
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


Master Thesis

Effect of KTaO3 Modification on Dielectric, Ferroelectric, and 

Strain Properties of Lead-Free Bi1/2Na1/2TiO3-SrTiO3 Piezoelectric 

Ceramics

The Graduate School of University of Ulsan

School of Materials Science and Engineering

Guo Wang

[UCI]I804:48009-200000181530[UCI]I804:48009-200000181530





Supervisor: Prof. Jae-Shin Lee

A Thesis

Submitted to

The Graduate School of University of Ulsan

In Partial Fulfillment of the Requirements

for the Degree of

Master of Science

By

Guo Wang

School of Materials Science and Engineering

University of Ulsan, Korea

February 2019

Effect of KTaO3 Modification on Dielectric, Ferroelectric, and 

Strain Properties of Lead-Free Bi1/2Na1/2TiO3-SrTiO3

Piezoelectric Ceramics



This certifies that the dissertation

of Guo Wang is approved

Prof. Young-Min Kong, _______________

Committee Chair

Prof. Jae-Shin Lee, ________________

Committee Member

Prof. Tae-Heon Kim, _______________

Committee Member

School of Materials Science and Engineering

University of Ulsan, Korea

February 2019

Effect of KTaO3 Modification on Dielectric, Ferroelectric, and 

Strain Properties of Lead-Free Bi1/2Na1/2TiO3-SrTiO3 Piezoelectric 

Ceramics



1

Abstract

  Piezoelectric ceramics that interchangeably convert mechanical energy to electricity play a key 

role in micro-controllable sensors and actuators, for which lead zirconate titanate (PZT) has been 

primarily used during the last five decades because of their excellent electrical properties. However, 

European Union implements the Restriction of Hazardous Substance Directive (RoHS), which 

restricts electronic products or electrical appliances that use harmful substances. Therefore, it is 

necessary to replace lead-based materials to lead-free materials. Recently (Bi1/2Na1/2)TiO3 (BNT)-

based lead-free relaxor ceramics as an incipient piezoelectrics are considered to be one of the most 

promising candidates for electromechanical applications because of their excellent electrical 

properties (large electromechanical strains of ~ 0.40% at 6 ~8 kV/mm). However there is a problem 

that a high electric field must be applied to obtain such high strain property. One promising material 

system to address this problem is BNT‒SrTiO3 (BNT‒ST) ceramics. SrTiO3 (ST) doping was 

beneficial for improving the piezoelectric properties of BNT ceramics, and can reduce their remanent 

polarization, operating electric field, and yielding relaxor behavior in all compositions. To solve this 

problem, lead-free (1-x-y)(Bi1/2Na1/2)TiO3-xSrTiO3-yKTaO3 (x = 0.18 ~ 0.24, y = 0 ~ 0.02) (BNT-ST-

KT) piezoelectric ceramics were investigated in this study. As a consequence, a large electrical strain 

and normalized strain (d33
* ≈ 793 pm/V) can be obtained even under 3 kV/mm as low electric field for 

BNT‒KT−22.5ST ceramics. The phase transition between nonergodic relaxor (NER) and ergodic 

relaxor (ER) under electric field might be responsible for its large strain. It means that BNT‒KT‒ST 

lead‒free ceramics can be a promising candidate for actuator applications.
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Chapter 1: INTRODUCTION

1.1 Background

Around 1880, Curie Brothers first discovered the piezoelectric phenomenon in natural crystals. 

Practically, piezoelectric materials were primarily used in ultrasonic submarine detectors in the 1920’s. 

There were huge advancements in the developments of piezoelectric ceramics achieved in the mid 

1940’s. Till 1955 many of the well-known compositions, such as BaTiO3 and Pb (Zr1-xTix) O3, were 

developed and are still widely used in many applications. So poly crystal and single crystal 

piezoelectric ceramics are widely used in electronic industry for variety of applications such as: 

generators that convert mechanical energy to electrical energy, Ultrasonic transducers that convert 

electrical energy into mechanical energy, sensors that convert mechanical force into an electrical 

signal and actuators that convert an electrical signal into mechanical displacement (strain) [1]. The 

suitability of a piezoelectric material for a specific application is affected by property coefficients like

dij (piezoelectric coefficient), kij (electromechanical coupling factor), Qm (quality factor) [2].

To date most of the commonly used piezoelectric ceramics are lead-based, such as lead zirconate 

titanate (PZT), lead lanthanum zirconate titanate (PLZT), and lead magnesium niobate (PMN) etc. 

These lead-based ceramics display highly piezoelectric coefficients, especially near the 

morphotrophic phase boundary (MPB). However, the hazardous lead contents present within these 

materials raise serious environmental concerns.  There are two major ways that lead gets into the 

environment: the disposal of discarded lead-contained devices and the evaporation of lead oxide 

during the processing of lead-based materials. Most wastes are disposed of by the landfill method. 

After lead-containing devices are buried in the ground, toxic lead can dissolve into the underground 

water during the acid rain falls contaminating the water source that people need for everyday life. 

During the processing of lead-based materials, the evaporation of lead oxide is inevitable due to its 

low melting point (888°C) and high vapor pressure. Lead-based piezoelectrics are obviously not 

suitable for these applications. With the above concerns, regulations and policies against lead-based 

materials have been increasingly enacted throughout the world. According to “the restriction of the 

use of certain hazardous substances in electrical and electronic equipment” (RoHS) of European 
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Union, from 1 July, 2006, the new electrical and electronic equipment put on the market can not 

contain lead [3]. In Asia, China [4], Japan [5] and South Korea [6] have also enacted similar policies 

and legislation to control the usage of lead-containing materials. However, lead-based piezoelectrics 

are exempted from the list of the banned materials in these directives or regulations due to the fact 

that the piezoelectric properties of current lead-free candidates to date were still inferior to the lead-

based materials. Consequently, it is a great importance to develop environmentally friendly lead‒free 

piezoelectric materials.

