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Abstract 

Piezoelectric materials play important roles in mechatronics as sensors and actuators in which lead 

zirconate titanate that contains more than 50 wt% Pb has been primarily used over last decades. However, 

environmental concern on harmful elements accelerates extensive studies on lead-free piezoelectric 

materials. Bi-perovskite materials and their solid solutions, especially Bi0.5Na0.5TiO3-SrTiO3 (BNT-ST) 

ceramics attract great attention because of their large strains obtained at low driving electric fields 4 kV/mm 

when modified with other ABO3 compounds or impurities. This low filed-induced strain is believed to be 

related with the chemically induced phase transition from ferroelectric to relaxor state in ternary BNT-ST-

based ceramics. However, exact understanding about the phase transition in ternary BNT-ST-based 

ceramics is still lacking. Therefore, there is a necessity for extensive research on the composition-derived 

phase transition and associated electromechanical properties in the ternary BNT-ST-ABO3 systems.   

In the first stage of the work, with an aim to enhance the low driving filed-induced strain in lead-free 

BNT piezoelectric ceramics, CaTiO3 and BiAlO3 are selected as new ABO3 compounds in two ternary 

systems Bi0.5Na0.5TiO3‒CaTiO3‒ SrTiO3 (BNT-CT-ST) and Bi0.5Na0.5TiO3‒SrTiO3‒BiAlO3 (BNT-ST-BA). 

The microstructures, crystal structures, dielectric, ferroelectric and electric field-induced strain behavior of 

these materials are studied. For the ternary BNT-CT-ST, it was found that a phase transition from 

nonergodic relaxor to ergodic relaxor was induced by ST modification in BNT‒CT ceramics. Consequently, 

a large electromechanical strain of 0.20% corresponding to high normalized strain d33
* of 667 pm/V was 

obtained even under 3 kV/mm for 0.71BNT‒0.01CT‒0.28ST ceramics.  

In the work of BNT-ST-BA piezoelectric ceramics, we found that the highest normalized strain d33
* value 

of 707 pm/V was achieved at a relatively low electric field of 3 kV/mm from 2 mol% BA–modified BNT–

ST ceramics. We suggest that the naturally induced nonergodicities in the ergodic relaxor generate internal 

stress. This induced internal stress is responsible for the excellent strain properties of this material. We 

believe that the materials synthesized in this study are promising candidates for actuator applications. 

Finally, to further expand the understand about the effects and roles of ABO3 on the composition-induced 

phase transition from ferroelectric to relaxor state in ternary BNT-ST based ceramics, a comparison of the 

effect of two kinds modifiers, CaTiO3 and BaZrO3 (CT and BZ), with different tolerance factors upon the 

electromechanical properties of BNT-ST are employed. CT- modification decreases the t-factor of BNT-

ST, while BZ-modification increases the t-factor within the investigated doping range 0-4 mol%. The 

different effects of CT and BZ modification upon the phase transition are clearly observed in the 

polarization and strain hysteresis loops. The CT-modified specimens maintain strong ferroelectricity 
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without any abnormal enhancement in the electric field-induced strain. However, the addition of as little as 

1mol% BZ induces a transition from a non-ergodic relaxor phase to an ergodic relaxor phase, thus resulting 

in disruption of the ferroelectric order and the generation of a high field-induced strain. The present authors 

believe that the substitution of large ions (such as Zr4+) into the B-sites, rather than the A-sites, of the 

Bi0.5Na0.5TiO3-based ceramics plays a significant role in the phase transition behavior.  
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Chapter 1: Introduction 

Piezoelectric materials with perovskite structure have attracted a lot of attention for many reasons. This 

explicit category of materials has been the main focus of current analysis as a result of its easy basic crystal 

structure facilitates in understanding the relationship between structural modification and physical 

properties. Moreover, the perovskite electricity materials area unit often become ferroelectric that ensures 

economical mechanical device transformation of energy and signal with high electricity constant. most 

significantly, not like different crystal structures, perovskites do not have a compact atomic number 8 

framework, and this provides nice flexibility for chemical substitution. As a results of the variable chemical 

compositions and crystal symmetries, several physical properties will be tailored consistent with the precise 

desires of the assorted applications [1, 2]. 

1.1. Statement of the Problem 

Piezoelectric ceramic materials are widely used in modern industry to transform electrical signals into 

mechanical strain and vice versa; this coupling nature enables piezoelectric materials to be applied in 

electromechanical systems as both actuators and sensors. The piezoelectric devices are used in many 

current applications such as accelerometers, automotive fuel injection, piezoelectric transformers, vibration 

control, ultrasound sensors and generators and inkjet printers amongst many others [3]. Lead zirconate 

titanate (PZT) ceramics have been the dominant piezoelectric material in these applications for a long 

time because of its superior dielectric  and piezoelectric  properties [4]. In particular, its large piezoelectric 

response has made PZT one of the most widely used materials for electromechanical applications. However, 

PZT is becoming increasingly unacceptable because of global concerns regarding its toxicity as it contains 

more than 60 weight percent of lead. The use of volatile starting materials (PbO or Pb3O4) during 

processing causes an accumulation of lead in the environment. Very low concentrations of lead or lead 

derivatives can cause serious hazards to the brain, nervous system, kidney and blood. In addition, recycling 

and waste disposal of lead- containing devices could be hazardous for the health and environment. As a 

result, the European Union (EU) proceed the “Restriction of the use of certain Hazardous Substances in 

electrical and electronic equipment” (RoHS)  and “Waste Electrical and Electronic Equipment” (WEEE) 

in 2003 [5, 6]. The WEEE regulates the disposal, reuse and recycling of the mentioned equipment. While 

the RoHS is an important requirement to assure that the equipment can be accomplished safely without 

hazarding the environment or people’s health. Lead as well as other toxic substances such as cadmium, 

mercury, the polybrominated diphenyl ethers flame-retardants polybrominated biphenyls have been 
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identified as a major risk during recycling, disposal, or even improper use. Therefore, as of 1 July 

2006, any product placed on the open market cannot exceed 0.1% by weight of any of these substances, 

except cadmium, where the limit is even less than 0.01% by weight. There are activities to establish similar 

regulations in countries all over the world. In Asia, South Korea, Japan and China have different approaches 

for establishing RoHS-like regulations [7]. In South Korea regulations equivalent to the EU legislation with 

respect to the restricted substances, maximum concentration values, and exemptions are already enforced 

[8]. In China and Japan labeling of electronic devices is required if the values for the six EU-defined 

hazardous substances exceed the corresponding EU maximum concentrations [9, 10]. 

Although piezoelectric materials are currently exempted from these regulations/directives due to the 

difficulty in finding a suitable substitution which can compare with lead, a global lead-free policy is 

foreseeable in the future. Before 1990, research activities were mainly aimed at finding systems with better 

characteristics than the PZT system. However, this is not for the purpose of protecting the environment but 

merely to seek systems with improved properties over PZT. Since about 1990, research has mostly directed 

towards the development of lead free piezoceramics, which would compete and replace lead-based 

materials due to before-mentioned legislation. Recently, the lead-free piezoelectric ceramics take much 

attention, especially bismuth-based piezoelectric ceramic. Bi3+ is a preferred element to replace Pb2+ because 

of its same electron structure with Pb2+. The exhibition of good piezoelectric properties in Bi-based 

compounds has been reasoned as a consequence of the presence of Bi3+ 
stereo-chemically active lone-pair 

of electrons [11]. Bi0.5Na0.5TiO3 (BNT) is considered one of the most promising lead-free relaxor materials 

and a potential candidate to replace lead-based materials. BNT has been widely examined and investigated 

in recent years because of its structural varieties [12-14], beside the materials possess interesting dielectric, 

piezoelectric and electromechanical properties [15-17]. Nonetheless, the problematic poling, low resistivity 

and high recorded coercive field are the downsides of unmodified BNT ceramics. Moreover, in comparison 

with lead-based materials, the electromechanical behavior of BNT is not suitable for commercialize. In 

order to obtain the materials with better performance, the doping modification of BNT ceramics have been 

investigated for a long time. Zhang et al. found that 0.92Bi0.5Na0.5TiO3-0.06BaTiO3-0.02K0.5Na0.5NbO3 

(92BNT-6BT-2KNN) ceramic had an ultrahigh strain response up to 0.45% under the field of 80 kV/cm, 

which is indeed higher than the values obtained by the PZT ferroelectric ceramics [18]. It is generally 

believed that this giant strain is associated with the reversible electric field-induced phase transition from 

an ergodic relaxor to a ferroelectric state [19]. However, it is a crucial obstacle that such giant strain 

properties in the incipient BNT-based piezoceramics are only induced by a relatively high electric field, 

which restrict the functional application of these lead-free piezoceramics [7]. 
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Currently, the solid solution (1-x)BNT-xSrTiO3 (BNT-ST) is considered to be an important binary system 

among BNT-based ceramics, which was firstly reported by K. Sakata and Y. Masuda [20]. The most 

outstanding character of this material is that the required driving electric field to achieve giant strain is 

much lower than those of other BNT–based ceramics. It has been reported that the BNT-ST forms a 

rhombohedral ferroelectric and pseudo cubic morphotropic phase boundary (MPB) at x = 0.25-0.28 with a 

large normalized strain (Smax/Emax) of about 600 pm/V under a relatively low field of 4 kV [21-24]. 

Considering the favorable properties of BNT-ST binary solid solution, few recent studies have been 

suggested that exploring ternary systems can result in discovering high performance piezoelectric in BNT-

ST ceramics. Through this approach, a maximum strain of 0.27% at 4 kV/mm for BNT-ST-AgNbO3 [25], 

a high strain of 0.24% with 4 kV/mm at low sintering temperature for BNT-ST-LiNbO3 [26], and a large 

strain of 0.239% under ultra-low driving field of 3 kV/mm for BNT-ST-KTaO3 [27] were obtained. 

However, unlike binary compositions, uncovering the phase transition in a ternary system is exceedingly 

more difficult as the number of possible end-member combinations greatly increases, leading to a thorough 

understanding of phase transition from ferroelectric to relaxor in ternary BNT-ST-ABO3 ceramics still 

lacking. Therefore, research on the ternary BNT-ST based ceramics is believed to be its early stage and 

there are still many rooms to be investigated and examined.  

1.2. Research Objectives 

In recent years, there has been a considerable and renewed interest in understanding the relationship 

between structure and properties in ferroelectric solid solutions and this has been further stimulated by the 

quest for lead free alternatives to lead based systems with equally high actuating performances. In this 

perspective, detailed structural studies play an important role both in understanding phase transition and 

the subsequent enhancement of electric-field induced strain properties. Therefore, the aim of this thesis is 

to demonstrate the importance of roles of various ABO3 endmembers on the phase transition and low-field 

induced strain properties of ternary BNT-ST-ABO3 ceramics. In so-doing, firstly, the detailed structural 

studies of Bi0.5Na0.5TiO3‒CaTiO3‒SrTiO3, and Bi0.5Na0.5TiO3‒SrTiO3‒BiAlO3 ternary ceramics systems are 

performed. The entire systems have been studied over a range of compositions and compositionally driven 

structural phase transitions have been studied. The composition-dependent dielectric, piezoelectric and low-

driving field-induced strain properties are characterized and discussed in detail with regards to their 

compositions. Finally, to further understand the phenomenological aspects of the ferroelectric to relaxor 

phase transition process in the ternary BNT-ST systems, the present work compares the effect of CaTiO3 

and BaZrO3 modification upon the crystal structure, dielectric, ferroelectric and field-induced strain 

properties of the two ternary BNT-ST-CaTiO3 and BNT-ST-BaZrO3 ceramics. These findings are believed 
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to significantly contribute to our insight into phase transformation process from ferroelectric to relaxor 

ferroelectric in the ternary BNT-based ceramics. 
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Chapter 2:  Literature Review 

2.1. Basics of Ferroelectrics 

This chapter provides the fundamentals of dielectrics and ferroelectrics and their connected properties 

applicable to the objectives of this analysis. In resultant section, a literature survey is given presenting the 

updated information on unleaded bismuth-based electricity. 

2.1.1. Dielectrics 

Dielectrics are insulating materials that have virtually no free charge carriers. When an insulating 

dielectric material is placed under an electric field, there is no long-range charge transport but only a local 

re-arrangement of charge such that the material acquires a dipole moment. This phenomenon is known as 

polarization. Under an external electric field (E) the electric displacement vector D can be written as: 

𝐷 = 𝜀𝐸 =  𝜀𝑜𝐸 + 𝑃      2.1 

Where D is dielectric displacement, ε is the dielectric permittivity (or dielectric constant), E is applied 

electric field, and P is called the polarization (dipole moment per unit volume) which can be expressed 

as: 

𝑃 = 𝜒𝑒𝜀0𝐸       2.2 

Where χe is the electric susceptibility and ε0 is the free space permittivity (8.85 ×10
12 

C
2
/ Nm

2
). It follows 

from the above two equations: 

𝐷 = 𝜀𝑜𝐸 +  𝜒𝑒𝜀0𝐸 =  𝜀𝑜(1 +  𝜒𝑒)𝐸     2.3 

𝜀 = 𝜀𝑜(1 +  𝜒𝑒)      2.4 

     
𝜀

𝜀𝑜
= (1 +  𝜒𝑒) =  𝜀𝑟       2.5  

Where εr is called the relative permittivity. 

In an alternating electric field, the dielectric permittivity or relative permittivity is a complex quantity, 

and it is written as: 

𝜀𝑟 = 𝜀′ + 𝑖𝜀′′      2.6 

Where the real part ε' is mentioned as real permittivity and ε'' is the imaginary part, which is concerned 

to the energy loss in the system. The dielectric constant strongly depends on the defects (imperfection) and 
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the chemical structure of the materials. The dielectric response function of a system highly depends on 

the frequency and temperature because of the various polarization mechanisms and as a consequence 

relaxation and resonance effects in a dielectric material occur as a function of frequency. Each type of 

polarization requires time to perform this is why the degree of the overall polarization depends on the 

time variation of the electric field. The following four major polarization mechanisms are usually seen [28]: 

(1). Electronic (atomic) polarization: This occurs as a result of the distorted electron cloud in response 

to an electric field and the atom temporarily acts as a dipole. The Electronic polarization is observed in all 

materials. The response time of atomic polarization is very short and this contributes at high frequencies, 

up to frequencies on the order of ~10
15 

Hz. 

(2). Ionic polarization: In ionic polarization the constituent cations and anions of a crystal are physically 

displaced by the external field. The polarization has an average response time of ~1ps.  Ionic polarization 

contributes to the measured permittivity up to frequencies of ~10
12 

Hz. 

(3). Molecular (dipolar) polarization: Dipolar polarization existing in materials possesses permanent 

dipoles. When an electric field is applied to such a material, the permanent dipoles tend to align along the 

electric field direction, resulting in a finite net polarization. It is a relatively slow process and contributes 

only at lower frequencies (< 10
8 

Hz). 

(4). Space charge polarization: This phenomenon is the process of the accumulation of charges in 

multiphase or inhomogeneous dielectrics. Space charge polarization is relatively slow, and typically 

responds only at lower frequencies (< 10
4 

Hz). 

2.1.1.1. Dielectric Response of Ferroelectrics 

Ferroelectric materials exhibit high dielectric constants (up to ~10
5 

under certain conditions) because 

of the large spontaneous polarization. Ferroelectric materials can be classified into two categories with 

respect to the origin of the polarization [29]: one is the displacive type ferroelectric, in which the 

polarization occurs due to the small displacement of the cations with respect to the anions, and the other is 

the order-disorder type ferroelectrics, in which the polarization occurs because of the ordering of the ions 

(i.e., permanent dipole moments align). Ionic crystals, such as PbTiO3 and BaTiO3 are generally 

displacive type ferroelectrics, and crystals containing H-bonds, such as potassium dihydrogen phosphate 

(KH2PO4) are usually order-disorder type ferroelectrics. The spontaneous polarization disappears above a 

certain temperature which is called the Curie point. The dielectric constant increases rapidly with the 

temperature and reaches the maximum near the Curie point. The high temperature phase is called the 
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paraelectric phase and the lower temperature phase is called the ferroelectric phase. In the case of 

paraelectric phase, the dielectric constant commonly obeys the Curie-Weiss law: 

𝜀′ =
𝐶

𝑇−𝑇0
       2.7 

Where C is known as the Curie constant and T0 is a characteristic temperature which is equal to the Curie 

temperature for 2nd-order phase transitions. 

The typical temperature-dependent dielectric constants for ferroelectric materials are depicted in Figure 

2.1. Based on their response as a function of temperature and frequency it is possible to classify  the  

ferroelectric  materials  into  three  major  categories:  (a)  normal  ferroelectrics (BaTiO3, PbTiO3), (b) 

ferroelectrics with a diffuse transition (BaTixSn1-xO3) and (c) relaxors (PbSc1/2Nb1/2O3, PbMg1/3Nb2/3O3) [30, 

31]. 

 

Figure 2.1: Schematic temperature dependence of the real dielectric permittivity and spontaneous 

polarization (PS) for (a) first-order ferroelectrics, (b) ferroelectrics with a diffuse phase transition and (c) 

typical relaxors [29]. 

 

2.1.2. Piezoelectricity and Crystal Symmetry 

In 1880, Jacques Curie and Pierre Curie first time exposed the piezoelectricity phenomenon [32]. The 

term refers to the generation of an electric moment in response to mechanical stress and vice versa. 

Mathematically, it can be written as 

𝑃𝑖 = 𝑑𝑖𝑗𝑘𝜎𝑗𝑘       2.8 

𝑆𝑖𝑗 = 𝑑𝑘𝑖𝑗𝐸𝑘       2.9 
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Equation (2.8) describes direct piezoelectricity, where P gives the magnitude of the electric moment per 

unit volume or polarization charge per unit area, T is the applied stress and d is called the piezoelectric 

coefficient which is related to crystal structure. Equation (2.9) refers to converse piezoelectricity, where S 

is the induced strain in response to the external electric field E. The piezoelectric coefficient, d, is 

numerically identical for both direct and converse piezoelectric effects [4]: 

𝑑 =
𝑃

𝜎
=

𝑆

𝐸
       2.10 

A simplified notation is often used where one of the subscripts is dropped, and the piezoelectric 

coefficient becomes dij. Equations 2.8 and 2.9 then becomes: 

𝑃𝑖 = 𝑑𝑖𝑗𝜎𝑗       2.11 

𝑆𝑖 = 𝑑𝑖𝑗𝐸𝑗       2.12 

The d coefficients are usually expressed as (×10
-12

) C/N for the direct effect and (×10
-12

) m/V for the 

converse effect. The classes of materials that exhibit such properties are called piezoelectric materials and 

because of their unique ability to couple electrical and mechanical displacements they are widely used as 

sensors and actuators. 

The structure and symmetry of a material plays a decisive role in piezoelectricity. The necessary 

crystallographic requirement for a material to show piezoelectricity is that it should not have a center of 

symmetry. As shown in Figure 2.2, in the total of the 32 crystallographic point groups, 21 groups are non-

centrosymmetric, which can show piezoelectricity, while 11 groups are centrosymmetric [33 ,  34] . In 

addition, the combined symmetry elements in point group 432 do not allow the piezoelectric effect. Thus, 

there are 20 as non-centrosymmetric piezoelectric point groups [4]. Ten out of these 20-point  groups, 

polarization can be induced by internal stress. The remaining 10 groups can show a spontaneous 

polarization. These 10 groups are the polar groups, and materials with these point group symmetries can 

potentially demonstrate piezoelectric as well as pyroelectric effects. Out of these 10 groups, there is a 

subgroup exhibiting spontaneous polarization and reversible polarization, which can display all three 

effects. (ferroelectric, piezoelectric and pyroelectric). It should be obvious that all ferroelectric materials 

are also pyroelectric and therefore piezoelectric as well but not all pyroelectric materials show 

ferroelectricity. 

