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ABSTRACT OF THE DISSERTATION 

 

Ferroelectric Phase Transformations for  

Energy Conversion and Storage Applications 

 

by 

 

Hwan Ryul Jo 

Doctor of Philosophy in Mechanical Engineering 

 University of California, Los Angeles, 2016 

Professor Christopher S. Lynch, Chair 

 

Ferroelectric materials possess a spontaneous polarization and actively respond to external 

mechanical, electrical, and thermal loads. Due to their coupled behavior, ferroelectric materials 

are used in products such as sensors, actuators, detectors, and transducers.  

However, most current applications rely on low-energy conversion that involves low magnitude 

fields. They utilize the low-field linear properties of ferroelectric materials (piezoelectric, 

pyroelectric) and do not take full advantage of the large-field nonlinear behavior (irreversible 

domain wall motion, phase transformations) that can occur in ferroelectric materials. When 

external fields exceed a certain critical level, a structural transformation of the crystal can occur. 

These phase transformations are accompanied by a much larger response than the linear 

piezoelectric and pyroelectric responses, by as much as a multiple of ten times in the magnitude. 

This makes the non-linear behavior in ferroelectric materials promising for energy harvesting and 
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energy storage technologies which will benefit from large-energy conversion. Yet, the ferroelectric 

phase transformation behavior under large external fields have been less studied and only a few 

studies have been directed at utilizing this large material response in applications. This dissertation 

addresses the development ferroelectric phase transformation-based applications, with particular 

focus on the materials. 

Development of the ferroelectric phase transformation-based applications was approached in 

several steps. First, the phase transformation behavior was fully characterized and understood by 

measuring the phase transformation responses under mechanical, electrical, thermal, and combined 

loads. Once the behavior was well characterized, systems level applications were addressed. This 

required assessing the effect of the phase transformation behavior on system performance. The 

performance of ferroelectric devices is strongly dependent on material properties and phase 

transformation behavior which can be tailored by modifying the chemical composition, processing 

conditions, and the loading history (poling). This results in optimization of system performance 

by tailoring material properties and phase transformation behavior. This approach applied to three 

ferroelectric phase transformation-based applications: 

 

1. Ferroelectric energy generation  

2. Ferroelectric high-energy storage capacitor 

3. Ferroelectric thermal energy harvesting 

 

This dissertation has addressed tuning the large field properties for phase transformation-based 

systems.  
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Chapter 1 

 

Introduction 

 

1.1. Current and future ferroelectric applications 

Ferroelectric materials are an interesting class of materials that possess a spontaneous polarization 

and actively respond to external fields such as pressure, temperature, and electric field. The unique 

behavior of ferroelectrics originates from a lack of centrosymmetry in the crystal structure. A 

Heckmann diagram illustrating the mechanical, electrical, and temperature coupling behavior of 

ferroelectric materials is shown in Figure 1.1. Due to their coupled behavior, ferroelectric materials 

are a promising material for applications that convert one form of energy into another. Today’s 

many applications include sensors, actuators, and detectors, utilize ferroelectric materials in 

automotive, computer, consumer products, medical, and military fields to name a few. Various 

ferroelectric applications are listed in Table 1.1.  

 

Table 1.1. Ferroelectric applications.  

Field Examples 

Automotive 
air bag sensor, air flow sensor, audible alarms, fuel atomization, keyless 
door entry, seat belt buzzer  

Computer disc drives, inkjet printers,  

Consumer 
cigarette lighters, fish finders, depth finders, humidifiers, jewelry 
cleaner, musical instruments, speakers, telephones 

Medical disposable patient monitors, fetal heart monitors, ultrasound imaging 
Military depth sounders, guidance systems, hydrophones, sonar  
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Figure 1.1. Heckmann diagram showing the relation between mechanical, electrical, and thermal 
properties of ferroelectric materials. 
 

However, most of the applications listed in Table 1.1. are low-energy conversion applications that 

operate under small magnitude external fields. These applications utilize only the linear properties 

of ferroelectric materials (piezoelectric, pyroelectric) and do not take advantage of the full 

capability of ferroelectric materials. Ferroelectric behavior is a consequence of linear and nonlinear 

responses. Small relative atomic motion and reversible domain wall motion result in a linear 

piezoelectric response. Nonlinear responses include variant switching and phase transformation. 
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When external fields exceed a critical level, the nonlinear ferroelectric behavior initiates. The 

linear and nonlinear properties of ferroelectric materials are discussed in Chapter 2 in more detail.  

Nonlinear ferroelectric behavior under high magnitude external fields generates a far larger 

response than linear ferroelectric behavior, and thus the utilization of nonlinear behavior extends 

ferroelectric materials to high-energy conversion applications. One real-world example is 

ferroelectric pulsed power generators. In ferroelectric pulsed power generators, the accumulated 

electric charges on the electrodes sandwiching the ferroelectric material are released as the 

ferroelectric material is depolarized by external pressure. Explosive shock is generally used to 

rapidly depolarize the ferroelectric material, and this results in a high-voltage high-power electric 

pulse with voltage up to several 100’s kV and power up to a few MW for several microseconds. 

The depolarization mechanism of the ferroelectric material depends on the types of materials used 

and the ways the external pressure is applied. It is currently accepted that variant switching is the 

depolarization mechanism in PZT 52/48-type materials and combinations of variant switching and 

ferroelectric to antiferroelectric phase transformations are the depolarization mechanism in PZT 

95/5-type materials.  

Ferroelectric materials are promising materials for energy harvesting and energy storage 

technologies that require energy conversion. Optimizing the material behavior for these 

applications will require the nonlinear behavior of many compositions to be fully characterized 

and understood.  
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1.2. Approach to the development of ferroelectric applications 

This dissertation predominantly addresses the development ferroelectric ceramic materials for 

phase transformation based applications. The approach to development of such applications 

follows the diagram shown in Figure 1.2.  

The performance of ferroelectric materials in phase transformation-based applications greatly 

depends on the material properties and the behavior associated with the phase transformation. The 

material properties and phase transformation behavior are again greatly dependent on chemical 

composition of the materials and also on other factors such as porosity and grain size. However, 

the latter are extrinsic properties, are highly dependent on the manufacturing process, and are 

secondary factors in their effect on the materials properties relative to the primary contribution of 

the chemical composition.  

The development of phase transformation based devices starts with determining the set of materials 

properties that will be used as system performance metrics.  These will differ from one application 

to another. Some of material properties that can be compositionally tuned are the dielectric, elastic, 

piezoelectric, and pyroelectric coefficients, domain size and structures, and phase transformation 

characteristics.  

Each composition must be characterized for its mechanical, electrical, and thermal behavior. The 

experimentally obtained material properties need to be verified using adequate tools if it meets the 

requirement. For instance, a figure of merit can be built to represent the performance of device 

with a set of material properties. Theoretical models also can be established for the device and can 

simulate the device performance in a more complex case. Microstructures such as porosity and 

grain size are also observed to affect the relation between microstructure and material behavior. 
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Based on the properties, a decision can be made for the material selection. If the material is not 

adequate for the device, chemical composition of the material can be altered to tailor the properties 

to meet the requirements.  

 

  

Figure 1.2. Diagram of the approach to development of ferroelectric materials for specific 
applications. 
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1.3. Dissertation Overview 

Chapter 2 reviews the fundamental theory and background of ferroelectric materials. It begins with 

the origin and history of ferroelectric materials and covers various contributions to the overall 

ferroelectric behavior. These include piezoelectric constitutive behavior, phase transformation 

effects, and domain wall motion effects.  

In Chapter 3, the characterization results of ferroelectric - antiferroelectric phase transformation 

behavior in PLZST ceramics under mechanical, electrical, and thermal loadings are presented. The 

effect of composition on the phase transformation behavior is also studied.  

In Chapter 4, the modeling technique to simulate the phase transformation behavior between 

ferroelectric and antiferroelectric phases is developed. The phase transformation behavior of 

ferroelectric materials is formulated by linear piezoelectric constitutive equations and micro-

electro-mechanical modeling techniques.  

In Chapter 5, a high energy density and high discharge efficiency relaxor antiferroelectric ceramic 

capacitor is developed. High energy density and high discharge efficiency dielectric ceramic 

capacitors are desired for many pulsed power applications and for power electronics. The relaxor 

antiferroelectric was developed based on a thorough study of the effect of La3+ addition in 

antiferroelectric materials. This new ceramic dielectric capacitor exhibits high energy and high 

discharge efficiency that exceeds most materials reported to date.  

In Chapter 6, a novel thermodynamic cycle is presented for thermal energy harvesting based on 

ferroelectric phase transformations. This chapter starts with addressing the current energy crisis 

and need of waste heat energy harvesting techniques as a solution for clean and renewable energy 

generation. It also describes current waste heat recovery system used in industry sectors and 

explains that it is challenging to implement in residential, commercial, and vehicle sectors even 
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though these sectors combined reject more waste energy than any industry sector. A novel working 

mechanism for waste heat energy harvesting systems based on ferroelectric phase transformations 

is designed, and the effect of material properties on effectiveness and efficiency of system 

performance is addressed. Experiments were performed to verify the practicability of proposed 

energy harvesting system.   

Chapter 7 summarizes the dissertation. 
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Chapter 2 

 

Background of Ferroelectric Materials 

 

2.1. Origin and history of ferroelectric materials 

The terms piezoelectricity, pyroelectric, and ferroelectricity are frequently used in this dissertation. 

Piezoelectricity, pyroelectricity, and ferroelectricity originate from asymmetry of the crystal 

structure [1], [2]. A material is piezoelectric when an application of mechanical stress gives rise to 

a dielectric displacement in the material producing an electric dipole. All crystal structures can be 

divided into 32 crystal classes and, among the 32 crystal classes, 11 crystal classes having 

centrosymmetry and are unable to produce the piezoelectric effect with one exception, the 

enantiomorphous hemihedral class, the other 20 non-centrosymmetry classes display 

piezoelectricity. Ten of these twenty non-centrosymmetric classes have a unique polar axis and 

the unit cells composing these material possess spontaneous polarization. These ten crystal classes 

also exhibit pyroelectricity. The magnitude of spontaneous polarization in pyroelectric materials 

changes as temperature changes. Among the pyroelectric materials, some of them are ferroelectric, 

i.e. the dipole of the pyroelectric material is reversible with an application of electric field. The 

piezoelectric and subgroups on the basis of symmetry are summarized in Figure 2.1 [1]. Readers 

who desire to learn more about the effect of crystal symmetry on material properties are referred 

to [2].  
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Figure 2.1. Interrelationship of piezoelectric and subgroups on the basis of symmetry [1]. 

 

The term “pyroelectric” was first used in 1826 by David Brewster when he studied various 

minerals including Rochelle salt and observed voltage induced response when minerals were 

heated [3]. Surprisingly, the first reported pyroelectric effect is dated back 2300 years ago when 

the Greek philosopher Theophrastus, who noted that a mineral called lyngourion has the property 

attracting straws and bits of wood when heated, described the effect of pyroelectricity in his book 

On Stone [4]. Since first discovery, the experiments in attempts to characterize the pyroelectric 

effect of various minerals have been carried out for next two millennia, especially during 

eighteenth and nineteenth centuries. Jean-Mothée Gaugain made the first precise measurement of 

pyroelectric charges on tourmaline in 1859 and reached a number of important conclusions [5]. 

First, the quantity of electricity produced depends on the change in temperature. Second, the 
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quantity of electricity produced during heating is the same as that produced during cooling. Lastly, 

the quantity of electricity produced is proportional to the cross-sectional area of the crystal and 

independent of its length [4]. The first major scientific analysis of pyroelectric phenomenon was 

developed in 1878 by William Thomson, Lord Kelvin  [6]. His analysis led to number of 

meaningful predictions that were later verified. He suggested for the first time that the polarity 

inside crystal is permanent even when the crystal itself seems electrically neutral. Using the 

analogy between electricity and magnetism, Thomson also first predicted the existence of the 

converse pyroelectric effect (temperature change as electric field is applied).  

As the knowledge of pyroelectricity and understanding of the underlying crystal structure that 

gives rise to pyroelectricity developed, scientists hypothesized that there could be a relationship 

between mechanical stress and electric potential. However, experimental confirmation was not 

been made until 1880 when brothers Pierre and Jacques Curie demonstrated that the Rochelle salt, 

quartz, and a number of other crystals generated voltage response when mechanical stress was 

applied [7]. This effect was named the (direct) piezoelectric effect. However, the term 

“piezoelectricity” was first used in 1881 by Hermann Henkel who coined this term adopted from 

Greek word “piezen” (press) [8]. A year after the Curie brothers confirmed the direct piezoelectric 

effect, Gabriel Lippmann mathematically deduced converse piezoelectric effect (mechanical strain 

induced by electric field applied) from fundamental thermodynamic principles [9]. The Curie 

brother immediately confirmed the converse piezoelectric effect [10].  

The term “ferroelectricity” was first invented by Schrödinger in 1912 [11]. In his paper, he 

discussed the possibility of dielectric instability and found a phenomena similar to ferromagnetism. 

However, it was not until 1920 that Valasek demonstrated that the direction of spontaneous 

polarization in Rochelle salt could be reversed by the application of electric field [12].  In this 
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paper, he published the first hysteresis curve of a ferroelectric material. The second ferroelectric 

material KH2PO4 was discovered in 1935 and a series of new ferroelectric materials were produced 

since then. Until BaTiO3 was found during the World War II (1939-1945) [13], ferroelectric 

materials were mostly waters-soluble and involved hydrogen bonding which was believed to be 

essential for the existence of ferroelectricity [14]. BaTiO3 is the first man-made ferroelectric 

material with the perovskite structure (ABO3 system) and was discovered by U.S., Russia, and 

Japan during WWII while they were in need of a high dielectric permittivity transducer material 

for radar systems [14]. The dielectric permittivity of BaTiO3 exceeded 10 times greater than any 

other ceramic at that time. The birth of BaTiO3 broadened the interest for different ferroelectric 

materials in ABO3 system. A crystal structure of BaTio3 is illustrated in Figure 2.2 as an example 

for ABO3 system with tetragonal crystal structure.  

In 1951, the solid solution PbZrO3-PbTiO3 (PZT), the most widely used ferroelectric even today, 

was reported and its phase diagram with small concentration of PbTiO3 was established [15]. The 

phase diagram of PZT was extended for full PbZrO3-PbTiO3 range by Jaffe et al [16], [17]. 

Excellent dielectric responses were measured from PZT compounds near the morphotropic 

boundary [18]. Other significant perovskite solid solution ferroelectric materials, BaTiO3-SrTiO3 

and PbTiO3-SrTiO3 to name a few, have been developed.  An excellent discussion of work in the 

area of piezoelectric ceramics appears in the book Piezoelectric Ceramics by Jaffe, Cook, and Jaffe 

[19]. The study of piezoelectric materials moved forward to relaxor ferroelectrics which attracted 

extensive attentions for its ultra-high piezoelectric properties, and efforts to discover new 

ferroelectric materials continues as the demand for improved piezoelectrics grows. 
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Figure 2.2. Illustration of (a) the spontaneous polarization in perovskite ABO3 type ferroelectric 
material with tetragonal structure and (b) the reversibility of spontaneous polarization by the 
application of electric field.  
 

The early use of piezoelectric materials, mainly for ultrasonic transducers and dielectrics, has been 

extended to sensors, actuators, non-volatile memory, data storage, oscillators and filters, light 

deflectors, and energy harvesting applications. To satisfy the need of various types of applications, 

the piezoelectric materials are available in various forms; single crystals, bulk ceramics, textured 

ceramics, polymers, thin films, composites, nanowire, etc. This dissertation, however, will focus 

on the perovskite ABO3 type ferroelectric material in single crystal and bulk ceramic forms.  
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2.2. Piezoelectric constitutive equations 

The previous section chronologically reviewed a series of significant findings in ferroelectric 

materials by notable pioneers. They identified that ferroelectric piezoelectrics are responsive to 

temperature, mechanical stress, and electric field. In this section is a review of this constitutive 

behavior with thermodynamic considerations.  

The rate of mechanical and electric work done on and heat added to the material, as shown in 

Figure 2.3, is equal to the rate of change of kinetic energy and internal energy. The rate of energy 

balance equation is built as  

 

WM + WE + 𝚹 = K + U           (2.1) 

 

Figure 2.3. Schematic of arbitrary body with applied mechanical, electrical, and thermal loadings. 
 

The equation expands to Eq. (2.2) when expressions for each term are combined.   

 

𝑡'() 𝑢'𝑑𝑆 + 𝝓𝑤𝑑𝑆() + 𝑟𝑑𝑉	) − 𝑞5𝑛'𝑑𝑆() = 8
89

:
;
𝝆𝑢5𝑢5𝑑𝑉) + 𝝆𝑒𝑑𝑉)   (2.2) 
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Substituting stress-traction (ti = sjinj) and electric displacement-surface charge (w = -Dini) relations 

into Eq. (2.2) and using the divergence theorem give in  

 

𝝈5'𝑢' ,5 𝑑𝑉) + 𝝓𝐷5 ,5 𝑑𝑉) + 𝑟𝑑𝑉	) − 𝑞5,5 𝑑𝑉() = 8
89

:
;
𝝆𝑢5𝑢5𝑑𝑉) + 𝝆𝑒𝑑𝑉)   

          (2.3) 

 

Using the equation of equilibrium (sji,j + fi = r𝑢i), and additional algebraic simplifications and 

assumptions of the absence of body forces and body charges, Eq. (2.3) is reduced to 

 

𝝈'5𝜀BC 𝑑𝑉) + 𝐸5𝐷5 𝑑𝑉) + 𝑟	 − 𝑞5,5 𝑑𝑉	) = 𝝆𝑒𝑑𝑉)    (2.4) 

 

The detailed procedures of simplification to reach Eq. (2.4) can be found in many solid mechanics 

and piezoelectric textbooks [20], [21]. Eq. (2.4) is again transformed to obtain expression for 

infinitesimal volume.  

 

𝑢 = 𝝈'5𝜀BC + 𝐸5𝐷5 + 𝑟 − 𝑞5,5      (2.5) 

 

where u is the unit volume internal energy. The second law of thermodynamics states that the rate 

of accumulation of thermal work within the body is always greater than or equal to the rate at 

which heat is being added to body, which can be expressed as T𝑆 ³ 𝚹, meaning that internal 

processes are either reversible or generating heat. If the strain and electric displacement are divided 

into reversible and irreversible parts, and Eq. (2.5) develops to 
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𝑢 = 𝝈'5 𝜀'5EF + 𝜀'5'E + 𝐸5(𝐷5EF + 𝐷5'E) + 𝑟 − 𝑞5,5    (2.6) 

 

which can be regrouped as 

 

𝑢 = 𝝈'5𝜀'5EF + 𝐸5𝐷5EF + (𝑟 − 𝑞5,5+ 𝝈5'𝜀'5'E + 𝐸5𝐷5'E)    (2.7) 

 

The expression for unit volume internal energy can be simplified to 

 

𝑢 = 𝝈'5𝜀'5EF + 𝐸5𝐷5EF + 𝑇𝑠     (2.8) 

 

where s is unit volume entropy. Finally, the differential form of internal energy can be written as  

 

𝑑𝑢 = 𝝈5'𝑑𝜀'5 + 𝐸5𝑑𝐷5 + 𝑇𝑑𝑠     (2.9) 

 

Each of dependent variables is a function of all three independent variables; 𝝈5' = 	𝝈5'(𝜀'5, 𝐷5, 𝑠), 

𝐸5 = 	𝐸5(𝜀'5, 𝐷5, 𝑠) , and 	𝑇 = 	𝑇(𝜀'5, 𝐷5, 𝑠) . The dependent and independent variables are 

interchangeable using the Legendre transformation. Since the constitutive law is desired in which 

the strain, electric displacement and entropy are dependent variables and function of stress, electric 

field, and temperature, the Gibbs free energy form is borrowed. The Gibbs free energy and its 

differential forms are given as 

 

𝐺 = 𝑢	 − 𝝈'5𝜀'5 − 𝐸5𝐷5 − 𝑇𝑠      (2.10) 

𝑑𝐺 = 	 − 𝜀'5𝑑𝝈'5 − 𝐷5𝑑𝐸5 − 𝑠𝑑𝑇     (2.11) 
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Now, strain, electric displacement, and entropy can be expressed as function of stress, electric field, 

and temperature; 𝜀'5 = 	 𝜀'5(𝝈'5, 𝐸5, 𝑇), 𝐷5 = 	𝐷5(𝝈'5, 𝐸5, 𝑇), and 𝑠 = 	𝑠(𝝈'5, 𝐸5, 𝑇). A Taylor series 

expansion can be employed to obtain the approximation of constitutive behavior functions.  

 

𝛥𝜀'5 =
𝜕𝜀'5
𝜕𝜎NO

𝛥𝜎NO +
𝜕𝜀'5
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𝜕𝐸P𝜕𝑇
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(2.12) 

 

𝛥𝐷P =
𝜕𝐷P
𝜕𝜎NO

𝛥𝜎NO +
𝜕𝐷P
𝜕𝐸T

𝛥𝐸T +
𝜕𝐷P
𝜕𝑇

 𝛥𝑇

+
1
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𝜕;𝐷P
𝜕𝜎NO𝜕𝜎WX

𝛥𝜎NO𝛥𝜎WX +
𝜕;𝐷P
𝜕𝐸W𝜕𝐸X

𝛥𝐸W𝛥𝐸X +
𝜕;𝐷P
𝜕𝑇;

𝛥𝑇; + 2
𝜕;𝐷P
𝜕𝜎NO𝜕𝐸T

𝛥𝜎NO𝛥𝐸T
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𝜕𝐸T𝜕𝑇
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(2.13) 

 

𝛥𝑠 =
𝜕𝑠
𝜕𝜎'5

𝛥𝜎'5 +
𝜕𝑠
𝜕𝐸P

𝛥𝐸P +
𝜕𝑠
𝜕𝑇

 𝛥𝑇

+
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𝜕;𝑠
𝜕𝜎'5𝜕𝜎NO
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𝜕𝐸P𝜕𝐸T
𝛥𝐸P𝛥𝐸T +

𝜕;𝑠
𝜕𝑇;

𝛥𝑇; + 2
𝜕;𝑠

𝜕𝜎'5𝜕𝐸P
𝛥𝜎'5𝛥𝐸P

+ 2
𝜕;𝑠

𝜕𝜎'5𝜕𝑇
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𝜕𝐸P𝜕𝑇
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(2.14) 
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Linear piezoelectric constitutive equations are obtained by maintaining linear the terms only.  

 

𝛥𝜀'5 =
(YZ[
(\]^

𝛥𝜎NO +
(YZ[
(_`

𝛥𝐸P + (YZ[
(a

 𝛥𝑇     (2.15) 

𝛥𝐷P = (_`
(\]^

𝛥𝜎NO +
(_`
(bc

𝛥𝐸T +
(_`
(a

 𝛥𝑇     (2.16) 

𝛥𝑠 = (d
(\Z[

𝛥𝜎'5 +
(d
(b`

𝛥𝐸P + (d
(a

 𝛥𝑇      (2.17) 

 

The differential terms first can be substituted with derivatives of Gibbs function and then replaced 

by material coefficients using the Maxwell relations. Finally, linear piezoelectric constitutive 

equations can be constructed.  

 

𝛥𝜀'5 = 𝑠'5NO
b,a 𝛥𝜎NO + 𝑑P'5

\,a 𝛥𝐸P + 𝞪'5
\,b𝛥𝑇    (2.18) 

𝛥𝐷P = 𝑑P'5
b,a 𝛥𝜎'5 + 𝞳PT

\,a𝛥𝐸T + 𝑝P
\,b𝛥𝑇     (2.19) 

𝛥𝑠 = 𝞪'5
b,a𝛥𝜎'5 + 𝑝P

\,a𝛥𝐸P + 𝞬\,b𝛥𝑇      (2.20) 

 

These equations are frequently used for describing linear behavior of piezoelectric materials under 

small external loadings. The higher order terms that appear in Eqs. (2.12-2.14) can be kept to 

describe non-linear behaviors under increased external loadings such as electrostrictive behavior. 

The piezoelectrics are dielectrics, and the electric displacement – electric field relationship can be 

written as 

 

D = kE        (2.21) 
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where k is dielectric permittivity although many textbooks and dielectric community may use e 

for this. Instead e is used to describe mechanical strain in this dissertation. Further steps can be 

taken to reach 

 

D = kE = kokrE = ko(1+c)E = koE+kocE = koE + P    (2.22) 

 

Eq. (2.22) shows the relationship between dielectric displacement (D) and spontaneous 

polarization (P), and since c >> 1 for piezoelectrics (usually c = 1000’s) the dielectric 

displacement and the spontaneous polarization are approximately equivalent. Symbols D and P are 

used interchangeably in many piezoelectric and ferroelectrics publications although using D is 

technically correct for most cases. This dissertation will be attached to D.  

 

2.3. Structural phase transformation in ferroelectrics  

Perovskite-type ferroelectric materials typically have following crystal structures, but not limited 

to; tetragonal, rhombohedral, orthorhombic, and monoclinic. When heated above a certain critical 

temperature, the Curie temperature (Tc), the ferroelectric material loses its ferroelectricity since 

the thermal energy does not allow asymmetry of the crystal and the material transforms into a 

cubic structure. The material with cubic structure is called paralelectric. As temperature decreases 

below Tc, paraelectric to ferroelectric phase transformation occurs and the material possesses 

spontaneous polarization due to its distinct asymmetry of crystal structure. At Tc, the material 

exhibits anomalously large dielectric response [22]. 

Crystal structure of a ferroelectric material can be transformed into another crystal structure under 

pressure (stress), temperature, or electric field. A phase transformation can also be induced by 
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altering chemical compositions if the ferroelectric material is a solid solution ferroelectric material. 

Phase transformation is a very important feature of ferroelectric materials since many of material 

properties abruptly change as a phase changes. Phase transformations in a number of selected 

common ferroelectrics are discussed below. 

 

2.3.1. Barium titanate  

Barium titanate (BaTiO3) is the first perovskite ferroelectric discovered and still widely utilized in 

variety of applications. BaTiO3 has a Curie temperature at 120°C and passes under three structural 

phase transitions as temperature is lowered; cubic to tetragonal, tetragonal to orthorhombic, and 

orthorhombic to rhombohedral at 120°C, 5°C, and -90°C, respectively [19]. At each phase 

transformation, there is temperature hysteresis of several degrees K present between transition 

temperatures during cooling and heating. Applied pressure was revealed to affect the phase 

transformation in BaTiO3. Samara examined the temperature dependence of the phase transition 

under hydrostatic pressure and observed that the transition temperature of orthorhombic to 

rhombohedral phases has decreased by 4K under applied hydrostatic pressure of 4 kbar [23].   

 

2.3.2. PZT solid solutions  

Multiple phases exist in the Pb(Zr1-xTix)O3 solid solution (PZT). At ambient conditions, PbZrO3 

and PbTiO3 exhibits antiferroelectric orthorhombic and ferroelectric tetragonal phases respectively. 

As the ratio Zr:Ti changes, the material properties are modified accordingly and the crystal 

undergoes structural transformations at specific compositions. The phase diagram determined by 

Jaffe[23], as shown in Figure 2.4 with some modifications, displays that the PZT undergoes 

antiferroelectric orthorhombic to ferroelectric rhombohedral and ferroelectric rhombohedral to 
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ferroelectric tetragonal phase transformations as Ti4+ content increases to approximately x = 0.05 

and 0.48, respectively.  

The lines separating two phases are called morphotropic phase boundaries (MPB). In the proximity 

of the MPB near x = 0.48, the stability of phases is weakened and thus rotation of polarization is 

enhanced. This leads to excellent dielectric and piezoelectric responses, and therefore 

compositions close to the MPB of two ferroelectric phases have attracted considerable attention 

for many years. The phase diagram also shows temperature dependence of phase at 0°C and above. 

It is also shown that the Curie temperature is gradually increasing from 230°C to 490°C as Ti4+ 

content increases.  

 

Figure 2.4. Phase diagram of PZT system (AFEo – antiferroelcetric orthorhombic, FEr(HT) – high 
temperature ferroelectric rhombohedral, FEr(LT) – low temperature ferroelectric rhombohedral, FEt 
– ferroelectric tetragonal, PEc – cubic paraelectric). Adopted from [19] and modified by  [24].  
 