1.2 Scope of this work

Piezoelectric ceramics that interchangeably convert mechanical energy to electricity play a key role 

in micro-controllable sensors and actuators, for which lead zirconate titanate (PZT) has been primarily 

used during the last five decades because of their excellent electrical properties. However, European 

Union implements the Restriction of Hazardous Substance Directive (RoHS), which restricts 

electronic products or electrical appliances that use harmful substances, it is necessary to replace lead-

based materials to lead-free materials. Recent (Bi1/2Na1/2)TiO3 (BNT)-based lead-free relaxor ceramics 

as an incipient piezoelectrics are considered to be one of the most promising candidates for 

electromechanical applications because of their excellent electrical properties (large 

electromechanical strains of ~ 0.40% at 6 ~8 kV/mm). However there is a problem that a high electric 

field must be applied to obtain such high strain property. One promising material system to address 

this problem is BNT‒SrTiO3 (BNT‒ST) ceramics. SrTiO3 (ST) doping was beneficial for improving 

the piezoelectric properties of BNT ceramics, and can reduce their remanent polarization, operating 

electric field, and yielding relaxor behavior in all compositions. It has been reported that a large 

normalized strain (d33
*) of about 600 pm/V under low electric field for BNT‒25ST ceramics was 

ascribed to the core‒shell structure in recent reports [7, 8]. Considering the favorable properties of 

BNT-ST binary solid solution, some efforts had been made to further improve the actuating 

performance by forming a ternary solid solution, such as BNT−BaTiO3−K0.5Na0.5NaO3 (BNT‒BT‒

KNN) [9], BNT‒(Bi1/2K1/2)TiO3‒ST (BNT‒BKT‒ST) [10], BNT−BaTiO3−ST (BNT‒BT‒ST) [11], 

BNT‒KNbO3‒ST  (BNT‒KN‒ST) [12], BNT‒ST‒LiNbO3 (BNT‒ST‒LN) [13], BNT‒ST‒AgNbO3 
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(BNT‒ST‒AN) [14] and so on. As a result, lead-free (1-x-y)(Bi1/2Na1/2)TiO3-xSrTiO3-yKTaO3 (BNT-

ST-KT) piezoelectric ceramics were investigated in this study.

To know the dielectric, ferroelectric, and strain properties of lead-free Bi1/2Na1/2TiO3-SrTiO3 –

KTaO3 piezoelectric ceramics, several compositions were made like:

(1-x-y)(Bi1/2Na1/2)TiO3-xSrTiO3-yKTaO3 (x = 0.18 ~ 0.24, y = 0 ~ 0.02).

Figure 1. The scope of BNT-ST-KT ternary system.
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Chapter 2: LITERATURE REVIEW

2.1 Basic definition about the piezoelectric ceramics

2.1.1 Perovskite structure

On the basis of the symmetry of elements of translational position and orientation, there are 230 space 

groups. Ignoring translational repetition, these 230 groups break down into 32 classes, known as 32 

point groups. Point groups are based on orientation only [15, 16]. Any point may be define by 

coordinates, x, y, and z, with respect to the origin of symmetry. A centrosymmetric crystal is a crystal 

in which moment of each point at x, y, z, to a new point at –x, -y, -z, does not cause any recognizable 

difference. This implies that centrosymmetric crystals are nonpolar and thus do not possess a finite 

polarization or dipole moment. Of the 32 classes (or point groups) 11 classes are centrosymmetric and 

21 classes are noncentrosymmetric, possessing no center of symmetry. The latter is the necessary 

requirement for the occurrence of piezoelectricity.

However, one of the 21 classes though classified as the noncentrosymmetric class, possessing 

other combined symmetry element, thus rendering no piezoelectricity. So, only 20 classes of 

noncentrosymmetric crystals would exhibit piezoelectric effects. In 10 of these 20 classes, 

polarization can be induced by internal stress, while the other 10 classes possess spontaneous 

polarization, so they are permanently polar and thus can have piezoelectric as well as pyroelectric 

effects. There is a subgroup within these 10 classes that possess spontaneous polarization and 

reversible polarization; this group can exhibit all three effects (ferroelectric, piezoelectric, and 

pyroelectric). 

The 32 points groups are subdivision of seven basic crystal systems, which are based on the 

degree of symmetry. In the order of ascending symmetry, these seven basic crystal systems are 

triclinic, monoclinic, orthorhombic, tetragonal, trigonal (rhombohedral), hexagonal, and cubic. 

Classification of crystals showing the classes with piezoelectric, ferroelectric, pyroelectric effect are 

shown in figure 2.
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Figure 2. Classification of crystals showing the classes with piezoelectric, 
ferroelectric, pyroelectric effect.

Figure 3. Perovskite structure of unit cell
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The general formula of the perovskite is ABO3. It is one of the more common classes of 

ferroelectric materials, and Damjanovic (2001) suggests that it is also the most important class. There 

are currently hundreds of compositional modifications to formula, in the form of solid solution 

substitutions and/or dopants [17].

The perovskite unit cell is made up of eight large Aa+ ions, one small Bb+ ion, and six O2- ions. 

The valences “a” and “b” range from 1 to 3, and 3 to 6, respectively [18-20]. The perovskite unit cell 

can be pictured as a face centred cubic structure, where the Aa+ ions sit on the corners of the unit cell, 

and the O2- ions sit on the faces of the unit cell. The Bb+ ion occupies the octahedral interstitial site. 

The A-site ions are coordinated by 12 O2- ions, while the B-site ion is coordinated by six O2- ions 

(Park et al., 1994). At elevated temperatures, the perovskite structure is cubic. In this form, the 

geometric centre of the Bb+ ion is aligned with the O2- ions, the Aa+ ions are aligned with each other, 

and the lattice is not polar and does not exhibit any piezoelectric properties [18]. Upon cooling 

through the Curie temperature, the structure distorts into an elongated structure, such as tetragonal, 

rhombohedral, orthorhombic, etc. The minimum energy positions for the O2- and Bb+ ions are off-

centre, giving rise to a polar structure [21]. Figure 4 is a commonly cited illustration of this effect for 

BaTiO3 ceramics.

Figure 4. Relative displacement of atoms
in ferroelectric BaTiO3
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When the material is cooled through its Curie temperature, there is a phase change from cubic to 

tetragonal, rhombohedral, orthorhombic, etc. The c-axis becomes elongated, and the minimum energy 

position for the Bb+ ion is off-center, which gives rise to an electric dipole (polar structure) in the unit 

cell [18, 19, 22]. In the perovskite structure, the domains form such that neighbouring Bb+ ions are 

shifted in the same direction. The 180° domains form with the Bb+ ions shifted in opposite directions 

in neighbouring domains, while in the 90° domains, the Bb+ ions are shifted along one of the other 

ferroelectric axes.

2.1.2 Dielectrics

Many ferroelectric materials can function and find applications as dielectrics for capacitors. 

Capacitors are used in a circuits to store a charge. In their simplest form capacitors are two parallel 

plates separated by a distance, with a vacuum or air between the plates. A dielectric material placed 

between the plates increases the charge that can be stored at a given voltage. The dielectric constant or 

relative permittivity, εr is the ratio of the charge stored on an electroded slab of material at a given 

voltage to the charge stored on an set of identical electrodes separated by a vacuum. For common 

substances, this value is low, usually under 5 for organic materials, and under 20 for most inorganic 

solids. Piezoelectric ceramics generally have much higher dielectric constants, typically ranging from 

several hundred to several thousand [23].

Figure 5. The dielectric is characterized by a dielectric constant k.

d  V
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Macroscopically, the permittivity of a material is found by measuring the capacitance. In a 

ferroelectric, the measuring field or voltage must be sufficiently small to prevent non-180° domain 

reorientations from contributing to the permittivity [24], which is to say that it should be below the 

coercive field, Ec. Typically, the measurement voltage is on the order of 1 volt RMS.