The 32-point groups are subdivision of seven basic crystal systems, which are based on the degree of 

symmetry. There are seven basic crystal systems are triclinic, monoclinic, orthorhombic, tetragonal, trigonal 

(rhombohedral), hexagonal and cubic, which is arranged in ascending order of symmetry. 
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Figure 2.2: Symmetry hierarchy for piezoelectricity.  

 

2.1.3. An Introduction to the Perovskite Structure 

The term “perovskite” assigns to a large family of crystals with structures based on that of the mineral 

CaTiO3, which is known as perovskite, which was based on the name of a Russian mineralogist Count Lev 

Aleksevich von Perovski (1792-1856). The perovskite structure, represented as ABX3, is one of the most 

versatile crystal structures. The ideal perovskite structure has cubic symmetry. The A site is in 12-fold 

coordination with large cations, the B site is in 6-fold coordination with smaller cations, and the X sites are 

6-fold coordinated anions. The crystal structure is shown in Figure 2.3. The choices of A & B are very 

broad. Examples of common A-site cations are: Ca
2+

, Sr
2+

, Na
+
, K

+
, Pb

2+
, Ba

2+
, La

3+  
and Bi

3+
; examples 

of common B-site cations are : Mg
2+

, Zn
2+

, Sc
3+

, Al
3+

, Fe
3+

, Zr
4+

, Sn
4+

, Ti
4+

, Ta
5+ 

and Nb
5+ 

and X is typically 

32 Crystallographic Point 

11 Centrosymmetric 21 Non-centrosymmetric 

20 Piezoelectric 
1 Non-Piezoelectric 

Point group (432) 

10 Pyroelectric 
10 Non-pyroelectric 

Ferroelectric (Reorientable 

spontaneous polarization) 

Non-ferroelectric 
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either an oxygen or a fluorine ion. In other words, the perovskite structure can tolerate a wide range of 

compositional variation. The simple ternary perovskite can be divided into A
1+

B
5+

O3, A
2+

B
4+

O3, A
3+

B
3+

O3 

types and oxygen and cation deficient phases. Most perovskite-type ferroelectrics are compounds with 

A
2+

B
4+

O3
  
or A

1+
B

5+
O3

 
-type formula [35]. 

Not all compounds with the formula ABO3 have a perovskite structure. Goldschmidt (1926) proposed 

a simple geometrical relationship between cations and anions which can be used to describe the stability 

of the perovskite structure [36]. According to Goldschmidt, the geometrical requirement for the formation 

of the perovskite structure is that the ionic radii rA, rB and rO of the A, B and the O ions must satisfy the 

following relationship: 

𝑡 = (𝑟𝐴 +  𝑟𝑂)/√2(𝑟𝐵 + 𝑟𝑂)       2.13 

Where “t” is called the tolerance factor. The ionic radii refer to those reported by Shannon [37]. The 

relationship phenomenologically describes the range of relative sizes of A and B cations for which the 

perovskite structure is stable. The indication of a tolerance factor is how far an atom can migrate from the 

ideal packing position and still maintain the perovskite structure.  The adjustment in t values can induce the 

structural modification such as distortion, rotation, tilt of the octahedra [1] . These structure factors 

subsequently involve the electrical properties. Generally, the perovskite structure is said to be stable if t 

lies in the range 0.880 < t < 1.090 [38]. It has been known that perovskites with the tolerance factor higher 

than one (t >1.0) normally favors tetragonal distortion whereas tolerance factor less than one (t < 1.0) favors 

rhombohedral or monoclinic or orthorhombic symmetry. For ideal cubic perovskite structure, the tolerance 

factor is equal to 1. SrTiO3 is an example of material having a cubic perovskite structure at room 

temperature.  
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Figure 2.3: (a) Ideal perovskite structure with chemical formula ABO3 and (b) three dimensional 

network of corner shearing octahedral of O-2 ions [35]. 

 

2.1.4. Ferroelectricity and Antiferroelectricity 

Ferroelectricity is characterized by a spontaneous polarization in the absence of an electric field. 

The spontaneous polarization can be switched by applying an external electric field [39]. Materials exhibit 

this property are called ferroelectric materials. In ferroelectric materials, the unit cell exhibits a net 

permanent dipole moment. This dipole moment does not immediately translate into a macroscopic 

polarization of the material due to the distribution of the randomly oriented dipole moments in the case 

of polycrystalline ceramics. In polycrystalline materials but also in single crystals, the orientation 

distribution of the dipole moments is not completely random on the unit cell level but organized in groups 

called domains. Domains are areas where the dipole direction of individual adjacent unit cells is the same. 

These domains have a net non- zero polarization. A large number of domains arrange in such a way within 

the material that the macroscopic polarization of the material is zero. The interface between two domains 

is called domain wall. In ferroelectric material, the width of domain walls is very small, the scale of a 

few nm or less [40] . For example, in a tetragonal ferroelectric phase, the angles between two domains 

are either 90° or 180°, whereas they are 71°, 109°, or 180° in a rhombohedral phase. The walls separated 

by oppositely oriented polarization are called c or 180° domain walls, while a or 90° domain walls 

separate perpendicular domains. 180° domains can be reversed with minimal structural strains. However, 

switching of 71°, 90°, 109° domains require a significant structural deformation. 
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An antiferroelectric state is defined as one in which lines of ions in the crystal are spontaneously 

polarized in antiparallel directions to give a net polarization of zero [41].The “lines” as defined by Kittel 

are nowadays referred to as sub cells of antipolar order but the general principles are unchanged. 

Antiferroelectric domains are then regions where a certain type of antipolar order exists. Antipolar 

domains do not have a net polarization. The antiferroelectric state, contrary to the ferroelectric one, will not 

be piezoelectric as a center of symmetry will exist. Antiferroelectric are also defined as antipolar crystals 

with free energies comparable to polar crystals [4].  

2.1.4.1. Polarization Switching and Hysteresis Loops 

Polarization switching in ferroelectrics is of particular importance for actuator, sensor and ferroelectric 

memory applications amongst others. When an external field is applied in a direction opposite to the 

polarization, the polarization can be reoriented in the direction of the electric field [35]. This process is 

reversible and is called polarization switching. When the polarization is parallel to an applied electric field, 

the switching is done. However, it is not necessary that the polarization is exactly reoriented along the 

electric field direction. The electric field at which a macroscopic polarization changes sign is called the 

coercive field (Ec). The polarization (macroscopic and /or microscopic) of a ferroelectric or antiferroelectric 

only exists up to the Curie temperature. The Curie temperature is defined as the temperature where a 

ferroelectric or antiferroelectric phase changes to a paraelectric phase. When a ferroelectric material is 

subjected to a large electric field, it shows hysteretic behavior of the polarization and strain. Figure 2.4 

display typical polarization and strain hysteresis loop for ferroelectric materials from which various 

polarization and strain values such as remnant polarization (Pr), coercive electric field (Ec), maximum strain 

(Smax), and negative strain (Sneg) can be determined. 

Starting with the unpoled ferroelectric material, the initial polarization and strain values are zero at zero 

electric field (E0 = 0, P0 = 0, S0 = 0). When an electric field is applied, strain and polarization increased 

up to the maximum applied field (Emax) to their respective maximum values (Smax and Pmax). On a 

microscopic scale, the ferroelectric domains are originally randomly distributed. As the electric field 

increases, however, domains in which the direction of spontaneous polarization is opposite to electric field 

begin to switch to a more energetically favorable direction. The switching process continues until all of the 

domains are aligned in the electric field direction. When the electric field is removed, strain and 

polarization are reduced but do not return to their initial values entirely in a ferroelectric because most of 

the domains remained aligned and only a small portion of the domains returns to their original state. These 

new values are called a remanent strain (Sr) and remanent polarization (Pr). When an electric field is applied 

in opposite direction, the polarization will return to zero at the negative coercive field (-Ec). The 
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corresponding strain (Smin) will be at a local minimum but not usually return to its original unpoled value 

(Smin ≠ S0). It is usually referred to as negative strain (Sneg) since it is lower than Sr [42]. When the field is 

maximized in negative direction (Emax) the strain (Smax) and polarization (Pmax) are reached at nearly all 

domains are again oriented along the new field direction. Once the field is removed, the cycle can start 

again but starting from Pr and Sr instead of P0 and S0. It should be noted that, in an ideal ferroelectric, 

the magnitude of the remanent polarization always equal and is independent of the sign of last applied 

field. The remanent strain is also equal in magnitude and sign independent of the last field direction [43]. 

 

Figure 2.4: (a) Polarization versus large electric field and (b) bipolar strain in field direction in a 

large electric field [43]. 

 

2.2.  Relaxor ferroelectrics 

2.2.1. Phenomenological signatures of relaxors 

Ferroelectric materials usually show minor changes in the dielectric permittivity with frequency due to 

domain wall oscillations in weak alternative current electric fields. However, some dielectric materials 

without any ferroelectric long-range order possess significant frequency dispersion in the permittivity, 

which originates from relaxational processes. Because of that, these materials are called "relaxors" or 

"relaxor ferroelectrics" and well-known examples are Pb(Mgl/3Nb2/3)O3 (PMN), (1-x)Pb(Mgl/3Nb2/3)O3-

xPbTiO3 (PMN-PT), and Pbl-xLax(Zrl-yTiy)l-x/4O3 (PLZT). The high dielectric and piezoelectric properties of 

relaxor ferroelectrics make this material class highly interesting for industrial applications. Based on several 
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selected review articles [15, 30, 44-49], the fundamental concepts and properties of relaxor ferroelectrics 

will be presented. 

The apparent frequency dispersion of relaxors is usually attributed to the presence of chemically 

disordered regions, which can appear due to, e.g., thermal fluctuations or defects. These nanometer-scale 

regions are embedded in a highly polarizable, cubic matrix and can contain dipole moments due to the 

lattice distortion induced by the chemical disorder. If these dipole moments are coupled, they form a region 

with a local polarization ("polar nanoregion", PNR). A typical temperature-dependent permittivity curve of 

a relaxor material is shown in Figure 2.5, which will be used to discuss the thermal evolution of this material 

class. 

At high temperatures, the dipoles in the chemical disordered regions are highly mobile and uncorrelated 

[50]. Therefore, thermal fluctuations prevent these regions from developing a local polarization and the 

Curie-Weiss law is valid in this paraelectric temperature range without showing any frequency dispersion 

in the permittivity. 

With decreasing temperature, the permittivity curve starts to deviate from the Curie-Weiss law at the 

Burns temperature TB [51]. At this temperature, the dipoles in the disordered region become increasingly 

correlated and PNRs are formed [52-54], which change the symmetry of the material on a local, nanometer 

sized scale. The PNRs are mobile and not yet correlated to each other, which is why still no frequency 

dispersion is occurring at temperatures close to TB [52, 53]. Below TB and above the Vogel-Fulcher 

temperature TVF in Figure 2.5, the relaxor is in the ergodic state, in which the spatial and the time average 

of the polarization directions of the PNRs are equal. The PNRs increase in number and size with further 

cooling between TB and the maximum of the permittivity curve Tm  [55]. In connection with that, the local 

polarization increases, and dielectric response is enhanced. 

The position of the permittivity maximum in Figure 2.5 is frequency-dependent, which is a typical feature 

of a relaxor material. At Tm, the correlation length of the PNRs is large enough to overlap with other PNRs. 

This leads to a reduced mobility in an applied electric field and therefore to a decrease of the dielectric 

response of the material. With further decrease in temperature, this correlation continues for PNRs with 

smaller correlation length and Tm occurs at lower temperatures when measured at lower frequencies. It is 

important to note that no structural phase transition occurs at Tm in a relaxor, which in contrast to a classical 

ferroelectric material [15, 30, 44-49]. 

At temperatures below Tm, the correlation of the PNRs increases and the thermally activated reorientation 

of PNRs decreases. Both effects result in a lower permittivity with decreasing temperature (Figure 2.5). 
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The frequency dispersion is a consequence of the dielectric relaxation of the differently sized and correlated 

PNRs in a weak oscillating electric field. Larger PNRs react slower to the electrical field and show therefore 

reduced dielectric properties at higher frequencies, where smaller PNRs still can follow the electric field at 

higher frequencies. This kind of relaxation process does not possess a single characteristic relaxation time, 

but a distribution of relaxation times due to the differently sized and correlated PNRs. Like in the case of 

polymers, this relaxation can be described by a Vogel-Fulcher type relationship, which results in the 

observed frequency-dependency of the permittivity  [15, 30, 44-49]. 

By approaching the Vogel-Fulcher temperature TVF, the motion of the PNRs freezes, i.e., the relaxations 

times diverge towards infinity and the spatial and the time average of the PNRs are not equal anymore. 

Therefore, the relaxor changes to the nonergodic state at TVF, but this state change is not accompanied by a 

structural phase transition and only connected to the frozen dynamics of the PNRs. In addition, no signature 

of the state change can be observed in the permittivity-temperature curve in Figure 2.5 unless the frequency-

dependency of the permittivity is evaluated. The freezing temperature TVF is influenced by the application 

of an electric field [56, 57]. Finally, the permittivity decreases with further cooling below TVF due to reduced 

motion of the dipoles and the PNR walls. 

 

Figure 2.5: Exemplary permittivity-temperature curve of a relaxor ferroelectric measured at 

various frequencies. At the burn temperature TB, polar nanoregions are forming during cooling, whereas 

the motion of these regions freezes at the Vogel-Fulcher temperature. 
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In some materials like PMN-PT, a sharp or diffuse phase transition from a relaxor to a ferro- electric 

phase can occur during cooling, which is usually marked by an anomaly in the permittivity at the phase 

transition temperature [47, 58, 59]. In addition, it is also possible to induce a ferro- electric phase by 

applying an electric field to a relaxor. Various authors reported such induced phase transition in e.g. PMN 

[60-62], PLZT [63-65], PMN-PT [66, 67], (1-x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-PT) [67], (1-

x)(Bi1/2Na1/2)TiO3-xBaTiO3 (BNT-xBT) [56, 68], or Mn-doped Bi0.5(Na0.9K0.1)0.5TiO3 [69]. Figure 2.6 

shows the temperature-dependent permittivity of a PMN-PT single crystal [66] and of PLZT [70] during 

heating. Prior to the measurements, the samples were poled with a direct current electric field. It can be 

clearly seen that the permittivity shows an anomaly (PMN-PT) or a peak (PLZT) at the ferroelectric-to-

relaxor transition temperature TF-R. 

  

Figure 2.6: Temperature-dependent permittivity of a PMN-PT single during heating. The samples 

were electrically poled prior to each measurement. The anomalies in both curves mark the ferroelectric-to-

relaxor phase transition temperature [143]. 

 

The mechanism behind the electric field-induced phase transition is not completely understood. It is 

known that the PNRs initially align and grow with the application of an electric field [61], but the step 

following a further increase of the field is proposed to be either complete coalescence [71] or percolation 

[72] of PNRs, which could probably also depend on the material under investigation. In any case, a 

remanent ferroelectric phase can only be induced if the relaxor is in the nonergodic state below TVF, because 

thermally enhanced motion of the PNRs would destroy the ferroelectric order on the ergodic state. It is 

important to note that TF-R (occurs during heating) and TVF (occurs during cooling) does not necessarily 

need to coincide, since the induced long-range ferroelectric order might be already thermally destroyed 
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below TVF [73, 74]. However, a large unipolar strain could be achieved in the ergodic phase due to the 

reversible electric field-induced phase transition. Such a behavior was found in polycrystalline (0.94-

x)BNT-0.06BT-x(Kl/2Nal/2)NbO3 (BNT-BT-KNN) for x = 2 mol% and 6 mol%, which is in the ergodic 

state at room temperature [18, 19, 42]. 

2.2.2. Models describing relaxation mechanisms 

Several theories exist that attempt to describe the observed electromechanical behavior of relaxor 

ferroelectrics. Among them some are briefly described below 

2.2.2.1. Compositional heterogeneity/fluctuations and diffused phase transition  

Smolensky [75] and Kirillov and Isupov [76] assumed that the compositional heterogeneity causes 

different local Curie temperatures which have a Gaussian distribution around the mean Curie temperature. 

As a result, the broad maximum of dielectric susceptibility is understood in terms of a diffuse phase 

transition consisting of a series of local phase transitions. The local transitions are assumed to be of the first 

order, giving rise to mostly PNRs in the non-polar phase above the mean Curie transition. The arising PNRs 

are assumed to flip because of thermal fluctuations. Below the mean Curie temperature, the thermally 

activated reorientation of the regions ceases (their polarization freezes) and simultaneously polar regions 

fill the whole volume [75, 76]. 

 

Figure 2.7:  The diffuse phase transition model insulation[49]. 
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2.2.2.2. Superparaelectric model 

The above compositional heterogeneity model was extended by Cross [15] who suggested that the small 

PNRs, postulated to exist in relaxor ferroelectrics, could permit dynamical (thermal) disordering over some 

range of sizes in a similar manner as spin clusters in the superparamagnetic state. In addition to that the 

potential minima, between whose PNR states flip, should be different in depth because of different local 

symmetries caused by the internal compositional heterogeneity. As a result, the polar vector will spend 

longer time in the deepest minimum so that PNR will have a net (weak) polar moment [44].  

To calculate the dielectric response, Bell assumed an ideal superparaelectric material, defined as an 

ensemble of independent, coherently polarizing PNRs, in which each PNR behaves as an independent, 

classical ferroelectric and the size of PNRs is such that the direction of polarization may be reoriented by 

thermal fluctuations of the lattice [77]. It is shown that departure from normal ferroelectric behavior 

becomes significant when the size of coherently polarizing regions is less than 15 nm. Even without 

invoking a distribution of Curie temperatures, the finite-size constraints predict local polarization 

fluctuations above the Curie temperature and a departure from the Curie-Weiss law. However, it is noted 

that the imaginary part of the dielectric constant shows a relaxor behavior when the distributions of sizes is 

included in the model.The introduction of the electrostatic dipole-dipole interaction, in the form of mean 

field, leads to a spontaneous transition to a macroscopic ferroelectric state, depending on the interaction 

strength [44, 49]. 

2.2.2.3. Dipolar glass model 

Relaxor ferroelectrics resemble spin glasses by broken ergodicity near and below Tf and possess main 

characteristics of nonergodic behavior, e.g. anomalously wide spectrum of relaxation frequencies fulfilling 

the VF relationship, ageing, dependence of the thermodynamic state on the thermal and field history of a 

sample [30]. In spin glasses, the nonergodic behavior is explained by a multivalley potential, whose some 

barriers are so high that the time needed to overcome them is larger than any practically reasonable 

observation time. Thus, the spin glass cannot reach all the configuration states during the observation time, 

and consequently, the usual thermodynamic averaging and the time averaging give different results. On 

contrary, the ferroelectric phase of classical ferroelectrics is also nonergodic, however, the potential minima 

are equivalent. Due to the compositional disorder, the potential of relaxor ferroelectrics is likely to be more 

structured than in ferroelectrics and its minima non-equivalent due to the locally broken symmetry as 

pointed out by Cross [44]. Even though the similarity between relaxor ferroelectrics and dipole glasses is 

remarkable, there are some differences. For example, field-induced ferroelectric phases and ferroelectric 

hysteresis loops have not been observed in typical dipole glasses [30]. 
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2.2.2.4. Random field model 

In this model, the relaxor behavior is attributed the existence of domain states induced by a quenched 

random field arising from charged nano domains and compositional fluctuations [78]. By application this 

concept to PMN, they explain the origin of relaxor behavior of PMN is due to intrinsic charge disorder by 

Mg2+ and Nb5+ ions inducing uncorrelated and quenched electric field at the Pb2+ and Nb5+ sites, which are 

ferroelectric active [78]. The random electric fields in the disordered system can be caused by ionic 

vacancies, impurities, and other imperfections. However, the main reason of the random field in the 

disordered dielectrics is the impurity electric dipole, which can have some discrete direction in a host 

dielectric lattice [79, 80]. 