Jaffe’s phase diagram was widely accepted more than 40 years as originally constructed. In 1999, 

Noheda revealed an unreported ferroelectric phase in PZT and modified Jaffe’s phase diagram 
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[25]. Noheda utilized the high resolution synchrotron X-ray powder diffraction (XRD) technique 

to study the structure of a composition close to the MPB at x = 0.48 over a wide temperature range. 

On cooling, the composition showed the expected tetragonal phase down to ~27 ºC, but below this 

temperature new XRD patterns appeared that were not compatible with either of rhombohedral, 

tetragonal, or mixture of two phases. The new XRD patterns rather indicated a monoclinic phase 

with a unique polar axis, and this phase is present over a few % Ti4+ range near the MPB at low 

temperature as shown in Figure 2.7. The ferroelectric rhombohedral phase is subdivided into high 

temperature ferroelectric rhombohedral and low temperature ferroelectric rhombohedral, and they 

have slightly different symmetries (FEr(HT) – R3m, FEr(HT) – R3c). 

Materials with a composition near the MPB near x = 0.05 can undergo phase transformations 

between antiferroelectric and ferroelectric phases under external field. Phase transformation from 

a polar ferroelectric to a non-polar antiferroelectric results in instant release of electrode charge 

and this phenomenon can be utilized in applications that necessitate a high voltage and high power 

electric pulse. The phase transformation also involves a large volumetric expansion (AFE to FE) 

and contraction (FE to AFE) of up to 1% and this phenomenon can be utilized as high strain 

actuators. Another important antiferroelcetric feature is its high AFE-FE switching field and low 

dielectric permittivity that are suitable for high energy storage and release applications. Recently, 

their excellent pyroelectric and electrocaloric effects during phase transitions between FE and AFE 

have been investigated for thermal energy harvesting and refrigeration applications.  

 

2.3.3. PLZT system 

Addition of La3+ to the conventional PZT system is frequently used to modify material properties. 

La3+ replaces Pb2+ in the PZT lattice unit cell (Pb1-3/2xLax(Zr1-yTiy)O3), and this new material 
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system is commonly abbreviated as PLZT. The compositional phase diagram is shown in Figure 

2.5. The mixed phase region can be any combination of regular phases of PLZT, La2Zr2O7, and 

La2Ti2O7.  

There is a new phase called slim loop ferroelectrics (SFE) that is not observed in PZT system. 

When La3+ is added to replace an A-site ion Pb2+, it induces a lattice vacancy for electric charge 

mismatch and leads to disrupt translational periodicity of the lattice. La3+ substitution and the 

associated lattice vacancy break the long-range interactions between ferroelectric clusters [26]. 

Above a critical amount of La3+ substitution, decoupling is sufficiently strong that the long-range 

ferroelectric interactions are destroyed and nano-polar domain clusters are established [27]. 

Correspondingly, the La3+ doped PZT shows relaxor behavior with slim and slanted hysteresis on 

macroscopic scale.  It has been repeatedly observed that La3+ substitution also stabilizes the AFE 

phase in materials near the AFE/FE morphotrophic phase boundary.  

 

 

Figure 2.5. Room temperature phase diagram of PLZT. (AFEo – antiferroelcetric orthorhombic, 
FEr – ferroelectric rhombohedral, FEt – ferroelectric tetragonal, SFE – slim ferroelectric, PEc – 
cubic paraelectric, MPh – mixed phase). Adopted from [1]. 
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2.3.4. PLZST solid solutions 

A new PZT-type solid solution system including substitution of Sn4+ ion was developed in the 

1990’s [28]. Unlike La3+, addition of Sn4+ to the PZT system replaces the B-site ions Zr4+ and Ti4+ 

in the lattice. The new system has chemical formula of Pb1-3/2xLax(Zr1-y-xTiySnz)O3 and is typically 

abbreviated as PLZST or PLSnZT. In this dissertation PLZST will be used. Since its development, 

the PLZST system with 2% La3+ content has been extensively investigated. The phase diagram of 

Pb0.97La0.02(Zr1-y-xTiySnz)O3 is shown in Figure 2.6 and many studies reporting the effect of 

Zr:Sn:Ti ratio on 2% La3+ doped PLZST are available [29]–[31].  

 

 

Figure 2.6. Phase diagram of PLZST system. (AFEt – antiferroelcetric tetragonal, AFEo – 
antiferroelcetric orthorhombic, FEr(LT) – low temperature ferroelectric rhombohedral, FEr(HT) – 
high temperature ferroelectric rhombohedral, FEt – ferroelectric tetragonal), adopted from [28]. 
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Sn4+ substitution against Ti4+ stabilizes an antiferroelectric phase. However, Sn4+ substitution 

introduces a new antiferroelectric phase, antiferroelectric tetragonal, that is not observed in the 

PZT or PLZT systems. The phase transformation between FEr and AFEt in PLZST materials is 

distinguished from the phase transformation between FEr and AFEo in PZT materials by its 

reduced transformation stress and electric fields. It was experimentally observed that the electric 

field to induce the AFEt to FEr phase transformation in many PLZST materials (typically lower 

than 5MV/m) is lower than AFEo to FEr phase transformation electric field in many PZT materials 

(typically higher than 5MV/m). Also, it is experimentally observed that the hydrostatic pressure to 

drive FEr to AFEt phase transformation in PLZST materials (typically lower than 300MPa) is lower 

than FEr to AFEo phase transformation hydrostatic pressure in PZT materials (typically higher than 

300MPa). The numbers of phase transformation thresholds provided in parenthesis were adopted 

from some of experimental results but should not be taken strictly since they are composition-

dependent.  

PZT and PLZST system materials also have different temperature dependences of phase 

transformations. In PZT materials, increase in temperature induces AFE to FE and FE to PE phase 

transformations while in PLZST materials, increase in temperature induces FE to AFE and AFE 

to PE phase transformations.  

 

2.4.  Ferroelectric domain switching 

Electric dipoles of unit cells in ferroelectric material are usually not uniformly aligned throughout 

the whole material along the same direction since this is energetically unfavorable [32]. They are 

rather aligned in a number of different directions but in an ordered manner to minimize the free 

energy in the material. A region with all elementary dipoles aligned in the same direction is called 
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a ferroelectric domain, and the interface between ferroelectric domains with different spontaneous 

polarization directions is called a ferroelectric domain wall. Domain walls are the transition region 

where a direction of polarization from one domain gradually switches over to another direction of 

polarization in a neighboring domain. The orientation of domain walls eliminates the jump in the 

normal component of electric displacement and the tangential jump of displacement. When a 

spontaneous polarization develops, the resultant bound charge results in a depolarization electric 

field that opposes to the spontaneous polarization [33]. Such domain structure forms to minimize 

the free energy of whole crystal which is determined by sum of electrostatic energy of 

depolarization field, elastic energy associated with the mechanical constraints, and domain wall 

energy [32]. The resulting domain structure has profound impact on dielectric and  piezoelectric 

properties and ferroelectric polarization switching. The magnitude of depolarization field may be 

very strong (on the order of 1-100’s MV/m) and this causes the formation of single-domain 

structures to become energetically unfavorable.  

The domain structure is dependent on the crystal structure of unit cell. In ferroelectrics with the 

tetragonal phase, the neighboring domains can be either antiparallel (180° domain wall) or 

perpendicular (90° domain wall) to each other. The rhombohedral phase gives rise to 109.5° and 

70.5° domain walls. Electrostatic energy of depolarization can be minimized by both 180° and 

non-180° domain walls, and elastic energy can be minimized only be non-180° domain walls.  

Ceramic materials are further broken into multiple crystallites (grains) with random orientations. 

The interface between grains is called a grain boundary which is a type of 2D defect. Pores and 

cracks may be induced in polycrystalline materials and such defects are types of 3D defects. The 

ordered pattern of domains and domain walls in a crystallite is discontinuous at the defects. The 

macroscopic net (volume average) polarization is called remnant polarization, and the magnitude 
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of remnant polarization is typically less than that of spontaneous polarization due to existence of 

domains, grains, and defects. Figure 2.7. illustrates the subgroup of polycrystalline ferroelectric 

ceramic.  

 

Figure 2.7. Illustration of multi-scale subgroups of ferroelectric ceramic.  

 

The external loadings (stress, electric field, temperature) above a certain degree of magnitude can 

re-orientate the spontaneous polarization (variant switching) and result in formation of new 

domain structure through domain wall motion. The presence of domain structure and variant 

switching is responsible for the nonlinear behavior of ferroelectrics. Figure 2.8 shows an 

electrically-driven nonlinear hysteretic behavior of ferroelectric materials, and this particular 

measurement, called a D-E curve, is very often employed as a tool to characterize ferroelectric 

materials. As electric field increases, the domain walls start to move and at certain critical electric 

field the direction of spontaneous polarization flips to a new direction. This restructures domain 

structures instantaneously and results in a relatively large change in remnant polarization when 
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viewed at the macroscopic scale. When an electric field is further increased in the same direction, 

dipole moments are forced to align with the direction of the electric field and form single 

ferroelectric domain state in single crystals unless the applied electric field causes a material failure. 

When electric field is removed, a multiple domain structure is typically formed again.  

 

 

 

Figure 2.8. A schematic drawing of large field ferroelectric electric displacement versus electric 
field (D-E) hysteresis curve. 
 

2.5. Antiferroelectrics 

Antiferroelectrics are a unique class of ferroelectrics in which an electric dipole is ordered 

antiparallel to neighboring dipoles and this leads to the net macroscopic polarization to be 

negligible [22]. A ferroelectric phase can be induced from the  antiferroelectric phase when a 
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sufficiently large electric field is applied. A ferroelectric phase can be transformed into an 

antiferroelectric phase when a hydrostatic component of applied stress exceeds a critical value.  

In 1951, when realizations of antiferroelcetrics had not been observed, Kittel introduced the 

concept of antiferroelectric for the first time and developed a simplified model of antiferroelectrics 

based on free energy thermodynamic consideration and two identical interpenetrating lattices with 

polarization Pa and Pb [34]. In the same year, Shirane reported experimental results which he used 

to explain the antiferroelecticity of PbZrO3 [35]. He measured D-E hysteresis of PbZrO3 with an 

electric field of 3MV/m at temperature from 25°C to 245°C. He observed a linear D-E curve at 

lower temperature region and noticed upward and downward curvatures with forward and reverse 

electric field at higher temperature region. Based on this anomalous dielectric response, he 

schematically showed the anomalous hysteresis curve of antiferroelectrics as shown in Figure 2.9. 

Still the same year, Sawaguchi examined the structure of PbZrO3 with x-ray analysis and 

concluded that the results cannot be understood unless PbZrO3 is antiferroelectric. His conclusion 

was based on the results that the ratio of unit cell parameters co/ao is less than 1, where co is the 

unit cell length of polarization direction and ao is the length perpendicular to co [36]. Cross derived 

the intrinsic switching path for the electric field forced transition from antiferroelectric to 

ferroelectric states based on Kittel’s simple model of antiferroelectrics [37]. The switching curve 

achieved from his computation was qualitatively similar to the double hysteresis curve of 

antiferroelectrics.    

AFE to FE phase transformation cannot be always observed in all existing antiferroelectric 

materials because a large electric field applied may cause dielectric breakdown before the 

transformation is induced. Instead, electric field-induced AFE to FE phase transformation can be 

observed in those antiferroelectrics that are compositionally located near the MPB between the FE 
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and AFE phases and have low free energy barrier between the two phases that can be overcome 

by an application of electric field. At AFE phase when no electric field is applied, the remnant 

polarization is negligible as illustrated in Figure 2.9. As electric field is increased, the electric 

displacement also linearly increases due to dielectric effect. When electric field is increased above 

a critical value, the group of electric dipoles that were pointing in antiparallel direction to applied 

electric field reverses their directions to form a ferroelectric domain structure. This results in a 

dissimilar hysteretic behavior to that of ferroelectric materials. The D-E curve of antiferroelectric 

is often called double hysteresis loop as it contains two ferroelectric hysteresis loops.  

 

 

Figure 2.9. A schematic drawing of large field antiferroelectric electric displacement versus 
electric field (D-E) hysteresis curve. 
 

Phase transformations between AFE and FE phases can also be facilitated by pressure (or stress) 

and temperature. Berlincourt addressed the effects of hydrostatic pressure, electric field, 

temperature, and composition on the phase transformations between FE and AFE and mapped out 
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the (Pb0.99Nb0.02)((Zr1-xSnx)1-yTiy)0.98O3 [38]. Fritz mapped out temperature-pressure phase 

diagrams for PZT 92/8, 94/6, and 95/5 using hydrostatic pressure experiments with small electric 

field oscillations to monitor the dielectric permittivity [39]. Valadez extended this approach and 

measured the coupled effects of temperature, hydrostatic pressure, and large bipolar electric field 

on the phase transformation behavior of PZT 95/5 [40]. Their experimental works verified that 

hydrostatic pressure drives FE to AFE transition since AFE state energetically favors small unit 

cell volume. A multiaxial model to describe FE-AFE transition was also introduced by 

Montgomery and Robbins [41], [42]. The effect of temperature on phase transformations between 

FE and AFE phases varies over materials.  

 

2.6. Modeling techniques 

Mechanism based models of ferroelectric materials helps to understand the underlying 

mechanisms of ferroelectric behavior and provide preliminary design of any ferroelectric devices. 

This section provides a brief overview of modeling techniques. 

The finite element method (FEM) has been used to model the linear piezoelectric and nonlinear 

ferroelectric hysteric behaviors. Allik and Hughes developed the first linear piezoelectric model in 

1970 and their work was widely adapted [43]. Linear piezoelectric finite element formulation is 

now commercially available. Micromechanics models to capture domain switching and hysteric 

behaviors have been established by Hwang and Lynch [44], [45] who employed the work energy-

based switching criterion. A micromechanics model was further developed by Kamlah and Landis 

et al. [46]–[51].  

The phase field modeling technique allows the modeling of the domain evolutions and interactions, 

at a length scale down from micromechanics. Phase field modeling uses the thermodynamic 
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arguments that have been first established by the Landau in 1930’s [52], [53]. Landau noted that a 

system cannot change smoothly between two phases of different symmetry and then characterized 

the transition in terms of an order parameter, a quantity that is zero in the high-symmetry phase 

and continuously changes to a finite value once the symmetry is lowered [52]–[54]. Landau’s 

symmetry-based treatment of phase transitions was first applied to the case of ferroelectrics in 

1950’s by Devonshire [80],[81] who established the Landau-Devonshire theory. He proposed a 

description of ferroelectric behavior using polarization as order parameter, and his theory has 

become the foundation for thermodynamic treatment of ferroelectrics [56]–[58].  

First principles calculations of the structure and properties of ferroelectric materials have been 

shown to yield valuable information about the origin of their behavior at the atomic-scale level 

[59]–[63]. In 1992, Cohen reported the results of first principles calculations on two classic 

examples of perovksite ferroelectrics, BaTiO3 and PbTiO3 and demonstrated that the hybridization 

between titanium 3d states and the oxygen 2p states is essential for ferroelectricity  [64]. The 

different behavior of two materials was also explained. In PbTiO3, the lead and oxygen states 

hybridize, leading to a large strain that stabilize the tetragonal phase, whereas in BaTiO3 the 

interaction between barium and oxygen is completely ionic, favoring a rhombohedral structure. 

The results are based on zero absolute temperature. The first principles calculations of ferroelectric 

behavior under mechanical and electrical loading and at finite temperature are challenging but 

some results have become available at a limited level [65]–[68].   
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Chapter 3 

 

Experimental Characterization of Phase Transformation Behavior 
in La-doped Pb(Zr, Sn, Ti)O3 Ferroelectric Ceramics and Effects of 

Composition Modification 
 

 

3.1. Introduction 

A doped lead zirconate titanate composition located on the ferroelectric side of a morphotropic 

phase boundary (MPB) between the ferroelectric (FE) and antiferroelectric (AFE) phases can be 

transformed into the antiferroelectric phase by hydrostatic pressure [38], [39], [69]. This FE to 

AFE phase transformation is accompanied by a rapid release of electrode charges and a volume 

contraction of up to 1%. The possibility for rapid depolarization under shock compression makes 

this material attractive for high-voltage and high-power applications. The FE to AFE phase 

transformation behaviors of PZT 95/5-type ferroelectrics have been extensively investigated since 

the 1960’s [70]–[73].  

PZT 95/5-type ferroelectrics have a large hydrostatic pressure threshold for the FE to AFE phase 

transformation. They are often used in a shock environment where they require a high magnitude 

of shock compression to completely depolarize. La-doped Pb(Zr, Sn, Ti)O3, PLZST compositions 

have been widely studied since the 1990’s because they exhibit relatively low FE to AFE phase 

transformation threshold pressures compared to other PZT 95/5-type ferroelectrics [74], [75]. 

PZT 95/5-type and PLZST ferroelectrics can occur in different phases. PZT 95/5-type 

ferroelectrics are compositionally located close to the MPB between the ferroelectric 

rhombohedral (FER) and antiferroelectric orthorhombic (AFEO) phases while PLZST materials are 
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compositionally located close to the MPB between the ferroelectric rhombohedral (FER) and 

antiferroelectric tetragonal (AFET) phases [19], [31]. These two materials undergo different phase 

transformation sequences with increasing temperature. As temperature increases, PZT 95/5-type 

ferroelectrics undergo AFEO, FER, to paraelectric phase (PE), while PLZST ferroelectrics undergo 

FER, AFET, to PE [19], [76]. The temperature driven FE to AFE phase transformation in PLZST 

makes them a promising material for pyroelectric sensors and electrocaloric refrigeration 

applications [77]–[80].  

The FE to AFE phase transformation threshold and other ferroelectric behavior and properties can 

be tuned by composition modification [81]–[83].  For instance, the relative FE and AFE phase 

stability of PLZST can be manipulated by changing the Sn:Ti ratio [83]. Higher Sn:Ti stabilizes 

the AFE phase. However, composition modification to change one targeted ferroelectric property 

will also cause unwanted change of other material properties, and therefore compositional 

modification of properties needs to be carefully considered. Although evidence of these phase 

transformations is present in measurements of dielectric constant as a function of temperature and 

pressure, little or no data exists on the effects of combined thermal, mechanical, and electrical 

loading to amplitudes on the electric displacement – electric field hysteresis loops under the 

forward and reverse transformations.  

In this study, phase transformation between FE and AFE phases of PLZST ceramic subjected to 

hydrostatic pressure, temperature, electric field, and composition modification were 

experimentally characterized. Many of the observed features were explained using a 

thermodynamics based model.  
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3.2. Experimental Procedures 

3.2.1. Specimen Preparation 

PLZST ceramics were prepared by a solid-state reaction route using oxide precursors. The 

precursors used were high purity (>99.9 mol%) (PbCO3)2Pb(OH)2 (Hammond, In, USA), La2O3 

(Inframat Advanced Materials LLC., CT, USA), ZrO2 (Magnesium Elektron Inc., NJ, USA), SnO2 

(Triple S Chemical Products Inc., CA, USA), and TiO2 (Ishihrara Sangyo Kaisha Ltd., Japan). One 

gram of each precursor was heated to 300 °C at the rate of 5 °C/min, held for an hour, and cooled 

down to room temperature at the natural cooling rate. Through this process, any volatile impurities 

and moisture content is eliminated. The final weight was measured and the loss percent on ignition 

(LOI) was calculated based on the difference in weight for each precursor. Precursors were 

weighted out according to stoichiometric compositions of (Pb0.97La0.02)(Zr1-y-zSnyTiz)O3. Three 

compositions were prepared with the y:z values of 0.315:0.135 ,0.320:0.130, and 0.325:0.125. 

These specimens are denoted as PLZST1, PLZST2, and PLZST3, respectively, as shown in Figure 

3.1.  

The precursors were then made into slurry using deionized water and 5 wt.% dispersing agent 

(Vanderbilt Company Inc., CT, USA) to assist in dispersion of powder aggregates. Zirconia balls 

and 1 wt.% NH4OH were added into the suspension and the mixture was ball-milled for 16 hours 

to grind into finer particles and improve the homogeneity. NH4OH was added to ensure that the 

pH remained high enough to prevent Pb2+ from leaching out of the powder. The suspension was 

then poured into a Pyrex glass dish and dried in an oven at 120 °C. The resulting lumps were 

crushed into powder using a mortar and pestle, deposited into an alumina crucible with a cover, 

and fired at 800 °C for 6 hours with the heating rate of 5 °C/min. The powder was then cooled 

down to room temperature at the natural cooling rate. The calcined powder turned yellow from 
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white. This calcination process decomposes white lead into lead oxide and partly pre-crystalizes 

the product. The calcined powder, which generally has coarse particles, was made into a 

suspension again with the same additives and subjected to another ball-milling, drying, and 

crushing processes to obtain fine particles.  

 

Figure 3.1. The PLZST composition phase diagram with locations of the three compositions of 
study. (FER(LT): low-temperature ferroelectric rhombohedral, FER(HT): high-temperature 
ferroelectric rhombohedral, AFET: antiferroelectric tetragonal, and AFEO: antiferroelectric 
orthorhombic) 
 

A 3 wt.% polymer binder (Rohm and Haas Company, PA, USA) was mixed with the calcined 

powder using acetone as a solvent, and the binderized powder was uniaxially compressed at 2000 

psi into disc pellets of ½ -inch diameter. The compacted discs were placed in the alumina crucible 

with cover and sintered at 1200 °C for 2 hours at the heating rate of 5 °C/min. A Pt foil was inserted 

between the discs and the alumina crucible to prevent reaction-diffusion processes. An alumina 

boat filled with 4g of PbO powder was placed next to the discs inside the crucible to provide a Pb-

rich environment and prevent volatile Pb loss from specimens.  
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The resulting dense ceramic discs had approximately 11mm of diameter. The discs were sanded 

to a designated thickness and surface was polished with diamond compounds. Electrodes were 

generated on two opposite surfaces with Au by a physical vapor sputtering deposition. Wires were 

connected onto electrodes using a conducting silver epoxy and baked at 65 °C for 1 hour to enhance 

the adhesion.  

 

3.2.2. X-ray powder diffraction and LCR measurement 

Crystal structure of the sintered specimen was confirmed by X-ray power diffraction technique 

(PANalytical X’Pert Pro). PLZST1-3  were subjected to Cu Ka radiation (l = 0.154060 nm) with 

a scanning step of 0.017° 2q and a scanning time of 0.3° 2q/min. This process was repeated for 

electrically-poled and hydrostatically post-pressurized PLZST2 specimens. Peak information was 

extracted from diffraction patterns by using PANalytical X’Pert Highscore Plus software. The 

software employs the Pseudo-Voigt profile function as peak fitting algorithm. Peaks were 

identified and indexed with pseudo-cubic indexing system. The peak parameters were used to 

determine the crystal structure, the lattice parameters, and the volume of a unit cell. The 

temperature dependence of the dielectric properties of the specimen was measured at 1 kHz using 

an LCR meter (Agilent 4284A).    

 

3.2.3. Hydrostatic Pressure Chamber 

A diagram of experimental arrangement is shown in Figure 3.2. PLZST specimen is placed inside 

the cylindrical high-pressure chamber filled with Monoplex DOS, which acts as an electrically-

insulating, heat-transferring, and working liquid. The cylindrical pressure chamber (Harwood 

Engineering Co.) has dimensions of 1-in. diameter and 3.5-in. depth. Pressure is provided by a 
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high-pressure pump, and the system is able to apply hydrostatic pressure of up to 1.3 GPa. Electric 

field is applied using a signal generator in conjunction with a high-voltage amplifier. Electric wires 

are connected through the specially-designed feedthroughs that are tightly sealed to prevent any 

liquid leak under high-pressure. The electrical return side of wires is connected to a 10 µF capacitor 

to form a Sawyer-Tower circuit. The capacitor is connected to a high impedance electrometer to 

monitor the voltage across the capacitor which is then converted into the electric displacement on 

the specimen. The input (from the signal generator) and output (from the electrometer) voltage 

signals are recorded with a data acquisition device (DAQ) and post-processed. Temperature is 

controlled using a PID controller connected to a heating element within the pressure chamber. The 

system services at temperature of up to 250 ºC 

 

 

Figure 3.2. Diagram showing experimental arrangement of hydrostatic pressure, temperature, and 
electric field characterization.  
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3.3. Experimental Results 

3.3.1. Material structure analysis 

Figure 3.3(a) displays the {002} reflections of XRD patterns for the three different PLZST 

compositions in their as-sintered states. The PLZST specimens are compositionally located in the 

vicinity of the MPB between the FER and the AFET phases, and the double peaks in {002} 

reflection indicates presence of the AFET phase. Although the XRD patterns of all three 

compositions exhibit double peaks, they have the different peak intensity ratios of (200) reflection, 

at higher 2q, to (002) reflection, at lower 2q. For a pure AFET phase, the peak intensity ratio of 

(200) to (002) is 1/2, and any ratio lower than 1/2 indicates that the measured (002) reflection is a 

combination of (002) reflections of the FER and the AFET since they have similar interplanar 

spacing. The peak intensity ratios of as-sintered PLZST1-3 were calculated to be 0.22, 0.34, and 

0.44, respectively, and this indicates that the ratios of the AFET to the FER phases are 

approximately 0.39, 1.06, and 3.67, respectively. This shows that the relative stability of the AFET 

and the FER phases can be effectively manipulated by composition modification.  

Figure 3.3(b) displays the {002} reflections of XRD patterns for the as-sintered, electrically poled, 

and hydrostatically post-pressurized states of the PLZST2 composition. The ratios of the AFET to 

the FER phases were calculated to be 1.06, 0.26, and 0.89 for the as-sintered, poled, and post-

pressurized states, respectively. This indicates that the electric field induced the AFET to FER phase 

transformation and the hydrostatic pressure induced the FER to AFET phase transformation. Since 

the ratio AFET:FER is to be 0 for the pure FER and indefinite for the pure AFET, the estimated 

ratios still show that all three states still have mixed phases. This indicates that a portion of the 

electric field-induced FER phase was returned to the AFET phase electric field is removed and a 



	39	

portion of the hydrostatic pressure-induced AFET phase was switched back to the FER hydrostatic 

pressure is released.  

 

 

Figure 3.3. {002} reflections of XRD patterns of (a) the three different PLZST compositions in 
their as-sintered states and (b) the three different states of PLZST2 (as-sintered, poled, and post-
pressurized). 
 

The XRD patterns of poled PLZST2 and as-sintered PLZST3 compositions were used to determine 

the lattice parameters and the unit cell volume of the FER and the AFET phases, respectively. The 

2q value of each peak was converted into the d-spacing using the Bragg’s law, and combined with 

the interplanar spacing equations to give results for the lattice parameters, a = 4.099 Å and a = 

89.89º for the FER phase and c = 4.076 Å and a = 4.100 Å  for the AFET phase. Based on these 

values, the unit cell volumes of the FER and the AFET were calculated to be 68.87 Å3 and 68.52 

Å3, respectively, resulting in a volume reduction of 0.51% during the FER to AFET phase 

transformation.  

Figure 3.4 shows the temperature dependences of dielectric permittivity for the poled PLZST1 and 

the poled PLZST2. Two dielectric anomaly points were observed for each composition. The 

dielectric anomalies observed at lower temperatures, 62°C and 79°C, are a sign of the FER to AFET 

phase transformation and they were not observed in the as-sintered and the post-pressurized 
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specimens. The higher dielectric anomalies temperatures, 131°C and 148°C, are the Curie 

temperatures of the materials, and the dielectric anomalies are owing to a structural transformation 

from the lower-symmetry AFET to  the high-symmetry cubic paraelectric phase (PEC). The 

observed wide transition range near Tc indicates the diffuse phase transformation.  

 

 

Figure 3.4. The temperature dependences of dielectric permittivity of poled PLZST1 and tpoled 
PLZST2 measured at 1kHz.   
 

3.3.2. Hydrostatic pressure- and temperature-driven FER to AFET phase transformation 

The FER and the AFET phases are hereafter denoted as FE and AFE otherwise specified. Figure 

3.5(a) shows the depolarization behaviors of the three poled PLZST compositions with increasing 

hydrostatic pressure at ambient temperature. The remnant polarizations of the PLZST1-3 were 

measured to be 0.306, 0.270, and 0.241 C/m2, respectively. For the PLZST1 and the PLZST2, the 

remnant polarization initially decreased constantly with increasing hydrostatic pressure and started 

to reduce at a faster rate when the applied pressure reached a certain pressure value. The remnant 

polarization of PLZST3 soon drops rapidly as hydrostatic pressure was applied. The rapid 

depolarization is a consequence of the FE to AFE phase transformation. Hydrostatic pressure-
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induced FE to AFE phase transformation threshold shifted from 190, 80, to 20 MPa as composition 

was varied from the PLZST1 to the PLZST3. The hydrostatic pressure threshold is referred to the 

loading value at which the FE to AFE phase transformation begins. It is noted that the remnant 

polarization was approximately 0.24 C/m2 for all three compositions when the FE to AFE phase 

transformation initiated.  

