and in comparison with the 

other doped BaTiO3 systems, Ba0.8Sr0.2Ti1-xZxO3 system can be considered as one of the 

best candidates for future electrocaloric cooling applications.
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