  

Figure 2.8: : A schematic illustration showing how isovalent doping influences the quenched 

random electric fields that disrupt a long-range ferroelectric order [49]. 
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One of the most important success of the random-field model is explanation for the ferroelectric-to-

relaxor crossover during isovalent substitution such as in BaTi1-xSnxO3 (BTS) [81] and BaTi1-xZrxO3 (BTZ) 

[82, 83]. When the material is substituted by isovalent ions such as substituting Ti4+ to bigger Sn4+ for BTS 

(Figure 2.8), there is no charge disorder, instead a non-ferroelectric environment increases that eventually 

hinders the individual dipoles from aligning collectively to form a ferroelectric order. This leads to the 

variation in the distortion of TiO6 octahedra, which is contributed to the induced relaxor state in the BTS 

material [49].  

2.3. Phase transition and phase boundary 

To improve the piezoelectric and electromechanical properties of lead-based and lead-free piezoelectric 

ceramics, a coexistence of multiple phase is considered as a method to achieve the purpose [84]. 

Accordingly, the concept of “morphotropic phase boundary” (MPB) was first mentioned by Jaffe et al. [85], 

who discovered the highest value of piezoelectric constant of PZT in a composition around an MPB [85]. 

From a theoretical viewpoint, a phenomenological theory, which is developed by Landau, and first-

principles calculations were used to explain the phase transition in piezoelectric materials [86-88]. The 

Gibbs free energy is the fundamental concept behind the Landau theory, which is dependent on the 

temperature, composition, electric field, and other external parameters [86]. It is generally considered that 

the flatness of the Gibbs free energy profile (the instability of Gibbs free energies) is greatest near the phase 

transition (Figure 2.9), which is attributed to promote the polarization rotation and piezoelectricity 

enhancement [86]. Therefore, the formation of phase boundaries should be observed as a powerful tool in 

improvement of electrical performances of perovskite piezoelectric materials, especially for the 

improvement of piezoelectricity.   

 

Figure 2.9:  Cross-section of the Gibbs free energy for 90/10 and 60/40 Pb(Zr1−xTix)O3 along [MB] 

path [89]. 
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2.3.1. Phase boundaries in lead-based piezoelectric materials 

2.3.1.1. Pb(Zr, Ti)O3 piezoelectric compositions 

Ferroelectric properties of PbTiO3 are known since the early 1950s [90]. Many of its properties are 

analogous to that of BaTiO3 [91]. Its room temperature crystal structure is tetragonal, and it undergoes a 

paraelectric to ferroelectric phase transition at its Curie temperature (TC = 490oC). Among the perovskite 

solid solutions, PbZrO3-PbTiO3 (PZT) solid solution has widespread application in technology [90, 92]. 

The PbZrO3-PbTiO3 phase diagram is shown in Figure 2.10 [85, 93]. These enhanced properties were found 

to be at the boundary of a rhombohedral (R3c) to tetragonal (P4mm) structure transition. Additionally, this 

phase transition is largely temperature independent, differentiating it from transitions that are more sensitive 

to temperature changes. The former is deemed the morphotropic phase boundary (MPB), while the latter is 

referred to as a polymorphic phase transition (PPT). 

 

Figure 2.10:  (a) Phase diagram of (1-x)PbZrO3-xPbTiO3 and (b) composition-dependent 

piezoelectric properties of (1-x)PbZrO3-xPbTiO3 ceramics [89]. 

 

The enhanced electromechanical properties found at the morphotropic phase boundary were originally 

attributed to enhanced polarizability due to an increased number of possible polarization directions. At the 

MPB, there is a lowering of Gibbs free energy between coexisting, ferroelectric states allowing for these 

additional polarization orientations and domain wall mobility [94]. Structural studies later revealed that a 

monoclinic phase (Cm) was present in the MPB region where it was once thought to only be a coexistence 

of rhombohedral and tetragonal structures [93, 95-97]. This monoclinic phase’s symmetry allows for the 

rotation of the polarization directions between the pre-MPB rhombohedral phase (PbZrO3 side) and the 

post-MPB tetragonal phase (PbTiO3 side). This monoclinic, bridging phase reduces the energy for the 
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polarization vector realignment and enhances the piezoelectric response [88, 98-100]. This concept of 

enhanced electromechanical properties at the transition between two ferroelectric phases sparked a wave of 

research that attempted to replicate the success found with lead-containing, PZT.  

2.3.1.2. Pb(Mg, Nb)O3 piezoelectric compositions 

 Pb(Mg, Nb)O3 (PMN) is a relaxor ferroelectric with a low Curie point (TC = -10oC). PMN possesses a 

broad and diffused phase transition below the Curie point. It exhibits high dielectric constant and less 

temperature dependence of the dielectric constant close to room temperature. The dielectric constant is 

dependent on frequency and with frequency the Curie point can shift to higher temperatures [101]. The 

phase diagram of PMN-PT near the MPB region is shown in Figure 2.11. (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 

solid solution for x < 0.20 shows relaxor behavior, revealing very high maximum dielectric constant 

(~30,000). When compared to the dielectric constant of BaTiO3 (10,000), which is currently used in 

multilayer capacitors, PMN-PT solid solution gives high dielectric constant value for composition with x 

between 0.05 and 0.10. Since the dielectric permittivity in this compositional region is very high, the PMN-

PT solid solutions are very good candidates for high charge density capacitors.  

 

Figure 2.11: Temperature versus composition phase diagram of PMN-PT (C: cubic, R:  

rhombohedral, M: monoclinic, T: tetragonal) [101]. 
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Even though PMN-PT solid solution shows high piezoelectric response, it has some disadvantages such 

as low TC and lower rhombohedral to tetragonal transition temperature. Since TC is very low, thermal 

depoling may happen to the ceramics at high operating temperature. Hence the operating temperature must 

be kept low always. The operating temperature range of piezoelectric materials is 2/3 of the lowest phase 

transition temperature so that the depoling can be avoided. The low depoling temperature of PMN-PT solid 

solution makes the material difficult in application. 

2.3.2. Phase boundary in Bi0.5Na0.5TiO3 -based ceramics 

BNT is a perovskite ferroelectric with rhombohedral symmetry at room temperature. It has at least two 

more structural phase transitions between room temperature and its sintering temperature. In 2002 Jones 

and Thomas [102] reported a detailed structural investigation on BNT, which suggested a rhombohedral to 

tetragonal phase transition between 200
o
C and 320

o
C and from tetragonal to cubic phase at 540

o
C [102]. 

The region between 200 and 320
o
C has been considered exhibiting a coexistence of rhombohedral and 

tetragonal phases with polar regions [103, 104] and often designated as the depolarization temperature (Td) 

[105, 106]. BNT ceramic shows strong ferroelectric property of a large remanent polarization (Pr~38 

µC/cm
2
) and relatively high piezoelectric properties (d33~73 pC/N) compared with other lead-free 

piezoelectric ceramics [107]. Therefore, BNT has becomes a promising candidate to replace lead-based 

piezoelectric materials. Even though, there are some drawbacks such as high coercive field (Ec ~73 kV/cm) 

and high conductivity, which hinders the BNT into the actual applications. To overcome these issues, the 

construction of phase boundaries through chemical modification (ion doping or solid solutions) is a 

favorable and widely approach for improving the electrical performances of BNT materials. 

It is noted that there are two kinds of morphotropic phase boundary (MPB) existing in BNT ceramics, 

namely MPB(I), and MPB(II), which can be often found by doping different additives [107, 108]. The first 

type MPB(I) is almost borrowing ideas from the typical MPB concept of lead PZT. In the MPB(I) boundary, 

the coexistence of ferroelectric rhombohedral and tetragonal phases results in the improvement of 

piezoelectricity. Appropriately, enhanced piezoelectric coefficient d33, high dielectric constant r and large 

electromechanical coupling factor kp are found to be obtained at this MPB range. By contrast, the second 

type MPB(II) boundary involves a phase transition from ferroelectric to antiferroelectric or from 

ferroelectric to relaxor ferroelectric (FE-RFE), which does not show a significant piezoelectric coefficient 

but has recently received significant attention due to its high electromechanical strain properties [22, 27, 

108-114]. This kind of phase transition is appropriate for describing polymorphic phase transition rather 

than the typical MPB due to its temperature independence.   
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2.3.2.1. Bi0.5Na0.5TiO3-BaTiO3 (BNT-BT) solid solutions 

Bi0.5Na0.5TiO3-BaTiO3 (BNT-BT or BNBT) solid solution is one of promising lead– free piezoelectric 

ceramic, which was first reported by T. B. Wang et al. [115] in 1987, they mention the MPB at around 6 

mol% of BT level. In 1991, T. Takenaka et al. [116] studied the (1–x)BNT–xBT (BNT-BT100x) in more 

detail, they found that the BNT–BT has a rhombohedral–tetragonal MPB at x = 0.06–0.07 at room 

temperature. The temperature dependence of dielectric constant of BNBT5 display a broad shape near the 

Curie point and may be a result of the diffuse phase transition because the BNT–BT system is a typical 

example of a relaxor ferroelectric with A–site complex ions. The three phases of ferroelectric, 

antiferroelectric and paraelectric, which exist in a wide temperature range, can be recognized by anomalies 

of the dielectric constant and dielectric loss. The temperature dependence of polarization of BN-BT5 

confirmed the ferroelectric and antiferroelectric phase transition, respectively. By the same observation on 

all compositions of BN-BT system, they constructed a temperature and composition dependent phase 

diagram based on x–ray diffraction, dielectric and piezoelectric data up to 30 mol% barium titanates, as 

seen in Figure 2.12. The room temperature properties of MPB at x = 0.06 ceramic were presented at 

dielectric constant of 580, piezoelectric constant d33 of 125 pC/N, coupling factor k33 of 55%, and Curie 

temperature Tc of 288oC, which appear effective for high–frequency ultrasonic or piezoelectric actuator 

application, respectively. In 2002, B. J. Chu et al. [117] also presented electrical properties of BNT–BT 

ceramics. The x–ray diffraction of NBT–BT system showed the rhombohedral–tetragonal MPB near 0.06 

mol BT level, which is coincides with previous studies [115, 116].  

  

Figure 2.12: Phase diagram of BNT–BT solid solution, (F : ferroelectric rhombohedral phase, F 

: ferroelectric tetragonal phase, AF: antiferroelectric phase, P: paraelectric phase) [19]. 
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In 2005, R. Ranjan et al. [118] provide a detailed powder x–ray diffraction analysis for compositions 

around the MPB. They show that there are no measurable tetragonal lattice distortions or tetragonal 

superstructure reflexes in BNT–BT between the MPB (6 mol% BT) and 10 mol% BT. They instead claim 

a nearly cubic phase. C. Xu et al. [119], however, show clear tetragonal distortion above 6 mol% BT added. 

The remnant polarization (Pr) peaks at the MPB at 38.8 µ C/cm² [119]. The coercive field (Ec) is 

continuously reduced with increasing BT content up to its lowest value of 3.25 kV/mm at 8 mol% BT. 

Compositional dependence of d33, k0, εr, and tanδ is reported up to 12 mol% BT with their optimum values 

of 155 pC/N, 36.7%, and approximately 2.5%, respectively, at the MPB (6 mol% BT). In contrast, the 

relative dielectric constant εr peaks at 8 mol% BT with 1099 [119].  This is in contradiction to the original 

results previous [115-117]] but no reason is evident. C. Xu et al. [119] also measure the diffuseness of the 

phase transition at Td. The gamma value of MPB of BNT–BT is reported as 2.02, making it a pure relaxor, 

which is also reported here [120]. The relaxor nature is attributed to the A–site cation disorder of BNT–BT. 

At the MPB, temperature–dependent kp shows a drop around 80°C, while it for d33 and tanδ is about 105°C. 

Temperature–dependent polarization hysteresis for 0, 6 and 12 mol% BT content show a typical 

ferroelectric behavior below 140°C, 60°C and 160°C, respectively, with decreasing EC  when the 

temperature increases [120]. Above these respective temperatures, antiferroelectric– like pinched loops or 

nearly double loops are found in all three compositions. The fact that there is always some small amount of 

hysteresis at low fields is treated as evidence that above Td a small amount of polar ferroelectric material 

remains. On the basic of TEM results and temperature dependence permittivity of MPB of BNT–BT solid 

solution, C. Ma et al. [121] reported that the 6 mol% BT composition belongs to a rhombohedral R3c phase, 

having a complex domain structure while the 7 mol% BT consist of a tetragonal P4bm phase with 

nanodomain morphology. Even though the MPB was believed as rhombohedral–tetragonal phase transition 

[117] or nearly cubic [118] in the past. Table 2.1 summarizes the electrical properties of BNT-BT ceramics. 

The arguments on the phases as well as unopened properties of MPB compositions, lead BNT–BT solid 

solution become more interesting in research so far. 

Table 2.1: Electrical properties of BNT-BT ceramics 

Material system 
Phase 

structure 

d33 

(pC/N) 
kp 

Tm
 

(oC) 

Td 

(oC) 
Ref. 

0.94Bi1/2Na1/2TiO3-0.06BaTiO3 R-T 125 0.2 288  [116] 

0.94Bi1/2Na1/2TiO3-0.06BaTiO3 R-T 122 0.29 225 100 [117] 

0.94Bi1/2Na1/2TiO3-0.06BaTiO3 R-T 155 0.367  105 [119] 

0.94Bi1/2Na1/2TiO3-0.06BaTiO3 R-T 148 _   [122] 
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0.93Bi1/2Na1/2TiO3-0.07BaTiO3 R-T 134 _ 305 165 [123] 

0.925Bi1/2Na1/2TiO3-0.075BaTiO3 R-T 186 _   [124] 

0.935Bi1/2Na1/2TiO3-0.065BaTiO3 R-T 150 0.51   [125] 

0.94Bi1/2Na1/2TiO3-0.06BaTiO3 R-T 174 0.28 284  [126] 

 

2.3.2.2. Bi0.5Na0.5TiO3-Bi0.5K0.5TiO3 (BNT-BKT) solid solutions 

Bismuth sodium titanate (BNT) and bismuth potassium titanate (BKT) solid solution is one of the well-

known lead-free binary ceramic systems (BNT-BKT or BNKT), which was synthesized by Elkechai et al. 

in 1996 [127]. Later, the enhanced piezoelectric properties were discovered in the composition being close 

to the rhombohedral-tetragonal phase boundary. From the study of Sasaki et al, the existence of a MPB 

between BNT and BKT, indicating a coexistence of rhombohedral and tetragonal phases, in the 

compositional range 16-20 mol% BKT was investigated, which based on the structural analysis as well as 

the corresponding compositionally dependent peaks in dielectric and piezoelectric coefficients [128]. 

Yoshii et al. investigated the electrical properties of BNT-BKT ceramics focusing on the depolarization 

temperature (Td) [105]. Near the MPB compositions, highest electromechanical coupling factor (k33 = 0.56) 

for BNT-16BKT and a high remanent polarization (Pr = 38.4 µC/cm2) and piezoelectric constant (d33 = 

157 pC/N) were achieved for BNT-20BKT ceramics [105]. Yang et al. [129] reported the MPB in the 

range of 16-20 mol% BKT in BNT-BKT, which agrees with the results of Sasaki et al. [128]. They focused 

on optimization of processing parameters, find that d33, tanδ, εr and kp improve up to a maximum sintering 

temperature of 1170oC, after which they decrease slightly. The best values were found to be 144 pC/N, 

3.7%, 893, and 0.29, respectively, at 18 mol% BKT [129]. Hiruma et al. also reported different properties, 

which show optimum values at different mole percentages of BKT. In particular, d33 and k33 are maximized 

with values of 157 pC/N and 0.56, respectively at 20 mol% BKT, while ε33, and Ec are optimal at 22 mol% 

BKT [105]. Zhang et al. also achieved a highest d33 of ~192 pC/N with the highest kp of ~32% at 22 mol% 

BKT in BNT-BKT ceramics sintered at 1150oC [130]. The summary of properties of BNT-BKT solid 

solutions are showed in Table 2.2.  

Recently, an enhancement in the electric-field induced strain properties can be achieved in BNT-BKT 

ceramics by addition of some ions. In Table 2.3, a list of phase structure and electrical properties of ion 

doped-BNT-BKT ceramics is revealed. It is reported that the substitution of ion B-site such as Hf4+, Zr4+, 

Sn4+, Nb5+, and Ta5+ in BNT-BKT can decrease the depolarization temperature (Td), which results in a 

disruption of the long range ferroelectric and induces a phase transition from a ferroelectric 

(rhombohedral-tetragonal) phase to a non-polar (pseudo cubic) phase [131-135]. In addition, the effects 
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of ion types on the properties were also investigated.  In 2012, by comparison of isovalent Sn4+ and 

aliovalent Ta5+ doping on B-sites Ti4+ in lead-free Bi1/2(Na0.82K0.18)1/2TiO3 perovskite, Han et al found that 

although both dopants led to a diffuse phase transformation, Ta5+ substitution more rapidly induced the 

ferroelectric-relaxor transition than Sn4+, which is attributed to the donor-induced A-site vacancies by Ta5+ 

[136]. Furthermore, a comparison of Li+ - and La3+ doped BNKT ceramics was made by Dinh et al. [137]. 

It was found that the addition of Li can result in saturated P-E loops and typical butterfly shaped S-E 

curves, while La induces a ferroelectric-relaxor phase transition, which leads to increased strain. In a 

conclusion, polycrystalline materials in the BNT–BKT system are interesting lead–free alternatives 

because they have a simple chemical formula, easy fabrication process (conventional solid-state reaction), 

and low cost of the raw materials. Moreover, the existence of MPB similar to the PZT system and excellent 

electrical properties suitable for applications make these materials interesting. 

Table 2.2: Electrical properties of BNT-BKT ceramics 

Material system Phase 

structure 

d33 

(pC/N) 

kp Tm
 

(oC) 

Td 

 (oC) 

Ref. 

0.80 Bi1/2Na1/2TiO3-0.20 Bi1/2K1/2TiO3 R-T 157  270 174 [105] 

0.82 Bi1/2Na1/2TiO3-0.18 Bi1/2K1/2TiO3 R-T 144 0.29  150 [129] 

0.78 Bi1/2Na1/2TiO3-0.22 Bi1/2K1/2TiO3 R-T 192 0.32   [130] 

0.77 Bi1/2Na1/2TiO3-0.23 Bi1/2K1/2TiO3 R-T 207 0.35   [138] 

0.80 Bi1/2Na1/2TiO3-0.20 Bi1/2K1/2TiO3 R-T 195 0.27 284 100 [139] 

 

Table 2.3: Electrical properties of BNKT ceramics with ion substitution 

Material system Phase structure 
d33 

(pC/N) 

Strain 

(%) 

d33
*  

(pm/V) 
Ref. 