Figure 3.5(b) shows the depolarization behaviors of the three PLZST compositions with increasing 

temperature at ambient pressure. Similar to the hydrostatic pressure-driven depolarization 

behaviors, the remnant polarizations of PLZST1 and PLZST2 initially decreased constantly with 

increasing temperature and started to reduce at a faster rate when the temperature was increased to 

a certain value. The remnant polarization of PLZST3 soon drops rapidly as temperature was 

increased. Temperature threshold shifted from 66, 55, to 30 °C as composition was varied from 

the PLZST1 to the PLZST3. Similarly, the remnant polarization was around 0.24 C/m2 for all three 

compositions when the FE to AFE phase transformation initiated.    

 

 

Figure 3.5. The depolarization curves of three PLZST compositions under (a) hydrostatic pressure 
and (b) temperature.  
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Table 3.1 summarizes the values of the depolarization behaviors of three compositions under 

hydrostatic pressure and temperature. The hydrostatic pressure and temperature values in 

parenthesis are the overall loading ranges for FE to AFE phase transformation.  

 

Table 3.1. Depolarization behavior of three compositions under hydrostatic pressure and 
temperature 

composition AFET:FER  Dr (C/m2) Threshold hydrostatic 
pressure (MPa) 

Threshold temperature 
 (°C) 

PLZST1 0.39 0.306 190 (190 - 300) 66  (66 - 82) 
PLZST2 1.06 0.270 80 (80 - 140) 55 (55 - 65) 
PLZST3 3.67 0.241 20 (20 - 90) 30 (30 - 40) 

 

3.3.3. Electric field-induced AFET to FER phase transformation under hydrostatic pressure and 
temperature  
 
The sets of D-E loops in Figure 3.6(a) and 3.6(b) display the changes in ferroelectric hysteretic 

behaviors of PLZST1 under hydrostatic pressure at 184, 247, and 300 MPa, and temperature at 60, 

75, and 90 °C, respectively, and these loading values are equivalent to the loading values at the 

start-, mid-, and end-values of the FE to AFE phase transformation loading range as represented 

in Figure 3.6(c). These specific loading values are denoted as 𝜎hs, 𝜎hm, and 𝜎he, and Ts, Tm, and Te, 

respectively. The figures show the transition of typical FE hysteresis loops to the AFE double 

hysteresis loops as hydrostatic pressure or temperature passes over the three specific loading values. 

The hysteresis loops at loadings of 𝜎hs and Ts are that of typical ferroelectric materials. The double 

hysteresis loops appeared as loadings increased to 𝜎hm and Tm, but ther material still has significant 

values of the remnant polarization, meaning the complete FE to AFE phase transformation has not 

been reached at 𝜎hm and Tm. At 𝜎he and Te, the clear AFE double hysteresis loops were developed 

and the remnant polarization became negligible, indicating that the FE to AFE phase 

transformation was completed at 𝜎he and Te.  
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Figure 3.6. Ferroelectric hysteretic behavior of PLZST1 under (a) hydrostatic pressure at 𝜎hs, 𝜎hm, 

and 𝜎he, and (b) temperature at Ts, Tm, and Te. (c) Representation of start-, mid-, and end-values of 
the FE to AFE phase transformation loading range. 
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The D-E loops under two different types of loading observed in Figure 3.6(a) and (b) show 

different ferroelectric hysteretic behaviors. The D-E loops at 𝜎he and Te are selected for a 

comparison since they represent the state just after the complete FE to AFE phase transformation. 

The FE to AFE coercive electric field is larger when the specimen was subjected to hydrostatic 

pressure than temperature. The hysteresis width, difference between the forward and reverse 

coercive electric fields, is also larger when the specimen was subjected to hydrostatic pressure than 

temperature. This can be best explained by different domain states caused by the two different 

loadings although they have the same AFE phase. The PLZST material of this study shows the FE 

to relaxor FE transition as temperature increases. This indicates that the nanopolar domain 

structure is formed at high temperature and the loss generated during the electric field-excited 

domain wall motion is greatly reduced. This particular domain state is believed to result in a 

narrower hysteresis and smaller coercive field.  

 

 

Figure 3.7. PLZST1 phase diagram under combined loadings of (a) electric field and hydrostatic 
pressure and (b) electric field and temperature. 
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The electric field – hydrostatic pressure and the electric field – temperature phase diagrams can be 

established using the D-E plots under various hydrostatic pressure and temperature. The forward 

and reverse coercive electric fields at different pressure and temperature are used to construct the 

phase boundaries. Figure 3.7(a) is the phase diagram of PLZST1 under electric field and 

hydrostatic pressure and Figure 3.7(b) is the phase diagram under electric field and temperature. 

As hydrostatic pressure increases, the ferroelectric coercive field remained constant up to 85 MPa 

and started to increase with further increase of hydrostatic pressure. At lower than 85 MPa, the 

material shows a “D”-shaped D-E loop as shown in black line in Figure 3.6(a). Between the 

hydrostatic pressures of 85 and 200 MPa, the D-E loop showed a thick “S”-shaped loop as shown 

in blue line in Figure 3.6(a). Above 200 MPa, the FE to AFE reverse coercive electric field became 

a positive value and the D-E loop showed a double “D”-shaped loop as shown in red line in Figure 

3.6(a). Both the forward and reverse coercive electric fields linearly increase with increasing 

hydrostatic pressure.  

In the electric field – temperature phase diagram, the ferroelectric coercive electric field decreases 

with increasing temperature up to 60 °C. A “D”-shaped hysteresis loop was observed at 

temperature lower than 60 °C and the thick “S”-shaped hysteresis loop was observed at 

temperature greater than 60 °C and lower than 75 °C. Above 75 °C, the FE to AFE reverse coercive 

field became a positive value and the hysteresis loop became a double “D”-shaped loop. Both the 

forward and reverse coercive fields increased nonlinearly and the hysteresis width became 

narrower with increasing temperature up to 110 °C. The extended blue and red dashed curves of 

the forward and reverse coercive electric fields, respectively, cannot technically pass the Curie 

temperature line at 125 °C. At temperature above 110 °C, the hysteresis loop became a slim and 

slanted “S”-shaped loop, yet not shown here, as that of many relaxor ferroelectric-type materials. 
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The values for the forward and reverse coercive electric fields above 110 °C were hardly definable 

due to the diffuse phase transformation behavior near the Curie temperature.  

 

 

Figure 3.8. Effect of a bias DC electric field (0.5, 1, and 2 MV/m) on the FE-AFE depolarization 
under (a) hydrostatic pressure and (b) temperature.  
 

3.3.4. Effect of a bias DC electric field on hydrostatic pressure- and temperature-driven FE to AFE 
phase transformations 
 
Figure 3.8(a) and 3.8(b) display the effect of a bias DC electric field on the depolarization behavior 

of PLZST1 under hydrostatic pressure and temperature, respectively. The figures were established 

using the D-E loops under various hydrostatic pressure and temperature. The spontaneous 

polarizations at electric fields of 0, 0.5, 1, and 2 MV/m were read from each D-E loop at different 

pressure and temperature values, and they were used to create depolarization curves at applied 

electric field. This indirect method was employed instead of the direct pressure- and temperature-

depolarization curves measured under a bias DC electric field. In current experiments, the rate of 

hydrostatic pressure was 10 MPa/min  and the rate of temperature was 3 °C/min. When the duration 

for the application of a bias DC electric field is long, the measured polarization values are affected 

by the leakage current, especially enormously at high temperature. The magnitude of leakage 

current is linearly proportional to the applied electric field and exponentially proportional to the 
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increased temperature [76]. The results show that with increasing bias DC electric field up to 

1MV/m, the discontinuous polarization drop of the FE to AFE phase transformation is still 

observed, and both the hydrostatic pressure threshold and the temperature threshold were increased. 

When electric field further increases, the discontinuous polarization drop disappeared.  

 

3.4. Discussion 

3.4.1. Compositional modification of the relative stability of the FE and AFE phases 

It was experimentally observed that the relative FE/AFE phases stability of PLZST compositions 

in the vicinity of the MPB between the FER and the AFET can be manipulated by modifying the 

Sn:Ti ratio. The Goldschmidt’s tolerance factor gives a loose but useful guideline to predict the 

relative stability of FE and AFE phases of the perovskite ferroelectrics when compositional 

modification is conducted. The tolerance factor assesses geometrical stability and distortion of 

crystal structure in terms of the constituent ions packing. The equation of the Goldschmidt’s 

tolerance factor is provided in eq. 3.1. 

 

𝑡 = Ei	j		Ek
;(El	j	Ek)

      (3.1) 

 

, where t is tolerance factor, and rA, rB, and rO are the radii of ions at A-, B-, and O- sites, 

respectively, in the ABO3 perovskite structure. In a geometrical view, if substituting an ion 

decreases the tolerance factor the resulting crystal structure favors the AFE phase, and if 

substituting an ion increases the tolerance factor the resulting crystal structure favors the FE phase. 

The ionic radii of Sn4+ and Ti4+ are 84 and 74.5 pm, respectively. Hence, substituting Sn4+ for Ti4+ 
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decreases the tolerance factor and the resulting crystal structure favors the AFE phase according 

to the Goldsmith’s tolerance factor.  

The FER to AFET phase transformation characteristics under hydrostatic pressure and temperature 

was greatly affected by compositional modification. As composition changes from PLZST1 to 

PLZST3, both the remnant polarization, which can be observed only in ferroelectric phase, and FE 

to AFE threshold pressure and temperature thresholds were reduced. This was resulted because 

the compositional modification toward a higher Sn:Ti in PLZST material that is currently in FE 

phase reduces the energy barrier between FE and AFE phases and a lower work done by 

hydrostatic and temperature is required to overcome the energy barrier. The ratio AFET:FER 

estimated by XRD results was used to verify the relative stability of FER and AFET phases in the 

three PLZST compositions.  

 

3.4.2. Thermodynamic consideration on the phase transformations between FE and AFE 

The experimental results showed that the ferroelectric PLZST compositions at the MPB between 

the FE and the AFE undergoes the FE to AFE phase transformation under both hydrostatic pressure 

and temperature and the threshold hydrostatic pressure and temperature can be tuned by a bias DC 

electric field and a composition variation. This section will discuss the effects of hydrostatic 

pressure, temperature, and electric field on the phase transformations between the FE and the AFE 

using the thermodynamic relations.   

Free energy, G, of two different states at the transition must be equal, and the relation can be 

written as eq. 3.2.   

 

𝑑𝐺m − 𝑑𝐺n = − 𝑆m − 𝑆n 𝑑𝑇 + 𝑣m − 𝑣n 𝑑𝜎p − 𝑃m − 𝑃n 𝑑𝐸 = 0 	 (3.2) 
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, where subscripts ‘a’ refers to the before-transition state and ‘b’ refers to the after-transition state. 

In this particular study, ‘a’ is the ferroelectric phase and ‘b’ is the antiferroelectric phase. In the 

case of hydrostatic pressure-induced FE to AFE phase transformation under constant temperature 

and electric field, eq. 3.2 is reduced to  

 

𝑑𝐺m − 𝑑𝐺n = 𝑣m − 𝑣n 𝑑𝜎p     (3.3) 

 

Gb is greater than Ga before the transition, and mathematically dGb - dGa must be negative so that 

Ga can transition to Gb. Before the transition, va, volume of the ferroelectric phase, is larger than 

vb, volume of the antiferroelectric phase, and then d𝜎h must be positive (increasing) to ensure the 

signs of both sides of eq. 3.3 to be consistent. At the transition Ga is equal to Gb and dGb - dGa 

becomes zero, and this happens when va becomes equal to vb with an applied hydrostatic pressure. 

This indicates the hydrostatic pressure thermodynamically favors the phase transformation from 

the larger volume FE to the smaller volume AFE phases.  

The PLZST material of the current study has the AFET phase at room temperature and undergoes 

FER, AFET, to PEC phase transformations as temperature increases. Eq. 3.2. is reduced to the 

temperature-only case.  

 

𝑑𝐺m − 𝑑𝐺n = − 𝑆m − 𝑆n 𝑑𝑇     (3.4) 

 

Using the same discussion used above, Sa must be smaller than Sb (Sb - Sa > 0) before the transition 

so that Sb becomes equal to Sa with increasing temperature (dT > 0) and the temperature-driven 
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FE to AFE phase transformation occurs. Entropy as a function of polarization can be derived from 

the Landau-Devonshire free energy function.  

 

𝑆n = −	 (s
(a
= 𝑆t	 −

:
;
𝑃; (uv

(a
− :

w
𝑃w (uvv

(a
− :

x
𝑃x (uvvv

(a
	 − ⋯     (3.5) 

  

, where So is entropy at zero polarization. S is the polarization entropy and only depends on the 

magnitude of spontaneous polarization, and thus So is equal to Sb. Since Sa is smaller than Sb before 

they become equal, the polarization terms in the right hand side of eq. 3.5 must sum up to a negative 

value. The negative (uv
(a

 is essential for the ferroelectricity [55]. This leads to that if the higher 

polarization terms are neglected Sa is larger than Sb and temperature drives the AFE to FE phase 

transformation, which is not the case here. This indicates that (uvv
(a

 and the coefficients of higer 

order terms must be positive and large enough that Sa is smaller than Sb and the tempearture-driven 

FE to AFE phase transformation is thermodynamically favorable.   

When an external electric field is applied across ferroelectric materials, the electric dipoles are 

forced to align in the direction of applied electric field. In antiferroelectric materials, this is the 

force to break the antiparallel dipole arrangement and form the ferroelectric phase. In the case of 

electric field-induced AFE to FE phase transformation under constant hydrostatic and temperature, 

eq. 3.2 is reduced to 

 

𝑑𝐺m − 𝑑𝐺n = − 𝑃m − 𝑃n 𝑑𝐸 = 0    (3.6) 

 

When the material is in the AFE state, Gb is smaller than Ga before the transition. The AFE to FE 

phase transformation can happen when dGb - dGa is positive. Since Pb - Pa is always negative (Pa 
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> 0 and Pb = 0), dE must be positive to ensure the signs of both sides of eq. 3.6 to be consistent. 

At the transition Gb is equal to Ga and dGb - dGa becomes zero, and this happens when Pb becomes 

equal to Pa with an applied electric field. This indicates that the electric field thermodynamically 

favors the phase transformation from the non-polar AFE to the polar FE phases.  

 

3.4.3. Effect of a bias DC electric field on hydrostatic pressure- and temperature-driven FE to AFE 
phase transformations 
 
Previous section discussed how each of mechanical, electrical, and thermal loading acts on the 

phase transformations between FE and AFE phases. When two or more loadings are applied 

simultaneously, one loading influences on the phase transformation threshold value of the other 

loading. This section will discuss on the effect of bias DC electric field on threshold of pressure- 

and temperature-induced FE to AFE phase transformations.  

The rates of change in the hydrostatic pressure and temperature thresholds with respect to an 

applied electric field can be written as eqs. 3.7 and 3.8, respectively, using the Clausis-Clapeyron 

relations.  

 

8\z
8b

= {|}{~
�|}�~

       (3.7a) 

8a
8b
= − {|}{~

�|}�~
= 	− a {|}{~

�|}�~
      (3.7b) 

 

Since Pa > Pb, va > vb, and Sa < Sb, the rates 8\z
8b

 and 8a
8b

 are always positive, meaning that the 

hydrostatic pressure and temperature thresholds increase with electric field. This was 

experimentally verified as shown in Figure 3.8(a) and (b). Since the differences in P, v, and H 

(enthalpy) between the two states at the transition stay consistent and independent on applied fields, 
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the rate 8\z
8b

 remain constant when an electric field is applied. The rate 8a
8b

 also remains constant 

when an electric field is applied but varies as temperature changes. This indicates that the 

hydrostatic pressure threshold for the FE to AFE phase transformation increases linearly with 

applied electric field but the temperature threshold increases nonlinearly with applied electric field. 

The relationships between hydrostatic pressure threshold and applied electric field and between 

temperature threshold and applied electric field can be derived by integrating eq. 3.7(a) and 3.7(b), 

respectively, and given by 

 

𝜎p: = 𝜎p� + 	𝐸
Δ{
Δ�

         (3.8a) 

𝑇: = 𝑇t𝑒𝑥𝑝	(−
bΔ{
�
)       (3.8b) 

 

, where 𝜎h0 is hydrostatic pressure threshold at zero electric field, 𝜎h1 is hydrostatic pressure 

threshold at applied electric field of E, To is the temperature threshold at zero electric field, T1 is 

the temperature threshold at E, and L is the latent heat, the difference between the enthalpies of 

two states, Hb - Ha, at the transition that needs to be measured.  

The Landau-Devonshire free energy function is given by  

 

 D𝐺n = 𝐺t +
:
;
𝛼:𝑃; +

:
w
𝛼::𝑃w +

:
x
𝛼:::𝑃x +

:
�
𝛼::::𝑃�	 +	…	   (3.9) 

 

, where Ga is the free energy of a ferroelectric state, Go is the free energy of antiferroelectric phase 

(zero polarization), and the coefficients, a’s, are functions of temperature. The electric field can 

be deduced from eq. 3.9 and is given by  
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𝐸 = 𝛼:𝑃 + 𝛼::𝑃� + 𝛼:::𝑃� + 	…     (3.10) 

 

For the second-order transition, where all coefficients are positive except a1, there is only one 

positive solution for P when E is positive. This is graphically illustrated on the free energy-

spontaneous polarization diagram as shown in Figure 3.9(a). At fixed E, the spontaneous 

polarization is a continuous function of T as given by eq. 3.11, and any discontinuous polarization 

change will not be observed.  

 

 𝑃 = n�(a)(a}a�)
uvv(a)

     (3.11) 

 

The term ao(T)(T-To) is the expanded quantity of a1 and ao is positive and also a continuous 

function of temperature.  

 

Figure 3.9. Effect of a bias DC field on the polarization solution in (a) the second-order phase 
transition and (b) the first-order phase transition.  
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For the first-order transition, where coefficients  a1 and, say,  a11 are negative and all other 

coefficients are positive, the solution can have two different positive values for P as graphically 

illustrated in Figure 3.9(b). Therefore, a discontinuous polarization drop can be observed during 

the hydrostatic pressure and temperature-driven FE to AFE phase transformation at a fixed bias 

DC electric field if the phase transformation is the first-order. However, if the applied electric field 

exceeds a critical value, only one positive polarization solution will exist, as also shown in Figure 

3.9(b), and the spontaneous polarization become a continuous function of temperature as that of 

the second-order phase transformation. The discontinuous (rapid) polarization drop of second 

order FE to AFE phase transformation at “low” bias DC electric field and the continuous 

polarization decrease of the first order phase transformation at “high” bias DC electric field were 

also experimentally observed in Figure 3.8(a) and (b).   

 

3.4.4. Distinctions between hydrostatic pressure- and temperature-driven FE to AFE phase 
transformations 
 
Hydrostatic pressure- and temperature-driven rapid depolarization curves (Figure 3.5 (a) and (b)) 

and double hysteresis loops captured at large hydrostatic pressure and increased temperature 

(Figure 3.6 (a) and (b)) indicate that both hydrostatic pressure and temperature induce ferroelectric 

to antiferroelectric phase transformation. However, crystal structures of the antiferroelectric 

phases induced by two different types of external fields are not necessarily the same.  

A characterization result actually shows that they might be different types of antiferroelectric 

phases. In Figure 3.6 (a) and (b) the double hysteresis loops captured at hydrostatic pressure and 

temperature right after the rapid depolarization, she and Te, respectively, exhibit different large-

field behaviors. They have different coercive field values and different hysteresis width, and phase 
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transformations from different antiferroelectric phases to the ferroelectric phase may result in the 

different hysteretic behavior.  

Fritz and Keck reported pressure-temperature phase diagrams for several modified lead zirconate 

ceramics [39] and according to their work different ferroelectric materials undergo different 

pressure- and temperature-induced phase transformations. PZT 95/5-2Nb undergoes the FEr to 

AFEo phase transformation under hydrostatic pressure and does not exhibit temperature-induced 

FE to AFE phase transformation. However, increasing temperature can induce pressure-induced 

AFEo to AFEt phase transformation, indicating that AFEt phase has a larger unit cell volume than 

AFEo. PSZT 86/14-5-2Nb shows temperature-induced FEr to AFEt phase transformation and 

pressure-induced FEr to AFEo phase transformation. Temperature can also induce pressure-

induced AFEo to AFEt phase transformation. For PZT 92/8-2La and PZT 94/6-2La, both 

temperature and hydrostatic pressure induce the FEr to AFEt phase transformation, and higher 

pressure applied induced AFEt to AFEo phase transformation, indicating that AFEo has smaller 

unit cell volume than AFEt phase.  

Based on Fritz’s phase diagrams of PbZrO3-based FE to AFE phase transforming materials, we 

can deduce that AFEo has a smaller volume than AFEt and thus increasing hydrostatic pressure 

favors the smaller volume AFEo phase and increasing temperature favors the larger volume AFEt 

phase. Therefore, we can assume that the large-field behavior of under hydrostatic pressure and 

temperature in Figure 3.6 (a) and (b) reflect FEr to AFEo and FEr to AFEt phase transformations, 

respectively, although additional experimental works are required to verify the phases.  

3.4.5. Effects of compositional variation on various material properties 

The relative stability of FE and AFE phases is effectively manipulated by composition variation, 

and this can be used to tune the FE to AFE phase transformation threshold hydrostatic pressure 
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and temperature for the wider operating pressure and temperature. By doing so, the implementation 

of the FE/AFE phase transformation can be expanded to various devices in various fields. For 

example, for the ferroelectric power generators that utilize the pressure-driven FE to AFE phase 

transformation, applying the perfect hydrostatic pressure is hardly available due to the technical 

difficulty. In most cases, the pressure-driven FE to AFE phase transformation applications employ 

compressive mechanical shock to drive the FE-AFE phase transformation. Shock is considered as 

unidirectional compressive stress and causes various dynamic effects. Unidirectional, or any non-

hydrostatic, pressure induces a shear component of stress within the material that can fail the 

material before the hydrostatic component of stress reaches the threshold. These may result in the 

incomplete depolarization. This can be resolved by reducing the threshold of the material by 

compositional modification. However, the compositional modification to reduce the threshold 

loadings also modifies other material properties such as remnant polarization, dielectric 

permittivity, pyroelectric coefficient, and etc. that can be closely related to the device performance. 

Therefore, the effects of compositional variation on these material properties also need to be 

investigated.    

The pyroelectric current generated during the temperature-driven FE to AFE phase transformation 

in PLZST materials is large [77]–[80], and such materials are good candidates for electrocaloric 

refrigerators and pyroelectric thermal sensors. The temperature-dependent pyroelectric 

coefficients of the three compositions are given in Figure. 3.10. The pyroelectric coefficients were 

obtained by taking the derivative of the D(T) in 3.5(b). The peak pyroelectric coefficients were 

observed at their FE to AFE phase transformation temperature and were calculated to be 2.8, 4.0, 

and 3.7 µC/cm2K for PLZST1-3, respectively. The results imply that the temperature of peak 
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pyroelectric response can be tuned by composition modification without a large impact on the 

pyroelectric output.  

 

Figure 3.10. Temperature-dependent pyroelectric coefficient of the three PLZST compositions.  

 

The high release rate of electrode charges during the FE to AFE phase transformation is an 

attractive property for high-power and high-voltage generation and has been extensively 

investigated for the pulsed power generators [70]–[73]. Ideally, at large compressive stress, the 

maximum possible electrical energy density that can be generated can be calculated using eq. 3.12 

[83].  

 u�,��� = 	 ���

;�����
     (3.12) 

, where ue,max is the maximum possible electrical energy density and ecomp is the dielectric 

permittivity of material in the compression-induced AFE state. The relative permittivities of 

PLZST1-3 in their compression-induced AFE states were measured to be 949, 916, and 904, 

respectively. Based on the eq. 3.12 and the remnant polarizations listed in Table 3.1, the ue,max was 

calculated to be 5.6, 4.5, and 3.3 J/cm3 for PLZST1-3, respectively. This implies that the operating 
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pressure can be lowered for the mechanical to electrical energy conversion system by composition 

modification but it will also reduce the electrical energy generation.  

 

3.5. Concluding Remarks 

The 2% La-doped Pb(Zr, Sn, Ti)O3 bulk ceramic discs with the three different Sn:Ti ratios were 

fabricated, and their phase transformation behaviors bewteen the FE and the AFE phases were 

experimentally characterized under hydrostatic pressure, temperature, electric field, and 

composition modification. Both experimental results and thermodynamic analysis indicate that 

hydrostatic pressure, temperature, and higher Sn:Ti stabilize the AFE phase while electric field 

stabilizes the FE phase.  

Compositionally-induced AFE phase was verified to have tetragonal structure based on the XRD 

analysis and the composition phase diagram. Fritz and Keck reported pressure-tempreature phase 

diagrams of several PbZrO3-based FE to AFE phase transforming materials, and all have in 

common that temperature favors AFEt and increasing hydrostatic pressure favors AFEo phases 

from which we can infer that AFEo is a smaller volume antiferroelectric phase than AFEt. 

Therefore, the pressure-induced and temperature-induced AFE phases observed in PLZST material 

of study are assumed AFEo and AFEt phases, respectively, based on the fore-mentioned inference.  

The phase transformation pressure and temperature can be tuned by composition modification. 

However, a compositional modification to change one ferroelectric properties also modifies other 

material properties, and therefore effects of composition modification on the phase transformation 

threshold need to be studied together with effects on other material properties for the compositional 

modification work.  
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Chapter 4 

 

Micromechanical Modeling of FE/AFE Phase Transformations 
Under Hydrostatic Pressure and Electric Field 

 

 

4.1. Linear constitutive equations for ferroelectric materials 

Ferroelectric materials possess a spontaneous polarization and exhibit the electro-thermo-

mechanical coupling behaviors. The total electric displacement and mechanical strain of 

ferroelectric materials under external electric field, mechanical stress, thermal gradient are given 

by  

 

D����� = D�B������B� + D�B���������B� + D� ��������B� + P�   (4.1) 

e����� = e���£�B� + e�B���������B� + e�¤�������£�B� + e�    (4.2) 

 

, where Ddielectric, Dpiezoelectric, Dpyroelectric, and Po are dielectric, piezoelectric, pyroelectric, and 

spontaneous polarization contributions to the total electric displacement, respectively, and eelastic, 

epiezoelectric, ethermoelastic, and eo are elastic, piezoelectric, thermoelastic, and spontaneous strain 

contributions to the total strain, respectively.  

The linear constitutive equation for each term is given by 

 

D��B������B� = ε�¦
§,¨E¦      (4.3) 

D�
�B���������B� = d�«�

¬,¨ σ«�     (4.4) 
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   D�
� ��������B� = p�

¬,§∆T     (4.5) 

eBC���£�B� = SBC«�
¬,¨σ«�      (4.6) 

eBC
�B���������B� = d¦BC

§,¨E¦      (4.7) 

eBC�¤�������£�B� = αBC
¬,	§∆T     (4.8) 

 

, where emn, dmkl, pm, Sijkl, aij, En, skl, and DT are dielectric permittivity, strain-charge piezoelectric, 

pyroelectric, elastic compliance, thermoelastic, external electric field, external stress, and external 

thermal gradient tensors, respectively. The derivation of complete constitutive equations including 

higher order terms is provided in Sec. 2.2. Substituting eqs. 4.3 – 4.8 into eqs. 4.1 and 4.2 yields 

to  

 

D� = ε�¦
§,¨E¦ + d�«�

¬,¨ σ«� + p�
¬,§∆T + P��       (4.9) 

eBC = SBC«�
¬,¨σ«� + d¦BC

§,¨E¦ + αBC
¬,	§∆T + eBC�    (4.10) 

 

The coefficient tensors, emn, dmkl, pm, Sijkl, and aij, have 32, 33, 31, 34, and 32 individuals terms, 

respectively, but can be reduced to lower numbers of terms depending on the symmetry of crystal 

structures (tetragonal, orthorhombic, rhombohedral, etc.). The coefficient tensors of, for instance, 

tetragonal 4mm crystal structure system are provided below. The tensor index pairs of mechanical 

state variables are contracted into single index such that 11 Ò 1, 22 Ò 2, 33 Ò 3, 23 Ò 4, 31 Ò 5, 

and 12 Ò 6. The direction of spontaneous polarization is 3.  
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ε�¦ =
ε::
0
0

0
ε::
0

0
0
ε��

       (4.11) 

d¦BC =
0
0
d�:

0
0
d�:

0
0
d��

0
d:�
0

d:�
0
0

0
0
0

     (4.12) 

p� = 0 0 p�       (4.13) 

SBC«� =
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    (4.14) 

αBC =
α::
0
0

0
α::
0

0
0
α��

      (4.15) 

 

The coefficient tensors of other crystal structure systems are provided in [84]. Ferroelectric 

constitutive behaviors under external electric field, stress, and thermal gradient can be solved by 

substituting the coefficient tensors, eqs. 4.11 – 4.15, into eqs. 4.9 and 4.10. For antiferroelectrics, 

piezoelectric and pyroelectric behaviors become nonexistent as the piezoelectric and pyroelectric 

effects of a single antiferroelectric unit cell are counteracted by those of neighboring unit cells 

having the opposite directions. As a result, the piezoelectric and pyroelectric coefficient tensors 

for antiferroelectric structures are zero.   