2.1.2-1 Dielectric Loss

In an ideal capacitor in an AC circuit, the current leads the voltage by 90°. In a real capacitor, there 

are always some losses, resulting in a phase shift of  δ, where the current leads the voltage by a 

smaller angle of 90-δ degrees. The phase shift, δ, is commonly called the loss angle, and the dielectric 

loss is defined as the tangent of the loss angle (tan δ). It represents the ratio of resistance to reactance 

of an equivalent circuit consisting of an ideal capacitor and a resistor in parallel [25]. The dielectric 

loss factor is a measure of the proportion of the charge transferred in conduction to that stored in 

polarisation [26]. The losses degrade the performance of the dielectric in capacitor applications.

2.1.2-2 Dielectric vs. Temperature Behavior

Small signal or low-field dielectric measurements are commonly used for the identification of phase 

transitions and transition temperatures [27]. Normal ferroelectrics exhibit a sharp increase in the 

dielectric constant as they undergo a phase change when heated through their transition temperatures. 

Relaxor ferroelectrics are characterized by a broader phase change which occurs over a larger 

temperature range. This is manifested as a broad curve for plots of relative permittivity versus 

temperature. Relaxor ferroelectrics are generally complex perovskites of the form 

A'A''. . .An'B'B''. . .Bn'O3 where the primes indicate the presence of different ions in a particular site. 

In complex perovskites, one or both of the A- and B- crystallographic sites are occupied by one of two 

or more different ions [28]. There is a random distribution of specific ions (i.e., A', A'', etc., and B', B', 

etc.) in their respective positions throughout the volume of the ceramic. This results in many localised 

micro-regions with different compositions, and transition temperatures [29]. The bulk phase transition 

is the combined effect of all of these individual micro regions and their respective phase transitions. 
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An increase in the complexity of the system i.e., more A- and B-site ion possibilities results in an 

increased broadening of the transition temperature range.

2.1.3 Ferroelectricity

Ferroelectricity is a physical property of a material whereby it exhibits a spontaneous electric 

polarization which can be reversed by the application of an external electric field [30]. Materials 

exhibit this property are called ferroelectric materials. Ferroelectric materials belong to the group of

dielectric materials, where constituent atoms are considered to be ionized to a certain degree. If and 

external electric field is applied to a dielectric material it will be electrically polarized as cations are 

attracted to the cathode and the anions to the anode. This polarization can be described by one or more 

polarization mechanism. 

1. Electronic polarization which occurs due to distortion of the electron density.

2. Ionic polarization due to elastic deformation of ionic bond lengths or angles.

3. Orientational polarization due to changes in orientation of permanent dipole moments.

4. Space charge polarization due to spatial separation of charges with in the material.

2.1.3-1 Ferroelectric Domain

The physical quantity that describe the stored electric charge per unit area is called the electric 

displacement vector, D, and it is expressed as 

2.1

where Ps is the spontaneous polarization, ε the dielectric tensor, E the electric field, d the piezoelectric 

coefficient tensor and X the stress.

Most of pyroelectric crystals exhibit spontaneousl polarization in certain temperature range 

and the direction of Ps can be reversed under influence of an external electric field that is they are also 

ferroelectric crystals. From another standpoint one can say that ferroelectric crystals are those crystals 

that have one or more ferroelectric phases. The origin of spontaneous polarization is most easily 

dXEPD s ++= e
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understood using an energy explanation. The total energy is a combination of dipole interaction 

energy, elastic energy and entropy. It turns out that for ferroelectric crystals, in specific temperature 

ranges, the energy minimum occurs for a polarized crystal (positive or negative ions are displaced).

In general, uniform alignment of dielectric dipoles only occurs in certain region of a crystal. 

These regions are called ferroelectric domains and interface between two domains is called domain 

wall. The size and structure of domains depends on the structure of the crystal. Ferroelectric domain 

structure can be observed by various methods.

· Using a polarizing microscope to observe birefringence induced by mechanical stress or an 

applied electric field [31, 32].

· Using scanning electron microscopy to observe the surface of the chemically etched samples 

[33]

· Using X-rays to get the map of  the crystal texture.[34]

· Applying the powder patterns method, where different powders are carrying positive or 

negative charges. A mixture put on ferroelectric will show a pattern depending on the domains 

[35].

· Using liquid crystal display [36].

A just grown ferroelectric crystal always has a polydomain structure. This structure can be 

transformed to a single domain structure by applying an external electric field of high strength a 

dynamic process called domain switching.

2.1.3-2 Ferroelectric Hysteresis Loop

A very important characteristic of ferroelectrics is ferroelectric hysteresis loop, which means that the 

polarization P is a double-valued function of applied electric field. A typical hysteresis loop is given 

in figure 6. As the field strength increases from zero the polarization increases until all domains are 

aligned in one direction (1 to 3). In this state of saturation (Ps) the crystal is composed of single-

oriented domains. When the field strength then is reduced, the polarization will generally decrease, 

but it does not return to zero. At zero field (4) a net polarization will remain and the crystal exhibit 
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remnant polarization, Pr.

The remnant polarization will not be removed until the field in the opposite direction reached 

a certain value (5). This electrical field required to reduce the polarization to zero is called the 

coercive field, Ec. The cycle is completed by increasing the negative field to saturation (6) and then 

reversing the field direction once again.

Figure 6. A typical P-E hysteresis loop of ferroelectric material.

2.1.3-3 Ferroelectric Curie Point and Phase Transitions

A ferroelectric crystal is actually ferroelectric only in a specific temperature. At high temperatures the 

crystal is in paraelectric phase. When the temperature decreases through Curie point Tc, the crystal 

undergoes a structural phase transition to a ferroelectric phase. If there are two or more ferroelectric

phases the Curie point only specifies the temperature at which the transition from paraelectric to 

ferroelectric phase occurs

At temperature in the vicinity of the Curie point, thermodynamic properties (such as dielectric, 

elastic, optical and thermal properties) of ferroelectric crystals show large anomalies. Some of these 
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anomalies can be used in applications.

In most ferroelectrics, the temperature dependence of dielectric constant above the Curie 

point can be described reasonably accurately by Curie-Weiss Law:

� = �� �1 +
�

����
� , � > ��

2.2

where C is Curie-Weiss constant, T the temperature and T0 the Curie-Weiss temperature. T0 can be 

actually different from the Curie point, TC. In the case of a first-order phase transition (a discrete jump 

in Ps appear at TC and ε exhibit a finite maximum), To < Tc, while for a second-order phase transition 

(polarization goes continuously to zero at TC and ε become infinite) To = Tc. When T is close to To, the 

temperature is independent of first term inside the parenthesis can be neglected, since it is much 

smaller than the 
�

����
term.