Bi1/2(Na0.7K0.2Li0.1)1/2TiO3  231   [140] 

Bi1/2(Na0.78K0.2Ag0.02)1/2TiO3 R 180   [141] 

Bi1/2(Na0.78K0.22)1/2(Ti0.97Hf0.03)O3   0.38 475 [132] 

Bi1/2(Na0.78K0.22)1/2(Ti0.97Zr0.03)O3  31 0.43 614 [131] 

Bi1/2(Na0.82K0.18)1/2(Ti0.97Nb0.03)O3 RT-Pc  0.47 641 [135] 

Bi1/2(Na0.82K0.18)1/2(Ti0.98Ta0.02)O3 RT-Pc  0.34 566 [134] 

Bi1/2(Na0.78K0.22)1/2(Ti0.95Sn0.05)O3 T-Pc  0.35 585 [133] 
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[Bi1/2(Na0.82K0.18)1/2]0.97Li0.03TiO3  110  250 [137] 

[Bi1/2(Na0.82K0.18)1/2]1−xLaxTiO3  
172 

(x = 0.02) 
 

650 

(x = 0.03) 
[137] 

(Bi0.5Na0.78K0.18Li0.04)0.5(Ti0.95Sn0.05)O3 T-Pc  0.39 646 [142] 

(Bi0.5Na0.385K0.09Li0.025)(Ti0.975Ta0.025)O3 RT-Pc  0.436 727 [143] 

[Bi0.5(Na0.84K0.16)0.5]0.96Sr0.04}Ti0.975Nb0.025O3 R3c-P4bm  0.70 1400 [144] 

 

2.3.2.3. Bi0.5Na0.5TiO3-SrTiO3 (BNT-ST) solid solutions 

The lead-free solid solution between BNT and SrTiO3 (ST) was first reported by Sakata and Masuda 

[20] in 1974 with the aim to shift the phase transitions of pure BNT to lower temperatures, thus allowing 

a systematic study of the functional properties of the system. Several studies have demonstrated that 

increasing ST content in BNT-based materials leads to destabilization of the long-range ferroelectric state 

and decreased Td as well as Pr [21, 145-148]. The BNT-ST is a binary solid solution between the end 

members BNT and ST. The BNT-ST displays a rhombohedral structure at room temperature below 20 

mol% ST [149, 150]. Increasing ST content leads to a gradual increase in the lattice parameter between 

3.885 Å  and 3.905 Å  [151]. The increase in lattice parameter is accompanied by a gradual decrease of the 

unit cell distortion from rhombohedral to pseudocubic below 20 mol% ST. Further ST content leads to a 

considerable change of the rhombohedral distortion at room temperature and vanishing non-cubic 

distortions and relaxor features [145, 150-152]. Initially, this relaxor state was termed an antiferroelectric 

state [20]; however, subsequent reports discarded antiferroelectricity in the system [153]. Based on the 

results from XRD, dielectric properties, and Raman spectroscopy analysis, Rout et al. [149] proposed a 

phase diagram for the BNT-ST system, as displayed in Figure 2.13. The phase boundary featured in the 

BNT-ST at room temperature is at 20 mol% ST, indicating the transformation from a rhombohedral to a 

pseudocubic phase, as previously indicated by changes in lattice parameter and unit cell distortion. This 

phase boundary was reported in other studies between 25 mol% ST and 28 mol% ST [21-23, 145, 150]. 
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Figure 2.13: Binary phase diagram of the BNT-ST system from 0 mol% to 40 mol% ST. The 

symbols , , and  corresponds to Td, TR-T and Tm, respectively. Open symbols were obtained from 

dielectric measurements, while solid symbols from Raman spectroscopy analysis [149]. 

 

The phase boundary between the rhombohedral and the pseudocubic phases has a considerable effect 

on the electromechanical properties of the system. Hiruma et al. [21] reported the normalized strain d33
* 

and piezoelectric constant d33 of the BNT-ST in a broad compositional range. The maximum piezoelectric 

constant d33 = 130 pC/N was reported to be around 22 mol% ST, followed by a decrease leading to 

negligible values above 28 mol% ST and maximized d33
* = 500 pm/V at 6 kV/mm. In the meantime, 

Krauss et al. [145] observed the maximum strain of about 0.29% at 25 mol% ST and suggested to attribute 

it to a ferroelectric to antiferroelectric phase transition. Later, Duong et al. [22] revealed the the phase 

transition from non-ergodic to ergodic relaxor occurred at 26 mol% ST, and the highest strain under 4 

kV/mm electric field, of 0.25% (d33
* ≈ 620 pm/V), was observed at 28 mol% ST. These results imply that 

the BNT-ST ceramics have the competitive advantage of larger strain under lower operating field 

compared with other BNT–based lead–free piezoelectric ceramics. Therefore, these ceramics are 

considered as promising candidates for actuator applications.  
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Chapter 3: Experimental Procedure and Characterization 

3.1. Experimental Procedure 

Processing of piezoelectric ceramics consists of oxides or carbonates powders to achieve the desire 

phase, compaction of powder to form a green body and then sintering to produce dense structure. The 

structural, microstructural, and electrical properties of ceramics strongly depend on their chemical 

composition, processing routs and fabrication techniques. In order to achieve greater performance and 

reliability of ceramics, it is very important to handle the compositions and processes parameters carefully.  

The two most ideally used methods to produce piezoelectric ceramic powders are sol gel processing 

andsolid state reaction. Sol gel process is expensive; it produces very fine high purity powders which can 

sinter at much lower temperatures to achieve densities close to theoretical value. Solid state reaction is the 

most commonly used method due to its lower cost. In this thesis, solid state reaction method is used for the 

synthesis piezoelectric ceramics. The experimental procedure and techniques used for the preparation and 

characterization of the ceramics in this study are described in this chapter. 

3.1.1. Compositions 

For ceramics specimens, four different systems were investigated: 

1) The ternary (0.99‒x)Bi0.5Na0.5TiO3‒0.01CaTiO3‒ xSrTiO3 (x = 0.22, 0.24, 0.26, 0.28 and 0.30) 

2) The ternary (0.78-x)Bi0.5Na0.5TiO3‒0.22SrTiO3‒xBiAlO3 (x = 0; 0.01, 0.02 and 0.03) 

3) The ternary (0.76-x)Bi0.5Na0.5TiO3-0.24SrTiO3-xCaTiO3 (x = 0; 0.01, 0.02, 0.03 and 0.04)  

4) The ternary (0.76-y)Bi0.5Na0.5TiO3-0.24SrTiO3-yBaZrO3 (x = 0; 0.01, 0.02, 0.03 and 0.04)  

3.1.2. Raw materials 

Commercially available reagent grade bismuth oxide, sodium carbonate, strontium carbonate, calcium 

carbonate, barium carbonate, zirconia oxide, aluminum oxide and titanium oxide were used as starting raw 

materials in the fabrication of the mentioned four systems.  The details specifications of these powders are 

given in Table 3.1. These starting materials were first put in the oven at 100oC for 24 h to remove moisture, 

and then weighed according to their stoichiometric formulae.  

Table 3.1: Raw materials used in the synthesis of ternary BNT-ST-based ceramics 

Chemical Name 
Chemical 

formula 
Purity 

Particle (mesh) 

size 
Source 
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Bismuth (III) Oxide Bi2O3 99.9% 0.2 µm High Purity Chemicals 

Sodium Carbonate Na2CO3 99.9% 20 mesh High Purity Chemicals 

Strontium Carbonate SrCO3 99.9% - High Purity Chemicals 

Calcium Carbonate CaCO3 99% - High Purity Chemicals 

Barium Carbonate BaCO3 99.9% - High Purity Chemicals 

Titanium (IV) Oxide TiO2 99.9% 0.2 µm High Purity Chemicals 

Zirconium (IV) Oxide ZrO2 99% 0.1 µm High Purity Chemicals 

Aluminum (III) Oxide Al2O3 99.9% 0.1 µm High Purity Chemicals 

 

3.1.3. Mixing and milling 

After weighing the starting raw powders according to their stoichiometric formula, they were mixed and 

milled thoroughly inside a polyethylene jar with ZrO2 balls (5-10 mm in diameter) as a mixing media and 

ethanol as solvent for 24 h, at the rate of 260 rpm. During milling process, when ball and ball or ball and 

jar wall collide, some amount of powder between them is repeatedly fractured, cold welded, flattened and 

rewelded, which reduce the particle size, and form uniform particles slurry. The wet slurry is then dried at 

100oC for 24 h. 

3.1.4. Calcinations 

After proper mixing and milling, the dried milled powders were calcined at 850 oC temperatures in a 

closed alumina crucible with an indigenous programmable furnace. The powders were thoroughly grounded 

using mortar and passel and ball milled again to avoid glamorization of the particles. The pulverized 

powders were then used for the study of their phase formation as well as their reaction mechanism.  

3.1.5. Pellet preparation 

After calcinations, the powders were added with an organic binder polyvinyl alcohol (PVA, 5%). To get 

uniform and fined grain, the granules were passed through a 150 m sieve. Pellets of 0.5g were made by 

using a cylindrical steal die of 12 mm in diameter. Initially the die was kept in a highly viscous mobile oil 

to prevent it from rousting. Taking out from the oil, the die was cleaned with isopropyl alcohol and acetone. 

Then the die containing the powder were uniaxially pressed with a pressure of 98 MPa in a hydraulic press. 

http://www.answers.com/topic/stoichiometric-3


 

32 

 

Before releasing the pressure from the die, minimum 30 second time was given to minimize the stress on 

the pellet. Then the green pellets were then sintered to form the powders in bulk samples. 

3.1.6. Sintering 

Density of the electronic ceramics is a very sensitive parameter and that directly affects the material 

properties. Therefore, proper sintering of the pallets is essential for electrical property measurements. The 

pellets of the prepared compositions were put in alumina crucible and were taken into the furnace for 

sintering. The temperature was increased to 550 °C and maintained there for 2 h to remove all PVA binders 

and then increased at the rate of 5oC/min. To prevent Bi, and Na evaporation from the pellets, corresponding 

powders was used as an ambient, and sintered at 1175oC for 2 h in a programmable furnace. The pellets 

were furnace cooled and taken out of the furnace for density measurements.  

3.1.7. Lapping and polishing 

In order to make, fine smooth and flat surface for subsequent electrical property measurements lapping 

was carried out to obtained 0.5- and 1-mm thick specimens of the as sintered pellets by lapping machine 

(HRG-150E). The lapped pellets were then washed in acetone and polished with a sandpaper (cc 1000 cw) 

and then with an electric polishing machine (Dong ILT, 802-0408). The polished pellets were then 

thoroughly sonicated with acetone in ultrasonic machine (Branson, 5210) and dried at 100oC for 5 h. 

3.1.8. Electrode application 

The selection of suitable electrode for the test of materials is important to get a good response of the test 

material. Platinum (Pt) for dielectric and ferroelectric properties measurements and silver (Ag) electrodes 

for piezoelectric properties measurements were deposited on the opposite faces of the lapped and polished 

pellets by a dc sputtering and screen-printing techniques, respectively. The deposited electrodes were then 

fired at 500oC in case of Pt and 700oC in case of Ag for 20 min. Finally, silver wires were attached as 

terminal for electrical connections. 

3.1.9. Poling 

The piezoelectric materials are composed of randomly oriented domains, which possess identical 

structures but have a random orientation, resulting in a small or zero net spontaneous polarization. 

Therefore, it can be supposed that the properties of the ceramics are isotropic. The poling process is used 

to align the randomly oriented domains of piezoelectric materials. During this process, a high direct current 

electric field is applied to the material for a length of time. Through this polarizing (poling) treatment, 

domains most nearly aligned with the electric field. When the electric field is removed most of the dipoles 

are locked into a configuration of near alignment. In the present research, electroded pellets were poled at 
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4 kV/mm in a silicon oil bath at room temperature for 30 min, using a DC field high voltage power supply 

(Conver Tech, SHV30).  

3.2. Structural characterization 

3.2.1. Density Measurement 

The densities of the as sintered ceramic pellets were determined by the Archimedes' immersion principal 

method using an electronic densimeter (SD-120L). The samples were weighed both in air and suspended 

in water. The density was calculated using the expression: 

𝜌 =  
0.997 ×𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦−(𝑊𝑤𝑒𝑡−𝑊𝑤𝑖𝑟𝑒)
   3.1 

Where 0.997 is the density of water at room temperature, Wdry is the dry weight, Wwet is the weight of the 

sample and the wire suspended in water, and Wwire is the weight of the wire suspending the sample in the 

water. 

3.2.2. X-Ray Diffraction Analysis 

 X-ray diffraction (XRD) technique is a powerful tool for material characterization as well as for 

detailed structural elucidation. As the physical properties of solids (e. g., electrical, optical, magnetic, 

ferroelectric, etc.) depend on atomic arrangements of materials, determination of the crystal structure is an 

indispensable part of the characterization of materials, mainly the identification of the chemical species. In 

the present study crystallographic and phase analyses were performed by an X-ray diffractometer (XRD 

RAD III, Rigaku, Japan) by using monochromatic CuK radiation with the wavelength K=1.54178 

angstron. The detection range was 20 to 80 degrees with a step size of 0.02o and a speed of 2°/min. The 

crystal parameters were calculated by using Bragg’s law: 

  𝑛𝜆 = 2𝑑sin𝜃   3.2 

1

𝑑2
=

ℎ2+𝑘2+𝑙2

𝑎3
   3.3 

Where,  a: crystal parameters for cubic structure  

d: lattice spacing 

  h, k, l - lattice index 

   - diffraction angle 
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The volume percentage of perovskite phase in each composition was calculated using the following 

qualitative equation [154]: 

%Perovskite =
(𝐼100)𝑝𝑒𝑟𝑜𝑣 

(𝐼110)𝑝𝑒𝑟𝑜𝑣+(𝐼222)𝑝𝑒𝑟𝑜𝑣
× 100   3.4 

where (I110) and (I222) are the major X-ray peak intensities for a perovskite phase and a pyrochlore phase, 

respectively. 

 The crystallite size of powders can be determined by measuring the Bragg peak width at half the 

maximum intensity and using the Scherer formula: 

𝑑𝐶 =
0.9𝜆

𝐵cosθ
      3.5 

where dC is the crystallite size,  is the wavelength of the X-radiation used, B is the peak width at half 

the maximum intensity (FWHM), and  is the Bragg angle. 

X-ray densities were calculated as suggested by B.D. Cullity [154] 

𝜌 =
∑ 𝐴

𝑁𝑉
=

1.66042 ∑ 𝐴

𝑉
     3.6 

Where, ρ: X-ray density (g/cc), ΣA: Sum of the atomic weights of all the atoms in the unit cell, N: 

Avogadro’s number, V: Volume of a unit cell. If the composition is of atomic weight A, then 

𝐴 = ∑𝑛1𝑀    3.7 

Where, n1: number of molecules per unit cell and M: molecular weight. 

 The macroscopic density or the experimental bulk density of a particular specimen, determined from 

Archimedes principle is usually less and that cannot be exceeded the X- ray density, because the 

macroscopic specimen usually contains some cracks and pores. 

3.2.3. Microstructural analysis 

A scanning electron microscope (SEM) is a powerful microscope that uses electrons rather than light to 

form an image of objects such as fractured metal components, foreign particles and residues, polymers, 

electronic components, biological samples, and countless others. The shorter wavelength of electrons 

permits image magnifications of up to 100,000X, as compared to about 2,000X for conventional light 

microscopy. An SEM also provides a greater depth of field than a light microscope, allowing complex, 
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three-dimensional objects to remain sharp and in focus. This capability reveals details that cannot be 

resolved by light microscopy. 

In this thesis work the microstructure was studied by SEM and field-emission electron microscope (FE-

SEM, JEOL, JSM-65OFF, Japan). Before the microstructural analysis, disc type samples were polished 

with silicon carbide and alumina polishing powders, thoroughly washed with acetone and then thermally 

etched at 1100oC for 1 h. 

3.3. Electrical characterizations 

The electrical properties were measured to investigate the effect of amount of ABO3 on the BNT-ST 

ceramics. The following parameters were determined:  

1) Dielectric properties (Dielectric constants and dielectric losses as a function of frequency and 

temperature) 

2) Ferroelectric properties (Polarization (P) versus Electric field (E)) 

3) Piezoelectric coefficient (d33)  

4) Electric field-induced strain (Strain (%) versus Electric field) 

3.3.1. Dielectric properties 

The room temperature relative dielectric permittivity r and the dissipation factor (tan) were measured 

using the impedance grain phase analyzer (Hewlett Packard 4194A) with a working frequency range from 

0.1 Hz to 40 MHz.  

The temperature–dependent dielectric properties of both poled and unpoled specimens were determined 

using an impedance analyzer (HP4192A, USA) attached to a computer programmable electric furnace at 

different frequencies (0.1–10MHz) in temperature range 25 to 350oC under a heating and cooling rate of 

2oC/min.  

From the capacitance, the dielectric constant can be calculated using following equation: 

𝜀𝑟 =
𝜀

𝜀0
=

𝐶𝑑

𝐴𝜀0
    3.8 

Where, ε is the measured permittivity of the sample, εo  is the permittivity of the free space (8.85 x 10-

12 F/m), C is the capacitance, d is the thickness of the sample, and A is the area of the electrode. 
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3.3.2. Piezoelectric coefficient (d33) 

The piezoelectric coefficient (d33) can easily be extract from the direct piezoelectric effect. The 

generation of charge (D3) upon the application of an applied stress (σ3). (D3 = d33σ3). In this study, the 

piezoelectric coefficient d33 was measured using a Quasi-Static Piezo-d33 Meter (Model ZJ-6B, China). 

Prior to measure the piezoelectric coefficient, the samples were poled in silicon oil by applying an electric 

field of 4 kV/mm for 30 min. Finally, the piezoelectric coefficients were measured after 24 h of the poling 

3.3.3. Ferroelectric properties 

The easiest and most frequently used approach to measure the polarization hysteresis loop (P- E) is the 

simple Sawyer-Tower method. In this study, the ferroelectric hysteresis (P-E) loops were characterized by 

using a computer controlled modified Sawyer-Tower circuit. The modified Sawyer-Tower circuit were 

driven by a function generator (Agilent 33250A, USA) whose signal is amplified 1000 times by a high 

voltage amplifier (610, TREK Inc., Medina, NY, USA), which provides a maximum output voltage of 10 

kV and a maximum output current of 2 mA. All data were recorded with an oscilloscope (Tektronix 

TDS1002, USA). During the polarization measurement, an electric field of 3-6 kV/cm was applied  using 

a frequency of 0.5 Hz with amplified triangular waveform. To prevent the breakdown from the side area of 

the samples, samples were immersed in silicone oil during the measurements. 

3.3.4. Electric field-induced strain measurement  

The bipolar and unipolar electric field-induced stain was measured using a linear variable differential 

transducer (LVDT Mitutoyo MCH-331 & M401, Japan). The strain measurements were all done on Ag 

electrodes samples with a thickness of 1mm. The voltage was supplied by a high voltage amplifier (610, 

TREK Inc., Medina, NY, USA) driven by a function generator (Agilent 33250A, USA). Electric fields as 

high as 3-6 kV/cm was applied using a frequency of 0.5 Hz with amplified triangular waveform and all data 

was recorded with an oscilloscope (Tektronix TDS1002, USA). The normalized strain (d33
*= Smax/Emax) was 

calculated as the ratio of the maximum strain (Smax) to the maximum electric field (Emax) in the unipolar 

strain-field curves. During testing, the samples were submerged into silicon to prevent it from breakdown.  
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Chapter 4: Result and Discussion 

4.1. Effect of SrTiO3 Modification on Dielectric, Phase Transition and 

Piezoelectric Properties of Lead‒Free Bi0.5Na0.5TiO3‒CaTiO3‒SrTiO3 

Piezoelectric Ceramics 

This work has been published in Journal of the Korean Ceramic Society in 2020 [155] 

This study investigated the structures, dielectric, ferroelectric and piezoelectric properties of lead‒free 

(0.99‒x)Bi0.5Na0.5TiO3‒0.01CaTiO3‒xSrTiO3 (BNT‒CT‒100xST, x = 0.22 ~ 0.30) piezoelectric ceramics. 

These piezoceramics were successfully prepared using the conventional solid‒state reaction method 

sintered at 1175°C for 2h. It was found that a phase transition from nonergodic relaxor to ergodic relaxor 

was induced by ST modification in BNT‒CT ceramics. Consequently, a large electromechanical strain of 

0.20% corresponding to high normalized strain d33
* of 667 pm/V was obtained even under 3 kV/mm for 

BNT‒CT‒28ST ceramics. Therefore, it is noted that lead‒free BNT‒CT‒100xST ceramics can be 

promising candidates for actuator applications. 

4.1.1. Introduction  

Piezoelectric materials have attracted a great deal of attention for electronic devices, such as actuators, 

transducers and sensors, etc. The most widely used piezoelectric material are PbTiO3‒PbZrO3 (PZT)‒based 

component systems [4]. However, volatilization of toxic PbO during high temperature sintering not only 

causes environmental pollution, but also generates instability of composition and electrical properties of 

the final products. It is recently desired to use lead‒free materials for environmental protection; and in many 

countries (European Union, Japan, Korea, etc.), the governments have encouraged the industry to remove 

lead from electric and electronic equipment [109, 156-158]. Accordingly, lead‒free piezoelectric materials 

concerned with ceramics based on (K0.5Na0.5)NbO3 (KNN) and Bi1/2Na1/2TiO3
 (BNT) have been widely 

attracting attention to replace PZT ceramics [159-163]. 