 

4.2. Ferroelectric switching criteria 

The linear constitutive equations 4.9 and 4.10 govern the total electric displacement and strain 

responses, and there is a no structural change during the linear behavior. Under a critical loading 
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condition, a structural transformation can be induced through variant switching or phase 

transformation. These ferroelectric switching cause nonlinear behaviors and produce larger 

responses than the linear constitutive response. During the ferroelectric switching, the strain 

change is accompanied by spontaneous polarization switching. 

For the variant switching, there are numbers of possible polarization directions where a direction 

of spontaneous polarization can switch from one variant to another within the same crystal 

structure, and the possible directions are subjected to the type of ferroelectric phase. There are 6 

possible polarization directions for tetragonal, 8 for rhombohedral, and 12 for orthorhombic 

structures as shown in Figure 4.1. For a ferroelectric material that is compositionally located in the 

vicinity of a morphotropic phase boundary (MPB) between two phases, a ferroelectric phase 

located in one side of the MPB can switch to another ferroelectric phase located in the other side 

of the MPB. This can include, but not limited to, phase transformations between FET, FER, FEO, 

AFET, and AFEO. 

 

Figure 4.1. Possible polarization directions for ferroelectric tetragonal (FET), rhombohedral (FER), 
and orthorhombic (FEO) phases in the single crystal (from left to right). 
 
Switching models for the constant-temperature variant switching and constant-temperature phase 

transformation in ferroelectric single crystal can be developed using the work-energy function. 
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The sum of work done by external electric field, Em, and stress, sij, when a present variant/phase 

A is transformed to a new variant/phase B is given by 

 

W³}´ = E�∆D�³}´ + σBCeBC³}´    (4.16) 

 

, where ∆D�³}´ and eBC³}´ are differences in the electric displacement and strain, respectively, as 

the consequences of variant switching. The variant/phase switching will occur when the sum of 

works done by external fields, WA-B, exceeds the energy barrier between state A and state B, UA-

B. The energy barrier between two states in a ferroelectric single crystal is given by  

 

U³}´ = 	
E�
�,³}´∆D�³}´							at	σBC = 0			
σBC
�,³}´eBC³}´											at	E� = 0		

     (4.17) 

 

, where E�
�,	³}´ is the coercive electric field at zero external stress, σBC

�,	³}´ is the coercive stress at 

zero electric field. Following subsections demonstrates how energy barrier for variant switching, 

FE-FE phase transformation, and FE-AFE phase transformation can be determined from 

experimental results.  

 

4.2.1. Variant switching  

Schematic descriptions of an example variant switching under the coercive electric field, E�
�,	³}´, 

and the coercive stress, σ��
�,	³}´, is shown in Figure 4.2. A case for the 90° variant switching in 

tetragonal structure is used as an example for a case of ferroelectric variant switching. 
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Figure 4.2. Schematic description of variant switching under the coercive electric field, E�
�,	³}´, 

and the coercive stress, σ�
�,	³}´.  

 

The matrix forms of the external loadings and corresponding changes in the electric displacement 

and strain for this particular case are given by eqs. 4.18a – 4.18d.  

 

E�
�,³}´ = 0			0		−E�

�,³}´ ¨
     (4.18a) 

σBC
�,³}´ = 0			0			−σ�

�,³}´			0			0		0
¨

    (4.18b) 

∆D�³}´ = 0			P�,´			 − P�,³
¨

     (4.18c) 

eBC³}´ = 0 e;³}´ −e�³}´				0 0 0
¨

    (4.18d) 

 

During the variant switching, the spontaneous polarization changes in direction but their 

magnitudes remain constant, and thus P�,³  = P�,´  and correspondingly e�³}´  and e;³}´ . The 

volume change as a consequence of the variant switch, ∆v = e;³}´ − e�³}´, thus becomes zero. By 
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substituting eqs. 4.18a – 4.18d into eq. 4.17, the expression for UA-B for this particular case can be 

simplified to E�
�,³}´P�³  for the electric field-driven variant switching and σ�

�,³}´e�³}´  for the 

stress-driven variant switching. The numerical evaluations for both expressions must be equal.  

 

Figure 4.3. A free energy diagram showing the free energy states for the variants A and B and the 
energy barriers, UA-B and UB-A.   
 

A free energy-polarization diagram showing the free energy states for two variants A and B and 

the energy barrier between the two is shown in Figure 4.3. It is to be noted that the free energy 

states for the variant A and the variant B are equal to each other and the energy barrier to be 

overcome for variant A to switch to B, UA-B, is also equal to the energy barrier for reverse variant 

switching from B to A, UB-A.  

UA-B can be represented by either the product of E and P or the product of s and e, and therefore 

UA-B can be calculated from experimental results for either the D-E plot measured under zero stress 

or the e-s plot measured under zero electric field as shown in Figure 4.4(a) and (b), respectively. 

Linear constitutive responses were neglected and the responses due to switching were only 
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reflected in the plots. The variant A is switched to the variant B when an external field (E or  s) 

exceeds the coercive value (E�,	³}´  or σ�,	³}´ ), generating the polarization and strain jumps, 

∆P³}´ and e³}´, respectively. When the field is removed, the induced variant B persists since the 

variant B is still a stable variant with the same minimum free energy state as described in Figure 

4.3. The reverse variants B to A switching may occur under an reverse external field, (−E�,	´}³ or 

−σ�,	´}³), that is the same in the magnitude but the opposite in the sign with the forward coercive 

field. 

 

Figure 4.4. The computation of energy barrier for variant switching from (a) D-E plot under zero 
stress and (b) e-s plot under zero electric field of ferroelectric single crystal.  
 

The yellow and blue colored areas in Figure 4.4(a) are equivalent to the electrical work required 

to switch the spontaneous polarization from variant A to variant B, E�,³}´∆P³}´, and from the 

variant B to variant A, E�,´}³∆P´}³, respectively. Similarly, the yellow and blue colored areas in 

Figure 4.4(b) equivalent to the mechanical work required to switch the spontaneous strain from 
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variant A to variant B, UA-B = σ�,³}´e³}´, and from variant B to variant A, UB-A =  σ�,´}³e´}³, 

respectively. Evaluating the two energy barriers expressions UA-B and UB-A from the experimental 

results should give the same numerical value.  

 

Figure 4.5. An example D-E loop of the same specimen used in Figure 4.4(a) measured in a 
different direction. Note the changes in coercive field and the spontaneous polarization difference. 
 

When a direction of electric field changes and electric displacement is measured in the new 

direction, the required magnitude of electric field to drive the variant switching and the measured 

change in electric displacement will be changed. However, the enclosed area equivalent to the 

energy barrier should remain the same. If the new direction is a “harder” axis, the coercive electric 

field would increase and the change in electric displacement at the variant switching should 

decrease. If the new direction is an “easier” direction, the new coercive field would decrease and 

the change in electric displacement at the switching should increase. The measured D-E and e-s 

loops measured from a new direction will be different from the measured from a previous direction. 

An example of new D-E loop measured in a “harder” axis is shown in Figure 4.5. Note that 
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coercive field has increased, difference in spontaneous polarization has decreased, but the area 

within the hysteresis loop has stayed the same.  

However, this should not necessarily conclude that electric field can be applied in any direction to 

compute the energy barrier UA-B from the resulting D-E or e-s loops. In fact, the variant switching 

is a directional property and will only occur with a certain directions of fields. Only the constitutive 

behavior will prevail if an external field is applied in non-variant switching driving directions.  

Once the energy barrier UA-B is computed, whether the variant switching will occur or not under 

applied electric field, stress, or combined electric field and stress can be determined by using the 

switching criteria given by eq. 4.19.  

 

E�∆D�³}´ + σBCeBC³}´ > E�
�,³}´∆D�³}´	

E�∆D�³}´ + σBCeBC³}´ > σBC
�,³}´eBC³}´				

     (4.19) 

 

The left side of eq. 4.19 is the sum of applied external fields and the right side is the energy barrier 

UA-B. The energy barrier is a fixed value. The electric displacement difference,	∆D�³}´, and strain 

difference,  eBC³}´ , generated at the variant switching are also fixed if measured in the same 

direction. This indicates that the applied electric field and stress are only the variables and they are 

in a negative linear relationship. The inter-relationship between two applied fields can be derived 

from eq. 4.19 and given by eq. 4.20. The top equation of eq. 4.20 is equivalent to the bottom 

equation because the slope and constant terms are numerically identical. Similarly, an inter-

relationship between two applied fields for the reverse B to A variant switching can be derived 

and given by 4.21.  
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A variant diagram can be established using eqs. 4.20 and 4.21 and is shown in Figure 4.6. The blue 

line represents the A to B variant switching and the red line represents the B to A variant switching. 

The slopes of lines, mA-B and mB-A, are given in eqs 4.20 and 4.21, respectively, and identical.  

 

 

Figure 4.6. A variant diagram established from the equations of forward and reverse variant 
switching criteria.  

𝐸P = −
𝑒'5¹}º

∆𝐷P¹}º
𝜎'5 + 𝐸P

»,¹}º∆𝐷P¹}º	

𝐸P = −
𝑒'5¹}º

∆𝐷P¹}º
𝜎'5 + 𝜎'5

»,	¹}º𝑒'5¹}º				
 

constant slope constant 

constant slope constant 

(4.20) 

𝐸P = −
𝑒'5º}¹

∆𝐷Pº}¹
𝜎'5 + 𝐸P

»,º}¹∆𝐷Pº}¹	

𝐸P = −
𝑒'5º}¹

∆𝐷Pº}¹
𝜎'5 + 𝜎'5

»,	º}¹∆𝑒'5º}¹		
 

constant slope constant 

constant slope constant 

(4.21) 
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4.2.2 FE-FE phase transformation   

Schematic descriptions of an example phase transformations under the coercive electric field and 

the coercive stress is shown in Figure 4.7. A case for the tetragonal to rhombohedral phase 

transformation is used as an example for a phase transformation. The matrix forms of the external 

loadings and the corresponding changes in the electric displacement and strain for this particular 

case are provided in eqs. 4.22a – 4.22d. 

 

 

Figure 4.7. The schematic description of the FET to FER phase transformation under the coercive 

electric field, E�
�,	³}´, and the coercive stress, σ�

�,	³}´. 
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Unlike the variant switching case, the spontaneous polarization and strain of different phases have 

different magnitudes. The volume change as a consequence of the phase transformation is given 

by ∆v = eB³}´�
B¼:  and is not necessarily zero. By substituting eqs. 4.22a – 4.22d into eq. 4.17, 

the expression for UA-B for this particular case can be simplified to E�
�,³}´∆P�³}´ for the electric 

field-driven phase transformation and σ�
�,³}´e�³}´ for the stress-driven phase transformation. The 

numerical evaluations for both expressions are equivalent.  

 

E�
�,³}´ = 0			0		−E�

�,³}´ ¨
      (4.22a) 

σBC
�,³}´ = 0			0			−σ�

�,³}´			0			0		0
¨

     (4.22b) 

∆D�³}´ = ∆P:³}´			∆P;³}´			∆P�³}´
¨

     (4.22c) 

eBC³}´ = e:³}´ e;³}´ e�³}´					
:
;
ew³}´

:
;
e�³}´

:
;
ex³}´

¨
  (4.22d) 

 

The free energy-polarization diagrams showing the free energy states for two phases are shown in 

Figure 4.8. In absence of field, the phase A is a stable phase and the phase B is an unstable higher-

free energy state. As an additional energy is supplied by external fields to the system, the free 

energy state changes accordingly. When an external field reaches the coercive value, a phase 

transformation occurs and the phase B becomes a stable phase. However, the induced phase B is 

still a higher energy state phase than the original phase A, and the reverse B to A phase 

transformation will occur upon the removal of external field. This should be distinguished from 

the variant switching case where the induced variant B is another minimum free energy state as 

the original variant A and thus the reverse variant switching B to A does not occur until the external 

field is applied.  



	72	

 

Figure 4.8. Free energy diagrams showing the free energy states for phase A under zero external 
field and the field-induced phase B.   
 

 

 

Figure 4.9. The computation of energy barrier for FE/FE phase transformation from (a) the D-E 
plot under zero stress and (b) the e-s plot under zero electric field of ferroelectric single crystal.  



	73	

The energy barrier for the phase transformation UA-B can be calculated from either the D-E plot 

measured under zero stress or the e-s plot measured under zero electric field as shown in Figure 

4.9(a) and (b). Again, the linear constitutive responses were neglected and the responses due to the 

phase transformation were only reflected in the plots. The material is originally in phase A when 

there is no applied external field. The phase A is transformed into the phase B when an external 

field (E or  s) exceeds the coercive value (E�,	³}´ or σ�,	³}´), generating the polarization and strain 

jumps, ∆P³}´  and e³}´ , respectively. As the field is removed, however, the induced phase B 

becomes unstable and the reverse B to A phase transformation occurs. Therefore, both the forward 

A to B phase transformation and reverse B to A phase transformation are observed during one 

unipolar cycle, and this is distinguished from the variant switching case where an external field in 

the opposite direction needs to be applied to induce the reverse variant switching.  

The colored area in Figure 4.9(a) is equivalent to the electrical work required to switch the 

spontaneous polarization from a variant in phase A to another variant in phase B, UA-B = 

E�,³}´∆P³}´. The colored area in Figure 4.9(b) is equivalent to the mechanical work required to 

switch the spontaneous strain from a variant in phase A to another variant in phase B, UA-B = 

σ�,³}´e³}´. Evaluation of the two expressions should result in the same numerical value.  

Similar to the variant switching case, the D-E and e-s plots measured under a different direction 

of electric field can be used to compute the energy barrier UA-B since whether the FE-FE phase 

transformations occurs or not depends on the direction of electric field and the transformation will 

occur also with selective directions of electric field.  

Once the energy barrier UA-B is computed, whether the phase transformation will occur or not 

under applied electric field, stress, or combined electric field and stress can be determined by using 

the switching criteria given in eq. 4.23.  
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E�∆D�³}´ + σBCeBC³}´ > E�
�,³}´∆D�³}´ 

E�∆D�³}´ + σBCeBC³}´ > σBC
�,	³}´eBC³}´   

     (4.23) 

 

The left side of eq. 4.23 is the sum of applied external fields and the right side is the energy barrier 

UA-B. Similar to the variant switching case, the applied electric field and stress are only the 

variables and their inter-relationship also can be written as eqs. 4.20 and 4.21. A phase diagram 

can be established using the same equations and is shown in Figure 4.10. It is distinguishable from 

the variant diagram that both the forward and reverse coercive fields now have the same signs, 

indicating that the forward and reverse phase transformation occurs during one external field cycle. 

The blue line represents the A to B phase transformation and the red line represents the B to A 

phase transformation.  

 

 

Figure 4.10. A FE-FE phase diagram established from the equations of forward and reverse phase 
transformation criteria.  
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4.2.3. FE/AFE phase transformations 

For the FE-AFE phase transformations, the AFE to FE phase transformation in an AFE-stable 

material and the FE to AFE phase transformation in a FE-stable material have to be separately 

considered. Also the FE to AFE phase transformation is only driven by the compressive hydrostatic 

component of applied stress while the AFE to FE phase transformation can be driven by electric 

field or theoretically tensional hydrostatic component of applied stress if temperature is not 

considered at this time. Schematic descriptions of exmaples AFE to FE phase transformation under 

coercive electric field E�
�,	³½¬}½¬  and the FE to AFE phase transformation under coercive 

compressive hydrostatic pressure σ¤�,	½¬}³½¬ are shown in Figure 4.11. The phase transformations 

between the tetragonal antiferroelectric phase and the rhombohedral ferroelectric phase is used as 

an example for phase transformation between FE and AFE phases.  

 

Figure 4.11. Schematic descriptions of the AFET to FER phase transformation under the coercive 

electric field, E�
�,	³½¬}½¬  and the FER to AFET phase transformation under the coercive 

compressive hydrostatic pressure, σ¤�,	½¬}³½¬. 
 



	76	

The matrix forms of the applied coercive fields and the corresponding changes in the electric 

displacement and the strain for this particular case are provided in eq. 4.24(a)-(d).  

 

E�
�,³½¬}½¬ = 0			0		E�

�,³½¬}½¬ ¨
      (4.24a) 

σ¤�,½¬}³½¬ = −σ¤�,	½¬}³½¬−σ¤�,	½¬}³½¬−σ¤�,	½¬}³½¬0		0		0
¨

  (4.24b) 

∆D�³½¬}½¬ = 0			0			∆P�³½¬}½¬
¨

      (4.24c) 

eBC½¬}³½¬ = e:½¬}³½¬ e;½¬}³½¬ e�½¬}³½¬				0 0 0
¨

   (4.24d) 

 

The spontaneous polarization of AFE state is considered zero due to its net zero macroscopic 

polarization. The change in electric displacement during the AFE to FE phase transformation is 

due to disappearance of the spontaneous polarization of FE state, ∆P�³½¬}½¬. The volume change 

during the FE-AFE phase transformations, ∆v = eB½¬}³½¬�
B¼: , is generally larger than that of any 

variant switching or phase phase transformation. By substituting eqs. 4.24a – 4.24d into eq. 4.17, 

the expressions of energy barriers for electric field-driven AFE to FE phase transformation, UAFE-

FE, and hydrostatic pressure-driven FE to AFE phase transformation, UFE-AFE, can be simplified to 

E�
�,³½¬}½¬∆P�³½¬}½¬ and -σ¤�,	½¬}³½¬DvFE-AFE, respectively.  

Figure 4.8 can be revisited to describe the free energy relations of FE and AFE phases. When the 

AFE (or FE) phase is a stable phase in absence of external field and FE (or AFE) phase is a stable 

phase under an external field, the FE (or AFE) phase can be induced when additional energy 

supplied by external field exceeds the energy barrier between the two phases. The reverse FE to 

AFE (or AFE to FE) phase transformation will occur upon the removal of external field since the 
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induced FE (or AFE) phase is a higher free energy phase than the original AFE (FE) phase and 

becomes unstable as the field is removed.  

 

Figure 4.12. The computation of energy barriers for the AFE to FE phase transformation from (a) 
the D-E plot under zero stress and the AFE to FE phase transformation on (b) the Dv-sh plot under 
zero electric field of ferroelectric single crystal.  
 

The energy barrier UAFE-FE can be calculated by using the experimental measurement of the D-E 

plot as shown in 4.12(a), and the energy barrier  UFE-AFE can be calculated by using the Dv-sh plot 

and 4.12(b). The linear constitutive responses were neglected, and the responses due to switching 

were only reflected in the plots. When the original phase is the AFE phase, the FE phase can be 

induced when an electric field or tensional stress exceeds the coercive values, E�,	³½¬}½¬  or 

σ¤�,	³½¬}½¬. Like the FE-FE phase transformation case, the induced FE phase becomes unstable 

and the reverse FE to AFE phase transformation is driven as the returning external field is reduced 

below the reverse coercive values , E�,	½¬}³½¬ or σ¤�,	½¬}³½¬. When the original phase is the FE 

phase, the AFE phase can be only induced by compressive stress exceeding the coercive value, 
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σ¤�,	½¬}³½¬. Again, the reverse AFE to FE phase transformation is driven as the returning external 

compressive stress is reduced below the reverse coercive values , σ¤�,	³½¬}½¬. 

The colored area in Figure 4.12(a) is equivalent to the electrical work required to break the pairs 

of antiparallel spontaneous polarization and align them in the same direction which is equivalent 

to the energy barrier, UAFE-FE. The colored area in Figure 4.12(b) is equivalent to the mechanical 

work required to overcome the energy barrier from FE to AFE phases, UFE-AFE. Once the energy 

barriers UAFE-FE and UFE-AFE are computed from the experimental measurements, whether the phase 

transformation between the FE and AFE phases will occur or not can be determined by eq. 4.25a 

(AFE to FE) and eq. 4.25b (FE to AFE). Note that the absolute value of electric field is taken 

because the electric field in FE-AFE phase transformation cases always favors FE phase no matter 

which direction it is applied.  

 

|E�|∆D�³½¬}½¬ + σ¤ ∆v³½¬}½¬ > E�
�,³½¬}½¬∆D�³½¬}½¬ (AFE to FE)  (4.25a)  

|E�|∆D�½¬}³½¬ + σ¤ ∆v½¬}³½¬ > σ¤�,	½¬}³½¬∆v½¬}³½¬ (FE to AFE)  (4.25b) 

 

The left side of eqs. 4.25a and 4.25b is the sum of applied external fields and the right side is the 

energy barrier. Eqs 4.25a and 4.25b can be  rearranged in the E-σ¤  relations form for the forward 

and reverse phase transformations as given by 4.26 and 4.27, respectively.  
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Phase diagrams for AFE-stable case and FE-stable cases can be established using eqs. 4.26 and 

4.27, and are shown in Figure 4.13 and Figure 4.14. 

 

|𝐸P| = −
𝑒'5¹¿b}¿b

∆𝐷P¹¿b}¿b
𝜎'5p + 𝐸P

»,¹¿b}¿b∆𝐷P¹½¬}¿b				

|𝐸P| = −
𝑒'5½¬}¹¿b
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½¬}¹¿b		

 

constant slope constant 

constant slope constant 

(4.26) 
(AFE to FE) 

(FE to AFE) 

|𝐸P| = −
𝑒'5¿b}³¿b

∆𝐷P¿b}³¿b
𝜎'5p + 𝐸P

»,¿b}³¿b∆𝐷P¿b}³¿b			

|𝐸P| = −
𝑒'5¹¿b}¿b

∆𝐷P¹¿b}¿b
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p»,	³¿b}¿b∆𝑒'5¹¿b}¿b		
 

constant slope constant 
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(4.27) 
(AFE to FE) 

(FE to AFE) 
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Figure 4.13. A FE-AFE phase diagram for an AFE-stable material established from the equations 
of forward and reverse phase transformation criteria. 
 

 

 

Figure 4.14. A FE-AFE phase diagram for an FE-stable material established from the equations 
of forward and reverse phase transformation criteria. 
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4.3. Switch Modeling of single crystal ferroelectrics 

By combining the linear ferroelectric constitutive equations discussed in Sec. 4.1 and the switching 

criteria for ferroelectric variant switching and the phase transformation discussed in Sec. 4.2, the 

complete material responses of single crystal ferroelectrics to external fields can be modeled. 

Modeling of the phase transformations between the FE and AFE phases is relatively less studied 

than other ferroelectric material behaviors and the rest of Chapter 4 will explore on this specific 

phase transformation.      

The models for the FER to AFET and the AFET to FER phase transformations in a single crystal are 

developed in Sec. 4.3. The models are solely governed by the linear constitutive equations and the 

switching criteria. In Sec. 4.4, more realistic micromechanical models were developed to simulate 

the phase transformation between the FE and AFE phases of polycrystalline ceramics by taking 

the effects of random orientation of multiple grains and the grain-grain interaction into the account.  

An antiferroelectric tetragonal single grain is oriented so that its three orthogonal axes correspond 

to the [100], [010], and [001] crystallographic directions, and these are equivalent to the global 

coordinate axes, x1-, x2-, and x3-axis, respectively. An electric field is applied in the [001] direction 

and the ferroelectric rhombohedral phase is induced. The new local coordinate system with 

crystallographic directions [110], [112], and [111] is created that they are in the same directions 

to the global coordinate axes, x1-, x2-, and x3-axis, respectively. The spontaneous polarization is 

generated in [111] direction of the new local coordinate system. The AFET to FER phase 

transformation is induced by the hydrostatic pressure. The local coordinate system changes from 

{[110], [112], [111]} to {[100], [010], [001]}, and the spontaneous polarization in [111] direction 

disappears. The schematic showing the arrangements of the FER and AFET phases in their local 
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coordinate systems and the relationship between the local coordinates and the global coordinate 

system is shown in Figure 4.15.  

 

 

Figure 4.15. The relative local coordinate systems of the FER and AFET phases to the global 
coordinate system. 
 

The total electric displacement and total strain are contributed by the linear constitutive behavior 

and the spontaneous polarization and strain. Two different sets for constitutive equations of the 

electric displacement and strains need to be considered for the AFET and FER phases since the 

material properties are different for the different phases. The constitutive contributions for the 

AFET and the FER are given by eqs. 4.28 and 4.29, respectively. Note that the piezoelectric terms 
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do not exist in the equation for the AFET phase. The coefficient matrices for the AFET phase 

ε³½¬,�¦§  and S³½¬,BC«�¬  are the coefficient matrices for the 4mm crystal system while the coefficient 

matrices for the FER phase ε½¬,�¦§ , S½¬,BC«�¬ , and d½¬,�«�¬  are the coefficient matrices for the 3m 

crystal system. The external field and coefficient matrices for both phases are given by eqs. 4.30 

– 4.36.  

 

D� = ε³½¬,�¦§ E¦	
eBC = S³½¬,BC«�¬ σ«�	

																															(AFE	phase)   (4.28) 

D� = ε½¬,�¦§ E¦ + d½¬,�«�¬ σ«�	
eBC = S½¬,BC«�¬ σ«� + d½¬,¦BC§ E¦		

									(FE	phase)   (4.29) 

E� = 0 0 E ¨       (4.30) 

σBC	 = σ¤ σ¤ σ¤ ¨      (4.31) 

ε�¦³½¬ =
ε::³½¬
0
0

0
ε::³½¬
0

0
0
ε��³½¬

      (4.32) 

 ε�¦½¬ =
ε::½¬
0
0

0
ε::½¬
0

0
0
ε��½¬

       (4.33) 

SBC«�
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0
		0		
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Sww
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0
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   (4.34) 
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 SBC«�
¬,½¬ =

S::
S:;
S:�

			
S:;
S::
S:�

			
S:�
S:�
S��

		S:w		
−S:w
		0		

								
		0		
		0		
		0		

														
		0		
		0		
		0		

														

		
S:w
		0		
		0		

		
−S:w
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		0		
		0		
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Sww
0	
0	
								

0	
Sww
2S:w

					
0

2S:w
2(S:: − S:;)

							

   (4.35) 

d¦BC½¬ =
							0	 		0 						0
−d;;½¬ d;;½¬ 			0
							d�:½¬ d�:½¬ d��½¬

							0	 d:�½¬ −d;;½¬

d:�½¬ 0 					0
		0	 		0 					0

   (4.36) 

 

The linear constitutive equations, eqs. 4.28 and 4.29, can be evaluated by using the experimentally 

measured material coefficients shown in eqs. 4.30 – 4.36. To evaluate the spontaneous polarization 

and strain contributions, the coercive electric fields and the magnitudes of spontaneous 

polarization and relative strain of FE and AFE phases to the cubic state need to be measured. The 

spontaneous polarization is considered to be zero in the AFET state even though they actually exist 

but are counteracted by those spontaneous polarization of neighboring unit cell having the opposite 

direction.  