2.1.4 Piezoelectricity

It is generally believed that the piezoelectric effect was first suggested by Charles Coulomb circa in 

1785 [25], but this phenomenon was not actually confirmed until about 1880 by Jacques and Pierre 

Curie. They found that when external stresses were applied by placing small weights on the surfaces 

of crystals such as quartz and Rochelle salt, electric charges developed on the surfaces proportional to

the weights [25, 37]. The phenomenon was later named “piezoelectricity” where “piezo” is a Greek 

derivative meaning “to press” [25].  

Many crystal classes exhibit electromechanical properties. Of these, piezoelectricity is 

probably the best known. In ordinary solids, a stress causes a strain proportional to an elastic modulus. 

Piezoelectricity is creation of an electric charge in addition to a strain, both of which are proportional 

to the applied stress [37]. This phenomenon is known as the direct piezoelectric effect, and can be 

described in tensor notation by:

�� = �������     2.3
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where Pi is the polarization (charge per unit area), generated along the i-axis in response to 

the applied stress Tjk, and dijk is the piezoelectric coefficient. It is clear from Equation 2.1 that there is 

a linear relationship between the electrical and mechanical properties [38]. The converse piezoelectric 

effect describes an induced strain (Sij) which is proportional (dkij) to an applied electric field Ek. This 

relationship is described in tensor notation as:

��� = ������   2.4

The proportionality constant is numerically identical for both the direct and converse effects, 

and is called the piezoelectric coefficient [23]:

� =
�

�
=

�

�
  2.5

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

piezoelectric coefficient becomes dij. Equations 2.1 and 2.2 then become:

�� = �����   2.6

�� = �����   2.7

Convention states that the subscript i in Equations 2.4 and 2.5 indicate the 3 or z axis which is 

perpendicular to the plane of the electrodes, and the subscript j indicates the direction of the applied 

stress, or piezoelectrically induced strain. The most commonly measured and cited values are d33, 

where the field and strain (or stress and polarization) are applied and measured in the same plane, and 

d31, where the application and measurement planes are perpendicular. Both of these piezoelectric 

coefficients can be measured using a commercial d33 meter, which measures the charge developed on 

a sample for a given applied force. 

The d constants can also be calculated from:

� = �√����   2.8

where k is the electromechanical coupling coefficient, εT is the relative dielectric constant (at 
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constant stress), and SE is the compliance (at constant field) [25].

2.1.4-1 Piezoelectric Strain

The same alternating field applied to produce a polarization in a ferroelectric material will also 

produce piezoelectric strain. As with the polarization, the strain is a product of domain switching. The

strain versus bipolar field curve takes the shape of a classical “buttery” curve (Figure 7). Both Li and 

Weng [38] and Srivastava and Weng [39] offer good descriptions of the domain behavior during the 

strain cycle of a tetragonal system, such as BaTiO3. Their descriptions are paraphrased here. It is not 

possible to have strain with a purely 180° switch, therefore two types of domain switches, 180° and 

90° (Figure 8), must occur to produce the buttery curve.

Figure 7. Typical bipolar buttery strain curve.

The path traced by the buttery curve has many similarities to that by the polarization curve. In fact, 

the buttery curve could almost be “unfolded” to produce a similar shaped curve. What follows is a 

description of the strain and domain switching during the strain process, as it relates to the shape of 

the buttery curve. At the tips of the wings of the buttery curve (Point 1 on Figure 7), the domains are 

all aligned in the direction of the field. This is the same as Point 3 in Figure 7. As the field is 

decreased, the domains relax and the strain decreases. When the field is zero, the domains have not

returned to their original random state, and there is remanent strain, similar to the remanent
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polarization in Figure 1.2.

Figure 8. Possible directions of 90° domain switches in BaTiO3

to form 180° domain reversal during bipolar field application.
Image reproduced from Srivastava and Weng [39].

As the field is further decreased to below zero (Point 2 in Figure 7), the 90° domain reorientations 

start to take place (Figure 8), and the strain decreases rapidly [39]. As the field is further decreased, 

the strain eventually reaches a minimum (point 3 in Figure 7), in what is often referred to as the “tails” 

of the buttery. The field at which this occurs is the coercive field, and all of the domains are oriented 

90° to the field [39]. As the field is further decreased, the domains start to switch to the 180° position 

(relative to the original orientation, and parallel to the field), which results in a rapid increase in the 

strain (Point 4 in Figure 7). Finally, at the peak field reversal (Point 5 in Figure 7), the maximum 

strain is reached. An increase in the field traces the same sequence of events occuring in the opposite 

direction as the field is increased.

The bipolar buttery curves show high strains accompanied by very large hysteresis. On the 

other hand, the unipolar loop curves have considerably smaller strains and hysteresis. The area within 

the hysteresis loops is related to the energy required to switch the domains. No domain reversal occurs 

in the unipolar cycle. Instead, there is only domain alignment with the increasing field, and domain 
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relaxation with the decreasing field during each cycle.

Piezoelectric ceramics play an important role in electrical devices such as sensor, actuators, 

transducers, accelerators, piezoelectric motors, resonators, buzzers and so many others. The range and 

applications of piezoelectric ceramics continues to grow which demands for new ceramics with 

improved performance for their specific applications.

2.1.5 Relaxor Ferroelectrics

Relaxor ferroelectric are characterized by a broad maximum in the temperature dependence of the real 

part of the dielectric permittivity, a frequency-dependent temperature of the dielectric maximum(Tm) 

and a strong relaxation dispersion of the permittivity at temperature around and below Tm. They 

possess local polarization at temperature above Tm. The ferroelectric properties of relaxors are 

dependent on the measurement frequency. The Tm shifts to higher temperatures with increasing 

frequency[39].

Figure 9. The difference between a normal ferroelectric and relaxor ferroelectric.[40]



24

In order to understand the behavior of relaxor ferroelectric, it is essential to contrast their 

characteristic properties from that off normal ferroelectrics as show in Figure9. A normal ferroelectric 

generally possesses a square hysteresis loop with large coercive field (Ec) and remnant polarization (Pr) 

where the relaxors possess slip loop. The dielectric constant maximum does not characterize the exact 

paraelectric to ferroelectric phase transition as in normal ferroelectric. For relaxors which have a 

diffuse phase transition, the Pr gradually decreases to zero on increasing the temperature towards Tm. 

This indicates that relaxors possess nano-sized polar domains compared to the macro-size FE domains 

in normal ferroelectrics. For sufficiently high electric fields the nanodomains of the relaxor can be 

oriented with the field leading to large polarization and on removing the field most of these domains 

reacquire their random orientations resulting in small Pr. The small Pr is evidence for the presence of 

the some degree of cooperative freezing of dipolar orientation.