Especially, Bi‒based lead‒free piezoceramics such as Bi1/2Na1/2TiO3‒BaTiO3 (BNT‒BT) or 

Bi1/2Na1/2TiO3‒Bi1/2K1/2TiO3 (BNKT) materials have been considered as potential candidates for actuator 

applications because of their excellent electromechanical strain properties. Those bismuth‒based materials 

possess a reversible phase transition between an ergodic ralaxor state and a ferroelectric with the application 

of electric field that results in an abnormal electromechanical strain [19, 147, 164-167]. However, the 

required electric field to obtain large strain is twice as high as the field used to achieve maximum 
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polarization and strain in typical soft PZT system, which is one of the critical problem to be used in practical 

applications [19]. 

One material to overcome this problem is BNT‒SrTiO3 (BNT‒ST) ceramics. This system was firstly 

reported by Sakata and Masuda [20]. It revealed that phase transition in BNT‒ST system with respect to 

room temperature from rhombohedral to pseudo‒cubic phase occurs around 20~25 mol% ST [149], 

accompanying with a considerable effect on the electromechanical properties. The maximum piezoelectric 

constant (d33) value of 127 pC/N at around 24 mol% ST, followed by decreasing markedly d33 value to no 

piezoelectric response with more than 28 mol% ST, at which it exhibits a large strain reaching values of 

0.29% at 6 kV/mm. This high strain is attributed to the reversible electric‒field‒induced phase transition 

between relaxor and ferroelectric phase [21]. Furthermore, many researchers are recently investigating 

BNT‒ST ceramics with amount of ST around 25~26 mol% showed a very high strain ~0.26% at electric 

field as low as 4 kV/mm [22, 24, 168-170].  

Besides, the effect of other alkaline-earth metal ion doping, such as Ca2+, on the electrical properties and 

phase transition behaviors of BNT ceramics were conducted by Watanabe et al.[171]. According to this 

study, Ca2+
 substitution resulted in a decrease of the depolarization temperature (Td) which seems to relate 

to the reduction of rhombohedral distortion in Ca-substituted BNT ceramics [171]. It was found that the 

rate of Td dropped down to room temperature in the Ca‒substituted BNT system was faster than that in the 

Sr‒substitution, therefore, maximum values of piezoelectric properties could be obtained at a very small 

amount ~ 2 at% of Ca2+
 substitution [171]. 

Recently, many studies have further improved the actuating performance by forming BNT‒based ternary 

phase systems such as Bi0.5Na0.5TiO3‒KNbO3‒SrTiO3 [172], Bi0.5Na0.5TiO3‒BaTiO3‒Sr2MnSbO6 [173], 

Bi0.5Na0.5TiO3‒SrTiO3‒LiNbO3 [26], Bi0.5Na0.5TiO3‒BaTiO3‒Bi(Mn0.5Ti0.5)O3 [174] and so on. On the other 

hand, few research have been studied on piezoelectric properties and phase transition behavior of BNT‒

CT‒based system[89, 175]. 

From these background, we tried to synthesize (0.99‒x)Bi0.5Na0.5TiO3‒0.01CaTiO3‒ xSrTiO3 (BNT‒CT‒

100xST) ceramics as a new BNT‒based ternary system. This study systemically investigated the structures, 

dielectric and ferroelectric properties of BNT‒CT‒100xST ceramics. 

4.1.2. Experimental Procedure  

BNT‒based lead‒free piezoceramics with the compositions of BNT‒CT‒100xST (x = 0.22, 0.24, 0.26, 

0.28 and 0.30) ceramics were prepared by a conventional solid‒state reaction method. The component 

oxides and carbonates powders, Bi2O3 (99.9 %), TiO2 (99.0 %), Na2CO3 (99.8 %), CaCO3 and SrCO3 (99.0 
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%), were used as raw materials (High Purity Chemicals, Japan). The raw materials were mixed in 

stoichiometric proportions by conventional ball milling treatment in ethanol using ZrO2 balls, then dried 

and calcined at 850oC for 2h to form the uniform solid solution. The resultant powders were mixed with 

the polyvinyl alcohol (PVA) binder and then pressed into green discs with a diameter of 12 mm under a 

uniaxial pressure of 98 MPa. Finally, the pellets were placed in a sealed alumina crucible and sintered at 

1175oC for 2 h. 

The density of the sintered ceramics was measured by using Archimedes’ immersion principle method 

using a digital densiometer (SD-120L, A&D, Japan). To determine relative density value, the theoretical 

density of each composition was calculated by using the formula:  

𝜌 =
∑𝐴𝐶+ ∑𝐴𝐴

𝑉𝐶 × 𝑁𝐴
                          4.1 

Where, ∑AC: the sum of the atomic weights of all cations in the formula unit, ∑AA: the sum of the atomic 

weights of all anions in the formula unit, VC: the unit cell volume, NA: Avogadro’s number. 

The crystal structure was characterized with an X‒ray diffractometer (XRD, RAD III, Rigaku, Japan) by 

using monochromatic CuK radiation with the wavelength  = 1.54178 Å . The polished and thermally 

etched surfaces of samples were imaged via Field‒Emission Scanning Electron Microscopy (FE‒SEM, 

JEOL JSM‒65OFF, USA) and the crystal structure was characterized with an X‒ray diffractometer (XRD, 

RAD III, Rigaku, Japan). For electrical measurements, a silver paste was screen printed on both sides of 

specimens and subsequently burnt in at 700oC for 30 min. The polarization (P) and strain (S) hysteresis as 

a function of the external electric field (E) were measured with a piezoelectric measurement system 

(aixACCT aixPES, Aachen, Germany). The temperature–dependent dielectric constant (εr) and dielectric 

loss (tan δ) of the BNT–CT–100xST ceramics were carried out at a heating rate of 5°C/min in a 

temperature–regulated chamber connected to a precision LCR meter (E4980AL, Keysight, USA) at 1, 10, 

and 100 kHz. 

4.1.3. Results and Discussion  

The linear shrinkage and relative density values of BNT–CT–100xST ceramics as a function of ST 

content are displayed in Figure 4.1. All samples exhibited around 15% values of linear shrinkage and high 

relative densities reached over 97%. These results indicate that the sintering temperature at 1175oC is 

suitable for densification of BNT–CT–100xST ceramics regardless of ST modification. 
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Figure 4.1: Linear shrinkage and relative density values of BNT–CT–100xST ceramics as a 

function of ST content 

 

FE‒SEM images of BNT–CT–100xST ceramics display in Figure 4.2. All images revealed dense 

microstructures, which is consistent with behaviors of relative densities for BNT–CT–100xST ceramics as 

can be seen in Figure 4.1. The average grain size values were determined by the linear interceptor method 

that were decreased with increasing ST content. The largest AGS was 9.42 ± 1.19 μm for BNT–CT–22ST 

ceramics and the smallest AGS was 5.48 ± 0.62 μm for the BNT–CT–30ST ceramics. The changes are 

consistent with previous results in the microstructures of ST–modified BNT–based ceramics [22, 145], 

which seems to be closely related to the thermodynamic behaviors of the synthesized materials and 

diffusion behavior of Sr [23, 176]. In fact, it was reported that the temperatures required for the formations 

of BNT and ST phases start at around 530oC and 560oC, respectively [177, 178]. For detail, at 530oC BNT 

phase is formed due to the decomposition of Na2CO3 and its reaction with Bi2O3 and TiO2. The densification 

of BNT phase structure goes on with subsequent Sr2+ diffusion from decomposing SrCO3 [23]. It is noticed 

that the transport of Sr2+ occurs along grain boundaries rather than through the BNT phase [176]. The 

development of ST mainly at grain boundary results in the formation of core-shell structure [23, 176]; in 

our present work, it is possibly the cause of preventing grain growth in BNT–ST systems. Therefore, the 

different reaction temperatures of two materials are suggested to be the origin of the decreased grain size 

with increasing the ST doping level.  
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Figure 4.2: FE‒SEM images of polished and thermally etched BNT–CT–100xST ceramics, (a) x 

= 0.22, (b) x = 0.24, (c) x = 0.26, (d) x = 0.28, (e) x = 0.30 and (f) the average grain size as a function of ST 

content 

 

Figure 4.3 presents XRD patterns of BNT–CT–100xST ceramics at room temperature. In Figure 4.3, all 

samples exhibited single perovskite phases, demonstrating that a uniform solid solution was formed. From 

Figure 4.3(b) and (c), the BNT–CT–100xST ceramics showed a single cubic perovskite structure as 

evidence by no peaks splitting in ranges of 39.7o‒40.3o and 45.9o‒47.1o except for Kα2 peaks. It indicates 

that all compositions can be categorized as the relaxor materials [179, 180]. Besides, the lattice parameters 

were increased with increasing the ST content as evidenced by shifting to lower angel of (111) and (002) 

peaks. The reason for this change is that the ionic radius of Sr2+ (1.32 Å ) is bigger than the averaged A–site 

ionic radius of BNT–CT (Bi3+: 1.17 Å , Na1+: 1.16 Å  and Ca2+ : 1.00 Å ) [171]. This result implies that the 

modified ST does not affect the crystal structure change in BNT–CT system, which is well matched with 

other BNT‒based lead‒free relaxor materials [181-185].  
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Figure 4.3: X‒ray diffraction patterns of BNT–CT–100xST ceramics as a function of ST content, 

(a) 20‒60o, (b) 39.5‒41.5o, and (c) 46.5‒47.5o 

 

Figure 4.4: Temperature–dependent dielectric constant (εr) and dielectric loss (tan ) for the poled 

(top) and unpoled (bottom) BNT–CT–100xST ceramics as a function of ST content, (a) and (f) x = 0.22, (b) 

and (g) x = 0.24, (c) and (h) x = 0.26, (d) and (i) x = 0.28, (e) and (j) x = 0.30 
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Figure 4.4 shows the temperature dependence of dielectric constant (r) and dielectric loss (tan ) for 

both unpoled and poled BNT–CT–100xST ceramics with three measurement frequencies of 1, 10 and 100 

kHz. All the poled and unpoled specimens showed a strong frequency dispersion and broadened peaks in 

dielectric spectra, implying that BNT–CT–100xST ceramics can be categorized as relaxors. Furthermore, 

poled BNT–CT–22ST ceramics revealed two abnormal peaks. The first one is referred to as Tm, which 

denotes the temperature giving the maximum dielectric constant. As shown in Figure 4.4, with increasing 

ST content, Tm shifted toward lower temperatures from 230oC for BNT–CT–22ST ceramics to 142oC for 

BNT–CT–30ST ceramics which is consistent with observations reported in previous studies [21, 22, 145, 

186]. The second anomaly peak located at the lower temperature region corresponds to TF‒R (the 

ferroelectric–to–relaxor transition temperature), where the electric–field–induced long–range order breaks 

down into a short–range one [131, 180]. This result shows that BNT–CT–22ST ceramics is a nonergodic 

relaxor (NER) at low temperature. We should note that the determination of TF‒R is only valid for poled 

specimens [166, 179, 181, 182]. It is also seen that TF‒R decreased from ~ 40oC for BNT–CT–22ST ceramics 

to ~ 30oC for BNT‒CT‒24ST ceramics and then was not detectable for the compositions with higher ST 

contents. The absence of apparent TF‒R for poled BNT‒CT‒100xST ceramics with x ≥ 0.26 in the range 

measurement data was an indication that lowering of TF‒R below the room temperature. This implies that 

those specimens were ergodic relaxors (ER), in which the field‒induced changes were recovered back to 

their initial state on removal of the electric field at the room temperature [49]. 

The polarization (P‒E) and bipolar strain (S‒E) curves of BNT‒CT‒100xST at the applied electric fields 

of 4 kV/mm are depicted in Figure 4.5. Typical ferroelectric hysteresis curves, represented by square‒type 

polarization and butterfly‒shaped strain hysteresis, were observed for BNT‒CT‒22ST and BNT‒CT‒24ST 

ceramics. As discussed above in reference to Figure 4.4, those two compositions are NER relaxor at room 

temperature with microscopic cubic structures at zero electric field. When an electric field is applied to the 

NER materials, it can transform irreversibly into a ferroelectric state [187-189]. Therefore, we can observe 

the square‒shaped P‒E curves with butterfly‒shaped strain curves of BNT‒CT‒22ST and BNT‒CT‒24ST 

ceramics. A further increase in ST modification led to drastic decreases in remanent polarizations (Pr), 

coercive fields (EC) with double hysteresis P‒E curves and large strains. The changes in polarization and 

strain curves such as the drastically decreased EC, Pr, negative strain (Sneg), and increased maximum strain 

(Smax) for x = 0.28 ceramics can be categorized an incipient piezoceramics as ER [19]. In fact, those large 

strains are observed in other BNT‒based relaxor materials, which are originated from the reversible 

transition into a ferroelectric state [181-185]. 
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Figure 4.5: Polarization (top) and bipolar strain curves (bottom) for BNT‒CT‒100xST ceramics 

as a function of ST content, (a) and (f) x = 0.22, (b) and (g) x = 0.24, (c) and (h) x = 0.26, (d) and (i) x = 

0.28, (e) and (j) x = 0.30 

 

 

Figure 4.6: Variation of (a) Ec, Pr, and (b) Smax, Sneg of BNT‒CT‒100xST ceramics as a function 

of ST content 

 

For better understanding effects of ST modification, characteristic parameters such as Ec, Pr, maximum 

polarization (Pmax), Smax, and Sneg were extracted from Figure 4.5 and are plotted in Figure 4.6. The 

ferroelectric BNT‒CT‒24ST ceramics showed good Pr and Ec around 30.9 μC/cm2 and 1.56 kV/mm, 

respectively. However, when the ST content increased those values decreased drastically with strongly 

pinched P‒E curves. Therefore, Pr and Ec reached minimum values as 5.32 μC/cm2 and 0.68 kV/mm when 
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the modification level of ST was 30 mol%. On the other hand, Pmax values for BNT‒CT‒100xST ceramics 

were changed slightly with increasing ST modification. These results in P‒E curves imply that FE‒to‒RE 

phase transition in BNT‒CT‒100xST ceramics was induced by ST modification. The values of Smax 

increased with increasing x from 0.22 to 0.28, and then decreased with further increases in ST content. 

BNT‒CT‒28ST ceramics showed the highest Smax under the applied electric field of 4 kV/mm of 0.25%. 

The unipolar strain curves are plotted in Figure 4.7 with applying electric field as 3 and 4 kV/mm. BNT‒

CT‒22ST and BNT‒CT‒24ST ceramics exhibited linear unipolar strain curves which are categorized as 

stabilized FE compositions. On the other hand, with further increases in the ST content, the strain value 

increased drastically with getting larger hysteresis for 0.24 < x < 0.30, and then was declined in BNT‒CT‒

30ST ceramics. We obtained the largest strain properties in BNT‒CT‒28ST ceramics regardless of applied 

electric fields, which gave the maximum strain of 0.20 % and 0.24% under 3 and 4 kV/mm, respectively. 

This large unipolar strain is attributed to the ferroelectric‒to‒relaxor phase transition induced by ST 

modification that was originated from the interrupted long‒range ferroelectric order [131, 180]. 

 

Figure 4.7: Unipolar strain curves for BNT‒CT‒100xST ceramics as a function of ST content. 

 

To confirm the achievement of this study, the characteristic parameters such as the Smax, applied electric 

field (Emax), and the normalized strain (d33
*) were extracted and calculated from Figure 4.7, which were 

compared with other piezoceramics in Table 4.1. From previous studies, many high d33
* values of lead‒free 

ceramics had been reported for BNT‒BKT‒ST5 (600 pm/V) [180], Nb‒doped BNKT (641 pm/V) [111], 

and BNT‒BT‒KNN2 (560 pm/V) [42]. However, those ceramics required relatively strong electric fields 
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(around 6 to 8 kV/mm as Emax) to obtain large strains, which is a drawback for practical applications 

mentioned above. In our work, a decrease of the driving field from 6 kV/mm to 3 kV/mm could be obtained 

for BNT‒CT‒26ST and BNT‒CT‒28ST. Furthermore, by utilizing the BNT‒CT‒ST ternary ceramics, the 

field‒induced‒strain behaviors have been improved upon BNT‒ST binary materials. For detailed, BNT‒

CT‒28ST ceramics showed the large d33
* value of 667 pm/V, which is higher than 625 pm/V of BNT‒28ST 

[22]. In fact, the main reason for the relatively enhanced strain of this system is unclear yet. However, it 

found that some difference between polarization and strain curves in BNT‒CT‒ST ceramics as this study 

and in BNT‒28ST ceramics [22]. There were two facts that one was obtained a relatively broader 

polarization hysteresis and the other was observed a relatively deeper and larger Sneg in comparison to BNT‒

28ST24) ceramics. From these results, we may assume that the induced nonergodicities by added CT are 

responsible for relatively enhancing strain properties of BNT‒CT‒ST ceramics in comparison to BNT‒

28ST ceramics [26, 179]. To clarify this assumption, it is obviously needed further study. This method 

could be compared with the relaxor/ferroelectric composite approaches which are recently considered as 

good techniques for obtaining high low‒field induced strain properties [190-192]. Therefore, we believe 

that BNT‒CT‒100xST ceramics are promising candidates for actuator applications. 

Table 4.1: Comparison of normalized strains d33
* (Smax/Emax) between this study and other BNT‒

based lead‒free piezoceramics 

 

Material Smax (%) 
Emax 

(kV/mm) 

d33
* 

(pm/V) 
References 

BNT‒CT‒26ST 0.185 3 617 This work 

BNT‒CT‒28ST 0.20 3 667 This work 

25ST 0.24 4 600 [24] 

BNT‒28ST 0.25 4 625 [22] 

BNST28 0.29 6 488 [21] 

BNT‒BKT‒ST5 0.36 6 600 [180] 

Nb‒doped BNKT 0.45 7 641 [111] 

BNT‒BT‒KNN2 0.45 8 560 [42] 

0.93BNKT‒0.07BA/BNT 0.29 4 725 [190] 

2LF/1.5SN 0.298 4 745 [191] 

BNKT‒0.04BMT/1.5BNT 0.14 2.5 560 [192] 
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4.1.4. Summary 

The effect of a ST modifier on the crystal structure and electromechanical properties of (0.99‒

x)Bi0.5Na0.5TiO3‒0.01CaTiO3‒ xSrTiO3 ceramics were investigated. The results showed that as the ST 

content was increased, a phase transition from NER to ER occurred in the system. The addition of ST 

shifted the TF‒R to a lower temperature and destabilized the ferroelectric order resulted in the degradation 

of remnant polarization, coercive field, and negative strain, which was accompanied by a large electric–

field–induced strain of 0.20% and a high normalized strain of d33
* = 667 pm/V under a low applied electric 

field of 3 kV/mm for BNT‒CT‒28ST ceramics. These results indicated that BNT‒CT‒100xST can be a 

promising candidate for actuator application.  
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4.2. Large Electric Field–induced Strain Response under a Low Electric 

Field in Lead-free Bi1/2Na1/2TiO3–SrTiO3–BiAlO3 Ternary Piezoelectric 

Ceramics 

This work has been published in Journal of Electronic Materials in 2020 [193] 

Bismuth–based lead–free ceramics are some of the most promising candidates for actuator applications 

due to their large strain response. Despite the large strains in bismuth-based piezoelectric ceramics, there 

still remain challenges regarding their utilization in practical applications. For instance, a relatively high 

operating field is required to obtain the large strain properties. In this work, lead–free Bi1/2Na1/2TiO3–

SrTiO3–BiAlO3 (BNT–ST–BA) ternary piezoelectric ceramics are proposed as materials that could enhance 

the electromechanical strain performance under low driving field. We found that the highest normalized 

strain d33
* value of 707 pm/V was achieved at a relatively low electric field of 3 kV/mm from 2 mol% BA–

modified BNT–ST ceramics. We suggest that the naturally induced nonergodicities in the ergodic relaxor 

generate internal stress. This induced internal stress is responsible for the excellent strain properties of this 

material. We believe that the materials synthesized in this study are promising candidates for actuator 

applications. 