Table 4.1. lists all the required values for modeling; dielectric, elastic compliance, and 

piezoelectric coefficients, spontaneous polarization, spontaneous strain, coercive electric field, and 

coercive hydrostatic pressure. The constitutive coefficients of [111]-cut and poled PIN-PMN-PT 

[85] is used for the FER phase, and the constitutive coefficients and the spontaneous polarization 

and strain of the AFET were adopted from Table 6-1 in [86]. The coercive electric fields and 

hydrostatic pressure were arbitrarily selected. In the model, the saturation effect in 

polarization/strain is ignored.  
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Table 4.1. Parameters used to model the phase transformation between the FER and AFET phases.  
ε::³½¬ 

(4.60 nF/m) 
ε��³½¬ 

(4.51 nF/m) 
ε::½¬ 

(7.70 nF/m) 
ε��½¬ 

(5.32 nF/m) 
S::³½¬ 

(23.4 pPa-1) 
S:;³½¬ 

(-8.20 pPa-1) 
S:�³½¬ 

(-10.31 pPa-1) 
S��³½¬ 

(26.85 pPa-1) 
Sww³½¬ 

(67.86 pPa-1) 
S::½¬ 

(10.43pPa-1) 
S:;½¬ 

(-6.40 pPa-1) 
S:�½¬ 

(-1.49 pPa-1) 
S:w½¬ 

(-21.38 pPa-1) 
S��½¬ 

(6.76 pPa-1) 
Sww½¬ 

(101.85 pPa-1) 

d:�½¬ 
(2190 pC/N) 

d;;½¬ 
(511 pC/N) 

d�:½¬ 
(-34 pC/N) 

d��½¬ 
(74 pC/N) 

P��  
[0 0 0.3]T  

(C/m2) 

eBC
�,³½¬ 

[-2600, -2600,  
-1400, 0, 0, 0]T 

(µstrain) 

eBC
�,½¬ 

[-400, -400, 800, 0, 
0, 0]T 

(µstrain) 

Ec, foward 

(6 MV/m) 
Ec, reverse 

(4 MV/m) 

σ¤�,Å��Æ��� 
(300 MPa) 
σ¤�,��Ç��£� 
(200 MPa) 

 

In models, an electric field is applied and the electric displacement is measured along the X3-axis 

of global coordinate system, which is equivalent to [001] direction for AFET and [111] direction 

for FER. Hydrostatic pressure and volume change is scalar quantities. The resulting D-E and v-E 

plots of the AFE to FE phase transformation and D-sh, and v-sh plots during the AFE to FE phase 

transformation are presented in Figure 4.16 through 4.19, respectively. Figures 4.16(a)-4.19(a) 

show the switching contribution to the total electric displacement or volume change. Figures 

4.16(b)-4.19(b) show the linear constitutive contributions to the total electric displacement or 

volume change. Figures 4.16(c)-4.19(c) show to the total electric displacement or volume change. 

This theoretical prediction cannot be compared with experimental results since the FE-AFE phase 

transformations behavior has not been experimentally measured in a single crystal yet.  
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Figure 4.16. (a) switching contribution and (b) linear constitutive contribution to (c) the total 
electric displacement during the electric field-induced AFE to FE phase transformation.  
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Figure 4.17. (a) switching contribution and (b) linear constitutive contribution to (c) the total 
volume change percent during the electric field-induced AFE to FE phase transformation.  
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Figure 4.18. (a) switching contribution and (b) linear constitutive contribution to (c) the total 
electric displacement during the hydrostatic pressure-induced FE to AFE phase transformation.  
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Figure 4.19. (a) switching contribution and (b) linear constitutive contribution to (c) the total strain 
during the hydrostatic pressure-induced FE to AFE phase transformation.  
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4.4. Micromechanical modeling of the FE-AFE phase transformations in polycrystalline 
ceramics 
 

A ferroelectric polycrystalline ceramic is formed of numerous ferroelectric single grains, and each 

grain has its own distinct direction of spontaneous polarization. Under external influences, 

responses of each grain in the polycrystalline ceramic is determined by the relative orientation of 

the grain with respect to the direction of applied external fields, and the resulting material 

behaviors are the average of responses from all grains. The approximate grain-grain interaction 

energy will be taken into consideration in the model. In this section, the models of the electric 

field-induced AFET to FER phase transformation and the hydrostatic pressure-driven FER to AFET 

phase transformation in polycrystalline ceramics will be developed.  

  

4.4.1. Model descriptions 

Specimens 

Pb(Zr, Sn, Ti)O3 and (Pb, Nb)(Zr, Ti)O3 ceramics were selected for AFE to FE phase transforming 

and FE to AFE phase transforming materials, respectively, and their phase transformation 

behaviors were measured and compared with computational prediction from the established 

models. Both specimens were prepared through the materials processing technique described in 

Sec. 3.2.1. The final dimensions are ~11 mm in diameter and 0.5 mm in thickness. Pb(Zr, Sn, 

Ti)O3 ceramic disc was subjected by bipolar electric field of 3 MV/m at 0.25 Hz, and the electric 

displacement and transverse strain were captured. Poled (Pb, Nb)(Zr, Ti)O3 ceramic disc was 

subjected by hydrostatic pressure of 600 MPa, and the electric displacement and the transverse 

strain were captured. 
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Figure 4.20. Representation of the global coordinate system and the relative local coordinate 
system of each grain.  
 

Grain orientations 

The ceramic consists of 5,000 randomly oriented grains. The orientations of the ceramic and each 

grain are described by a global reference Cartesian coordinate system Xi and a local coordinate 

system xi, respectively, and the schematic description is provided in Figure 4.20. The electric field 

is applied along the X3-axis and the spontaneous polarization lies in the x3-axis of each grain. The 

relative orientation of each grain to the global coordinate system can be defined by an orthogonal 

transformation 

 

xj = ajiXi      (4.37) 

 

, where aij = cos qij are the direction cosines between the global and local coordinate systems. The 

orientation of each grain is specified by three Euler angles, f1, f2, and f3. Each of the Euler angles 

corresponds to the counterclockwise rotations; about x3-axis (f1), about rotated x2-axis (f2), about 
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twice-rotated x3-axis (f3). Random grain orientation is achieved by randomly generating values 

for 0 < f1 < 2p, -p/2 < f2 < p/2, and 0 < f3 < 2p. This generates the grains with their x3-axis 

uniformly distributed over the upper hemisphere.  

 

Constitutive behaviors of single crystal 

The constitutive behavior of each single crystal is governed by eqs. 4.9 and 4.10 developed in Sec. 

4.1. However, these constitutive equations are not sufficient enough to simulate the electric field-

induced strain in the AFE phase since the piezoelectric coefficients are zero. The new strain 

constitutive equation including the electrostrictive term is given by 4.38.   

 

eBC = SBC«�
¬,¨σ«� + d¦BC

§,¨E¦ + eBC� + 𝐐𝐢𝐣𝐤𝐥𝐃𝐤𝐃𝐥    (4.38) 

 

,where Qijkl is the electrostrictive coefficient matrix. The electrostrictive coefficients were adopted 

from [87] and listed with other coefficients in Table 4.2 in the end of this chapter. When computed, 

the coefficient matrices of each grain are converted accordingly using the tensor rotation technique. 

Little modifications of coefficient values were accepted to best fit the experimental results.  

 

Phase Transformations 

Each grain will undergo the AFE to FE phase transformation and the FE to AFE phase 

transformation obeying to the switching criteria discussed in Sec. 4.3. For the AFE to FE phase 

transformation, the AFE grains do not initially possess spontaneous polarization. When an electric 

field is applied, the FE phase is induced and the spontaneous polarization is generated. The 

spontaneous polarization of a single grain is aligned as close as possibly with the applied electric 
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field as described in Figure 4.15. However, in polycrystalline ceramic, the alignment of 

spontaneous polarization is restricted by the orientation of grains. In the model, the spontaneous 

polarization is generated in the closest variant to the direction of electric field, X3. Additional 

variant change will not thus occur after the phase transformation with electric field. This is a 

reasonable assumption because a coercive electric field for the variant switching is much smaller 

than coercive electric fields for the AFE to FE phase transformation. 

In the FE to AFE phase transformation model, the spontaneous polarization disappears without 

undergoing any variant switching since the uniformly-applied hydrostatic pressure does not induce 

any variant switching. Variant switching happens more preferably under a directional stress.  

 

Intergranular interaction 

In the polycrystalline ceramics, the strain and polarization between grains are discontinuous and 

these discontinuities are accompanied by local stress fields and electric fields. The switching 

criteria for the FE-AFE phase transformations defined in eqs. 4.23a and 4.23b need to be modified 

to account for the local stress and local electric field. The derivation of equations for the estimation 

of the interaction energy that has been implemented in this model is provided in ref. [88]. The 

interaction energy is estimated as 

 

UÎ =
�v
;�

DB£ − DB� DB£ − DB� + ��Ï
;
(eBC£ − eBC� )(eBC£ − eBC� )   (4.39) 

, where c1 and c2 are material parameters which would be selected so that the computational results 

are in the best agreement with the experimental data. DB£ and eBC£  are the electric displacement and 

strain of each grain measured in the x3-axis of the local coordinate system. DB�  and eBC�  are the 
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remnant polarization and strain of material measured in the X3-axis of the global coordinate system 

and are the average values over all grains.  

The interaction energy subjected to a grain changes as the grain undergoes a phase transformation 

and abruptly changes its electric displacement and strain states. The interaction energy difference 

between before and after the phase transformation is given by  

 

∆UÎ =
�v
;�(�)

DB
£,; − DB

�,; DB
£,; − DB

�,; + ��Ï(�)

;
eBC
£,; − eBC

�,; eBC
£,; − eBC

�,;     

−	 �v
;� v DB

£,: − DB
�,: DB

£,: − DB
�,: − ��Ï(v)

;
eBC
£,: − eBC

�,: eBC
£,: − eBC

�,:  (4.40) 

 

, where the superscript (1) indicates the present state and the superscript (2) indicates the new state 

if the phase transformation occurs. In the absence of hydrostatic pressure, the AFE to FE phase 

transformation will occur when the work done by electric field exceeds the sum of the energy 

barrier between two phases and the change in the grain interaction energy. In the absence of electric 

field, the FE to AFE phase transformation occurs when the work done by hydrostatic pressure 

exceeds the sum of the energy barrier between two phases and the change in the grain interaction 

energy. The modified switching criteria including the interaction terms are given by  

  

E�∆D�³½¬}½¬ > E�
�,³½¬}½¬∆D�³½¬}½¬ + ∆UÎ   (AFE to FE)    (4.41a) 

σ¤ ∆v½¬}³½¬ > σ¤�,	½¬}³½¬∆v½¬}³½¬ + ∆UÎ   (FE to AFE)   (4.41b) 
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The phase transformation behaviors of ferroelectric polycrystalline ceramic materials can be 

modeled by computing the linear constitutive equations 4.9 and 4.10 and examining the phase 

transformation criteria defined by eqs. 4.41a and 4.41b at each increment of applied field.  

 

4.4.2. Presentation of results for the AFE to FE phase transformation 

The coercive electric field of single crystal, Ec,AFE-FE, and grain interaction parameters, c1 and c2, 

were chosen so that the computational prediction is in best agreement with the experimental results. 

The final values for the parameters are, Ec,AFE-FE = 1.15 MV/m, c1 = 0.035, and c2 = 0.035, 

respectively. The other material parameters used are summarized in Table 4.2 that can be found in 

the end of this chapter. The computational results for the D-E and transverse e-E hysteresis loops 

are presented and compared with the experimental results in Figure 4.21.  

Initially, the material was in AFE state and both electric displacement and strain were zero. With 

increasing electric field, the electric displacement increased linearly due to the dielectric effect and 

the transverse strain decreased nonlinearly (2nd order) due to electrostrictive and Poisson’s effects. 

When the electric field was increased to 2.35 MV/m, the AFE to FE phase transformation was 

initiated and completed over the range of 0.01’s MV/m. However, the phase transformation 

occurred over a wider electric field range in the actual experimental measurements. During the 

AFE to FE phase transformation, the polarization jumped by approximately 0.27 C/m2 and the 

transverse strain jumped by approximately 3100 microstrain. The spontaneous polarization and 

strain differences at the phase transformation in single crystal in local coordinate system are 0.3 

C/m2 and 3080 microstrains, respectively. The polarization jump in polycrystal ceramic is the 

average value of electric spontaneous polarization jump in all grains and is less than that of single 



	96	

crystal, while the transverse strain jumps in both single crystal and polycrystalline ceramics are 

similar.  

 

 

 

Figure 4.21. Computational results of (a) D-E and (b) e-E loops and comparison with experimental 
measurements for Pb(Zr, Sn, Ti)O3.  
 

After the phase transformation, the electric displacement was governed by dielectric effect and the 

strain was governed by piezoelectric, electrostrictive, and poisson’s effects. When the electric field 



	97	

was decreased to 0.4 MV/m, the reverse FE to AFE phase transformation occurred and the electric 

displacement and strain returned to zero as the electric field was removed.  

The effect of grain interaction parameters c1 and c2, was studied. The c2 was varied from 0, 0.01, 

0.02, and 0.035 when c1 was fixed at 0. The c1 was also varied from 0, 0.01, 0.02, and 0.035 when 

c2 was fixed at 0. The resulting D-E loops are presented in Figure 4.22.  

 

 

 

Figure 4.22. Examination of the effects of grain interaction parameters, (a) c2 and (b) c1.  
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At zero c1 and c2, the linear dielectric response of the AFE phase with increasing electric field was 

identical to the results from the optimized parameters (c1 = 0.035, c2 = 0.035). The AFE to FE 

phase transformation occurred when the electric field reached 1.2 MV/m, and this was identical to 

the coercive electric field for the single crystal. Moreover, the reverse FE to AFE phase 

transformation electric field was also the same as the forward coercive field, resulting in the zero 

hysteresis. This result from the present model suggests that the hysteresis is generated by the 

interactions at the interfaces between different polarizations and strains. The dielectric response of 

the FE phase after the phase transformation was also identical to the results obtained from the 

optimized parameters.  

As c2 increases from 0 to 0.035, in other words when the grain interaction effect due to strain 

mismatch is included and increases, there is not an evident change in the hysteresis observed. 

However, when c1 increases from 0 to 0.035, in other words when the grain interaction effect due 

to polarization mismatch is included and increases, the hysteresis started to generate and become 

wider. When c2 became 0.035, the D-E loop was similar to the resulting D-E loop from the 

optimized parameters (c1 = 0.035, c2 = 0.035) even though c1 is still zero. This indicates that the 

polarization mismatch contributes a lot more than strain mismatch to the total interaction energy. 

 

4.4.3. Presentation of results for the FE to AFE phase transformation 

The coercive hydrostatic pressure of single crystal, σ¤�,½¬}³½¬, and grain interaction parameters, 

c1 and c2, were chosen so that the computational prediction is in best agreement with the 

experimental results. The final values for the parameters are, σ¤�,½¬}³½¬ = 240 MPa, c1 = 0.15, and 

c2 = 0.15, respectively. The other material parameters used are summarized in Table 4.3 that can 
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be found in the end of this chapter.. The computational results for the D-sh and transverse e-sh 

hysteresis loops are presented and compared with the experimental results in Figure 4.23.  

 

 

 

Figure 4.23. Computational results of (a) D-sh and (b) e-sh loops and comparison with 
experimental measurements for (Pb, Nb)(Zr, Ti)O3.  
 

Initially, the material was in poled FE state and both electric displacement and strain were at their 

remnant values. The remnant polarization of polycrystalline ceramic for both experimental 
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measurement and computational prediction was 0.35 C/m2, and the spontaneous polarization of 

single crystal used was 0.375 C/m2. The electrostrictive effect is eliminated to simulate the 

constitutive behavior of the FE to AFE phase transformation. The remnant polarization of 

polycrystalline ceramic is the average value of spontaneous polarization of all grains and is less 

than that of single crystal.  

With increasing hydrostatic pressure, the electric displacement decreases linearly due to the 

piezoelectric effect and the transverse strain also decreases linearly due to linear elastic effect. 

When the hydrostatic pressure was increased to 300 MPa, the electric displacement and strain 

response started to rapidly decrease. At 330 MPa, the remnant polarization suddenly dropped to 

zero and the transverse strain also dropped correspondingly. This instant and sharp FE to AFE 

phase transformation resulted from the computational model was in a very good agreement with 

the experimental results.  

After the phase transformation, the strain further decreased linearly due to elastic effect while the 

remnant polarization stayed unchanged. As the applied hydrostatic pressure was released, the 

remnant polarization still stayed unchanged and the strain linearly increases without the reverse 

AFE to FE phase transformation. This resulted in a remnant strain. The computation predicts the 

remnant strain of 3000 microstrain while the experimentally obtain remnant strain was 2250 

microstrain. This gap was generated since the strain increase was accelerated when the hydrostatic 

pressure was decreased to 100 MPa, but the computational model did not predict this.  

The effect of grain interaction parameters c1 and c2, was studied. The c2 was varied from 0, 0.05, 

0.10, and 0.15 when c1 was fixed at 0. The c1 was also varied from 0, 0.05, 0.10, and 0.15 when 

c2 was fixed at 0. The resulting e-sh loops are presented in Figure 4.24.  
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Figure 4.24. Examination of the effects of grain interaction parameters, (a) c2 and (b) c1.  

 

At zero c1 and c2, the linear elastic response of the FE phase with compressive hydrostatic pressure 

was identical to the results from the optimized parameters (c1 = 0.15, c2 = 0.15). The FE to AFE 

phase transformation occurred when the hydrostatic pressure reached 240 MPa, and this was 

identical to the coercive hydrostatic pressure for the single crystal. Moreover, the reverse AFE to 
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FE phase transformation hydrostatic pressure was also the same as the forward coercive 

hydrostatic pressure, resulting in the zero hysteresis. This result from the present model suggests 

that the hysteresis is generated by the interactions at the interfaces between different polarizations 

and strains. The elastic response of the AFE phase after the phase transformation was also identical 

to the results obtained from the optimized parameters.  

Similar to the AFE to FE phase transformation model case, changing the parameter c1 did not 

significantly changed the e-sh curve but changing the parameter c2 created the hysteresis loop and 

effectively changed the e-sh curve, indicating that the polarization mismatch contributes a lot more 

than strain mismatch to the total interaction energy.  

With lower values of the grain interaction parameters, however, the reverse AFE to FE phase 

transformations were observed in the computational results which was not observed in the 

experimental results. The experimental results for the e-sh did not show the reverse jump in strain 

during releasing the pressure and possesses the remnant strain when the applied hydrostatic 

pressure was completely released. This indicates that the AFE phase did not return to the original 

FE phase, and this actually happens in some materials. There needs more study to be done, but the 

current parameter study indicates that the hysteresis is large enough that the reverse AFE to FE 

phase transformation was hindered.   
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Table 4.2. Material parameters used to model the phase transformation for Pb(Zr, Sn, Ti)O3.  
ε::³½¬ 

(16.42 nF/m) 
ε��³½¬ 

(16.10 nF/m) 
ε::½¬ 

(12.17 nF/m) 
ε��½¬ 

(8.41 nF/m) 
S::³½¬ 

(23.4 pPa-1) 
S:;³½¬ 

(-8.20 pPa-1) 
S:�³½¬ 

(-10.31 pPa-1) 
S��³½¬ 

(26.85 pPa-1) 
Sww³½¬ 

(67.86 pPa-1) 
S::½¬ 

(10.43pPa-1) 
S:;½¬ 

(-6.40 pPa-1) 
S:�½¬ 

(-1.49 pPa-1) 
S:w½¬ 

(-21.38 pPa-1) 
S��½¬ 

(6.76 pPa-1) 
Sww½¬ 

(101.85 pPa-1) 
d:�½¬ 

(3460 pC/N) 
d;;½¬ 

(807 pC/N) 
d�:½¬ 

(-54 pC/N) 
d��½¬ 

(117 pC/N) 

P��  
[0 0 0.3]T (C/m2) 

eBC
�,³½¬ 

[-3640, -3640, -1960, 0, 0, 0]T 
(µstrain) 

eBC
�,½¬ 

[-640, -640, 1280, 0, 0, 0]T 
(µstrain) 

Q::³½¬ 
(0.045 m4C-2) 

Q:;³½¬ 
(-0.015 m4C-2) 

Qww³½¬ 
(0.047 m4C-2) 

Q::½¬ 
(0.049 m4C-2) 

Q:;½¬ 
(-0.017 m4C-2) 

Qww½¬ 
(0.051 m4C-2) 

 

 

Table 4.3. Material parameters used to model the phase transformation for (Pb, Nb)(Zr, Ti)O3.  
ε::³½¬ 

(4.60 nF/m) 
ε��³½¬ 

(4.51 nF/m) 
ε::½¬ 

(7.70 nF/m) 
ε��½¬ 

(5.32 nF/m) 
S::³½¬ 

(3.04 pPa-1) 
S:;³½¬ 

(-1.07 pPa-1) 
S:�³½¬ 

(-1.34 pPa-1) 
S��³½¬ 

(3.49 pPa-1) 
Sww³½¬ 

(8.82 pPa-1) 
S::½¬ 

(2.61pPa-1) 
S:;½¬ 

(-1.6 pPa-1) 
S:�½¬ 

(-0.37 pPa-1) 
S:w½¬ 

(-5.35 pPa-1) 
S��½¬ 

(1.69 pPa-1) 
Sww½¬ 

(25.46 pPa-1) 
d:�½¬ 

(2190 pC/N) 
d;;½¬ 

(511 pC/N) 
d�:½¬ 

(-34 pC/N) 
d��½¬ 

(74 pC/N) 

P��  
[0 0 0.375]T (C/m2) 

eBC
�,³½¬ 

[-3900, -3900, -2100, 0, 0, 0]T 
(µstrain) 

eBC
�,½¬ 

[-640, -640, 1280, 0, 0, 0]T 
(µstrain) 

 

 

 

 

 

 

 



	104	

Chapter 5 

 

Development of a high energy density relaxor antiferroelectric 
material for the pulsed power capacitors 

 

 

Abstract 

Pulsed capacitors require high energy density and low loss, properties that can be realized through 

selection of composition. Ceramic (Pb0.88La0.08)(Zr0.91Ti0.09)O3 was found to be an ideal candidate. 

La3+ doping and excess PbO were used to produce relaxor antiferroelectric behavior with slim and 

slanted hysteresis loops to reduce the dielectric hysteresis loss, to increase the dielectric strength, 

and to increase the discharge energy density. The discharge energy density of this composition 

was found to be 3.04 J/cm3 with applied electric field of 170kV/cm and the energy efficiency, 

defined as the ratio of the discharge energy density to the charging energy density, was 0.920. This 

high efficiency reduces the heat generated under cyclic loading and improves the reliability. The 

properties were observed to degrade some with temperature increase above 80 °C. Repeated 

electric field cycles up to 10,000 cycles at 10Hz were applied to the specimen with no observed 

performance degradation. A supplementary study was conducted to better understand the effect of 

La3+ doping on the transition from ferroelectric behaviors to relaxor behaviors. The La3+ content 

was varied (from 6% to 9%) in (Pb1-3/2xLax)(Zr0.65Ti0.35)O3 ceramic system and their electric 

displacement and strain were measured. When La3+ was varied from 8% to 9%, the PLZT ceramic 

exhibits the transition from ferroelectric to relaxor. 
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5.1. Introduction 

Pulsed power was first developed during the World War II for radar and has since been used in 

applications such as electric armor, electric guns, particle beam accelerators, high power 

microwave sources, ballistic missile systems, mobile electronic devices, and hybrid electrical 

vehicles [89]–[92]. Pulsed power system usually consists of three parts: a power supply, an energy 

storage system, and an energy conversion and release system [93]. A core component of pulsed 

power systems is a high-voltage and high-power density energy storage system. Batteries provide 

high energy density storage but have a low charge/discharge rate and thus a low power density.[94] 

Batteries can be complemented by capacitors with high charge/discharge rates. This approach can 

produce power as high as gigawatts, voltages up to 106 V and currents as high as 106 A over a 

nanoseconds period [89]. The power density of capacitors is generally three to five orders of 

magnitude higher than batteries, but the energy density of capacitors is lower by about three orders 

of magnitude [94].  

Various types of lead-containing and lead-free antiferroelectric (AFE) ceramics have been 

examined as an effort to improve energy density of dielectric materials [91], [92], [95]–[121]. The 

energy density of AFE capacitors can be determined from the area between the vertical axes and 

the electric displacement – electric field discharge curve [116]. This area is maximized when the 

spontaneous polarization is large at high electric field and zero at zero electric field. High dielectric 

strength and charge/discharge behavior are also important features for maximizing the energy 

density. These AFE properties can be adjusted by modifying the composition [83], [100], [105], 

[120]. Zhang et al. fabricated Ba and Y doped AFE (Pb, La)(Zr, Sn, Ti)O3 using the conventional 

sintering (CS) method and the Spark Plasma Sintering (SPS) method to obtain specimens that 

exhibited a polarization of 50µC/cm2 at an applied electric field of 200kV/cm and a polarization 
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of about 53µC/cm2 at an applied electric field of 275kV/cm, respectively [115], [121]. They 

reported discharge energy densities of 4.65J/cm3 (CS) and 6.40J/cm3 (SPS), the largest energy 

densities achieved in AFE bulk ceramics reported to date. However, the discharge energy densities 

are only about 61.2% (CS) and 62.4% (SPS) of the charging energy density, and the rest of the 

energy is lost, mostly during the AFE/FE phase transformation and domain wall motion. This is 

evident as a wide hysteresis loop, the area within the electric displacement versus electric field 

hysteresis loop under uniaxial electric field loading, and is mainly associated with the generation 

of heat [122]. Dielectric loss not only reduces the energy efficiency of pulsed capacitor systems, 

but also affects the material behavior since the generated heat increases temperature within the 

specimen and may degrade the material properties [123], [124]. The temperature increase 

associated with heat generation depends on the dimension of specimen, as well as the magnitude, 

the frequency, and the number of cycles of the applied electric field [124]. A slim hysteresis loop 

is associated with low loss and thus is important to improving pulsed capacitor operation.  

The shape of the hysteresis loop affects the electrostrictive strain and can affect reliability.  

Antiferroelectric materials have two distinct electric displacement versus electric field behaviors, 

square-shaped and slim and slanted hysteresis loops. Electrostrictive strain is a quadratic 

relationship between strain and polarization. An electrostrictive strain jump occurs over very short 

electric field range in a material with square-shaped hysteresis while the electrostricitive strain 

develops slowly over a wide range of applied electric field in material with a slim-slanted 

hysteresis loop [125]. An AFE-FE phase transformation is also accompanied by a volume 

expansion of up to 1% in PZT based materials [31]. Any abrupt change of strain produces inertial 

stress when the discharge rate exceeds the ring-down period (on the order of twice the largest 

dimension divided by the acoustic wave velocity). The inertial stress is therefore sensitive to 



	107	

hysteresis loop shape and loading frequency [126] and may induce fracture [127], [128]. This 

makes relaxor AFE materials with slim and slanted hysteresis loops preferred candidates for pulsed 

capacitors based on AFE compositions.  

The shape of the hysteresis loop can be modified by the substitution of La3+. La3+ replaces Pb2+ in 

the unit cell and induces vacancies for charge balance. This leads to the disruption of translational 

periodicity of the lattice. La3+ substitution and the associated lattice vacancies are known to break 

the long-range interactions between ferroelectric clusters [26]. Above a critical amount of La3+ 

substitution, decoupling is sufficiently strong that the long-range ferroelectric clusters are 

destroyed and nano-polar domain clusters are established [129]. Correspondingly, the La3+ doped 

PZT shows relaxor behavior with slim and slanted hysteresis on a macroscopic scale. La3+ is also 

known to stabilize the AFE phase near the AFE-FE morphotropic boundary [27], [130], [131].  

Excess lead oxide, PbO, is often added to lead based oxide mixtures prior to sintering to 

compensate the loss of volatile Pb2+. The addition of PbO also influences the microstructure and 

phase stability of PZT-based materials. Various studies of the effects of PbO content on AFE-FE 

phase transformation show that the addition of PbO hinders the formation of the pyrochlore phase, 

decreases the porosity, increases volume density, increases the coercive electric field, and 

stabilizes the AFE phase [116], [132]–[136].  

Microstructure affects material properties. It can be controlled through the sintering process. 

Zhang et al. observed that hot-press sintering produces a higher volume density with a more 

uniform grain size that is independent of the amount of excess PbO [137], [138]. This also reduces 

the dielectric hysteresis loss and increases the energy density. Ye et al. introduced a two-step 

sintering process by firing a specimen at two different temperatures [113]. This two-step sintering 

process resulted in fine-grain and high-density ceramics and, in turn, a higher energy density was 
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achieved than in ceramics fired with a conventional single-step sintering. Zhang et al. significantly 

enhanced the AFE-FE electric coercive field using the Spark Plasma Sintering process. As a result, 

the discharge energy density has increased by 37.6% [121].  