2.2   Classical Piezoelectric Ceramics Compositions

2.2.1 Lead-based Piezoelectric Ceramics

Lead-based perovskite structure ceramics exhibit some of the highest piezoelectric coefficients of the 

known compounds and are now widely used in sensors, actuators, transducers and other 

electromechanical devices. Among many lead-based complex perovskite materials, lead zirconate 

titanate (PZT), lead lanthanum zirconate titanate (PLZT) and lead magnesium niobate (PMN) have 

been investigated extensively, both from academic and commercial viewpoints. These ceramics 

possess distinct characteristics that in turn make each of them suitable for different applications. This 

section will briefly review these leading lead-based ceramics.

2.2.1-1 Lead Zirconate Titanate Pb(ZrxTi1-x)O3, PZT

Lead zirconate titanate (PZT) is a binary solid solution of lead zirconate (PbZrO3) an antiferroelectric 

(orthorhombic structure) and lead titanate (PbTiO3) a ferroelectric (tetragonal perovskite structure). 

PZT has a perovskite type structure with the Ti4+ and Zr4+ ions occupying the B site at random. As 

show in figure10. At high temperatures PZT has the cubic perovskite structure which is paraelectric. 

On cooling below the Curie point line, the structure undergoes a phase transition to form a 
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ferroelectric tetragonal or rhombohedral phase. In the tetragonal phase, the spontaneous polarization 

is along the <100> set of directions while in the rhombohedral phase the polarization is along the 

<111> set of directions. Most physical properties such as dielectric and piezoelectric constants show 

an anomalous behavior at the morphotropic phase boundary (MPB). The MPB separating the two 

ferroelectric tetragonal and orthorhombic phases has a room temperature composition with a Zr/Ti 

ratio of ~ 52/48. PZT ceramics with the MPB composition show excellent piezoelectric properties. 

The poling of the PZT ceramic is also easy at this composition because the spontaneous polarization 

within each grain can be switched to one of the 14 possible orientations (eight [111] directions for the 

rhombohedral phase and six [100] directions for the tetragonal phase). Below the Zr/Ti ratio of 95/5 

the solid solution is antiferroelectric with an orthorhombic phase. On the application of an electric 

field to this composition a double hysteresis loop is obtained. This is because of the strong influence 

of the antiferroelectric PbZrO3 phase [41, 42].

Figure 10. Morphotropic phase boundary in PZT



26

In order to suit some specific requirements for certain applications, piezoelectric ceramics can 

be modified by doping them with ions which have a valence different than the ions in the lattice. 

Piezoelectric PZT ceramics having the composition at the MPB can be doped with ions to form "hard" 

and "soft" PZT's. Hard PZT's are doped with acceptor ions such as K+, Na+ (for A-site) and Fe3+, Al3+, 

Mn3+ (for B site), creating oxygen vacancies in the lattice [43,44]. Hard PZT's usually have lower 

permittivities, smaller electrical losses and lower piezoelectric coefficients. These are more difficult to 

pole and depole, thus making them ideal for rugged applications. On the other hand, soft PZT's are 

doped with donor ions such as La3+ (for A-site) and Nb5+, Sb5+ (for B-site) leading to the creation of A-

site vacancies in the lattice  [45, 48]. The soft PZT's have a higher permittivity, larger losses, higher 

piezoelectric coefficient and are easy to pole and depole. They can be used for applications requiring 

very high piezoelectric properties.

2.2.1-2 Lead Lanthanum Zirconate Titanate ((Pb1-xLax)(Zr1-yTiy)1-x/4 O3 V0.25x O3, (PLZT)

PLZT is a transparent ferroelectric ceramic formed by doping La3+ ions on the A sites of lead 

zirconate titanate (PZT). The PLZT ceramics have the same perovskite structure as and PZT. The 

transparent nature of PLZT has led to its use in electro-optic applications. Before the development of 

PLZT, the electro-optic effect was seen only for single crystals. The two factors that are responsible 

for getting a transparent PLZT ceramic include the reduction in the anisotropy of the PZT crystal 

structure by the substitution of La3+ and the ability to get a pore free ceramic by either hot pressing or 

liquid phase sintering.

The general formula for PLZT is given by (Pb1-xLax)(Zr1-yTiy)1-x/4O3VB
0.25xO3 and (Pb1-xLax)1-

0.5x(Zr1-yTiy)VA
0.5xO3. The first formula assumes that La3+ ions go to the A-site and vacancies (VB) are 

created on the B site to maintain charge balance. The second formula assumes that vacancies are 

created on the A site. The actual structure may be due to the combination of A and B-site vacancies. 

As show in figure11 , the different phases in the diagram are a tetragonal ferroelectric phase 

(FT), a rhombohedral ferroelectric phase (FR), a cubic relaxor ferroelectric phase (FC), an 
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orthorhombic antiferroelectric phase (A0) and a cubic paraelectric phase (PC). PLZT ceramic 

compositions in the tetragonal ferroelectric (FT) region show hysteresis loops with a very high 

coercive field (EC). Materials with this composition exhibit linear electro-optic behavior for E < EC. 

PLZT ceramic compositions in the rhombohedral ferroelectric (FR) region of the PLZT phase diagram 

have loops with a low coercive field. These PLZT ceramics are useful for optical memory applications. 

Figure 11. Phase diagram of the PLZT ceramics

PLZT ceramic compositions with the relaxor ferroelectric behavior are characterized by a 

slim hysteresis loop. They show large quadratic electro-optic effects which are used for making flash 

protection goggles to shield them from intense radiation. This is one of the biggest applications of the 

electro-optic effect shown by transparent PLZT ceramics. The PLZT ceramics in the antiferroelectric 

region show a hysteresis loop expected from an antiferroelectric material. These components are used 

for memory applications [49-54]. 
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2.2.1-3 Lead Magnesium Niobate (Pb(Mg1/3Nb2/3)O3, (PMN)

Relaxor ferroelectrics are a class of lead based perovskite type compounds with the general formula 

Pb(B1,B2)O3 where B1 is a lower valency cation (like Mg2+, Zn2+, Ni2+, Fe3+) and B2 is a higher 

valency cation (like Nb5+, Ta5+, W5+). Pure lead magnesium niobate (PMN or Pb(Mg1/3Nb2/3)O3) is a 

representative of this class of materials with a Curie point at -10 oC. 

Relaxor ferroelectrics like PMN can be distinguished from normal ferroelectrics such as 

BaTiO3 and PZT, by the presence of a broad diffused and dispersive phase transition on cooling below 

the Curie point. It shows a very high room temperature dielectric constant and a low temperature 

dependence of dielectric constant. The diffused phase transitions in relaxor ferroelectrics are due to 

the compositional heterogeneity seen on a microscopic scale. For example, there is disorder in the B 

site for Pb(Mg1/3Nb2/3)O3. The composition of Mg and Nb is not stoichiometric in the microregions, 

leading to different ferroelectric transition temperatures which broaden the dielectric peak.