4.2.1. Introduction 

Lead–based piezoelectric materials, such as lead zirconate titanate (PZT), are widely used in electrical 

devices such as piezoelectric actuators, sensors, and transducers due to the excellent electromechanical 

properties of these materials [4]. However, it is well known that lead (Pb) is toxic and can damage the 

human body and the environment [194]. Accordingly, many countries have encouraged academic and 

industrial researchers to replace these materials with lead‒free piezoelectric materials [158]. Recently, 

(K0.5Na0.5)NbO3 (KNN)‒ and Bi1/2Na1/2TiO3
 (BNT)‒based lead‒free piezoelectric materials have attracted 

wide-spread attention as promising candidates to replace PZT ceramics [159-163, 195-200]. 

(Bi1/2Na1/2)TiO3 (BNT)–based ceramics are of particular interest for actuator applications because of their 

excellent electromechanical strain properties [147, 165-167, 201-203]. It is understood that the large 

electromechanical strain (referred to as incipient piezoelectricity) in BNT‒based ceramics originates from 

a reversible electric field‒induced phase transition from an ergodic relaxor (ER) phase to a ferroelectric via 

application of an electric field [19, 182, 204, 205]. However, high electric fields are normally required to 

obtain large electromechanical strain properties in these incipient piezoceramics. Such high required fields 

present challenges to the utilization of BNT‒based lead‒free incipient piezoceramics in practical 

applications [19]. 
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To overcome this problem, many scientists have pursued methods to decrease the required electric field. 

For instance, formation of ferroelectric/relaxor ceramic composites was suggested and successfully 

demonstrated to enhance strain properties under low electric field. The constructed ferroelectric/relaxor 

composites in Bi1/2(Na,K)1/2TiO3‒BaTiO3 (BNKT-BT) systems decreased the driving field from 6 kV/mm 

to 4 kV/mm with a high strain of 0.25%,  as first reported by Lee et al.[190]. Since then, many studies have 

demonstrated reduction of the driving field in BNT‒based incipient piezoceramics by using 

ferroelectric/relaxor composites [49, 190, 204, 206]. Additionally, BNT‒SrTiO3 (BNT‒ST)‒based 

ceramics have also been shown to be promising materials with lower electric field requirements. It has been 

reported that (1–x)BNT–xSrTiO3 ceramics undergo a phase transition from a nonergodic relaxor (NER) to 

an ER for x ≈ 0.26 with a large strain of about 0.25% under 4 kV/mm [22-24]. It has been suggested that 

the naturally formed core‒shell structure (core and shell regions are comprised of ferroelectrics and relaxor, 

respectively) in BNT‒ST ceramics is responsible for these improved strain properties [23, 24, 168]. 

Accordingly, it is noted that intentionally or naturally induced ferroelectricities (or nonergodicities) in 

BNT‒based incipient piezoceramics play an important role for improving electromechanical strain 

properties with a low operating field. Furthermore, it has been suggested that new ternary systems based 

on BNT‒ST ceramics may be a good approach for improving the electromechanical performance in BNT‒

ST piezoelectric ceramics. Zhu et al.[25] have reported that a large strain of 0.27% at 4 kV/mm was 

obtained by incorporating 1 mol% AgNbO3 (AN) into BNT‒ST piezoelectric ceramics. Furthermore, Hong 

et al.[26] investigated the effect of LiNbO3 modification on the electrical properties in BNT‒ST 

piezoelectric ceramics and obtained a large strain of 0.246% at 4 kV/mm with a normalized strain of 616 

pm/V.  

BiAlO3 (BA) possesses a rhombohedral perovskite structure at room temperature and has recently 

attracted great attention due to its excellent ferroelectric properties with a large polarization of 76 C/cm2 

[25]. Therefore, BA modification in BNT‒ST ceramics is expected to improve electromechanical strain 

properties, as has in fact been reported by Ullah et al.[207, 208]. This study showed that a very large strain 

of 0.35% at an electric field of 6 kV/mm could be observed for compositions with 3 mol% BA, which forms 

a morphotropic phase boundary between tetragonal and pseudo cubic phases in BNKT ceramics [207]. 

Recently, it has been noted that the introduction of BA into Bi0.5Na0.5TiO3–BaTiO3 (BNT–BT) resulted in 

lowering the phase transition from ferroelectric to relaxor phase to below room temperature and lead to a 

large strain response of ~0.37% with normalized strain Smax/Emax of 533 pm/V [209]. Therefore, it is 

reasonable to propose that the combination of BNT‒ST as a host material and BA as a modifier could be a 

promising method to achieve large strain responses under the low driving field in lead-free material. 
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Accordingly, we synthesized lead‒free BNT‒ST‒BA ternary piezoelectric ceramics and systemically 

investigated the effect of BA modification on the structural, dielectric, and electromechanical strain 

properties. We obtained improved electromechanical strain properties with relatively low operating field 

(d33
* = 707 pm/V at 3 kV/mm) with 2 mol% BA‒modified lead‒free BNT–ST ternary piezoelectric 

ceramics, which is comparable with other materials. We suggest that the naturally induced nonergodicity 

in the ER state is responsible for these improved electromechanical strain properties in lead‒free BNT‒ST‒

BA ternary piezoelectric ceramics. These results suggest that lead‒free BNT‒ST‒BA ternary piezoelectric 

ceramics are promising candidates to replace lead‒based material in practical applications. 

4.2.2. Experiment procedure 

All ceramic samples were synthesized via conventional solid‒state methods. The raw materials of 

Bi2O3 (99.99%), Na2CO3 (99.0%), TiO2 (99.99%), SrCO3 (99.9%), and Al2CO3(99.9%), were weighed 

according to the desired chemical composition (0.78-x)Bi1/2Na1/2TiO3‒0.22SrTiO3‒xBiAlO3 (BNT‒ST‒

100xBA) for x = 0, 0.01, 0.02, or 0.03. The weighed powders were mixed by ball milling for 24 h in ethanol 

using ZrO2 balls. The wet slurry was dried at 100 °C for 24 h in a dry oven. After proper mixing and crushing 

with milling, the powders were calcined at 850 °C for 2 h with a heating rate of 5 °C/min in a furnace. Then, 

the calcined powders were ball milled again for 24 h. After drying, polyvinyl alcohol solution (PVA) was 

added to the prepared powders as a binder. Subsequently, the powders were pressed into small disks of 12 

mm diameter under a 98 MPa linear compressor. Finally, the pellets were sintered in 

covered alumina crucibles at 1175 °C for 2 h with a heating rate of 5 °C/min in a furnace with an air 

environment. 

The density values for all sintered samples were measured using an electronic densimeter (SD-120 L, 

A&D, Japan) using Archimedes’ immersion principle. The crystal structures were observed using X-ray 

diffraction (XRD, Ultima, Rigaku, Japan) with Cu radiation. The microstructure was identified using SEM 

and field‒emission electron microscope (FE‒SEM, JSM‒65OFF, JEOL Japan).  The electrical 

measurements were carried out after screen–printing a silver paste on both sides of the disc–shaped samples 

and subsequent firing at 700 °C for 30 min. All samples were poled in a silicone oil bath at room 

temperature under a direct current (DC) field of 4 kV/mm for 15 min. Temperature- and frequency-

dependent permittivity and dielectric loss for poled and unpoled samples were recorded using a high 

temperature electric prober system (KEYSIGHT‒E4980AL Precision LCR Meter, USA). The electric–

field‒induced polarization (P-E) and strain curves (S-E) for all samples were carried out at 1 Hz in a silicon 

oil bath using a modified Sawyer–Tower circuit and a linear variable differential transducer (LVDT, 

Mitutoyo MCH–331 & M401). 

https://www.sciencedirect.com/topics/chemistry/solid-state-reaction
https://www.sciencedirect.com/topics/chemistry/raw-material
https://www.sciencedirect.com/topics/engineering/rate-of-heating
https://www.sciencedirect.com/topics/engineering/polyvinyl-alcohol
https://www.sciencedirect.com/topics/engineering/binders
https://www.sciencedirect.com/topics/engineering/aluminum-oxide
https://www.sciencedirect.com/topics/chemistry/crucible
https://www.sciencedirect.com/topics/materials-science/silicone-oil
https://www.sciencedirect.com/topics/materials-science/electronic-circuit
https://www.sciencedirect.com/topics/materials-science/transducer
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4.2.3. Result and discussion 

Figure 4.8 presents images of the polished and thermally etched surfaces of the BNT‒ST‒100xBA 

ceramics along with corresponding relative densities. All microstructure images of the samples exhibited 

similar grain morphologies and dense microstructures, with linear shrinkage of approximately 16% and 

relative densities of over 97%, regardless of BA modification. These results indicate that 1175 oC is a 

suitable the sintering temperature for BNT‒ST‒100xBA ceramics. In contrast, the average grain size (AGS) 

of the samples were strongly influenced by BA content. The calculated AGS value of the BNT‒ST‒0BA 

ceramics was about 5.92 m, which drastically decreased to 1.84 m in the BNT‒ST‒3BA ceramics. 

 

Figure 4.8 FE-SEM images of the polished and thermally etched surfaces of (a) BNT‒ST‒0BA, 

(b) BNT‒ST‒1BA, (c) BNT‒ST‒2BA, and (d) BNT‒ST‒3BA ceramics. Changes to (e) linear shrinkage 

and relative density and (f) the average grain size of the BNT‒ST‒100xBA ceramics as a function of BA 

content. 

 

The XRD patterns in the 2θ range of 30‒60o of the BNT‒ST‒100xBA ceramics are displayed in Figure 

4.9(a). We obtained a single perovskite structure without any secondary phase in all samples. This result 

indicates that Al3+ ions completely diffused into the B‒sites of BNT–ST ceramics. To clarify the effect of 

BA modification on crystal structure in the BNT–ST ceramics, the detailed XRD patterns corresponding to 

2θ ranges of 39.5–40.5o and 45.8–47.2o are shown in Figure 4.9(b) and (c), respectively. All BNT‒ST‒

100xBA ceramics exhibited a single cubic structure, which is evidenced by no peak splitting, except for 
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Kα2 peaks. This data indicates that the crystal structure of BNT–ST ceramics is feebly influenced by BA 

modification. 

 

Figure 4.9: X–ray diffraction (XRD) patterns of BNT‒ST‒100xBA ceramics as a function of BA 

content in the 2θ ranges of (a) 30–60o, (b) 39.5–40.5o and (c) 45.8–47.2o. 

 

Figure 4.10 depicts the temperature dependence of the dielectric constant (εr) and dielectric loss (tan δ) 

of the poled and unpoled BNT‒ST‒100xBA ceramics. All BNT‒ST‒100xBA ceramics were categorized 

as relaxor, as evidenced by the strong frequency–dependent dispersions from room temperature to around 

200 oC and broad, diffuse peaks at the temperature of the dielectric maxima (Tm). In the case of BNT‒ST‒

0BA and BNT‒ST‒1BA ceramics, abnormal peaks in both the dielectric constant and loss curves were 

observed in the lower temperature region of the poled samples. These anomalies are associated with the 

ferroelectric to relaxor transition temperature (TF-R) that emerges from disassociation of long-range ordered 

ferroelectrics (or polarized ferroelectrics converting to relaxor) by thermal stimulation [19, 181]. With 

increasing BA content, the TF-R decreased from 49 oC for BNT‒ST‒0BA ceramics to around 29 oC for 

BNT‒ST‒1BA ceramics, then either vanished or shifted to below room temperature. Accordingly, we can 

suggest that BNT‒ST‒0BA and BNT‒ST‒1BA ceramics are NER at the low temperature, while BNT‒ST‒

2BA and BNT‒ST‒3BA ceramics can be categorized as ER at room temperature (~ 25 oC). Therefore, these 

results imply that the stabilized NER of BNT‒ST‒0BA ceramics undergoes a phase transition from a NER 

(or ferroelectrics) to an ER as BA is added.  
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Figure 4.10: Temperature dependence of dielectric constant (εr) and dielectric loss (tan δ) for the 

poled (top) and unpoled (bottom) for BNT‒ST‒100xBA ceramics, (a) and (e) x = 0, (b) and (f) x = 0.01, (c) 

and (g) x = 0.02, (d) and (h) x = 0.03. 

 

 

Figure 4.11: Electric field–induced (top) polarization hysteresis (P–E) and (bottom) bipolar strain 

(S–E) curves for BNT‒ST‒100xBA ceramics, (a) and (e) x = 0, (b) and (f) x = 0.01, (c) and (g) x = 0.02, 

(d) and (h) x = 0.03. Extracted (i) Pmax, Pr, EC and (j) Smax, Sneg parameters for BNT‒ST‒100xBA ceramics 

as a function of BA content. 
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Electric field–induced polarization hysteresis (P–E) and bipolar strain (S–E) curves for BNT‒ST‒

100xBA ceramics under an electric field of 4 kV/mm are depicted in Figure 4.11. Additionally, maximum 

polarization (Pmax), remanent polarization (Pr), coercive field (EC), maximum strain (Smax), and negative 

strain (Sneg) values were extracted from the P–E and S–E curves and are summarized in Figure 4.11(i) and 

(j), respectively. As shown in Figure 4.11(a), BNT‒ST‒0BA ceramics exhibited strong ferroelectricity, 

which is confirmed by a square‒shaped P–E curve and a butterfly‒shaped strain curve. Pmax, Pr, and EC for 

BNT‒ST‒0BA ceramics were 34.3 μC/cm2, 28.7 μC/cm2, and 1.72 kV/mm, respectively. With increasing 

BA content, Pmax increased slightly to 35.1 mC/cm2 for BNT‒ST‒2BA ceramics, while Pr and EC were 

drastically degraded to 12.6 μC/cm2 and 0.97 kV/mm, respectively. In the case of BNT‒ST‒3BA ceramics, 

all the parameters relating to polarization were decreased to a Pmax of 29.6 μC/cm2, a Pr of 6.4 μC/cm2, and 

a Ec of 0.92 kV/mm, eventually resulting in slim P–E curves. Bipolar strain properties were also influenced 

by BA modification. With a small amount of BA modification (less than 1 mol%), butterfly–shaped strain 

curves were obtained, and Smax and Sneg values were slightly degraded from 0.107% and 0.08%,, 

respectively, for BNT‒ST‒0BA ceramics to 0.105% and 0.05%, respectively, for BNT‒ST‒1BA ceramics. 

However, the Smax value for BNT‒ST‒2BA ceramics drastically increased to 0.21%, which was 

accompanied by an extreme degradation of Sneg. In fact, it is known that phase transition behavior from 

NER to ER in BNT–based ceramics are responsible for these changes to P–E and S–E curves [19, 182, 

202]. Furthermore, Sneg was observed to vanish with further increase to the BA content to x = 0.03. 

Accordingly, we conclude that the ER state is completely stabilized in BNT‒ST‒3BA ceramics. 

 

Figure 4.12: Unipolar strain curves for BNT‒ST‒100xBA ceramics at different applied electric 

field strengths of 3, 4 and 5 kV/mm, (a), (e), and (i) x = 0, (b), (f), and (j) x = 0.01, (c), (g), and (k) x = 0.02, 

(d), (h) and (l) x = 0.03 
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Figure 4.13: (a) Smax values for BNT‒ST‒100xBA ceramics as a function of applied electric field 

and (b) d33
* values for BNT‒ST‒100xBA ceramics as a function of BA content. 

 

Figure 4.12 displays unipolar strain curves for BNT‒ST‒100xBA ceramics under the applied electric 

fields of 3, 4, and 5 kV/mm. To better understand the effect of BA modification on unipolar strain, 

corresponding changes to Smax values for BNT‒ST‒100xBA ceramics with applied electric fields (2 – 5 

kV/mm) are compared in Figure 4.13(a). BNT‒ST‒0BA ceramics exhibited linear unipolar strain curves 

regardless of the applied electric field strength. The obtained Smax values at applied electric fields of 3, 4, 

and 5 kV/mm were 0.08, 0.11, and 0.136%, respectively. The unipolar strain curve for BNT‒ST‒1BA 

ceramics preserved this linear behavior with a maximal strain values of 0.139 % obtained at 5 kV/mm. 

These results are consistent with previous analyses of the temperature-dependent dielectric properties, P‒

E, and bipolar S‒E curves of BNT‒ST‒0BA and BNT‒ST‒1BA ceramics that can be categorized as NER 

(or ferroelectrics). However, the unipolar strain behaviors in BNT‒ST‒2BA and BNT‒ST‒3BA ceramics 

as a function of applied electric field were significantly different from those of BNT‒ST‒0BA and BNT‒

ST‒1BA ceramics. In the case of BNT‒ST‒2BA ceramics, abnormally large Smax values were exhibited 

regardless of the applied electric field strength. The obtained Smax values for BNT‒ST‒2BA ceramics 

monotonically increased with increasing applied electric field and were 0.21% at 3 kV/mm, 0.24% at 4 

kV/mm, and 0.264% at 5 kV/mm. In contrast, unipolar strain for BNT‒ST‒3BA ceramics weakly 

responded to an applied electric field of 3 kV/mm. It is noted that an applied electric field of 3 kV/mm is 

not enough to trigger a phase transition from ER to ferroelectrics in this material. However, the Smax value 

drastically increased to 0.21% at 4 kV/mm and 0.27% at 5 kV/mm. These changes in strain behavior are 

strongly related to different states of the relaxor [26, 182, 210]. More precisely, the required electric field 

for phase transition from relaxor to ferroelectrics in BNT‒ST‒3BA ceramics is higher than that for BNT‒
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ST‒2BA ceramics. The reason for this difference is that BNT‒ST‒3BA ceramics are categorized as fully 

stabilized ER with absent Sneg and drastically decreased Pr, as discussed previously. In other words, this 

result implies that the electric field required to induce a phase transition from ER to ferroelectrics was 

decreased by weak nonergodicity (or a small amount of ferroelectric phase) in the BNT‒ST‒2BA ceramics. 

Indeed, this fact can be corroborated by detected Sneg and Pr values in P‒E and bipolar S‒E curves, which 

will be discussed later. 

The normalized d33
* (Smax/Emax) for BNT‒ST‒100xBA ceramics as a function of BA content are extracted 

from the Smax data, Figure 4.13(a), and compared in Figure 4.13(b). The calculated d33
* values for BNT‒

ST‒0BA and BNT‒ST‒1BA ceramics were lower than 300 pm/V regardless of the applied electric field 

strength, which is a feature of ferroelectrics. On the other hand, BNT‒ST‒2BA ceramics exhibited 

significantly enhanced d33
* values. The highest d33

* value of 707 pm/V observed from BNT‒ST‒2BA 

ceramics was obtained at an applied electric field 3 kV/mm, which monotonically decreased to 528 pm/V 

at 5 kV/mm. The reason for these changes in d33
* value is that most of ergodicities in the BNT‒ST‒2BA 

ceramics are completely converted to ferroelectrics by an applied electric field of 3 kV/mm. This 

phenomenon is evidenced by the drastically increased Smax and a saturated unipolar strain curve (Figure 

4.12). Accordingly, the d33
* values for BNT‒ST‒2BA ceramics monotonically decreased with increasing 

electric field strength even though Smax increased steadily. In the case of BNT‒ST‒3BA ceramics, the lowest 

d33
* value among the BNT‒ST‒100xBA ceramics, attaining a value of 3 kV/mm under a low applied electric 

field. Increasing the applied electric field revealed a drastically enhanced d33
* value. This result implies that 

BNT‒ST‒3BA ceramics are fully stabilized ER and an applied electric field of 3 kV/mm is not enough to 

induce a phase transition from ER to ferroelectrics. According to temperature-dependent dielectrics 

properties and P‒E, bipolar S‒E, and unipolar S‒E curves, we can conclude that BNT‒ST‒0BA, BNT‒ST‒

1BA ceramics and BNT‒ST‒3BA ceramics are NER and ER, respectively. Additionally, it is suggested 

that BNT‒ST‒2BA ceramics consists of two different phases: NER and ER. These results are displayed in 

Figure 4.13(b). 
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Figure 4.14: Comparison of d33
* values against maximum applied electric fields (Emax) between 

lead–based, lead–free BNT–based, and ferroelectric/relaxor composites. 