 

 

Figure 5.1. The phase diagram of the PLZT system at room temperature.[139] 

 

Overall, understanding the effects of dopant, excess PbO, and microstructure on the AFE-FE 

transformation behavior can be used to improve the relaxor AFE material properties needed for 

high-performance pulsed capacitors. In this work, a new PLZT composition has been fabricated 

and characterized, and its performance as a pulsed capacitor is compared with other materials that 

have been reported in past. The phase diagram of the PLZT system at room temperature is shown 

in Figure 5.1 [139]. It contains the ferroelectric rhombohedral/tetragonal phases (FEr/FEt), the 

antiferroelectric orthorhombic phase (AFEo), and the mixed phase (MPh) regions. The mixed 

phase region can be any combination of regular phases of PLZT, La2Zr2O7, and La2Ti2O7 [140]. 
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The composition of the present study is located in the AFEo region near the boundary with the 

mixed phase.   

 

5.2. Experimental procedure 

 (Pb0.88La0.08)(Zr0.91Ti0.09)O3 ceramic was prepared by the solid reaction method. Starting 

precursors with high purity (>99.9%) (PbCO3)2Pb(OH)2, La2O3, ZrO2, and TiO2 were weighed out 

based on the calculated ratio, and 6 mol.% excess PbO was added prior to the 16 hrs. ball-milling 

process. The mixture was calcined at 800°C for 6 hrs. followed by another ball-milling process. 

The resulting powder was mixed with dissolved binder and uniaxially compressed into a disc shape. 

The compact discs were placed in alumina crucible and fired at 1200°C for 2 hrs. in a Pb-rich 

environment to minimize volatile Pb2+ loss. The sintered specimens were sanded, polished, and 

electroded by a sputtering physical deposition method with a Au target. The final PLZT ceramic 

specimens were 10mm in diameter and 250µm in thickness. The sputtered electrode area on each 

was a circle with a 7.5mm diameter. A SEM image of specimen was obtained using Scanning 

Electron Microscopy (JEOL JSM-6700F).  

An as-sintered specimen was subjected to an electric field of 120 kV/cm using a high-voltage 

amplifier (Trek610E). The as-sintered and electric field-exposed specimens were examined using 

several characterization methods and the results were compared to verify any possible permanent 

change in material properties. The grain structure was examined using a scanning electron 

microscope. The crystal structure was confirmed using an X-ray powder diffractometer 

(Panalytical X’Pert Pro). The specimens were subjected to CuKα radiation (λ = 0.154060 nm) with 

a scanning step of 0.017° 2θ and a scanning time of 0.3°/min, and each peak was identified using 

a hexagonal indexing system. The temperature-dependent small-field dielectric constant was 
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measured at 1kHz using an LCR meter (Agilent 4284A). Large field electric displacement-electric 

field, D-E, behavior was measured using a Sawyer-Tower circuit. The Sawyer-Tower circuit was 

built by connecting a high-voltage amplifier, a PLZT specimen, and a 100µF capacitor in series, 

and an electrometer (Keithley 6512) was placed in parallel with the capacitor to record the charge 

collected. The specimen was immersed in a silicone oil bath to prevent electric arcing. The D-E 

plots were obtained by applying a unipolar cyclic electric field at 0.25Hz. This was repeated at 

different temperatures. A strain gauge was bonded to the surface of the specimen on the electrode 

that was held at zero potential, connected to a Wheatstone bridge, and the electric field cycle to 

170kV/cm was applied. The electric field-induced transverse strain, e-E, was recorded.        

 

5.3. Experimental Results 

Figure 5.2 shows the grain structure of the as-sintered specimen. The grains have a uniform size 

of about 2-3µm. No apparent pores were observed on the specimen surface.  

 

Figure 5.2. A SEM image showing the grain structure of the (Pb0.88La0.08)(Zr0.91Ti0.09)O3 ceramic. 
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Figure 5.3. (a) Full X-ray diffraction pattern of the as-sintered PLZT specimen. A dot indicates the 
presence of a small amount of the pyrochlore phase. Comparisons of (b) (240) and (004) reflections 
and (c) (162) and (044) reflections of as-sintered and electric field-exposed specimens. (black: as-
sintered, red: electric field-exposed) 
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X-ray diffraction patterns were measured for the as-sintered and electric field-exposed specimens. 

The XRD patterns of as-sintered are displayed in Figure 5.3(a). The XRD patterns of the as-

sintered and the 120 kV/cm exposed specimens have almost identical peaks but with different 

intensity ratios of some of their double peaks. Double peaks were observed in (120/002), (040/122), 

(240/004), and (162/044) reflections. The (240/004) and (162/044) reflections of the as-sintered 

and electric field-exposed specimen are compared in Figure 5.3(b) and 3(c), respectively. The 

higher to lower d-spacing peak intensity ratio was lower than 1 in (040/122) reflections and higher 

than 1 in other reflections in both as-sintered and electric field-exposed specimens. The peak 

intensity ratios of (240) (higher d-spacing) to (004) (lower d-spacing) of as-sintered and electric 

field-exposed specimens were 3.3 and 4.8, respectively. There was also evidence of a small amount 

of secondary pyrochlore phase observed, denoted by a dot above the corresponding peaks.  

 

 

Figure 5.4. The dielectric constant as a function of temperature of (Pb0.88La0.08)(Zr0.91Ti0.09)O3 
ceramic obtained in the as-sintered and 120 kV/cm electric field-exposed specimens indicates a 
change associated with poling the specimens.   
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The temperature-dependence of small-field dielectric constant in the as-sintered and electric field-

exposed states is shown in Figure 5.4. At 25°C, the dielectric constant of the as-sintered specimen 

was lower than that of the electric field-exposed specimen. The difference in dielectric constant 

values becomes smaller as the temperature approaches the temperature of dielectric maximum, Tm 

= 170°C. The two curves were merged at this temperature and identical as the temperature was 

further increased. 

The measured D-E plots of the (Pb0.88La0.08)(Zr0.91Ti0.09)O3 for the initial cycle and successive 

cycles are displayed in Figure 5.5. For the initial cycle, the D-E loop shows a lower slope, which 

is consistent with LCR measurement results, and a larger hysteresis than the D-E loops for 

successive cycles. The specimens were able to withstand an electric field of 170kV/cm while most 

bulk ferroelectric ceramics experience dielectric breakdown prior to this value. The zero field 

polarization was zero, and the maximum polarization was 32µC/cm2 at 170kV/cm.  

 

 

Figure 5.5. Electric displacement versus electric field (Pb0.88La0.08)(Zr0.91Ti0.09)O3 ceramic shows 
a distinct change between the initial and subsequent cycles.  

 



	114	

 

 

 

Figure 5.6. Change in D-E plot of specimen under (a) temperature change, and (b) cyclic electric 
field loadings of 160 kV/cm at 10Hz.  
 

D-E plots were measured at an applied electric field of 160kV/cm at different temperatures, and 

the D-E plots at selected temperatures are displayed in Figure 5.6(a). With increased temperature, 

the slope of the D-E plot at low electric field and the hysteresis area increased. The remnant 

polarization also increased with temperature from almost zero at room temperature. Cyclic electric 
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field loading of 160kV/cm was applied to a specimen at a frequency of 10Hz. The D-E plots at 1, 

10, 100, 1,000, and 10,000 cycles are shown in Figure 5.6(b) and the measured D-E plots do not 

display any visible change with number of electric field cycles up to 10,000. 

 

 

Figure 5.7. Transverse strain versus electric field plot of (Pb0.88La0.08)(Zr0.91Ti0.09)O3 ceramic. 

 

The measured transverse e-E behavior is shown in Figure 5.7. The specimen was subjected to 

several electric field cycles between 0 and 120kV/cm before recording. The strain vs. electric field 

behavior appears quasi-quadratic, displays a minor hysteresis loop, and shows no change of 

remnant strain upon unloading. The maximum strain was measured  was 1120µe at 170kV/cm. 

  

5.4. Discussion 

5.4.1. Material characterization 

Aspects of the XRD patterns were different for the as-sintered and electric field-exposed 

specimens. The double peaks in the (120/002) and (240/004) reflections, in Figure 5.3(b), indicate 
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the presence of either the tetragonal or orthorhombic phases and the double peak in (162/044) 

reflection, as shown in Figure 5.3(c), can be used to distinguish between these two phases. The 

intensity ratio of the (162) reflection (higher d-spacing) is greater than the (044) reflection (lower 

d-spacing) for the orthorhombic phase and smaller for the tetragonal phase [141]. This indicates 

that the major phase of the PLZT specimen is orthorhombic. For a pure orthorhombic phase, the 

intensity ratio of (240) (higher d-spacing) to (400) (lower d-spacing) is 2. The ratio being higher 

than 2 is attributed to the presence of a ferroelectric rhombohedral phase since the (002) reflection 

of the rhombohedral phase has a d-spacing value that is close to the (240) reflection of the 

orthorhombic phase, and they are merged into one peak. The ratio was higher in the electric field-

exposed specimen indicating that the first cycle of electric field induces a partial irreversible phase 

transformation of AFEo-FEr. 

Different temperature-dependences of dielectric permittivity of two specimens below the Curie 

temperature considered together with the XRD data suggest that the first cycle of electric field 

applied to the as-sintered specimen induced a phase transformation and this generated a change in 

dielectric properties. The La3+ doping results in a broad dielectric maximum around the phase 

transformation region [142]. The electric field-exposed specimen was stored at ambient condition 

for a week and then the dielectric constant was re-measured. There was no change toward the as-

sintered state, and this implies that the transformed phase is stable. When the temperature passed 

above the Curie temperature, both as-sintered and electric field-exposed specimens were 

transformed into the cubic paraelectric phase and their dielectric properties become identical. The 

excursion above the Curie point reset the material to the as-sintered behavior. 

Different slopes of the D-E plots of the two material states are related to an AFE to FE phase 

transformation. The AFE phase generally possesses lower dielectric permittivity. The larger 
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hysteresis of initial D-E plot is also associated with AFE-FE phase transformation. The specimens 

withstood an electric field of 170kV/cm and higher, while typical ferroelectric bulk ceramics have 

a dielectric strength of lower than 100kV/cm. Excess PbO is known to reduce the porosity and 

increase the density, and this contributes to increased dielectric strength. The D-E plot also exhibits 

a narrow hysteresis area that was achieved by La3+ addition. 

 

 

Figure 5.8. A comparison of energy densities and efficiencies of recently reported 
(anti)ferroelectric-based energy storage dielectric materials.[91], [92], [95]–[120] (black: lead-
containing, blue: lead-free, red: the current study, *: Spark Plasma Sintering method). 
 

5.4.2. Energy storage performance 

The energy density and the efficiency were determined from the charge and discharge D-E curves. 

The areas between the vertical axis and the charge and discharge curves of D-E plot are equivalent 

to energy density absorbed during charging and energy density recovered during discharge, 

respectively. The maximum charge and discharge energy density values at the applied electric field 

of 170kV/cm were 3.31 and 3.04 J/cm3, giving an efficiency of 0.920. This behavior is superior to 

prior reported results in the literature as shown in Figure 5.8.  
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The black circular marks indicate lead-containing materials, the blue square marks indicate lead-

free materials, and the red diamond mark indicates the material of the current study. Lead-free 

materials possess lower energy density compared to lead-containing material while their efficiency 

varies over a wide range. There are five materials, including the material of the current study, that 

are significantly higher in energy density than others reported. These five are all lead-containing 

materials. The two highest energy density specimens are the same composition but were prepared 

by different sintering methods. The relatively large energy density obtained from the material of 

this study is mainly due to its high dielectric strength. The material of the current study also 

exhibits a high energy efficiency, 92.0% relative to the other four high energy density materials 

whose energy efficiencies lie between 60~70%. Materials with lower energy efficiency lose a 

higher amount of their stored energy to heat, and the generated heat degrades the material 

properties. Zheng et al. showed the effect of hysteresis heating on temperature of a specimen. With 

an electric field of 30kV/cm at 300Hz and the volume to surface area ratio of about 0.7, a 

temperature rise of about 120°C was observed after 5 minutes of cyclic loading [124]. 

The hysteresis area (loss) of the PZT in Ref. [122] was estimated to be ~0.018J/cm3 at an applied 

electric field of 30kV/cm. The hysteresis area of the PLZT specimen in this study was 0.27J/cm3 

at 170kV/cm, almost six times as large an electric field. This is one order of magnitude higher than 

the PZT material used in Ref. [122]. Hysteresis area is equivalent to the generated heat per unit 

volume per cycle. Even with very high efficiency, the hysteresis area can be large with a high 

electric field and thus the generated heat can be significant.  

Figure 5.9 displays the discharge energy density and hysteresis loss at different applied electric 

fields. The maximum energy density per cycle and the hysteresis loss continuously vary in a non-



	119	

linear manner with electric field. In contrast, in some reported materials with square hysteresis the 

energy density drops rapidly below a certain level of electric field [119].  

 

 

Figure 5.9. The discharge energy density and the hysteresis loss as s function of maximum electric 
field. 
 

 

 

Figure 5.10. Dependence of energy density and energy efficiency on temperature.  

 

The discharged energy density and efficiency at each temperature were calculated and are 

summarized in Figure 5.10. The remnant polarization generated at increased temperature causes 
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an incomplete discharge. Increased slope of D-E loop, hysteresis area, and remnant polarization 

value with increased temperature lead to a decrease in both energy density and energy efficiency. 

The energy density and efficiency stay almost constant until the temperature is close to 80°C, and 

start to fall with further increase of temperature. The energy density and efficiency at 120°C were 

1.58J/cm3 and 0.740, respectively. These are equivalent to 64% and 82% of the values obtained at 

room temperature. These numbers are, however, still comparable to the room temperature 

performance of other reported materials. The temperature dependence of the material properties 

are primarily attributed to La3+ doping. The La3+ doping reduces the Curie temperature, and the 

material efficiency drops as the temperature approaches the Curie temperature [143].  

Pulsed capacitors can be operated at various levels of voltages and frequencies depending on 

application of use. Some applications such as electro-thermo-chemical guns and electromagnetic 

railguns require a high voltage and current production at relatively low frequency. Typically these 

capacitors are specified to survive 1,000 shots which roughly matches the life of a gun barrel or 

10,000 shots which roughly matches the life expectancy of a Navy gun system [144]. However, 

the performance of specimen can be degraded with number of cycles before it is used until 

expected life cycle. The material identified in this study can withstand an electric field of 

170kV/cm or higher, did not show visible performance degradation after 10,000 cycles of repeated 

high electric field cycle, and is thus well suited to such applications.  

The measured e-E curve displays a nearly quadratic strain vs. electric field behavior. Materials 

with sharp jumps in transformation strain as electric field is increased are susceptible to cracking.  

The nearly quadratic behavior of this material reduces the mechanical shock induced cracking and 

thus should improve device reliability.  
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5.5. Concluding Remarks 

(Pb0.88La0.08)(Zr0.91Ti0.09)O3 ceramic was prepared by a solid state reaction route with 6 mol. % of 

excess PbO. La3+ was added to obtain a slim and slanted hysteresis loop. La3+ was selected over 

other dopants since it also stabilizes the antiferroelcetric phase. This type of hysteresis increases 

the energy efficiency and results in a composition well suited for use in pulsed capacitor 

applications. Excess PbO reduced the porosity and increased the density of specimen. This 

contributed to a relatively higher dielectric strength than typical bulk ferroelectric ceramics. The 

energy density and efficiency of the specimens were calculated to be 3.04 J/cm3 and 0.920.  These 

values are superior to most of other reported materials. The energy density and efficiency start to 

decrease around 80°C and at 120°C fall to 64% and 82% of the initial values respectively. The 

specimens did not show visible performance degradation up to 10,000 cycles. 

 

5.6. Supplementary study: from ferroelectric to relaxor 

 

Table 5.1. Dimensions of the PLZT specimens 
La3+ radius or sides (mm) thickness (mm) 
6% 11.0 1.5 
7% 10.9 1.4 
8% 6.6 x 6.6 4.2 
9% 6.3 x 6.3 4.2 

 

5.6.1. Experimental procedure 

(Pb1-3/2xLax)(Zr0.91Ti0.09)O3 ceramics for x = 0.06 – 0.09 were prepared by the identical material 

processing described earlier. The dimensions of final disc-shaped (for x = 0.06 and 0.07) and 

rectangular-shaped (for x = 0.08 and 0.09) specimens are presented in Table 5.1. The D-E loops 

were measured for all specimens at room temperature and increased temperatures. The longitudinal 
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e-E loops were measured for the specimens with x = 8% and 9% at room temperature and increased 

temperatures.  

 

5.6.2. Experimental results and discussion 

The large-electric field electric displacement curve of four different specimens were captured at 

different temperatures are presented in Figure 5.11(a)-(d), respectively. As temperature increased, 

the hysteresis loops became slimmer and slanted. The remnant polarization was also reduced with 

increasing temperature. These are the properties of relaxor ferroelectric and indicate that the 

temperature can induce the transition from ferroelectric to relaxor ferroelectric state in PLZT 

x/65/35 ceramic.  

 

 

 

Figure 5.11. Temperature dependence of the D-E hysteresis loops of the PLZT with (a) x = 0.06, 
(b) x = 0.07, (c) x = 0.08, and (d) x = 0.09.  
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The specimen, however, have different ferroelectric – relaxor transition temperatures with 

different La3+ content. The composition dependence of thermal depolarization curves for the 

specimens is shown in Figure 5.12. Due to its diffuse transition behavior, the exact ferroelectric – 

relaxor transition temperature cannot be defined, but it can still be shown that La3+ increase 

decreases the transition temperature. This clearly suggests that La3+ induces the ferroelectric to 

relaxor transition in PLZT, and this is consistent with the composition phase diagram shown in 

Figure 5.1. At x = 0.09, the remnant polarization was almost negligible even at room temperature. 

This is consistent with the D-E loop of the specimen in Figure 4.11(d). 

  

 

Figure 5.12. Composition dependence of thermal depolarization curves of the specimens.  

 

The specimens with x = 0.08 and 0.09 were compared. The room temperature D-E and e-E curves 

of these two specimens are shown in Figure 5.13(a) and (b), respectively. The D-E loop for x = 

0.09 is comparably slimmer and more slanted. The remnant polarization suddenly dropped from 

0.3 C/m2 to below 0.03 C/m2. The e-E loop is also a good indicator for ferroelectric to relaxor 
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transition. For x = 0.08, the longitudinal strain rapidly dropped with as soon as electric field was 

applied and was suddenly reversed. The sudden drop of longitudinal strain is due to the 90° variant 

switching in tetragonal ferroelectric phase, and this is a strong indicator for that PLZT with x = 

0.08 is a normal ferroelectric material with the 90° ferroelectric domain structure. For x = 0.09, 

there was no negative strain observed. The material elongates with increasing electric field and 

returns with decreasing electric field. This suggest that there is no such a 90° ferroelectric domain 

structures.  

 

 

Figure 5.13. Comparisons of (a) D-E curves and (b) e-E curves of PLZT compositions with x = 
0.08 and 0.09.  
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The relationship between strain and electric at different temperatures for x = 0.09 is shown in 

Figure 5.14. At room temperature, the two quantities are in the perfect quadratic relationship. This 

strongly indicates that the electrostrictive behavior dominates the material behaviors since e33 = 

Q3333P3P3 and the material is relaxor material. As temperature increases, the quadratic relationship 

remains unchanged suggesting that the material is still in the relaxor state.  

 

 

Figure 5.14. Relationship between strain and electric displacement at different temperature for 
PLZT with x = 0.09. 
 

As the concluding remark, the effect of La3+ on the transition from ferroelectric to relaxor behavior 

in PLZT material was studied. The results from D-E, e-E, and e-D plots showed that La3+ doping 

is an effective way of transforming the ferroelectric into relaxor material.  
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Chapter 6 

 

Development of phase transformation-based ferroelectric waste heat 
energy harvesting techniques 

 
 

6.1. Background 

6.1.1 Current energy flow and waste heat 

Each year, the Lawrence Livermore National Laboratory (LLNL) releases an energy flow chart 

showing how much energy is produced from each resource, how much energy is actually used in 

each sector, and how much energy is wasted in the United States. According to their recent report, 

displayed in Figure 6.1 [145], total 98.3 quad of energy (1 quad is equivalent to 1.055 x 1018 joules) 

was consumed in the United States in 2014. The chart reports that the largest part of nation’s 

energy is supplied by Petroleum (35.4%), and the rest includes natural gas (28.0%), coal (18.2%), 

nuclear (8.5%), biomass (4.9%), hydropower (2.5%), wind (1.8%), solar (0.4%), and geothermal 

(0.2%), in the descending order. Total 39.1% of these energy resources are used for generating 

electricity in power plants, and 33.4% is directly delivered to and consumed on residential, 

commercial, and industrial sites, and the rest 27.5% is expended in all modes of our transportation.  

Two key issues can be drawn from the LLNL energy flow chart. First, the current energy system 

is highly dependent on non-renewable resources in despite of our effort to reduce it for past several 

decades. Top three energy resources (petroleum, natural gas, coal) are the non-renewable resources 

and account for 81.6% of total energy resources. These are limited energy resources and will be 

completely depleted someday. In fact, it is anticipated that total proved reserves of petroleum, 

natural gas, and coal are sufficient to meet 52.5 years [146], 54.1 years [147], and 110 years [148] 



	127	

of global production, respectively. Fore-mentioned non-renewable energy resources are different 

forms of fossil fuel and burning the carbon-based fuel releases carbon dioxide which is known as 

the major cause of climate change [149]–[154]. Nuclear power is another type of non-renewable 

energy resources which constitutes 8.5% of total resources, and its radioactive waste has serious 

health and environmental impacts [155]–[157]. Presently, about 10% of total energy is supplied 

by renewable and environmental-friendly resources. 

 

 

Figure 6.1. Estimated 2014 U.S. Energy Flow Chart prepared by the Lawrence Livermore National 
Laboratory [145]. 
 

Another key issue is the large amount of energy that is wasted. The chart indicates that 39.6% of 

total supplied energy was actually converted into work and the rest was rejected mostly in a form 

of heat. The loss of energy during conversion is due to imperfect method of energy conversion and 

can be reduced in various ways by minimizing friction, optimizing thermodynamic cycles, 
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matching mechanical and electric impedance to name a few. However, even with the ideal energy 

conversion technique the system rejects heat as by-product of their operation as a consequence of 

the second law of thermodynamics.  

 

 

Figure 6.2. The total U.S. energy consumption and consumption of renewable energy resources 
between 1949 and 2014a [145], [158] and anticipated total energy consumption until 2040b [159]. 
 

Development of renewable energy conversion technique such as biomass, hydropower, wind, solar, 

geothermal energy, and any new form of renewable resource is one solution to current energy 

crisis. According to the U.S. Information Administration report, the consumption of renewable 

energy resources has increased from 2.974 to 9.609 quad (by 323%) while total U.S. energy 

consumption has increased from 32.0 to 98.1 quad (by 307%) between 1949 and 2014 as shown 

in Figure 6.2. This implies that there has not been significant improvement in renewable energy 

technique during more than past 60 years since many renewable energy techniques suffer from 

limited locations, large land requirement, high installation cost, low power generation, high 

reliance on source of power which may exist in various patterns; continuous, cyclic, intermittent, 
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or random. The Department of Energy anticipated the ratio of uses of renewable energy resources 

to non-renewable energy recourses will increase from 9.8% to 11.8% between 2014 and 2040 

under consistent government and industries-led projects [159]. An alternative method to reduce 

the use of non-renewable energy resources is to re-use the rejected heat. Waste heat produced in 

residential, commercial, industrial, and transportation sectors can be recycled. The two methods 

of reducing the use of non-renewable energy resources are described in Figure 6.3.  

 

 

Figure 6.3. Description of two methods of reducing the use of non-renewable energy resources on 
the simplified 2014 U.S. Energy Flow Chart.  
 

6.1.2. Current status of waste heat recovery 

Waste heat is discarded in various forms during industrial processes; exhaust gases from fossil 

fuel-fired furnaces, boilers, process heating equipment, heat escape from surface of hot-

temperature system, and cooling water from machines and condensers, to name a few. The U.S. 
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industries consume about 25% of total U.S. energy and are responsible for about 8% of total 

rejected energy [145]. Temperature of waste heat available at power plants and industries range 

from less than 100°C to higher than 1000 °C [160]. Due to its large amount and high temperature 

of available waste heat, the technique of waste heat recovery is primarily used in industrial sectors 

to heat other mediums or generate electricity [160]–[164].  

Waste heat can be delivered from boundary or outlet of main system to subsystems to heat water 

and air, heat plants or buildings, preheat fuel in combustion system, and operate gas and steam 

turbines to generate electricity using heat exchangers, recuperators, or direct delivery of waste heat 

medium. Some examples of industrial sources of waste heat are summarized in Table 6.1 [161]. 
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Table 6.1. Examples of industrial sources of waste heat and temperature range [161]. 

Industrial sector  Process  Typical temperature level (o F)  

All sectors  

Preheating boiler feedwater 80-210  
Space conditioning of facilities and warehouses  40-210 

Heating water 100-200 
Preheating load 60-600 

Preheating combustion air  600-1,600 

Food and Beverage  

Drying (food processing, breweries, dairy) 85-435 
Yogurt maturation (dairy) 105-115 

Heat treating (food processing) 105-140 
Clean-in-place washing, washing bottles, clothes etc. 105-195 
 Solvent extraction and distillation of vegetable oil  140-230 

Pasteurizing (food processing, breweries, dairy) 160-250 
Boiling (food processing) 200-220 

Distilling (breweries) 205-215 
Evaporating (dairy) 140-300 

Sterilizing (food processing) 285-300 
Frying (food processing)  175-430 

Textile  

Rinsing after Dyeing 115-125 
Washing textiles etc. 105-175 

Bleaching 140-215 
Drying 200-300 
Dyeing 210-320 

Petrochemical and 
Chemical  

Boiling 200-220 
Distilling 230-670 

Various chemical processes  250-490 

Forest Products  Drying (lumber) 105-210 
Heating, drying, corrugation (pulp and paper)  230-305 

Manufacturing  

Spray-painting 70-85 
Galvanizing  85-195 

Dehumidification/heating of air for plastic injection molding 90-190 
 Lubricating/washing 100-300 

Degreasing 120-150 
Heating plating, pickling, scouring baths 120-200 

Drying 175-195 
Steam boiler exhaust 450-900 

Reciprocating engine exhaust 450-1,100 
Exhaust gas from drying and baking ovens 450-1,100 

Gas turbine exhaust 700-1,100 
Exhaust gas from heat treating furnaces 800-1,200 

Exhaust gas from catalytic crackers 800-1,200 
Exhaust gas from cement kilns (dry process)  1,150-1,350 

Exhaust gas from open hearth furnaces 1,200-1,300 
Exhaust gas from aluminum refining furnaces  1,200-1,400 

Exhaust gas from copper refining furnaces 1,400-1,500 
Exhaust gas from hydrogen plants 1,200-1,800 

Exhaust gas from solid waste incinerators 1,200-1,800 
Exhaust gas from zinc refining furnaces 1,400-2,000 

Exhaust gas from fume incinerators 1,200-2,600 
Exhaust gas from steel heating furnaces 1,700-1,900 

Exhaust gas from copper reverberatory furnaces  1,650-2,000 
Exhaust gas from glass melting furnaces  1,800-2,800 
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The ICF International identifies 96 existing waste heat to power systems in U.S. industries (as of 

2013) and estimated that the currently installed waste heat to power facilities (WHP) have power 

generation capacity of 766 MW, and this is equivalent to 0.0157 quad of energy generation per 

year assuming that they are operated for 6000 hours per year [165]. This amount of recovered 

energy is equivalent to 0.32% of total rejected energy in industries. Figure 6.4. shows a schematic 

of example for WHP system. A report foresees that the potential waste heat to power capacity rises 

to 15.3 GW which is equivalent to 0.313 quad of energy per year assuming the 6000 hours of 

operation time per year [161], [165]. This increases the amount of recovered energy equivalent to 

6.3% of total industrial rejected heat. For the comparison purpose, in 2014 the energy supplies by 

solar and geothermal energy resources in the U.S. were 0.427 and 0.202 quads, respectively [145].  

 

 

Figure 6.4. A schematic of an example WHP system.  