Figure 12. The disorder boundary for the PMN-PSN system
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The relaxors also show a very strong frequency dependence of the dielectric constant. The 

Curie point shifts to higher temperatures with increasing frequency. The dielectric losses are highest 

just below the Curie point Tc. For relaxors which have a second order phase transition, the remnant 

polarization, Pr, is not lost at the Curie point but gradually decreases to zero on increasing the 

temperature beyond Tc [55-57]. The most widely studied relaxor material is the PMN-PT solid 

solution system. The addition of PT, which has a Curie point of 490 oC, shifts the Tc of the 

composition towards higher temperatures. The morphotropic phase boundary composition (0.65 PMN 

and 0.35 PT) is piezoelectric in nature. Ceramics with this composition are excellent candidates for 

piezoelectric transducers. Compositions with a Curie point near room temperature (like 0.95 PMN and 

0.10 PT) have very large dielectric constants (εr > 20,000) which makes them very attractive for 

multilayer capacitor and strain actuator applications. 

2.2.2 Lead-free Piezoelectric Ceramics

2.2.2-1 Why Lead-free Ceramics?

Lead oxide-based piezoelectric ceramics such as PZT, PLZT, PMN etc, have variety of applications in 

sensors, actuators, transducers and so many other electronic devices due to their excellent 

piezoelectric properties [41, 58]. However, these ceramics contain more than 60 wt.% of lead [59]. 

Lead is a very toxic substance as it can cause damage to the kidneys, brain, the nervous system, and 

especially the intelligence of the children. The volatilization of lead oxide (PbO) during the high 

temperature sintering process not only causes environmental pollution, but also generates instability in

the composition and electrical properties of the final products. In recent years, some countries (Europe, 

Japan) required all of their new electronic products to be lead-free for environmental protection and 

human health [60, 61]. Therefore, worldwide there is a great need to develop lead-free piezoelectric 

ceramics which are environment-friendly and possess excellent electrical properties for replacement 

of existing lead-based materials.

2.2.2-2 Promising Lead-free Candidate Materials

Throughout the world, demand is growing for materials that are benign to the environment and human 
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health. Many government regulations have been enacted in response to this demand, such as the 

Restriction of Hazardous Substances (RoHS) directives in Europe and China. The European RoHS 

directive (2006) restricts hazardous substances used in electrical and electronic equipment, including 

lead (Pb). Other related legislative acts passed by the European Union include End-of-life Vehicles 

(ELV) in 2003 and Waste from Electrical and Electronic Equipment (WEEE) in 2004. 

On the basis of structure Lead-free piezoelectric ceramics can be divided into three types: (a) 

perovskite, (b) tungsten bronze, and (c) bismuth layer. Among these piezoelectric ceramics, the 

piezoelectric ceramics with tungsten bronze and bismuth layer structures show high Curie temperature, 

high mechanical quality factor Qm, low permittivity and piezoelectric properties because of two 

dimensional restriction on the permissible rotations of the spontaneous polarization. Consequently, 

bismuth layer and tungsten bronze structured piezoelectric ceramics seem to be candidate materials 

for ceramic filter and resonator applications. On the other hand, piezoelectric ceramics with the 

perovskite structure show high piezoelectric properties because their structure permits spontaneous 

polarization to rotate along three orientations. 

Among many lead-free perovskite structure ceramics bismuth sodium titanate, Bi0.5Na0.5TiO3

(BNT), bismuth potassium titanate, Bi0.5K0.5TiO3 (BKT), and sodium potassium niobate 

Na0.5K0.5NbO3 (NKN) are considered as most promising candidate materials for piezoelectric 

electromechanical actuator applications. A brief review of these materials is given in the following 

section.

2.2.2-3 Bismuth sodium titanate, Bi0.5Na0.5TiO3 (BNT)

BNT is one of the most important and superior lead-free materials discovered by Smolenskii and co-

authors [62] in 1960. BNT ceramics are A-site complex perovskites of the form A'A''BO3, where the 

Bi3+ and Na+ ions sit on the A-site, while Ti4+ ion occupies the B-site of the perovskite unit cell . At 

room temperature, BNT ceramics have a rhombohedral crystal structure [63-65], and undergo a 

diffuse phase change to tetragonal at a Curie temperature of 320 °C [66]. BNT ceramics are also 

considered to be relaxors [67], and thus the dielectric constant versus temperature relationship is 
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strongly frequency dependent. 

BNT ceramics are also strongly ferroelectric, with a large remanent polarization of Pr = 38 

µC/cm2, and a coercive field on the order of Ec = 73 kV/cm [68-70]. A property that is not often 

reported is a high mechanical bending strength [71]. However, pure BNT ceramics are notoriously 

difficult to pole, due a combination of factors including the high coercive field, high conductivity and

high leakage current [19, 42, 46-47]. Data on the piezoelectric and the pyroelectric properties of pure 

BNT ceramics are scarce due to the difficulties encountered with the poling process [74].

The piezoelectric properties of pure BNT and other lead-free ferroelectric ceramics are 

significantly lower than those of the classical lead-based ferroelectrics, such as PZT. Most of the 

recent research on BNT ceramics has focused on improving the properties of BNT through the 

addition of additives to replace either or both the A- or B-site ions. These have been met with varying 

degrees of success. The literature is largely absent on the merits of modifying the composition with A-

versus B-site additives. In the absence of theory, opinions are sometimes expressed. For example, 

Xiao et al. [75] stated that “modification of BNT in B-site cannot effectively improve the piezoelectric 

properties”, but they did not provide any rationale or detailed explanations to back up this claim. They

also speculated that the rules for the modification of PbTiO3 might not apply to BNT, and vice versa. 

However, Yamada et al. [76] had a different opinion, and stated that: 

“The improvement in piezoelectric ceramic materials was brought by substituting complex 

ions for the Ti-Zr site. If we assume a similar effect in the lead-free case, it would be interesting to 

investigate complex ion substitution for Ti in the [(KB) - (NB)]TiO3 binary system”.