 

To confirm our results, the obtained d33
* value for BNT‒ST‒2BA ceramics are compared to those of 

other BNT‒based materials (Figure 4.14). It is evident that excellent d33
* values have been obtained in the 

BNT–based materials represented in Figure 4.14 while the operating electric fields were higher than 4 

kV/mm. However, the BNT‒ST‒2BA ceramics of this study presents a high d33
* value at the relatively low 

electric field of 3 kV/mm, which is superior to other reported BNT–based materials and comparable to other 

lead–free ferroelectric/relaxor composites [22, 25, 26, 42, 111, 133, 143, 180, 190, 191, 204, 205, 207, 210-

234]. As we discussed earlier, we assume that this excellent d33
* value at low driving field for BNT‒ST‒

2BA ceramics originates from the coexistence of NER and ER (more precisely, it seems that nonergodicities 

are locally spread in the ergodic relaxor. 
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Figure 4.15: Schematic strain mechanisms for three different states of (a) BNT‒ST‒0BA, (b) 

BNT‒ST‒2BA, and (c) BNT‒ST‒3BA ceramics: stages (i) corresponds to the virgin (or initial) state, stage 

(ii) corresponds to the application of a significant electric field, and stage (ii) corresponds to removal of the 

electric field. 

 

To clarify our proposed explanation, a schematic of the strain mechanism for three different states of 

BNT‒ST‒0BA, BNT‒ST‒2BA, and BNT‒ST‒3BA ceramics is depicted in Figure 4.15. In the case of 

BNT‒ST‒0BA ceramics, once electric field (E ≥ Ec) is applied to NER (consisting of static PNRs) as stage 

(ii), the highest poling strain (Spol) is obtained with a huge hysteresis at 1st cycle. Phenomenologically, the 

NER with existing static PNRs in the virgin state (i) are irreversibly transformed into macroscopic 

ferroelectrics and then ferrsoelectric domains are aligned to the direction of the electric field (i.e., poling 

procedure), as illustrated in stage (ii) of Figure 4.15(a). Once induced as ferroelectric domains, these regions 

are unable to return to the initial (or virgin) state when the applied field is removed. From the perspective 

of macroscopic strain, a huge remanent strain (Srem) is exhibited by NER. Therefore, a linear unipolar strain 

(Suni) is practical for applying an electric field during the 2nd cycle. On the other hand, a different strain 

behavior is exhibited in BNT‒ST‒3BA ceramics. The ER, consisting of dynamic PNRs (at stage (i) in 
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Figure 4.15(c), undergoes a reversible phase transition from relaxor to ferroelectrics when an electric field 

is applied, as shown in stage (ii). Consequently, the highest Smax is commonly obtained with minimal Srem 

in the ER at a significant electric field (E > Epol). Therefore, we can repeatably obtain a large strain with 

wide hysteresis in the ER. Finally, the mixed NER and ER state that naturally forms in BNT‒ST‒2BA 

ceramics is elucidated. This material can be a modeled as consisting of static and dynamic PNRs, which is 

illustrated in Figure 4.15(b) as stage (i) (or the virgin state). Once a significant electric field is applied to 

BNT‒ST‒2BA ceramics, the static and dynamic PNRs are irreversibly and reversibly, respectively, 

transformed into the ferroelectrics, as shown in stage (ii). Therefore, when the applied electric field is 

removed, the induced ferroelectric domains partially return to the initial state, as illustrated in stage (iii). 

More precisely, dynamic PNRs are reversibly randomized, while static PNRs align to the direction of the 

applied electric field. Therefore, large strain properties are obtained with a huge strain hysteresis and 

moderate Srem in BNT‒ST‒2BA ceramics. Interestingly, a significantly decreased poling field (Epol) for 

BNT‒ST‒2BA ceramics was observed. This result is the most important feature of investigated materials 

in this study that strongly relates to the improved d33
* value under low electric field. We assume that the 

reason for the decreased Epol is the existence of the aligned (or polarized) static PNRs in BNT‒ST‒2BA 

ceramics after removing the electric field. In fact, it has been reported that imbedded macroscopic 

ferroelectric particles (or ferroelectric domains) generates the internal stress in the ER [235]. Furthermore, 

the electromechanical strain properties under relatively low electric field were improved on due to the 

generated internal stress [235, 236]. Therefore, it is suggested that the internal stress was induced by the 

polarized static PNRs in BNT‒ST‒2BA ceramics, resulting in improvement of strain under low electric 

field. 

4.2.4. Summary 

This study investigated the microstructures, crystal structures, and dielectric, ferroelectric, and 

electromechanical strain properties of lead–free Bi1/2Na1/2TiO3–SrTiO3–BiAlO3 (BNT–ST–BA) ternary 

piezoelectric ceramics. It is noted that the highest d33
* value of 707 pm/V was obtained at a relatively low 

electric field of 3 kV/mm from 2 mol% BA-modified BNT–ST ceramics. We suggest that the naturally 

induced nonergodicities surrounded by the ergodic relaxor generate internal stress in between their 

boundaries. Accordingly, this induced internal stress is responsible for the excellent strain properties. We 

believe that the obtained results indicate that BNT–ST–BA materials are promising candidates for actuator 

applications. 
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4.3. Comparing the Electromechanical Properties of CaTiO3- and 

BaZrO3-Modified Bi0.5Na0.5TiO3-SrTiO3 Ceramics 

This work has been published in Journal of Materials Research in 2020 [237] 

The effects of CaTiO3 (CT) and BaZrO3 (BZ) modification upon the crystal structure and 

electromechanical properties of lead-free Bi0.5Na0.5TiO3-SrTiO3 piezoelectric ceramics were compared 

within a doping range of 0-4 mol%. The different effects of CT and BZ modification upon the phase 

transition are clearly observed in the polarization and strain hysteresis loops. The CT-modified specimens 

maintain strong ferroelectricity without any abnormal enhancement in the electric field-induced strain. 

However, the addition of as little as 1mol% BZ induces a transition from a non-ergodic relaxor phase to an 

ergodic relaxor phase, thus resulting in disruption of the ferroelectric order and the generation of a high 

field-induced strain. The present authors believe that the substitution of large ions (such as Zr4+) into the B-

sites, rather than the A-sites, of the Bi0.5Na0.5TiO3-based ceramics plays a significant role in the phase 

transition behavior. 

 

4.3.1. Introduction 

 Recently, lead-free piezoceramics have become increasingly important due to the requirement for new 

alternatives to lead-based ceramics such as Pb(Zr1-xTix)O3 (PZT) in response to environmental issues [7, 19, 

156, 175]. Since first discovery by Smolenskii et.al in 1954 [238], the (Bi0.5Na0.5)TiO3 (BNT) ceramics have 

been recognized among the most important and superior lead-free materials due to their high Curie 

temperature (TC) of 320 °C and relatively large remnant polarization (Pr) of about 38 C/cm2 at room 

temperature. Nevertheless, the effective poling of pure BNT ceramics is difficult because of their large 

coercive field (EC = 7.3 kV/mm) and high conductivity, which is a disadvantage for the purpose of 

application. To overcome these problems, chemical modification (ion substitution or solid solutions) is a 

useful and widely employed method for improving the electrical performances of BNT materials via the 

construction of phase boundaries [7, 89, 175].  

 Two kinds of morphotropic phase boundary (MPB) exist in BNT ceramics, namely the typical MPB, or 

MPB(I), and the polymorphic phase transition, or MPB(II) [107, 108]. In the MPB(I) boundary, the 

coexistence of ferroelectric rhombohedral and tetragonal phases results in the significant piezoelectricity 

which can be obtained in (1-x)BNT-xBaTiO3 (BNT-BT) and (1-x)BNT-x(Bi0.5K0.5)TiO3 (BNKT) material 

systems [116, 128]. By contrast, the MPB(II) boundary involves a phase transition from ferroelectric to 

antiferroelectric or from ferroelectric to relaxor ferroelectric (FE-RFE), is temperature-dependent, and has 
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recently received significant attention due to its high electromechanical strain properties [22, 27, 108-114]. 

Currently, the solid solution (1-x)BNT-xSrTiO3 (BNST) is considered to be an important binary system 

among BNT-based ceramics, and is reported to form a rhombohedral ferroelectric and pseudocubic MPB 

at x = 0.24-0.28 that results in an ultra-high strain of 0.25% and normalized strain (Smax/Emax
 ) of 600 pm/V 

[22, 24, 112, 169, 239]. The origin of large strain in the BNT-based systems is known to be associated with 

the reversible electric field-induced phase transition from an ergodic relaxor to a ferroelectric state [19, 214, 

223]. Furthermore, a similarly large electric field-induced strain has been achieved in many BNT-based 

ceramics via elemental modification at the A- and/or B-sites, e.g. by the substitution of Fe and Nb into the 

B-site of BNT-BT [240], the substitution of Ta into BNKT [144], the co-doping of BNKT with Li/Nb [241], 

or Li-modification of the A-sites in BNKT-BT [242]. Interestingly, in previous work on the modification 

of BNKT with Nb [111], Cu [243], Sn [136] and Ta [134], the present researchers have found that the FE-

RFE phase transition occurs when the dopant modifier leads to a decrease in the Goldschumidt’s tolerance 

factor (t), which is given by Equation 4.1 [36]:  

𝑡 =  
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
     4.1 

where rA, rB, and rO are the ionic radii of A- and B-site cations, and oxygen, respectively. 

 Similar phenomena are observed in BNKT modified with other ABO3 compounds such as LiTaO3 [143] 

and CaZrO3 [228]. Hence, it would be interesting to confirm whether a FE-RFE transition could be induced 

in the 0.76BNT-0.24ST ceramics via modification with an ABO3-type compound which leads to decreasing 

tolerance factor. In the present work, CaTiO3 (CT) and BaZrO3 (BZ) are selected as two A2+B4+O3-type 

endmembers to form two kinds of ternary BNST-A2+B4+O3 solid solution. Using the Shannon ionic radii, 

the tolerance factors of CT and BZ are calculated to be 0.966 and 1.01, respectively. Thus, in comparison 

with the tolerance factor of 0.984 for 0.76BNT-0.24ST (abbreviated to BNST hereafter), BZ substitution 

increases the t-value, while CT modification decreases the t-value. This strongly suggests that CT and BZ 

modifiers exert distinct effects on the ferroelectric properties and could thereby provide further insights into 

the FE-RFE phase transition of the BNST-based ceramic. Hence, the present paper compares the effect of 

CT and BZ modification upon the crystal structure, dielectric, ferroelectric and field-induced strain 

properties of the BNST ceramics. 

4.3.2. Experimental details 

A range of ceramic powders conforming to the chemical formulas (0.76-x)Bi0.5Na0.5TiO3-0.24SrTiO3-

xCaTiO3 (designated CT100x) and (0.76-y)Bi0.5Na0.5TiO3-0.24SrTiO3-yBaZrO3 (designated BZ100y), with 

x and y = 0, 0.01, 0.02, 0.03 and 0.04, were synthesized using a conventional solid-state reaction route. The 
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raw materials Bi2O3 (99.99%), Na2CO3 (99.0%), TiO2 (99.99%), SrCO3 (99.9%), CaCO3 (99.9%), BaCO3 

(99.9%) and ZrO2 (99.9%) were weighted according to the nominal compositions after drying at 100 °C for 

24 h. After weighing the raw powders according to their stoichiometric formulas, they were mixed and 

milled thoroughly for 24 h at 400 rpm in a polyethylene jar with ZrO2 balls (3 and 5 mm in diameter) with 

ethanol as solvent. The wet slurry was then dried at 100 °C for 24 h, followed by calcination at 850 °C for 

2 h with a heating rate of 5 °C/min. The resulting powders were ball milled again with the same parameters. 

After drying, 10 wt.% of polyvinyl alcohol solution (PVA) was added as a binder. After that, green bodies 

of 12 mm diameter and about 1.2 mm thickness were prepared and subsequently sintered in covered alumina 

crucibles at 1175 °C for 2 h with a heating rate of 5 °C/min. 

The samples were characterized by X‒ray diffraction (XRD; RAD III, Rigaku, Japan) under 

monochromatic CuK radiation with the wavelength K = 1.54178 Å . The detection range was 20 to 60 

degrees with a step size of 0.02° and a speed of 2°/min. The microstructure was studied by field‒emission 

scanning electron microscope (FE‒SEM, JEOL, JSM‒65OFF, Japan). For measuring the electrical 

properties, the pellets were coated on both sides with silver paste and sintered at 700 °C for 30 min to form 

electrodes. The temperature- and frequency-dependent permittivity and dielectric loss of unpoled and poled 

samples were measured using a high- temperature electric prober system (KEYSIGHT‒E4980AL Precision 

LCR Meter, USA). The electric-field-induced polarization and strain hysteresis loops measurements were 

performed using the commercial aixPES setup (aixACCT aixPES, Aachen, Germany). 
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4.3.3. Results and Discussion 

 

Figure 4.16: X-ray diffraction patterns of (a)-(c) CT100x with x = 0.00-0.04 and (d)-(f) BZ100y 

with y = 0.00-0.04 ceramics in the 2 range from 20 to 60°. 

The X-ray diffraction patterns of the CT- and BZ-modified BNST ceramics are presented in Figure 4.16. 

All specimens exhibit a single perovskite structure without any discernible tracks of secondary phase, 

within the resolution limit of the XRD equipment. This implies that the CT and BZ have diffused into the 

BNST lattice to form complete solid solutions of BNST-CT and BNST-BZ. In addition, both CT100x and 

BZ100y ceramics display the cubic phases, as indicated by the lack of (111) and (200) peak splitting (except 

for the K2 peaks) at 2 values of approximately 40° and between 46° and 47°, respectively.  

In spite of having the same phase, the addition of CT or BZ leads to completely different evolutions of 

the lattice parameters in the structures of the BNST ceramics. Thus, whereas the (111) and (200) diffraction 

peaks of the CT100x ceramics are seen to gradually shift towards higher angles with increasing 

concentration of CT, a shift towards lower 2 values is observed in the BZ100y ceramics. This result implies 

that the lattice parameter decreases with CT-substitution but increases with BZ-modification. The origin of 

this contrast is due to the size difference between the substituent and lattice ions. According to a Shannon’s 

report [37], in the case of 12-fold coordinated A-site ions, Ba2+ shows a relatively large ionic radius (rBa
2+ 

= 1.61 Å ) compared to Ca2+ (rCa
2+ = 1.34 Å ) and to the average size of the A-site ions in BNST (rBi

3+ = 1.36 

Å , rNa
+ = 1.39 Å , rSr

2+ = 1.44). It is noted that the ion radii of Bi3+ for 12-fold coordination is obtained by 
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extrapolation of its value for the lower coordination numbers [244]. In the case of the 6-fold coordinated 

B-site ions, the radius of Zr4+
 is also bigger than that of Ti4+ (rZr

4+ = 0.72 Å , rTi
4+ = 0.605 Å ).  

 

 

Figure 4.17: Polished and thermally etched surface images of (a)-(e) CT100x with x = 0.00-0.04 

and (f)-(i) BZ100y with y = 0.01-0.04, and (j) the average grain size as the function of end-member 

modification. 

 

The FE-SEM surface micrographs of the polished and thermally etched CT- and BZ-modified BNST 

ceramics in Figure 4.17 reveal clear differences in the effects of each modifier upon the ceramic 

microstructures. Thus, while the various CT100x ceramics display almost identical microstructures, the 

addition of CT clearly increases the grain size. According to the linear intercept method, the average grain 

size drastically increases from 4.4 m for CT0 to around 6.6 m for CT4, thus demonstrating that CT 

modification facilitates the growth of grains in the BNST ceramics. By contrast, BZ addition alters the grain 

morphology from a faceted to a rounder structure and produces a notable decrease in grain size to around 

2.1 m for BZ4, thus indicating that the dissolution of BZ inhibits the grain growth in the BNST ceramics. 

Since the solid-state sintering process occurs via diffusion-controlled mass transfer through the solid phase, 

the contrasting effects of CT and BZ upon the ceramic microstructure may be due to the difference in ionic 

radii of Ca2+, Ba2+ and Zr4+. In the case of BZ modification, the smaller Na+, Bi3+, and Ti4+ ions (1.39 Å , 

1.36 Å , and 0.605 Å , respectively) are replaced by the larger Ba2+ and Zr4+ ions (1.61 Å  and 0.72 Å , 

respectively), leading to a decrease in the overall cationic transport due to their lower ion mobility, thus 

diminishing the diffusion rate and thereby reducing the grain size [245, 246]. By contrast, the presence of 

the smaller Ca2+ (1.34 Å ) in the CT-modified ceramics results in greater ion mobility, which promotes a 

rapid interdiffusion via the grain boundary, speeding up of the grain growth [247, 248]. Similar changes in 
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the microstructures of binary BNT-CT and BNT-BZ ceramics have been reported in other studies [249, 

250].  

 In addition, the FE-SEM image of the pure BNST ceramics (CT0 and BZ0), Figure 4.17(a) display rough 

surfaces which are indicative of domain structures similar to those observed by the present authors in 

previous work on BNST ceramics produced by thermal etching [22]. In the present work, the domain 

patterns are seen to persist and extend through the entire volume of the grains with increasing CT 

concentration, but become less pronounced and decrease in size with BZ modification. The difference in 

domain structure between the CT- and BZ-modified ceramics influences their electrical and mechanical 

properties, as described in the following paragraphs. 

The temperature-dependent dielectric properties of the poled and unpoled CT100x and BZ100y ceramics 

measured at various frequencies are displayed in Figure 4.18. Here, two distinct anomalies are observed in 

the dielectric curve of the unmodified ceramics, including: (i) a hump at the ferroelectric-relaxor phase 

transition temperature (TF-R) of 42 °C, and (ii) a peak at the maximum dielectric constant temperature (Tm) 

of around 180 °C. With the addition of CT, the Tm increases while TF-R decreases slightly from 42 °C for 

the unmodified ceramic to around 27 °C for the CT4. By contrast, BZ addition has a significant impact upon 

the TF-R and Tm values. In comparison with CT modification, the dielectric response of the BZ100y ceramics 

exhibits an increase in the broad of Tm and the frequency dispersion at the low temperature region becomes 

stronger with increasing BZ concentration. This indicates that the relaxation characteristic is more evident 

in the BZ100y rather than in the CT100x system. Moreover, it is reported that the diffuse and frequency-

dependent dielectric constant at Tm is mainly attributed to the distortion of A- and B-sites of the perovskite 

due to the substitution of isovalent cations [203, 251-253]. Thus, the different distortion degrees between 

Ca2+, Ba2+ and Zr4+ ions on the BNST lattice structure are assumed to be the main factor leading to the 

difference in relaxor behaviors of CT100x and BZ100y ceramics. Furthermore, with the addition of only 1 

mol% BZ, no discernable TF-R is observed in the measured temperature range of 25- 300 °C. Indeed, all the 

poled and unpoled BZ100y samples display similar dielectric curves with the absence of TF-R, thus 

demonstrating that their transition temperature are below room temperature and, hence, the ergodic relaxor 

phase will be predominant in the BZ-modified BNST ceramics. The different effects of CT and BZ 

modification upon the TF-R of the BNST ceramics could lead to distinct ferroelectric and strain properties, 

as discussed below. 
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Figure 4.18: Temperature-dependent dielectric constant and dielectric loss for the poled and 

unpoled of (a)-(e) CT100x with x = 0.00-0.04 and (f)-(i) BZ100y with y = 0.01-0.04. 

 

 

Figure 4.19: Polarization hysteresis loops and switching current curves at 6 kV/mm for (a)-(e) 

CT100x with x = 0.00-0.04 and (f)-(i) BZ100y with y = 0.01-0.04 
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Figure 4.20: Effects of CT- and BZ-modifier content on (a) the maximum polarization, (b) the 

remnant polarization, (c) the coercive field, and (d) the poling/depoling field. 