	133	

The WHP system is expected to bring huge economical impacts. First of all, the recovered electric 

energy by WHP system per year is worth in monetary value of $383 millions calculated by using 

an energy price of $0.079 which is averaged over fifty states in the U.S. The potential saving in 

purchasing of energy resources by WHP system in industry facilities is estimated up to $7.2 

billions per year. The payback period of WHP system is also reasonable. The installation cost of 

waste heat to power system is estimated to several $1,000’s/kW and payback period generally 

ranges between 1 to 5 years [160], [163], [165]. The global waste heat market value is anticipated 

to reach $53.1 billions by 2018 [166].  

However, the potential waste heat energy recovery, 0.313 quad, is still far below of total annual 

rejected energy of 59.4 quad of which transportation systems contributes to 21.4 quads of rejected 

energy [145]. The rejected energy from residential and commercial sectors also sum up to 7.25 

quad and this is greater than the amount of industrial resources, 4.95 quad. The expansion of WHP 

system to residential, commercial, and transportation sectors has tremendous potential for energy 

savings which will help use less non-renewable energy resources and greatly reduce carbon 

dioxide emission.  

There are, however, some limitations of current WHP technique to be implemented in residential, 

commercial, and transportation sectors, and for that reason the WHP system has not yet been 

established in those sectors today. The WHP system consists of a number of subsystems including 

heat exchanger, turbine, power generator, condenser, and pump which take large space to be 

constructed, but such space is hardly available in residential, commercial, and transportation 

sectors and installing such system (eg. high temperature steam and revolving turbine) is even 

totally unsafe although enough space is available. In addition, the temperature of waste heat from 

these sectors are far lower than that from industrial sector which is not high enough to generate 
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high-energy steam or gas to properly operate turbine generator. This results in lower energy 

conversion efficiency and thus higher energy price, or may even cause a failure of WHP system. 

 

6.1.3. Direct conversion of waste heat into electricity 

Instead, the technique to directly convert waste heat into electricity has drawn our attention since 

it has high scalability from small home appliances to large waste heat to power system, does not 

need high temperature waste heat sources in order to generate steam or gas, and, more importantly, 

does not produce carbon dioxide during operation. Waste heat to electricity direct conversion can 

be realized with some active materials as those materials give electric output in response to applied 

heat. Thermoelectric material is the most well-known heat to electricity conversion material and 

has been actively researched for waste heat recovery applications [167]–[170]. Pyroelectric 

material is less common than thermoelectric material as a heat to electric material but is considered 

as promising material for power generation.  

Thermoelectric and pyroelectric materials have different working conversion mechanisms from 

heat to electricity. Fundamental physics of thermoelectric material allows the current to flow 

within the material as long as spatial temperature gradient exists inside the material (Seebeck effect) 

[171]. Whereas, electrons are initially stored on electrodes built on pyroelectric material, and they 

flow through external passage generating the current as total polarization inside pyroelectric 

material changes with temperature (Pyroelectric effect) [172]. In other words, thermoelectric 

material needs to have two different temperatures on opposing sides of material to steadily generate 

the electricity while for pyroelectric material temperature of the partial to whole body needs to 

vary with time during power generation. This difference in working mechanisms makes the 

thermoelectric generator easier to implement.  



	135	

For this reason, some thermoelectric generators have been already in production for various 

applications from small-sized sensor (mass production) to large-scaled waste heat recovery 

techniques (prototypes) [167]–[170], [173], [174]. Komatsu Ltd. commercialized a fin type 

thermoelectric generator module using Bi-Te alloys that was successfully installed in gas 

carburizing furnace and generated 208W of power for 3,260 hours [168]. Temperature of input 

heat was 250°C. Plantec and Showa Denko installed a 30 x 30 x 4 mm thermoelectric generator 

on industrial solid waste incinerator and observed power output of 21.6W, equivalent to power 

density of 2.4W/cm2, with 550K temperature difference [168]. Atsumitec Co. Ltd. used 

thermoelectric generator to recover waste heat energy from exhaust gas of motorcycle and obtained 

peak power output of 1.2W at waste heat temperature of 300°C [168].  

However, there are some disadvantages of thermoelectric harvesting system that limits its use. The 

current thermoelectric materials are not effective for waste heat power generation. The efficiency 

of thermoelectric device is closely related to material properties [175]. Ideally, thermoelectric 

device should have low thermal conductivity to maintain the thermal gradient and high electric 

conductivity and high Seebeck coefficient. The thermoelectric effectiveness is often described by 

its figure of merit, ZT = a2sT/k, where a = Seebeck coefficient, s = electrical conductivity, T = 

absolute temperature, and k = thermal conductivity [175]. To maximize the performance of 

thermal engine to harness the waste heat, it is essential to optimize the material properties for the 

largest ZT value as possible. Currently, the “average”  ZT value of thermoelectric material (ZT 

varies with temperature) is between 0.8 - 1 even after past 50 years of efforts to improve material 

properties and the device efficiency is limited to about 1/6 of the Carnot efficiency [176]. Average 

ZT in the range from 1.5 to 2 would be required to enable substantial waste heat harvesting and 

primary power-generation applications [167], but reaching this value of figure of merit is 
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challenging because electric and thermal conductivities are dependent on each other and this cause 

intrinsic limitation of thermoelectric materials in nature.  

Besides the current material issue, thermoelectric generators have other factors that reduce its 

effectiveness for large-scale use. In fact, the actual temperature gradient generated in 

thermoelectric material is much less than the difference in temperatures of hot and cold sides [177], 

and this greatly decreases the performance of thermoelectric generator from as-expected and may 

need a much higher ZT material which, as mentioned, is very challenging. Moreover, for a general 

type of thermoelectric generator, one side of material is placed on the heat source and heat sink 

system is attached on the other side, as shown in Figure 6.5(a). This indicates that the heat 

exchange between thermoelectric generators and waste heat sources is limited to only one side of 

device [177] and this also reduces total efficiency of waste heat recovery system.  

 

 

Figure 6.5. Schematics describing the (a)thermoelectric and (b) pyroelectric effects.  
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Due to the fact that even very small change in temperature (~mK) can induce a pyroelectric current 

flow on the order of pA to nA [178], pyroelectric materials have been extensively used for low-

power heat-sensing, infra-red detection, thermal imaging, fire alarms, gas analyzers and pollution 

monitors [179]. Even though they are not currently available for high power generation system, 

the pyroelectric energy harvesting technique for waste heat recovery have been continuously 

investigated, especially during past a decade, since Olsen has first introduced phase 

transformation-driven thermal to electric energy conversion cycle in 1980’s [143], [180]–[184]. 

Similar to thermoelectric generators, pyroelectric generator has high scalability due to its ability 

of direct heat to electric conversion, and wider range of operating temperature to low temperature. 

Material properties are, again, the most essential part of system and highly dependent on 

temperature, pressure, electric field, and ratio and types of compositions of material [38]. 

Experimental results shows that phase transformation-based pyroelectric energy harvesting has 

potential of generating high power density at low temperature (10’s mW/cm3 at low waste heat 

temperature of 180°C [143]) and can be designed in such that all surfaces are subjected to the 

stream of waste heat, as shown in Figure 6.5(b), to enhance the heat transfer rate. As device size 

diminishes to micro/nanoscale in the perpendicular direction between heat sources, the spatial 

temperature gradient in that direction becomes negligible and thus temperature of device as a 

whole rather varies with time when temperature of heat sources changes, and this is an attractive 

characteristic for pyroelectric energy harvesting. Overall, pyroelectric potentially have high power, 

high total efficiency of waste heat to power system, and better suitability for small-scaled thermal 

energy harvesting device. 

Some disadvantages of pyroelectric energy harvesting need to be addressed. Large pyroelectric 

power generation is based on phase transformations that are not reversible to the original state and 
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requires an application of high voltage after each cycle of electric power extraction [185]. This 

indicates that the pyroeletcric energy harvesting system needs to be combined with a high voltage 

supply that might cause design and safety issue if it is to be used in residential and commercial 

areas and vehicles. Background theory about pyroelectric material including phase transformation 

was provided in Chapter 2. Pyroeletcric energy harvesting system also seems harder to implement 

in real system than thermoelectric generators because electricity is generated as temperature of 

pyroelectric material fluctuates, and this is a rare case for large-scale system. Development of a 

time-varying temperature requires a device engineered for this purpose. A number of designs have 

been proposed [76], [186], [187].  

The direct waste heat to electricity system using thermoelectric and pyroelectric materials are 

attractive and demanded but a of obstacles to be understood and resolved before widely applied 

over residential, commercial, and transportation sectors.  

 

6.2. Pyroelectric energy harvesting 

6.2.1. Optimization principles of pyroelectric energy harvesting  

Since only ferroelectric pyroelectrics are considered as any pyroelectric energy harvesting material 

in this dissertation, the terms ferroelectric and pyroelectric will be used interchangeably. 

Macroscopically, remnant polarization of pyroelectric materials changes with a temperature 

change as its spontaneous polarization rotates and extends as a result of temperature change. Over 

a certain range, the relationship between spontaneous polarization and temperature is linear when 

other external fields such as pressure and electric field are held constant. In this regime, the 

polarization is reversible and returns to its original state as a thermal cycle is completed. Because 

of polarization reversibility, spontaneous polarization in ferroelectrics does not fade away under 
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cyclic temperature variation and voltage is continuously generated as long as temperature 

fluctuation persists.  

Voltage produced from material is an essential source for energy harvesting. Performance and 

effectiveness of energy harvesting technique that converts this voltage into useful electric energy 

form are based on five major parts. 

 

 

Figure 6.6. Diagram for optimization principles of pyroelectric energy harvesting. 

 

First is the optimization of design for the energy harvesting device. This is to maximize the heat 

transfer rate from surroundings (heat source) to active material (pyroelectrics) by optimizing the 
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design to result in large surface area of material that contacts with heat stream and high convective 

heat transfer coefficient under restricted design considerations.  

Second, important parameters of heat source need to be identified. This includes temperature, mass 

flow rate (amount), temporal availability (continuous, cyclic, random), state (gas, liquid, contain 

particles), other fluid properties (viscosity, pressure, density, etc.) of heat source.  

Third is the selection process of right material candidate. The active pyroelectric material absorbs 

some of heat delivered to it and turns it into electricity, and performance of the direct energy 

conversion is largely dependent on material properties which include, but not limited to, thermal 

conductivity, specific heat capacity, and pyroelectric constant. However, most of these properties 

depend on external fields (pressure, temperature, and electric field) and changes nonlinearly above 

a certain magnitudes of fields. Detailed characterization of pyroelectric material needs to be taken 

to fully map out material properties and behaviors under one or combined loadings before the right 

material candidate for energy harvesting device is chosen.   

Fourth, in practice, the pyroelectric element is subjected to a thermodynamic cycle that is 

combined with circuit elements for the realization of energy harvesting. Practical implementation 

of energy harvesting cycle on pyroelectric material is the key to the pyroelectric energy harvesting 

as opposed to thermoelectric devices which continuously but passively produce electricity at given 

temperature difference. A variety of energy harvesting cycles are available for linear pyroelectric 

energy harvesting, and some of energy harvesting cycles along with their principles, advantages, 

and drawbacks are well presented by Sebald in Ref. [188]. He qualitatively analyzed the following 

four cycles; Carnot cycle, synchronized electric charge extraction (SECE), synchronized switch 

damping inductor (SSDI), and resistive cycle. Using the Carnot cycle, the harvested energy would 

be independent on material properties. However, using more realistic cycles, the energy conversion 
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effectiveness remains dependent on material properties. In his paper, Sebald stated that the 

presented pyroelectric energy harvesting cycles are feasible and potentially effective, even 

compared to thermoelectric devices.  

Lastly, the produced voltage signal across the external terminals needs to be effectively delivered 

to proper destinations and stored in energy storage system. This involves development of complex 

electric circuit designs that will not be covered in this dissertation. The five steps toward the ideal 

pyroelectric energy harvesting is summarized in Figure 6.6. 

In short, effective pyroelectric energy harvesting requires optimization of device design for faster 

heat transfer rate, clear identification of heat source, characterization and selection of better 

pyroelectric material, development of energy harvesting cycle that produces high power output but 

is realistic and practical, and development of electric circuit design for delivery and storage.  

However, Part II - IV (what heat source is, what material is used, and what cycle is used), are 

closely inter-connected, and change in any one of them affects the other two. For example, 

identifying the temperature variation of heat source is significant for choosing the pyroelectric 

material because the material loses its pyroelectricity when temperature rises above the Curie 

temperature of the material (relationship between II and III). This requires re-selection of 

alternative material. Moreover, since different energy harvesting cycles have different figures of 

merit for pyroelectric material [188] the set of important material parameters for an energy 

harvesting cycle needs to be re-evaluated when another energy harvesting cycle is used (III and 

IV). Finally, temporal availability of heat stream has huge impact on designing a thermodynamic 

energy harvesting cycle (II and IV). It is important to know that properties of heat stream are 

already given by environment and cannot be usually altered. A diagram is built to clearly picture 
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the inter-relationships among the three in Figure 6.7. The direction of arrow indicates that one (tail) 

affects the other (head). 

 

 

Figure 6.7. Inter-relationship among the three major parts in optimization principles.  

 

6.2.2. Current stage of pyroelectric energy harvesting 

Pyroelectric materials easily generate electric current of pA to nA in response to a small change in 

temperature (~mK), and this unique feature of pyroelectric materials has been extensively used for 

low-power heat-sensing, infra-red detection, thermal imaging, fire alarms, gas analyzers and 

pollution monitors. These applications utilize linear response of pyroelectric to changing 

temperature. Energy harvesting application of pyroelectric materials based on its linear response 

still remains at laboratory level due to low pyroelectric power output. In fact, the low power output 

is intrinsic effect.  With absence of electric field and mechanical stress, Eq. (2.19) reduces to a 

simple linear pyroelectric equation.  

 

𝛥𝐷P = 𝑝P
\,b𝛥𝑇      (6.1) 
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Ideally, the obtainable maximum possible electric energy is to extract all of unbalanced electric 

charges due to temperature change at the maximum voltage supplied by external voltage source. 

The maximum voltage should not exceed the dielectric strength of the material. The maximum 

electric energy density and power density are then, 

 

𝑢b = 		𝛥𝐷P𝐸m = 	𝑝𝛥𝑇𝐸m     (6.2) 

𝑝b = 	𝑝 Ña
Ñ9
𝐸m       (6.3) 

 

To estimate the maximum performance of linear pyroelectric energy harvester, a real world 

example is provided. Using typical values for ferroelectric ceramics of pyroelectric coefficient of 

500 µC/m2/°C, dielectric strength of 8MV/m, and temperature variation rate of 1 °C/sec,  the 

maximum power density of pyroelectric becomes roughly 4 mW/cm3 independent on magnitude 

of temperature change. However, in practice, the actual power output from pyroelectric energy 

harvesting cycle is enormously reduced by, say, at least two orders of the magnitude due to lack 

of environment with continuous temperature fluctuation at a fast rate, impracticality of such ideal 

energy harvesting cycle [188], non-uniform temperature within pyroelectric material (possibly 

caused by low conductivity of ceramic material or/and low heat transfer rate), dielectric breakdown, 

leakage current, and impedance mismatching in electronics, to name a few.  

Some of reported linear pyroelectric devices with their power density are listed in Table 6.2. It is 

to be noted that the experiments were conducted under the controlled temperature variation. 

Average power output density values were divided by rate of temperature change to roughly 

compare the performances at the identical temperature condition. The estimated average power 

output density with the rate of temperature change of 1 °C/s range between 0.1 and 1µW/cm3, and 
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these numerical values are three orders of the magnitude lower than the maximum possible power 

density calculated above. Under the naturally occurring temperature fluctuating condition, these 

will drop even lower. Table 6.3 lists some of common electric devices and their average power 

consumption. Considering the values provided in Table 6.3, the linear pyroelectric devices seem 

unfeasible for main power source for most electric devices present today and may possible be used 

for some of wireless systems that periodically receive/transmit signals and stay idle for most of 

time.  

 

Table 6.2. Pyroelectric devices with their average output power densities.   

Pyroelectric 
material 

pyroelectric coefficient 
(µC/m2°/C) 

temperature 
rate (°C/s) 

average power 
density (µW/cm3) 

average power density 
at 1 °C/s (µW/cm3) 

Ref. 

PZT 409 32 150 4.7  [189] 
PZT-5A 238 15 13.33 0.9 

 [190] PMN-PT 416 14 12 0.9 
PVDF 9 20 10.9 0.5 
PVDF 27 1600 130 0.1  [191] 
PZT ~250 (estimated) 7 33 4.7 

 [192] 
PMN-PT ~400  (estimated) 5 39 7.7 

 

Table 6.3. Common electric devices and their average power consumption. 

Power consumption Examples 
1's µW quartz wristwatch 

10's µW artificial cardiac pacemaker, RFID tag 
100's µW hearing aid 
1's mW laser pointer, laser in a DVD player 

10's mW Bluetooth, wireless sensor network system 
100's mW Wi-Fi 

1's W smartphone, clock radio, electric tooth brush 
10's W laptop computer, stereo, ceiling fan, human brain 

100's W desktop computer, TV, refrigerator 
1000's W Air conditioner, microwave, hair dryer 
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6.2.3. Current stage of phase transformation-driven pyroelectric energy harvesting 

Nonlinear properties of ferroelectric material above a certain level of temperature can be utilized 

in pyroelectric devices to amplify the power output since temperature above critical point drives 

domain switching and phase transition which are accompanied by much greater change in 

spontaneous polarization under to a temperature change. A sample depolarization curve with 

temperature increase is shown in Figure 6.8. The symbol T* specifies a threshold temperature at 

which nonlinear behaviors such as domain switching and phase transition start to occur. The figure 

indicates that, for the same temperature change, DT, the change in spontaneous polarization in 

nonlinear region is much greater than in the linear region.  

 

 

Figure 6.8. An example plot of change in remnant polarization versus temperature change. 
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However, such devices utilizing nonlinear ferroelectric behavior own one critical drawback. These 

nonlinear internal processes are not reversible, and the pyroelectric material cannot work as energy 

harvester on subsequently temperature cycles. Therefore, the material needs to be repolarized by 

an application of electric field for continuous energy harvesting, and adding this repolarization 

field into temperature cycle is one of the most important technique.  

 

 

Figure 6.9. D–E behavior of a ferroelectric material at low and high temperatures and a 
representation of the Olsen cycle between two temperatures. (blue: D–E at low temperature, red: 
D–E at high temperature, black: Olsen cycle). 
 

Olsen introduced an energy harvesting cycle applicable for ferroelectric material when the 

temperature change generates a large irreversible polarization change [180]. The Olsen cycle, 

illustrated in Figure 6.9, consists of four steps. (1) A “high” electric field, EH, is applied at a “low” 

temperature, TL, and held (isothermal process). (2) temperature is increased to a “high” 

temperature, TH, at the fixed electric field, EH (isoelectric-field process). Most of stored electric 

charges become unbalanced with material’s spontaneous polarization as the material passes the 
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phase transition temperature and released at high electric field supplied by external voltage source. 

This may result in a very large electric energy extraction depending on amount of electric charge 

released and magnitude of voltage applied. (3) The electric field is reduced to a “low” electric field 

value, EL, at TH (isothermal process). (4) Temperature is lowered to the initial temperature value, 

TL, and the material repolarizes (isoelectric-field process). Charge is accumulated during steps (1) 

and (4), and released during steps (2) and (3). The electric energy that can be extracted is equivalent 

to the area enclosed by four steps.  

The large electric energy is attributed to the different material states at two different temperatures, 

and the energy harvesting performance is hugely impacted by temperature- and electric field- 

dependent ferroelectric/dielectric properties of ferroelectric material. Pilon extensively examined 

the electrical energy density that can be produced by a number of different ferroelectric materials 

run through the Olsen cycle [182], [193]–[195]. The best way to maximize the Olsen cycle 

performance is to select material with high remnant polarization and high dielectric permittivity at 

low temperature, low remnant polarization and low dielectric permittivity at high temperature, and 

high dielectric strength. Most of material properties can be tailored by modifying chemical 

compositions of material. Another challenge is to engineer a device for time varying temperature 

since the Olsen cycle requires a time varying temperature at appropriate frequency with a large 

amplitude of temperature which does not occur in nature.  

The Olsen cycle is an ideal energy harvesting cycle that produces the maximum energy density 

from a given temperature difference and the selected material. However, the Olsen cycle has a 

number of drawbacks. Electric field needs to be applied during the whole operation and 

coordinated with the temperature fluctuation. This can make the Olsen cycle hard to implement. 
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Also, a high electric field is required to increase the energy production per cycle, and the material 

performance may not be sustainable for large number of electric field cycles .    

 

6.3. Clingman and Moore cycle 

6.3.1. Introduction 

In 1960’s, Clingman and Moore proposed a heat to electricity conversion cycle and theoretically 

discussed the performance of cycle [196]. In their circuit design, a ferroelectric material is 

subjected to a temperature cycle above the Curie temperature. Since dielectric permittivity of 

ferroelectric material is temperature dependent, the ferroelectric dielectric undergoes charge-

discharge cycles with temperature cycle above the Curie temperature. The charge-generated 

increased in electric potential across the capacitor at a higher temperature gives rise to an increase 

in electrical energy, and this is the key mechanism for this direct heat to electricity conversion 

system.  

In their work, they utilized the difference between dielectric permittivity values at two different 

temperatures and charge-generated increase in electrical potential. The electrical energy 

conversion performance can be increased by utilizing different temperature dependent material 

properties that can maximize the difference between the charge difference at two different 

temperatures. The rest of this chapter will work with, so-called, the Clingman and Moore cycle 

and analyze the performance parameters.  

The Clingman and Moore cycle has three steps. Figure 6.10 shows the resulting cycle on a D-E 

plot. (1) The ferroelectric material is initially poled with an electric field of Ea, which is little above 

the material’s coercive field. The material then possesses a remnant polarization, Pr. (2) The circuit 

is opened, and temperature is increased. The electric charge that has been collected during step (1) 
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cannot be released under open circuit condition and generate a back electric field. This is 

represented by path A-B. The maximum electric field that can be achieved in state B is limited by 

several factors. Extrinsic factors include the dielectric strength and leakage current of the material. 

Intrinsic factors include the temperature- and electric field- dependent dielectric/ferroelectric 

behavior. (3) The circuit is closed, allowing the charge to flow. The electrical energy is captured. 

The discharge path is portrayed as path B-O, and the area enclosed by vertical axes and paths A-

B and B-O is equivalent to the electrical energy density produced while the net electrical energy 

is equivalent to the shaded area. The path B-O is determined by the temperature- and electric field-

dependent material behavior.  

 

 

Figure 6.10. Description of Clingman and Moore on D-E plot.  

 

Both Olsen and Clingman and Moore cycles require a time varying temperature with a large 

magnitude that does not occur in nature. Development of a time-varying temperature requires a 

device engineered for this purpose. A schematic showing a conceptual design to produce a 

temperature variation is shown in Figure 6.11(a). “Hot” and “cold” fluids are contained in two 
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sources, and fore-mentioned waste heat sources can be used as the hot fluid source. They are 

alternately passed over the pyroelectric material by a signal from active control system to the 

control valves. Figure 6.11(b) illustrates a concept design of a proposed energy harvesting device 

system and how an active control system operates the system. A pyroelectric material can be 

arranged in the flow as a set of parallel plates to enhance heat transfer. The proposed energy 

harvesting technique can be practically implemented by following steps. (1) The cold valve is 

initially opened, and the pyroelectric element is brought to the low temperature, TL. Switch S1 is 

closed to polarize the ferroelectric material at Ea and opened. (2) The cold valve is closed and the 

hot valve is opened, and the ferroelectric material is brought to the high temperature, TH. The 

specimen would be depolarized by this temperature change, but because it is open circuited the 

electric displacement cannot change. (3) Switch S2 is now closed to release the charge. The 

released electrical energy is post-processed by energy delivery and storage systems.   

 

Figure 6.11. The conceptual designs of (a) alternate fluid delivery system, and (b) proposed energy 
harvesting device with an active control system.  
 

In this work, a pyroelectric material was fabricated with a composition chosen to give a large 

pyroelectric response at given temperature variation. This material was characterized and then 

subjected to the Olsen cycle shown in Figure 6.9 and to the Clingman and Moore cycle shown in 
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Figure 6.10 to determine some of the parameters needed to design an energy harvesting system 

such as that shown in Figure 6.11. Parameters that were investigated include the effects of leakage 

current in the pyroelectric material and the effect of heat transfer rate. A model suitable for 

designing pyroelectric harvesters based on pyroelectric solid-solid phase transforming materials 

was developed based on the measured material behavior. 

 

6.3.2. Experimental setup 

a. Leakage current measurements  

Electric field and temperature dependent leakage current were measured to enable assessment of 

the loss of electrical energy through the specimen. Different values of static voltage were applied 

to produce an electric field of 1MV/m to 8MV/m in 1MV/m increments. Each voltage was held 

constant at temperatures of 150, 160, 170, and 180°C. The leakage current was obtained by 

recording the charge collected on the capacitor in the Sawyer-Tower circuit per unit time.  

b. Olsen cycle experimental arrangement 

The Olsen cycle was implemented by manually adjusting the electric field and temperature at each 

step. The same Sawyer-Tower circuit was used and two beakers of silicone oil at two different 

temperatures, TC = 25°C and TH = 180°C, were prepared for the experimental measurement setup. 

The electric field was adjusted with the voltage amplifier, and the temperature was changed by 

transferring the specimen between two beakers. The applied electric field and the change in charge 

on capacitor were monitored during the cycle using a digital data acquisition system. 

c. Experimental arrangement of Clingman and Moore cycle 

The cycle depicted in Figure 6.10 was implemented as shown in Figure 6.12. Figure 6.12 combines 

the charging and discharging circuits. The Sawyer-Tower circuit was used as the charging circuit, 
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and the discharging circuit includes two resistors with the values of R1 = 47MΩ and R2 = 220kΩ 

that are connected to the specimen in series and function as a voltage divider. A switch was placed 

between two circuits and manually switched for each charging and discharge step. The 

ferroelectric material is represented as a capacitor and a temperature dependent internal resistor, 

denoted as C and Ri, in parallel. The switch was set to position 1 to pole the ferroelectric material 

with an electric field of Ea = 1.5MV/m in a silicone oil bath at ambient temperature, TC. The switch 

was then set to position 2, open circuit condition, and the specimen was transferred to a silicone 

oil bath at temperature TH. The switch was then set to position 3, allowing charge to flow over the 

series resistors. An oscilloscope (Tektronix TDS 2002) was connected across the 220kΩ resistor 

to record the discharge voltage as a function of time. Discharge voltage curves were recorded when 

the switch was closed 1, 3, 6, 10, 15, and 20 sec. after the specimen was immersed in a hot silicone 

oil bath. 

 

Figure 6.12. The experimental setup to demonstrate the Clingman and Moore energy harvesting 

cycle.  
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6.3.3 Experimental results  

a. Temperature-dependent dielectric properties  

Dielectric anomalies were observed at 60°C and 148°C in the dielectric constant versus 

temperature plot in Figure 6.13(a), and these refer to the FE-AFE phase transformation and the 

Curie temperatures. Figure 6.13(b) shows the electric displacement – electric field behavior of the 

(Pb0.97La0.02)(Zr0.55Sn0.32Ti0.13)O3 at temperatures of 25°C, 70°C, 120°C, 140°C, 160°C, and 180°C. 

At 25°C, a typical ferroelectric hysteresis loop was observed. At 70°C, a double D-E hysteresis 

loop associated with AFE behavior occurred, and the two hysteresis loops became further 

separated at 120°C. The double hysteresis loop was not visible in the D-E behavior at 140°C. This 

indicates that increased temperature stabilizes the AFE phase, and the higher electric field needs 

to be applied to transform the non-polar AFE phase to the polar FE phase as temperature increases. 

At 160°C and 180°C, double hysteresis loops are not present because the material has been 

transformed to paraelectric, PE, as temperature has passed the dielectric maximum temperature of 

148°C.  

 

 

Figure 6.13. (a) Temperature-dependent small electric field dielectric constant at 1kHz. (b) D-E 
plots of PLZST ceramic at different temperatures. (25°C, 70°C, 120°C, 140°C, 160°C, and 180°C 
in the arrow direction).  
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b. Leakage current measurement 

Leakage current is detrimental to pyroelectric energy harvesting. Current can flow through a 

specimen when a voltage is applied, and the amount of current is dependent on the resistance of 

the specimen. Resistivity of the material, ρr, decreases with increased temperature and electric field 

[197]. The slope of linear part of charge versus time plot gives a value of leakage current. Figure 

6.14(a) gives leakage current at different temperatures and applied electric fields. At each constant 

temperature the leakage current shows a linear relationship with applied electric field over the 

1MV/m – 8/MV/m range The slope of the leakage current versus electric field curve was used 

together with the specimen geometry to determine the resistivity of the specimen as a function of 

temperature. The average resistivity values calculated from repeated experiments are provided in 

Figure 6.14(b). The complete relationship of leakage current to applied electric field is a 

combination of a linear regime at intermediate electric fields and nonlinear regimes at low and 

high electric fields [198]. The resistivity is exponentially decreasing with increased temperature, 

in agreement with previously reported results [199].  