It is well known that perovskites readily make solid solutions with other perovskites [77] and 

the possibilities of new compounds are almost endless. The mechanisms by which the additives alter 

the desired properties are not yet fully understood. It is for this reason that much of the work has been 

largely empirically based. Now a days extensive research is in progress to understand the mechanism 

of BNT and BNT based materials both experimentally and theoretically.
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Figure 13. Comparison of properties of Lead-free and PZT ceramics 

2.2.2-4 Bismuth potassium titanate, Bi0.5K0.5TiO3 (BKT)

BKT was also first discovered by Smolenskii and his co-authors [78] in back in 1960. It has as 

perovskite-type ferroelectric structure belonging to tetragonal crystal system at room temperature. The 

BKT has been investigated much less as compared to BNT, the reason lies in the fact that, it is much 

more difficult to prepare ceramic, even though synthesis of the compound is not difficult [79, 81]. On 

heating of the mixture of Bi2O3 + K2CO3 + 4TiO2, the weight loss begins at 530 oC, goes through four 

stages (at 630, 720, 810 and 840 oC) and comes to the end at 950 oC [82]. The obtained BKT had not 

any admixture of other phases and is tetragonal with a = 3.913, c = 3.990 Å at room temperature. The 

BKT ceramics, ground into powder and stored in air for a month, showed no changes in its 

thermogram. BKT is a ferroelectric with the Tc = 380oC and with the Dl/l(T) anomalies at Tc, as well 

as at somewhat lower temperature. Ivano et. al. [83] reported that BKT has a tetragonal structure with 

a = 3.913, c = 3.993 at room temperature, which does not show any sign of ordering. They observed a 

phase transition into a pseudo cubic phase at about 270 oC, and transition into a cubic phase at 410 oC. 

Hiruma et al. [84] report the ferroelectric and piezoelectric properties of hot pressed BKT 
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ceramics. Their structural studies indicate X-ray density of 93% and impurity peaks such as K2Ti6O13

in ordinary firing method. These peaks gradually increased in the sintering temperature range from 

1040 oC to 1060 oC and above this temperature the sample was melted. The resistivity was low being 

of the order 1011 Ωcm and it is due to impurity phase. These results clearly reveal that, it is difficult to 

fabricate dense BKT ceramics with single phase perovskite structure by ordinary firing method 

without using a chemical process. Hence for fabrication of BKT, hot pressed method is superior to 

ordinary firing method. The reasons being, it is easy to fabricate dense ceramics higher than 97% at 

lower sintering temperatures, report the resistivity in the order of 1013 Ωcm at room temperature and 

Curie temperatures 437 oC and 410 oC at 1MHz for hot pressed method BKT samples, prepared at 

1060 oC and 1080 oC, respectively. They also report the remnant polarization Pr = 22.2 μC/cm2 and 

coercive field Ec = 52.5 kV/cm electromechanical factor k33 = 0.28 and d33 = 69.8 pC/N for hot 

pressed method BKT prepared at 1080 oC.

Literature survey indicates that BKT is studied weaker than BNT, its behavior is clearer: it 

does not show such unusual phenomena as BNT (isotropic points and “disappearance” of phase 

transitions). It is clear that both phase transitions in BKT are ferroelectric, that they both are diffused 

and, most probably, overlap each other. There is, of course, problem: coexistence of a paraelectric and 

two FE phases within a crystal lattice. But such a problem is not new for ferroelectric perovskites. It is 

clear that many properties are still not studied and need to study in details.
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Figure 14. Electric field – Temperature and Uniaxial stress 
Temperature phase diagrams for BKT.

2.2.2-5 B0.5Na0.5TiO3-B0.5K0.5TiO3 (BNT-BKT) Solid Solution

BNT-BKT is one of the well known lead-free binary ceramic systems studied by Buhrer et al. [85] in 

1962. They observed that the Currie temperature of (1−x)BNT + xBKT solid solution went through a 

minimum at x = 0.1 - 0.2, while the lattice parameters grew with x. Pronin et al. [86] further studied 

this system in more details. Their solid solutions exist at x from 0 to 1, they found that at x < 0.18, the 

solid solutions are rhombohedral and ferroelectric, while at x = 0.18-0.40 some pseudocubic 

ferroelectric (FE) phase exists, and at x > 0.40 the room-temperature phase becomes tetragonal and 

FE, as in BKT. On the MPB at x = 0.18, the lattice parameters and unit cell volume changes by jump.

Sasaki et al. [87] investigated the dielectric and piezoelectric properties of BNT-BKT system

[Bi0.5(Na1-xKx)0.5]TiO3 [BNKT-100x]. Their x-ray investigation show the existence of MPB between 

rhombohedral BNT and tetragonal BKT near x=0.16 - 0.20. Maximum values of electromechanical 

coupling factor and dielectric constant were observed near MPB, such as kp = 31.4%,  kt = 42.3% at = 

0.16 and  
���
�

��
= 1030 at x=0.20.

Yoshii et al. [88] studied the electrical properties and depolarization temperature of BNT-

BKT lead-free piezoelectric ceramics. Focusing on the depolarization temperature (Td), they 

investigated the dielectric, ferroelectric and piezoelectric properties of a solid solution of the binary 

system, xBNT- (1-x)BKT [BNKT100x; x = 0.50 - 0.98]. Fine piezoelectric properties in this system 

were obtained near the MPB composition between the rhombohedral and tetragonal structures, and 

the highest electromechanical coupling factor, k33, and piezoelectric constant, d33, were 0.56 for 

BNKT84 and 157 pC/N for BNKT80, respectively. However, the Td of BNKT80 was low (17 oC). The 

Td of the MPB composition was low, and the Td near the MPB composition was sharply decreased. It 

is thought that BNKT70 is a candidate composition for lead-free actuator applications owing to its 

relatively large piezoelectric constant, d33 (126 pC/N), dynamic d33 (214 pm/V), and high 

depolarization temperature, Td (206 oC). In this study, they determine depolarization temperature, Td, 
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from the temperature dependence of dielectric and piezoelectric properties.

Recently, Izumi et al. [89] studied the (1-x)BNT-xBKT single crystals (0<x<0.14) by flux 

method and reported the polarization hysteresis and electric-field-induced strain for this system. They 

found that a small amount of BKT substitution suppress the remanent polarization from 38 μC/cm2 at 

x = 0 to about 15 μC/cm2 at x=0.02, piezoelectric strain constant (d33) is enhanced with increasing x 

up to 297 pm/V at x=0.14.

The literature survey suggests that the polycrystalline solid solutions of BNT-BKT system is 

very interesting from the viewpoint of lead-free alternative, simple chemical formula, easy fabrication 

process, low cost of the raw materials, moreover the existence of MPB similar to PZT system and 

high electromechanical properties suitable for actuator applications. 

2.2.2-6 B0.5Na0.5TiO3 -SrTiO3 � BNT-ST） Solid Solution

Among BNT-based lead-free piezoceramics, (1-x)(Bi0.5Na0.5)TiO3-xSrTiO3 (BNT-100xST) can 

obtain high strain response within a low electric field, which was firstly reported by K. Sakata and Y. 

Masuda. Y. Hiruma et al. investigated BNT-100xST ferroelectric ceramics systematically, it revealed 

that BNT-100xST forms an MPB of rhombohedral ferroelectric and pseudocubic paraelectric at x = 

0.26–0.28, whereas a very large bipolar strain and normalized strain of 0.29% and 488 pm/V were 

obtained at x=0.28, respectively . M. Acosta et al. studied temperature- and frequency- dependent 

properties of BNT-25ST, a high normalized strain of 600 pm/V at 40 kV/cm for frequencies ranging 

from 0.1 to 100 Hz was observed . Considering the favourable properties of BNT-100xST binary solid 

solution, some efforts had been made to further improve the actuating performance by forming a 

ternary solid solution.