The current versus electric field (I-E) and polarization hysteresis (P-E) loops of the CT- and BZ-modified 

BNST ceramics measured at 6 kV/mm and room temperature are presented in Figure 4.19. Here, the 

unmodified BNST ceramic displays a saturated square hysteresis loop indicative of a relatively large 

remnant polarization and a coercive field. The maximum polarization (Pmax), remnant polarization (Prem), 

and coercive field (EC) of the unmodified BNST are 38.83 C/cm2, 31.48 C/cm2, and 1.87 kV/mm, 

respectively. Moreover, four current peaks are observed in the I-E curve of the unmodified BNST. The first 

current peak, E1, appears during the loading of a positive field and relates to a domain switching and field-

induced phase transitions from a weak polar state to a strong polar state [254, 255]. The field-induced 

ferroelectric order is irreversible, as evidenced by the absence of a current peak during the unloading, which 

is characteristic of a non-ergodic relaxor material. The second current peak, E2 or depolarization field, 

appears when a negative field is applied which returns the strong polar state to the initial state. The third 

and fourth current peak to appear during the loading and unloading of the negative electric field share 

similar functions to those of E1 and E2, respectively.  

Significant differences in the effects of the CT and BZ modifiers upon the ferroelectric properties of the 

BNST ceramics can be observed in the Figure 4.19. Here, the saturated P-E loop is maintained with the 

addition of CT even up to 4 mol%, whereas the BZ-modified samples display a significant slimming of the 

loop with increasing BZ concentration. For the CT100x samples, the Pmax and Prem values decreases slightly 

as the function of CT modification, while EC values remain fairly constant. In addition, the charts in Figure 

4.20 indicate relatively high Pmax and Prem values of 35.45 C/cm2 and 27.51 C/cm2, respectively, for the 
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CT4 sample. Furthermore, the CT100x samples display similar current profiles to that of the unmodified 

BNST ceramics, thus indicating a relatively weak influence of CT upon the ferroelectric properties of the 

BNST. By contrast, the addition of 1 mol% BZ is seen to result in a pinching of the P-E loop due to a shift 

of the depolarization field E2 to a positive value (0.67 kV/cm), thus indicating a complete reversion of the 

electric field-induced ferroelectric state to the initial relaxor state. This is accompanied by drastic decreases 

in the Prem and EC values from 38.83 C/cm2
 and 1.87 kV/mm, respectively, for the unmodified sample, to 

12.51 C/cm2
 and 1.51 kV/mm, respectively, for the BZ1 sample. Moreover, significant reductions in all 

the polarization parameters are observed with increasing BZ content, down to Pmax = 23.12 C/cm2, Prem = 

4.16 C/cm2, and EC = 1.01 kV/cm for the BZ4 ceramic, thus resulting in slimmer P-E hysteresis loops. 

The changes in polarization hysteresis loops and current curves suggest that BZ substitution strongly 

induces a transition from the non-ergodic relaxor phase to the ergodic relaxor phase in the BNST ceramic, 

in agreement with previous studies on ABO3 modified BNT-based ceramics [25, 26, 250, 253, 256]. 

 

Figure 4.21: Bipolar strain curves at 6 kV/mm for (a)-(e) CT100x with x=0.00-0.004 and (f)-(i) 

BZ100y with y=0.01-0.04 ceramics. 
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Figure 4.22: Effects of CT- and BZ-doping level on (a) the maximum strain, and (b) the negative 

strain of the materials. 

 

The relationship between the bipolar strain and the applied electric field (S-E) hysteresis loops of the 

CT100x and BZ100y ceramics at 6 kV/mm is presented in Figure 4.21, while the maximum strain (Smax) 

and negative strain (Sneg) values extracted from the S-E curves are plotted as a function of modifier content 

in Figure 4.22. Thus, the undoped BNST ceramic is seen to exhibit a butterfly-shaped curve (Figure 4.21) 

with an Smax of 0.14% and an Sneg of 0.12% (Figure 4.22), as has been typically observed in ferroelectric 

materials. In addition, a comparison of the S-E curves of CT100x and BZ100y ceramics reveals a similar 

difference to that noted above in the polarization profiles. Thus, the CT-modified samples display no change 

in the butterfly strain curves with increasing modifier content, along with only slight decreases in the Smax 

and Sneg values (to 0.12% and 0.08%, respectively) in the CT4. This retention of the Sneg value, which relates 

to irreversible domain back switching [19, 182, 210, 257], indicates the persistence of ferroelectric phase 

in the CT100x system within the doping range examined. By contrast, with the addition of 1 mol% BZ, the 

bipolar strain curve changes from a butterfly shape to a sprout shape and a drastic reduction in Sneg (to 

0.02%) is observed, along with a significant increase in Smax (to 0.29%). This means that the entire 

ferroelectric order in the BNST is disrupted upon the addition of BZ, while the development of the ergodic 

relaxor phase leads to large strain values, as has been reported in previous studies [19, 27, 202, 210, 225, 

258, 259]. Moreover, the disappearance of Sneg and the reduction in Smax with further increases in the BZ 

content confirm the complete stabilization of the ergodic relaxor state in the BZ100y ceramics. 
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Figure 4.23: (a) Piezoelectric constant (d33) and (b) normalized strain (Smax/Emax) as the function of 

CT and BZ content. 

 

The piezoelectric coefficient, d33, and the normalized strain, Smax/Emax, of the CT- and BZ-modified BNST 

ceramics are compared in Figure 4.23. Here, the unmodified BNST ceramics displays the maximum d33 

value of 158 pC/N, with a decrease in d33 being observed in the presence of each modifier. However, the 

level of decrease in d33 differs between the two modifiers, with a gradual decrease down to 102 pC/N for 

the CT4 specimen compared to a severe reduction to around 20 pC/N at only 1 mol% BZ content. The 

relatively high d33 value for the CT100x ceramics can be attributed to the presence of stable electric field-

induced ferroelectric domains, a conclusion which is supported by the high Prem and Sneg values (Figure 4.19 

and Figure 4.21). By contrast, the sharp drop in the d33 for the BZ100y ceramics indicates a disruption of 

the long-range ferroelectric domains, accompanied by an increase in the degree of ergodicity. For the BZ1 

sample, the ratio of ferroelectric and ergodic ralaxor phases reaches a critical range, thus leading to the 

maximum Smax/Emax value of 498 pm/V [114, 259]. The outcomes are consistent with the above analysis 

results, in which BZ-modification is seen to induce the transition from the non-ergodic phase to the ergodic 

relaxor phase, whereas CT-modification does not. 

 It is noted that the results are inconsistent with the present authors’ predictions regarding the relationship 

between the tolerance factor and the ferroelectric-relaxor phase transition [111, 134, 136, 243]. Thus, while 

the CT100x ceramics retain their ferroelectricity with decreasing t and do not undergo a phase transition 

within the investigated composition range (0-4 mol%), a rapid transition from ferroelectric to relaxor does 

occur in the BZ100y solid solutions. Indeed, this phenomenon has been observed in other related works. 
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For example, in a study by Tran et al. [260], a similar contrast in the phase-transition behavior was obtained 

for BT- and BZ-modified BNKT ceramics, such that the ferroelectric order of the BNKT-BZ was strongly 

destabilized but that of the BNKT-BT was little affected [260]. Furthermore, a significant enhancement in 

the electric field-induced strain relating to the ferroelectric-relaxor transition has previously been revealed 

with the substitution of 3 mol% CZ into BNKT ceramics [228], which has not been observed in the present 

work with the CT100x ceramics.  

In view of these contrasting results, it is assumed that the FE-RFE phase transition in A2+B4+O3-modified 

BNT-based ceramics depends strongly on the isovalent cation substitution for the Ti4+ ion on the B-sites, 

rather than the A-sites. In the unit cell of BNT, the A-sites are randomly occupied by the cations Na+ and 

Bi3+, while the Ti4+ ions are bonded to six O2− to form TiO6 octahedra. Recently, it has been reported that 

the TiO6 octahedral rotation plays an important role in establishing the relaxor phase in BNT-based 

materials [261]. When isovalent cations such as Zr4+ and Sn4+ substitute for Ti4+, they can incorporate into 

the TiO6 octahedral lattices. The large ion radius and non-ferroelectric activity of Zr4+ eventually cause the 

displacement of Ti4+ and distortion of the TiO6 octahedra, thus leading to disruption of the long-range 

ferroelectric order [49, 262-268]. By contrast, the influence of divalent cations such as Ba2+ and Ca2+ upon 

the TiO6 octahedral rotation is thought to be less pronounced. Recently, nuclear magnetic resonance (NMR) 

analysis has been used to investigate the influence of barium addition upon the local structure of the titanium 

sites in BNT ceramics [269]. It was found that a strongly disordered local structure resulted from the random 

occupation of the A-sites by Ba2+, whereas there was no distortion of the oxygen octahedra and no change 

in the polar displacement of Ti4+ [269]. Accordingly, it is concluded that the substitution of a certain amount 

of divalent ions into the A-sites only, without any Zr4+ ions being present on B-sites, could allow the 

establishment of a long-range ferroelectric order under the application of an electric field.  

4.3.4. Summary 

 The effects of CT- and BZ-modification upon the crystal structure, microstructure, and 

electromechanical properties of lead-free BNST ceramics were systematically compared in the present 

work. Each modifier was shown to exert a distinct influence upon the phase transition behavior in terms of 

the ferroelectric and strain properties. The CT substitution contributed little to the disruption of ferroelectric 

order in the BNST ceramics, as evidenced by the stable ferroelectricity and relatively high piezoelectric 

constant (d33 > 100 pC/N) within the composition range investigated (0-4 mol%). By contrast, the BZ-

modification was found to strongly induce a transition from the non-ergodic relaxor state to the ergodic 

relaxor state, thus resulting in narrow P-E loops, disappearance of the piezoelectric properties, and an 

abnormal enhancement of the electric field-induced strain with the addition of 1 mol% BZ. These results 
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suggest that the phase transition is greatly influenced by the substitution of large ions (such as Zr4+) onto 

B-sites, rather than the A-sites, leading to distortion of the TiO6 octahedra in the BNST ceramics. The 

present work is believed to be meaningful in clarifying the effect of ABO3 modification upon the FE-RFE 

phase transition behavior and electromechanical properties of the BNST-based ceramics.   



 

73 

 

Chapter 5: Conclusion and outlook 

To improve the strain properties of Bi-based lead-free ceramics at lower electric fields, the ternary phase 

systems BNT-CT-ST and BNT-ST-BA compositions were fabricated. The selective ternary BNT-ST 

ceramics revealed a single-phase perovskite structure without any traces of secondary phases. All of the 

synthesized compositions have well dense microstructure and homogeneously distributed grains. The 

addition of other ABO3 endmembers brought an enhanced in electric field-induced strain as well as reduced 

the poling fields. 

In details, by utilizing the BNT‒CT‒ST ternary ceramics, the field‒induced‒strain behaviors have been 

improved upon BNT‒ST binary materials. For detailed, BNT‒CT‒28ST ceramics showed the large d33
* 

value of 667 pm/V, which is higher than 625 pm/V of BNT‒28ST [22]. In fact, the main reason for the 

relatively enhanced strain of this system is unclear yet. We are assuming that the induced nonergodicities 

by added CT are responsible for relatively enhancing strain properties of BNT‒CT‒ST ceramics in 

comparison to BNT‒28ST ceramics. To clarify this assumption, it is obviously needed further study. 

Therefore, we believe that BNT‒CT‒100xST ceramics are promising candidates for actuator applications. 

In the case of BNT-ST-BA, the highest d33
* value of 707 pm/V observed from BNT‒ST‒2BA ceramics 

was obtained at an applied electric field 3 kV/mm. The achievement could be compared with the 

relaxor/ferroelectric composite approaches which are recently considered as good techniques for obtaining 

high low‒field induced strain properties [190-192]. We suggest that the excellent d33
* value at low driving 

field for BNT‒ST‒2BA ceramics originates from the coexistence of NER and ER (more precisely, it seems 

that nonergodicities are locally spread in the ergodic relaxor).  

 

Figure 5.1: The phase diagram of the BNT-ST-CT (left) and BNT-ST-BA (right) ternary system 

in the range of 0.22-0.30 mol ST content. 
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Finally, the main finding of the thesis was the investigation of different effects of CT and BZ 

modifications upon the FE-RFE phase transition in the ternary BNT-ST based ceramics. Both CT and BZ-

modified BNST showed relaxor ferroelectric characteristics, however the diffuse transition behavior of BZ-

modified specimen was stronger than those modified with CT. With the addition of CT, TF-R decreased 

slightly from 42 °C for the unmodified ceramic to around 27 °C for the CT4. By contrast, BZ addition had 

a significant impact upon the TF-R value. With the addition of only 1 mol% BZ, no discernable TF-R was 

observed, demonstrating that their transition temperature was below room temperature, hence, the ergodic 

ralaxor phase was predominant in the BZ-modified BNT-ST ceramics. The different effects of CT and BZ 

modification upon the TF-R of the BNT-ST ceramics lead to distinct ferroelectric and strain properties. It 

was showed that the saturated P-E loop was maintained with the addition of CT even up to 4 mol%, whereas 

the BZ-modified samples displayed a significant slimming of the loop with increasing BZ concentration.  

Furthermore, the phase diagram of BNT-ST-CT and BNT-ST-BZ are presented in Figure 5.1. It is 

showed that in the case of BNT-ST-BZ, the MPB drastically shifts to the BNT-rich sides. While the MPB 

in BNT-ST-CT does not change significantly, nearly a vertical line. The differences in electrical properties 

as well as in the phase diagrams of two systems implies that BZ substitution more strongly induces a 

transition from the non-ergodic relaxor phase to the ergodic relaxor phase in the BNT-ST ceramic in 

comparison with CT modification. These results suggest that the phase transition is greatly influenced by 

the substitution of large ions (such as Zr4+) onto B-sites, rather than the A-sites, leading to distortion of the 

TiO6 octahedra in the BNT-ST ceramics.  
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Figure 5.2: Compositional dependence of (a) piezoelectric constant (d33) and (b) normalized strain 

(d33
*) of BNT-ST-CT, BNT-ST-BZ and BNT-ST-BA ceramics. 
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It is noted that in our study, beside two ternary BNT-ST-CaTiO3 and BNT-ST-BaZrO3 systems, BNT-

ST-BiAlO3 ceramics was been investigated, which also showed a FE-RFE phase transition with the BA 

modification. However, the degree of relaxor development in BNT-ST-BA is different from in BNT-ST-

BZ ceramics. To confirm the difference of phase transition behaviors between BZ and BA-modified BNT-

ST ceramics, the summarized data of piezoelectric constants and normalized strains as a function of CT, 

BZ and BA concentrations are constructed from the polarization and current curves measured at 6 kV/mm 

for each system, as displayed in Figure 5.2. As we can see, in comparison with BNT-ST-CT, an abnormally 

high normalized strain d33
* and decrease in piezoelectric constant d33, relating to the disruption of the long-

range ferroelectric order, were observed in both BZ and BA-modified samples. However, discernible 

differences between BZ and BA can be revealed by the changes of slope in d33 and d33
* lines. BNT-ST-BZ 

showed a high slope of d33 and a sharp peak in d33
* curve, which means that the degree of stabilization of 

the ER state in the materials evolved quickly. Meanwhile, we obtained relatively low slope of d33 and a 

broad peak of d33
* in BNT-ST-BA systems. This means that the transition from FE to ER phase is more 

slowly induced with BA modification compared to BZ-modified ceramics.  

The emergence of the FE-RFE phase transition in BNT-ST-BA ceramics could be expected by the 

existence of the substitution of Al3+ ion with Ti4+ on B-site, leading to the distortion of the octahedral in 

BNT-ST materials. However, it is not sufficient to explain the slow phase transition in the BNT-ST-BA. It 

is the fact that in the case of BNT-ST-BA, when Al3+ takes position of Ti4+ on B-site, oxygen vacancies are 

created to neutralize electric charge; however, these oxygen vacancies are compensated by A-site vacancies 

due the substitution of Bi3+ with (Bi0.5Na0.5)2+ on A-site. Therefore, theoretically we may assume that there 

is no charge disorder expected or the charge effect on the phase transition in BNT-ST-BA can be ignored. 

Table 5.1: Quantitative evaluation of differences in radii between ion modification and matrix of 

BaZrO3 and BiAlO3 endmembers 

 
Ion modification 

Difference in radii with ion matrix (Å ) 
Average difference 

(Å ) (Bi0.5Na0.5)2+ Ti4+ 

Ti4+ - 0 

BaZrO3 
Ba2+ 0.235 - 

0.175 
Zr4+ - 0.115 

BiAlO3 
Bi3+ 0.015 - 

0.0425 
Al3+ - 0.07 
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 Besides the charge effect, the ion size effect should be also considered in the investigation of relaxor 

behavior in BNT-ST ceramics. It has been reported that the size difference between a dopant and matrix 

ions causes a lattice strain, which in turn makes the ferroelectric order unstable [131, 132]. This explanation 

is strongly supported by study of Hussain et.al, where isovalent Sn doping with a smaller size effect results 

in the FE-NP transition at a higher doping level than those with larger size differences such as Zr and Hf 

inducing the transition at lower doping levels of 2-3 mol% [131, 132]. From that, we can suggest that the 

degree of the distortion of the octahedral in BNT-ST ceramics, which is a driving force for the FE-RFE 

phase transition, is influenced by the strength of compress or tension strain induced by the substitution of a 

small or large ion, respectively. The modifications with more size differences compared to the ion matrix 

will create high compress or tension strain correspondingly on the octahedral; and therefore, a more rapid 

promotion for FE-RFE phase transition can be observed in those modifications. From this idea, a 

quantitative evaluation of differences in radii between ion modification and matrix of BZ and BA 

endmembers is depicted in Table 5.1. In comparison with BZ modification, BA shows a lower average 

difference between the ion substitution and ion matrix, which results in a slow transition and consistent 

with our mentioned assumption. 

In summary, this work contains dedications to reveal the effects of three various ABO3 modification: 

CaTiO3, BaZrO3 and BiAlO3 on the FE-RFE phase transition behavior in ternary BNT-ST system as 

followings: 

 1) The CT substitution contributed little to the disruption of ferroelectric order in the BNST ceramics, 

as evidenced by the stable ferroelectricity and relatively high piezoelectric constant (d33 > 100 pC/N) within 

the composition range investigated (0-4 mol%). The delay in development of relaxor state in CT-modified 

specimens is attributed to the absence of B-site substitution and the less pronounced influence of Ca2+ upon 

the octahedral ration in BNT-ST ceramics. 

2) By contrast, the BZ-modification was found to strongly induce a transition from the non-ergodic 

relaxor state to the ergodic relaxor state, thus resulting in a disappearance of the piezoelectric properties, 

and an abnormal enhancement of the electric field-induced strain with the addition of 1 mol% BZ. These 

results suggest that the phase transition is greatly influenced by the substitution of large ions (such as Zr4+) 

onto B-sites. Such large ion radius and non-ferroelectric activity of Zr4+ eventually cause the displacement 

of Ti4+ and distortion of the TiO6 octahedra, thus leading to disruption of the long-range ferroelectric order 

3) In the case of BNT-ST-BA ceramics, it was found that the existence of smaller ion Al3+ substitution 

on Ti-sites also led to a FE-RFE phase transition in BNT-ST ceramics, but the transition occurred more 

slowly than that of BZ-modified specimens. We believe this phenomenon relates to the size-difference 
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effect. From that, due to a smaller size difference in BA substitution with respect to A-site and B-site ion 

matrixes (0.042 Å  compared with 0.175 Å  in BZ modifier), the induced tension strain in the BNT-ST-BA 

will be less impacted on the distortion of the TiO6 octahedral, which do not promote the disruption of the 

long-range order as strongly as in the case of BNT-ST-BZ ceramics. 
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