 

 

Figure 6.14. (a) Leakage current measured at different temperatures and applied electric fields. (b) 
A relationship between resistivity of specimen and temperature. (Error bars are smaller than the 
marker size) 
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c. Olsen cycle results  

The specimen was driven through the Olsen cycle with EL = 1MV/m, EH = 8MV/m, TL = 25°C, 

and TH = 180°C to benchmark the performance of the Clingman and Moore cycle. The electrical 

output energy density using the (Pb0.97La0.02)(Zr0.55Sn0.32Ti0.13)O3 ceramic was 1.74J/cm3/cycle.  

d. Clingman and Moore cycle results 

The results of running the Clingman and Moore cycle are shown in Figure 6.15 at different wait 

times. The voltage measured across the 220kΩ resistor was converted into total voltage across the 

specimen. Each wait time produced a different discharge voltage versus time curve. During wait 

time of 1-6 sec., the voltage profile contained a flat region where discharge voltage was decreased 

relatively slowly, and this region became narrower and is present at higher voltage with increased 

wait time. The initial peak voltage was also increased with increased wait time. The discharge 

curves obtained at wait times of 10 sec. and later follow an exponential decay curve. The initial 

peak voltage was the highest at 10 sec. and decreased with further time increase.  
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Figure 6.15. Discharge voltage profiles across the specimen at different wait times. 

6.3.4. Discussion 

a. Thermal characteristics 

When the specimen is immersed in the hot bath, heat transfers from the silicone oil to the specimen 

by convection and from the specimen surface toward the inner body by conduction. When there is 

a significant temperature gradient present within the specimen body, the device performance will 

be degraded. The presence of temperature gradients within the specimen body was estimated using 

the Biot number which characterizes the ratio of convective heat transfer to conductive heat 

transfer, Bi = hb/k, where k is the conductive heat transfer coefficient. The Biot number of PLZST 

specimen with thickness, b, of 250µm was estimated to be 0.068 assuming h = 300W/m2/°C [143] 

and k = 1.1W/m/°C [181]. When the Biot number is smaller than 0.1, heat conduction inside the 

body is much faster than heat convection on its surface, and thus the AFE materials was 

approximated as being at uniform temperature. This provides the ideal condition for device 

performance.  

The temperature of the pyroelectric material increases with time after it is immersed in the hot 

bath, and the ferroelectric properties are highly sensitive to changing temperature. The thermal 

time constant was approximated to estimate the specimen temperature at different time intervals 

post submersion. The thermal time constant for bringing the specimen to the low or high 

temperature is given by τth = ρvcb/h, where ρv is the volumetric mass density, c is the specific heat, 

b is the thickness of specimen, and h is the convective heat transfer coefficient. The thermal time 

constant of specimen was approximated to be 2.7 sec., using ρv = 7800kg/m3 and c = 420J/kg/°C 

[200] and using the same b and h above.   
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The Clingman and Moore cycle produces a net electrical energy by releasing the stored charge at 

temperature-driven internal electric field that is larger than the electric field to initially polarize 

the material. The internal electric field induced as temperature increases is important since it 

determines the performance of this energy harvesting technique. In addition, the self-generated 

internal electric field makes this energy harvesting technique easier to implement over the 

conventional Olsen cycle. Figure 6.16, a partly magnified Figure 6.13(b) with visual indications, 

shows how the temperature-dependent D-E plots can be used to estimate the internal electric field 

generated at each temperature for the ideal case, where no charge leakage occurs, and for the actual 

case. In ideal case, the initial remnant electric displacement value remains constant, and the 

internal electric field is developing as material responds to increasing temperature. The magnitude 

of internal electric field is determined by the temperature- and electric field-dependent dielectric 

permittivity and the ferroelectric behaviors such as domain switching and phase transformation. 

The electric field value can be estimated by crossing the horizontal line drawn from the initial 

remnant polarization value and the extended D-E curve at each temperature. When charge leakage 

occurs, both electric displacement and electric field are reduced and the crossing points are trailed 

back along D-E curve as shown. The amount of total charge loss is mainly dependent on the heating 

rate and the temperature- and electric field-dependent leakage behavior. Faster heating rate and 

greater internal resistance will decrease total charge loss and thus enhance the internal electric field. 

In some actual cases, the induced electric field may damage the specimen as the magnitude of field 

passes the dielectric strength.  
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Figure 6.16. Temperature-dependent D-E plots showing an ideal internal electric field value 
developed at each temperature and an actual case.  
 

b. Discharge behavior 

Using the thermal time constant, the temperatures of the specimen after 1, 3, and 6 sec. was 

approximately 73°C, 129°C, and 163°C, and after 10sec., the temperature reached almost 180°C 

and the temperature variation with time is relatively smaller. These temperature estimates did not 

account for insulating effects of the silver epoxy electrode, which was partly applied over each 

specimen.  

The voltage profiles shown in Figure 6.15 are divided into two groups, those for transient 

temperature during electrical discharge ≤ 6 sec., and those for “uniform” temperature during 

electrical discharge ≥ 10 sec.  The initial peak voltage in the transient temperature group increases 

with increased wait time because the increased temperature increases internal electric field as 

discussed earlier. A “constant” voltage discharge region appears after an initial voltage drop. This 

region is associated with the FE-AFE phase transformation as heat enters the specimen and the 

temperature rises. Even though the FE-AFE phase transformation temperature at zero electric field 

was estimated to be 60 °C and the specimen temperatures with wait times of 1, 3, and 6 sec. are 
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approximated to be higher than this, the FE-AFE phase transformation region is still observed 

since the internal electric field has increased the FE-AFE phase transformation temperature.  

The specimen temperature rapidly increases during the early stage of heating. Since the charge is 

released by increasing temperature and flows into load resistors simultaneously, the discharge 

behavior is affected by the difference between magnitudes of the thermal time constant and the 

RC time constant, τel. The rate of temperature increase, the amount of released charge by heating 

with time, and the resulting self-generated internal voltage are determined by the thermal time 

constant. The rate of charge flowing across the load resistors is determined by the RC time constant. 

The RC time constant of the discharging circuit was estimated to be ~0.1-0.2 sec. using the total 

load resistance of 47.22MΩ and the capacitance of the specimen of approximately one to several 

nF. The discharging time constant is one order of magnitude less than the thermal time constant. 

This suggests that the charge flow rate (current) is dominated by the thermal time constant.  

The capacitance range is associated with the dielectric permittivity being nonlinear in field, 

varying with temperature, and varying considerably during the phase transformation. The PLZST 

material examined in this study is a FE-AFE phase transforming material, and the FE-AFE phase 

transformation is accompanied by instant release of a large amount of charge. As a result, the 

dielectric permittivity escalates by several orders of magnitude during the phase transformation. 

The RC time constant then becomes comparable to or exceeds the thermal time constant and 

dominates the discharge behavior. The extended phase transformation region captured during the 

discharge is affected by increased RC time constant and not the actual time taken to complete FE-

AFE phase transformation.  

The discharge behavior can be modified when a load resistor with large resistance value is selected 

and the RC time constant exceeds the thermal time constant. This will affect the discharge behavior 
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in a manner similar to the FE-AFE phase transformation but over the full discharge period. In this 

case, the current is restricted and this increases the voltage. The charge is then slowly released at 

this increased voltage. This results in a voltage profile where a voltage is maintained at relatively 

higher value over a longer period of discharge time. However, when the load resistor value 

becomes comparable to or exceed the internal resistance of specimen, the leakage current increases 

and the charge-induced voltage is decreased. Therefore, increasing load resistance leads to two 

different consequences that affect the electrical discharge characteristics in opposite ways.  

With a wait time of ≥ 10 sec., the three discharge curves do not show any sign of FE-AFE phase 

transformation region, and this indicates that the material has been transformed into the 

paraelectric state and an increase of temperature over the discharging period does not induce a 

large material properties change such as a phase transformation. As a result, the voltage drop in 

this group follows an exponential decay curve. The behavior is that of an RC time decay of a linear 

capacitor. The similar discharge curves in this group indicate that the variation of specimen 

temperature during between 10 and 20 sec. is insignificant and the discharge behavior-related 

material properties do not change considerably with this temperature variation. The peak voltage 

decreases with increasing wait time before switch closure. This is due to the internal leakage 

current. The thermal time constant is not a significant parameter during this period anymore since 

the further temperature increase is relatively smaller. As a result, the RC time constant dominates 

the discharge behavior. Changing the load resistance value results in the same initial peak voltage 

but the discharge over a different duration as that of a discharging linear capacitor with a different 

RC time constant. 
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Figure 6.17. Converted D-E values from discharge voltage at different wait times compared to a 
0.25 Hz D-E plot measured at 180°C. 
 

c. Energy harvesting performance  

The voltage profile during discharge are converted into D-E values and is plotted in Figure 6.17. 

A 0.25 Hz D-E plot associated with a voltage cycle at 180°C is also displayed for comparison. 

Each wait time shows a different discharge behavior. The curves for 1, 3, and 6 seconds show a 

non-linearity associated with the FE-AFE phase transformation. The curve at 10 sec. displays the 

highest peak electric field. The peak field is reduced at 15 and further reduced at 20 sec. The 

reduced peak field is associated with leakage current. This effect is discussed in more detail below. 

It is noted that the curves for 10, 15, and 20 sec. are approximately linear and the curve for 20 sec. 

is similar to the D-E curve measured at 180°C. 

The produced electrical energy density was determined by finding the area to the left of each D-E 

curve during discharge and plotted against wait time in Figure 6.18.  The shape of this curve is 

governed by the heating thermal time constant, the RC discharge time constant, and the internal 

leakage RC time constant. The resulting curve increases through the transient heating portion of 

the cycle and then begins to fall off at later closure times. The increase in energy density until 10 

sec. is related to increasing peak voltage with increasing temperature. The decrease in energy 
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density is the result of an increasing effect of leakage current reducing both the peak voltage and 

amount of charge. The maximum energy density was obtained at wait time of 10 sec., and was 

0.66J/cm3/cycle. The optimum wait time to capture the maximum electrical energy is dominated 

by the heat transfer rate. The optimum wait time becomes shorter and a lower amount of charge is 

lost as the heat transfer rate becomes greater. This will enhance power production.  

 

 

Figure 6.18. Density of energy harvested at different wait times by the Clingman and Moore energy 
harvesting technique demonstrated between TC = 25°C and TH = 180°C.  
 

The energy required to polarize the specimen was 0.39J/cm3/cycle. This is equivalent to the 

hysteresis area of the poling cycle in a D-E poling plot. This gives a net energy density of 

0.27J/cm3/cycle and an electrical efficiency of 41%. The power density with TC = 25°C and TH = 

180°C can be 13.5mW/cm3 assuming that the duration of one energy harvesting cycle consists of 

10 sec. for heating and 10 sec. for cooling. 10 sec. is the optimum wait time that was experimentally 

obtained. The power density obtained is about two orders of magnitude higher than the power 

densities obtained using linear pyroelectric energy harvesting.  
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Figure 6.19. A possible modification of electrical discharge curve with a larger resistance value.  

 

The net energy density of the Clingman and Moore cycle is equivalent to 15.5% of the “net” energy 

density of the Olsen cycle. This ratio can be used as an index of pyroelectric energy harvesting 

performance. The ratio can be improved by selecting other materials, reducing charge leakage, etc.  

The density of electric energy harvested with early wait time, say 1- 6 sec., can be enhanced using 

a larger load resistor value. As discussed previously, with a sufficiently large load resistor value, 

a greater amount of charge is released at increased voltage. A possible improvement in harvested 

electrical energy density is described in Figure 6.19. With a larger resistor value, the electric 

displacement reduces at a relatively larger electric and, as a result, the D-E curve is shifted toward 

the right expanding the area of discharge electrical energy. The load resistance, however, still 

needs to be sufficiently smaller than the internal resistance value of specimen in order not to lose 

the stored electrical energy to internal charge leakage.  

d. Thermal / electrical model  

A model was developed to optimize the Clingman and Moore cycle. The temperature of the 

specimen as a function of time after immersion in the hot bath, T(t1), is obtained using eq. 6.4 and 

the thermal time constant given above.  
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TÒ − T(t:) = TÒ − TÓ exp	(−
�v
ÕÖ×
)   (6.4) 

 

, where t1 is time since the specimen was immersed in the hot bath and τth = 2.7 sec.  

The resistivity of the ferroelectric depends on temperature. The curve fit in Figure 6.14(b) provides 

an equation for the resistivity as a function of temperature, ρr(T). Combining this with eq. 6.4 and 

specimen dimensions, the internal resistance of the specimen as function of time is given by eq. 

6.5.  

 

RB(t:) =
Ù� ¨(�v) Ú

³
	      (6.5) 

 

The time-dependent leakage current during open circuit condition and the combined internal 

leakage and discharge behaviors over load resistors after the switch is closed can be calculated by 

using time-varying internal resistance value given in eq. 6.5 and solving particular RC circuits 

represented in Figure 6.12. However, the dielectric permittivity of specimen is dependent on 

temperature and electric field that are also varying with time, and thus an approximation was used 

for the dielectric permittivity value. The discharge curve shifts toward the reverse D-E curve 

measured at 180°C as wait time passes, and becomes overlapped with the reverse D-E curve at 20 

sec., as displayed in Figure 6.17. This indicates that temperature of the specimen was still rising 

to 180°C until 15 sec. and reached 180°C afterward prior to 20 sec. After 10 sec., the electric 

displacement was approximately linear with applied electric field as shown in both D-E plot and 

discharge curve, and this indicates that the dielectric permittivity is constant regardless of electric 

field value when material is in the high temperature state. Therefore, the dielectric permittivity 
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value that was measured at low electric field can be assumed to be constant over a wide electric 

field range.   

Based on a constant dielectric permittivity value (dC/dt = 0), the charge as a function of time is 

thus given by eq. 6.6. 

 

 Q: t: = Q� exp − ��v
ÛÜ(�v)Ó

     (6.6)   

 

, where Qo is initial charge given by the initial remnant polarization multiplied by the electrode 

area, Q1 is the amount of remaining charge at time t1 after a specimen is immersed in the hot bath 

and charge leaks in open circuit, C is the capacitance of the material and is equal to εA/b, and ε is 

the dielectric permittivity. Once the circuit is closed and charge flows into the load resistors, the 

governing equation is modified as,  

 

Q;(t;) = 	Q:�exp	[ − :
Ó

:
ÛÜ �v�j��

+ :
ÛvjÛ�

dt;]   (6.7) 

 

, where Q1o is the amount of remaining charge at switch closure (after the charge loss in open 

circuit prior to switch closure due to internal charge leakage), Q2 is the time-dependent remaining 

charge after the switch is closed, t1o is total time passed before switch is closed after the specimen 

is immersed in the hot bath, and t2 is time duration after the switch is closed.  
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Figure 6.20. Comparison of the calcualted remaining charge density based on a RC circuit model 
with a dielectric constant of 2,430 to experimentally obtained results at 180°C.  
 

The constant dielectric permittivity approximation needs to be verified. The low-field dielectric 

constant at 180°C was measured to be 2,430 using an LCR meter. The resulting remaining charge 

density is computed by solving the eq. 6.6 with the measured low-field dielectric constant, and is 

compared with experimental result in Figure 6.20. Figure 6.20 displays how fast the stored charge 

is lost by internal leakage, and the experimental result closely follow the simulated curve. This 

indicates that the constant dielectric permittivity approximation is valid as long as the relationship 

between electric displacement and electric field is linear at high temperature. The assumption is 

still valid even though the D-E relationship is not linear when the material is still in FE or AFE 

phases at lower temperature because when the temperature has not sufficiently increased the 

charge-induced voltage is small as shown in Figure 6.16. Both lower temperature and lower 

voltage during early wait times result in lower charge loss during early period. 

Eq. 6.7 is solved for the complete discharge curves at switch closure times of 10, 15, and 20 sec. 

and combined with the solution to equation eq. 6.6 to describe the full leakage/discharge behavior. 

The simulated result is compared with the experimental results in Figure 6.21. The gap between 
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experimental and calculated results is becoming smaller as the wait time increases and is almost 

negligible with wait times longer than 15 sec.  

  

 

Figure 6.21. Comparison of simulated leakage/discharge curves and experimental results at 
different wait times; remaining charge density with passing wait time (A: calculated), remaining 
charge density during discharge (B: calculated, C: experimental) 
 

Multiple experimental parameters for the  Clingman and Moore cycle were studied. Effects of 

parameters optimization on the density of harvested energy were tested with the simulation model 

and are summarized in Figure 6.22(a)-(d). The energy density is normalized with respect to 

original experimental condition; wait time of 10 sec., thickness of 0.25mm, circular electrode area 

with diameter of 7.5mm, and approximated heat transfer rate of 300 W/m2/°C. 

The dependence of energy density on wait time is compared with experimental results, and the 

simulation result fits well with the experimental result for times longer than 10 sec. as shown in 

Figure 6.22(a). The system was modeled using the constant dielectric permittivity approximation 

since the specimen behaves as a charged linear capacitor at high temperatures. Therefore, modeling 

is not adequate for the early stage of heating where dielectric permittivity varies enormously and 

has limitation in optimizing the wait time.   
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The effect of specimen thickness is examined. The thickness is varied from 0.05mm to 0.37mm at 

which the Biot number becomes 0.1. The wait time was adjusted for each thickness since the 

thermal time constant also changes with specimen thickness and using the same wait time will 

result in a different specimen temperature at each thickness. The wait time was adjusted to be 

3.66τt for each thickness and this is equivalent to wait time of 10 sec. with original experimental 

condition. The less thickness of the specimen is, in the shorter time the switch is closed. The result, 

as shown in Figure 6.22(b), shows that the energy density decreases significantly with increased 

thickness. Even though the leakage current value, I = V/Ri with V = Eb and Ri = ρb/A, is 

independent of thickness, the amount of charge loss is reduced since the switch is closed in a 

shorter time, ΔQ = IΔt. This increases both the energy density per cycle and cycle frequency which 

promote the power performance of device.  

The specimen area is varied from the half of the actual area, Ao, to the twice, but the difference in 

energy density values is negligible (figure is not shown). Larger specimen area, however, can store 

a larger amount of charge and increase total energy output without affecting other important 

parameters such as thermal time constant and the Biot number.  

The total load resistance value is varied from 0.01 of the actual value, Ro, to 500Ro. The energy 

density is constant over a wide range of load resistance values but falls quickly when the resistance 

value is increased by 20 times and above as described in Figure 6.22(c). At 180°C, the internal 

resistance is in an order of 1’s-GΩ and the total load resistance of 47.22MΩ is a small fraction to 

this. At this ratio of resistances, most of charges flow into load resistors. When the total resistance 

increases by 20 times, the load resistance becomes comparable to internal resistance and the 

amount of charge loss is significant.  
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Different convective heat transfer coefficients are considered since different heating environments 

such as a type of heating medium and a different fluid flow speed have different heat transfer 

coefficients. Free convection has the heat convection coefficients of 10’s W/m2/°C and a forced 

convection has the coefficient of 100’s to 10,000’s W/m2/°C. Using an alternative fluid can change 

a few orders of magnitude in heat transfer coefficient. In the simulation, the heat transfer 

coefficient is varied from 20 to 5,000 W/m2/°C. The wait time was adjusted to be 3.66τt for each 

heat transfer coefficient for the same reason discussed earlier. Figure 6.22(d) shows the remaining 

charge density and the produced energy density with effect of increasing heat transfer coefficient. 

For h = 20, the remaining charge density is almost zero since most charge has leaked away during 

slow heating. The remaining charge density and the produced energy density are increased as the 

coefficient rises from 20 to 1000 W/m2/°C, and slowly approach to their maximum values with the 

coefficient of 1000 W/m2/°C and above. Rapid heating results in less total charge loss and thus 

lower stored energy loss. Increasing heat transfer coefficient also increases the Biot number, and 

the Biot number passes 0.1 with the coefficient of even 450W/m2/°C. Therefore, further increase 

in the heat transfer coefficient does not guarantee a uniform temperature within the specimen with 

a wait time of 3.66τt. This requires a longer heating duration and causes an extra charge loss. As a 

result, the result in Figure 6.22(d) overestimates the produced energy density.  

Based on the simulation results, the energy density can be improved by about 25% by increasing 

heat transfer rate from 300W/m2/°C to 1,000W/m2/°C and further improved by another 25% by 

reducing the specimen thickness from 0.25mm to 0.05mm. This increases the index of pyroelectric 

energy harvesting, an energy density percentage to the maximum Olsen cycle results as previously 

defined, from 15.5% to 24.2%. More importantly, these changes in thickness and heating condition 

enhances the heat transfer, reduces the thermal time constant, and increases the cycle frequency 
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by approximately 17 times. With the combined effects of increased energy density and enhanced 

cycle frequency, the power density of the proposed energy harvesting device can be improved to 

about 350 mW/cm3 from the measured result of 13.5 mW/cm3. The PLZST with a selected 

composition was examined in this paper since the material has the relatively lower Curie 

temperature and has a lower dielectric permittivity at its PE state. Employment of other materials 

will further increase the power output of this energy harvesting technique.  

 

 

Figure 6.22. Change in energy density with selected parameters change. (a) wait time, (b) specimen 
thickness, (c) load resistance value, and (d) convective heat transfer coefficient.  
 

6.4. Summary and conclusion 

Waste heat is very attractive energy source, and techniques to convert waste heat into electricity 

have been already implemented in some industries and still growing.  However, there has not been 
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an appropriate method yet to recover waste heat from residential, commercial, and transportation 

sectors which accounts for larger amount rejected energy than industries due to safety issue and 

requirement of large space of conventional WHP system and low temperature of available waste 

heat.  

Thermoelectric and pyroelectric materials can be used for direct waste heat to electricity 

conversion techniques which may resolve the problems that conventional WHP system has. 

Thermoelectric generator has brought more attention since it is easier to implement. However, 

thermoelectric generator suffers with low heat to electricity efficiency which is intrinsically caused 

by material’s thermal and electrical conductivities that are closely dependent on each other. In 

addition, since heat transfer between waste heat and material occurs on only one side, total system 

efficiency falls low.  

Pyroelectric energy harvesting is less common for direct heat to electricity conversion technique 

because its operation requires temperature fluctuation which is hardly available in nature. However, 

pyroelectric energy harvesting is still very attractive and a strong candidate for future direct heat 

to electricity conversion due to its potential high power density and high conversion efficiency and 

more enhanced heat transfer rate with waste heat than thermoelectric generator as long as 

temperature fluctuation environment is provided either by nature or energy-efficiency engineered 

system to change temperature.  

Performance of both thermoelectric and pyroelectric waste heat recovery techniques are highly 

dependent on material properties. Ideal thermoelectric material will have low thermal conductivity, 

high electrical conductivity, and high Seedbeck coefficient. However, material conditions for 

phase transformation-driven pyroelectric energy harvesting have not been systematically 

addressed yet.  
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Two thermal energy harvesting cycles using the ferroelectric phase transformations, the Olsen and 

Clingman and Moore cycles were considered. (Pb0.97La0.02)(Zr0.55Sn0.32Ti0.13)O3 ceramic was 

selected to demonstrate both the Olsen and Clingman and Moore cycles. The PLZST ceramic was 

prepared and its temperature dependent properties were characterized. The density of net energy 

harvested per cycle from the Clingman and Moore cycle was 0.27J/cm3 and the electrical energy 

efficiency was 41%. The Clingman and Moore cycle is simpler to implement at the expense of 

reduced energy efficiency, and the density of harvested energy is 15.5% of the Olsen cycle result 

with the same temperature variation.  

A model was introduced to describe the Clingman and Moore energy harvesting cycle. Effects of 

various experimental parameters on energy density were studied. The studied parameters include 

the wait time, the dimension of specimen, the load impedance, and the coefficient of convective 

heat transfer. Results indicated that the energy density can be improved with increasing heat 

transfer rate, and this can be achieved by using a thinner specimen or/and providing a faster heat 

transfer environment. Fast heat transfer also increases the cycle frequency, and this improves the 

power output. 
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Chapter 7 

 

Summary and Concluding Remarks of the Dissertation 

 

In this dissertation, three applications based on ferroelectric phase transformation were studied; 

ferroelectric pulsed power generator, pulsed energy storage, and ferroelectric thermal energy 

harvesting. For each application, the dependence of material properties and phase transformation 

behavior on the effectiveness of system performance was clearly analyzed and the system 

performance was optimized by tailoring material properties and phase transformation behaviors 

from compositional modifications and other parameters. This dissertation addressed the challenges 

in the material side of development of ferroelectric phase transformation-based applications and 

provided the best possible solutions using the experimental, theoretical, and computational 

techniques.  

For the ferroelectric pulsed power generator, a previous study revealed that the FE to AFE phase 

transforming material is the more effective ferroelectric material for pulsed power system over 

other FE to FE phase transforming materials due to its ability of complete depolarization. However, 

it requires a high pressure threshold to drive the such phase transformation. The pressure threshold 

for the FE to AFE phase transformation in PZT 95/5-type materials was approximately 300 MPa. 

This is equivalent to 900 MPa in uniaxial compression loading, and the magnitude of compressive 

shock may require a larger than 1 GPa. The volume of system should be increase to accommodate 

the additional mass of detonator and explosive, and this can significantly decrease the applicability 

of explosive-driven ferroelectric generator which is a promising pulsed power source due to its 

compactness, lightness and portability. The chemical composition of a FE to AFE phase 
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transforming material was modified so that the free energy gap between the two phases were 

reduced and thus the pressure threshold was also reduced. This will expand the applicability of 

explosive-driven ferroelectric generators to a mini-sized device.   

Micromechanical models were used to simulate the phase transformation between the FE and AFE 

phases under electric field and hydrostatic pressure to better understand their constitutive and 

phase transformation behaviors. To the best of my knowledge, the micromechanical model of the 

FE to AFE phase transformation is first developed in this dissertation.  

A high energy density dielectric material with a high discharge efficiency was developed from the 

idea of combining the merits of antiferroelectrics for their large energy density and relaxor 

ferroelectrics for their low hysteresis low. This resulted in a relaxor antiferroelectric dielectric 

material that turned out to be a promising material for pulsed power capacitors. Using this new 

material, the pulsed power capacitor will generate a pulsed voltage with an increased magnitude 

for the same dimensions of material used. The low hysteresis of this material will also result in 

less heat generation and thus less impact on material degradation. The energy density and the 

discharge energy efficiency of this material excel those of other reported ceramic materials in 

literature as of December 2015.  

Need of ferroelectric thermal energy harvesting applications has risen due to current energy crisis 

and lack of solutions. In 2014, almost 60 % of produced energy was wasted as heat. About the half 

of this waste heat is rejected from industrial processes and power plants, and the rest is discarded 

from residential, commercial, and transportation sectors. There is an existing technology for waste 

heat recovery in industries, but not in residential, commercial, and transportation sectors. A direct 

heat to electricity system can be built to recover waste heat in these sectors. Thermoelectric and 

ferroelectric phase transformation-based system can be used as this direct heat to electricity system. 
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Thermoelectrics can be used when there is temperature gradient and ferroelectrics can be used 

when there is temperature fluctuation. The Olsen cycle has been extensively studied as one of 

thermodynamic cycles that can harvest the thermal energy using the ferroelectrics. In this 

dissertation, an ideal material was developed to maximize the output of the Olsen cycle. The 

material undergoes the FE to AFE phase transformation with increased temperature, and a large 

difference in dielectric permittivity of two phases at different temperatures are responsible for such 

a large density of energy harvested. Using a temperature-driven FE to AFE phase transforming 

material, the Olsen cycle performance increased by far from previous reported results. The 

Clingman and Moore cycle was developed in 1960’s and revisited in this dissertatoin to improve 

the practicality of system. This thermodynamic cycle requires less magnitude of applying voltage 

and much less engagement of voltage supply. The material and other operating parameters were 

analyzed and optimized. Successful follow-up studies and implementation of this cycle will help 

recover the waste heat, reduce the energy production, decrease the use of non-renewable energy 

resources, and lower the carbon dioxide emission.  
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