Table 1. Properties of BNT-based lead-free piezoelectric ceramics

Year Research institution Composition Tm (oC) εr
Smax/Emax

(pm/V)

2008 Tokyo Univ. of Science (1-x)(Bi0.5Na0.5)TiO3-xNaNbO3 - - 259

2008 Tokyo Univ. of Science (1-x)(Bi0.5Na0.5)TiO3- - - 532
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Year Research institution Composition Tm (oC) εr
Smax/Emax

(pm/V)

xBa(Al1/2Sb1/2)O3

2009
Technische Univ. 

Darmstadt
(Bi0.5Na0.5)TiO3-BaTiO3-

(K0.5Na0.5)NbO3
- 2320 560

2010 Univ. of Ulsan Bi0.5(Na0.78K0.22)0.5Ti(1-x)ZrxO3 246 1606 614

2010 Univ. of Ulsan Bi0.5(Na0.82K0.18)0.5Ti(1-x)NbxO3 280 2093 641

2010
Technische Univ. 

Darmstadt
BNT-BKT-KNN - - 575

2011 Univ. of Ulsan
(1-x-y)Bi0.5Na0.5TiO3-

xBi0.5K0.5TiO3-yLiTaO3
242 1500 443

2011 Univ. of Ulsan
(Bi0.5Na0.41−xK0.09Lix)(Ti1−yTay)O

3
- - 727

2012 Liaocheng Univ.
0.9(Bi0.5Na0.5)0.94Ba0.06TiO3-
0.07Bi0.5(Na0.82K0.18)0.5TiO3-

0.03BiAlO3

237 4000 217

2012
National Institute of 
Materials Physics

0.95[(Na0.5Bi0.5)TiO3]–
0.05[BaTiO3]

248 1080 77

2013 Liaocheng Univ.
0.9775(Na0.5Bi0.5)0.94Ba0.06TiO3–

0.0225BiAlO3
250 1687 204

2014
Technische Univ. 

Darmstadt
0.75Bi0.5Na0.5TiO3-0.25SrTiO3 - - 600

2014 Univ. of Ulsan BNKT-BNKLTT - - 761

2015 Huazhong Univ. China

0.7[0.91Bi1/2Na1/2TiO3–
0.06BaTiO3–0.03AgNbO3] / 

0.3[0.93Bi1/2Na1/2TiO3–
0.07BaTiO3]

- - 824

2016 Liaocheng Univ. China
(Bi1/2Na1/2)0.935Ba0.065Ti0.98(Fe1/2

Nb1/2)0.02O3
260 5500 844

2016 Univ. of Ulsan La doped (Bi0.5Na0.41K0.09)TiO3 - - 857
2016 Iowa stare Univ. USA BNT-2.5Nb - - 1400

2017
Xi'an Jiaotong Univ. 

China
0.94Bi0.5(Na0.8K0.2)0.5TiO3-
0.06Sr0.8Bi0.1Ti0.8Zr0.2O2.95

- - 916

2017 Hangzhou Dianzi Univ.
(0.83Bi0.5Na0.5TiO3–

0.17Bi0.5K0.5TiO3)– 0.01BaTiO3

(textured)
- - 800

2017 Lanzhou Univ. of Tech. (Bi0.5Na0.4K0.1)TiO3-0.02Nb2O5 310 1500 625

2018 Sheffield Hallam Univ.
Bi0.487Na0.427K0.06Ba0.026Ti0.98Nb0.

02O3
286 1000 573

2018 Univ. of Ulsan (1−x)Bi1/2Na1/2TiO3–xSrTiO3 - - 620

2018
Huazhong Univ. of Sci 

and Tech.
AgNbO30.76Bi0.5Na0.5TiO3-

0.24SrTiO3
- - 700
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2.2.2-7 Sodium Potassium Niobate (Na0.5K0.5)NbO3 (NKN) system

The solid solution of NKN is another leading lead-free candidate material. NKN ceramics have two 

phase transition temperatures above room temperature, one from orthorhombic to tetragonal at TO-T

(~200 oC) and another from tetragonal to cubic at Tc (~420 oC). An ordinarily sintered NKN ceramic 

may have an piezoelectric constant, d33 ~ 80 pC/N, a planar electromechanical coupling factor, kp ~ 

36-40% and a mechanical quality factor, Qm  ~ 130 [90]. However, the major drawback with NKN 

ceramics is the difficulty of obtaining high density by the conventional sintering in air [91]. In 

addition, slight changes in stoichiometry lead to the formation of extra phases [92-94]. Therefore, in 

order to solve the above problems, various techniques have been utilized, such as hot pressing, hot 

forging and spark plasma sintering (SPS) [95-96]. Although these methods can yield high densities 

and better properties compared to conventional air-sintered NKN, they still need careful investigation 

and optimization of sintering parameters to obtain reproducible and high-quality ceramics
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Chapter 3: EXPERIMENTAL PRODECURES AND CHARACTERIZATION

3.1 Experimental Methods

The properties of ceramic materials strongly depend on their chemical composition, processing routs 

and fabrication techniques. In order to achieve greater performance and reliability of ceramics it is 

important to handle the compositions and processes parameters very carefully. In the development and 

production of more advanced ceramics, extraordinary control of the materials and processing 

minimize structural and microstructure defects. The details of experimental procedure is shown in Fig. 

15.

Figure 15. Overall process flow chart for synthesizing ceramics .

3.1.1 Compositions

The chemical formulation of the ceramic is:

(1-x-y)(Bi1/2Na1/2)TiO3-xSrTiO3-yKTaO3 (x = 0.18 ~ 0.24, y = 0 ~ 0.02).
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Hereafter in this thesis, the ceramic will be abbreviated as (1-x-y) BNT-xST-yKT, respectively, where 

x indicate the content of ST, y indicate the content of KT. These ceramic systems were fabricated 

through a simple conventional solid state reaction method. The conditions and sequences used in the 

sample preparation, characterization and testing are given in the following sections.

3.1.2 Raw Materials

Commercially available reagent grade Bi2O3, Na2CO3, TiO2, SrCO3, K2CO3, Ta2O5 were used as 

starting raw materials in the fabrication of the mentioned three systems. The details specifications of 

these powders are given in Table. These starting materials were first put in the oven at 100 oC for 24 h 

to remove moisture, and then weighed according to their stoichiometric formulae. 

Table 2. Raw materials used in the synthesis of BNT-ST-KT ceramics

Raw materials Company Purity (%)

Bi2O3

Na2CO3

TiO2

SrCO3

K2CO3

Ta2O5

High Purity Chemicals

High Purity Chemicals

High Purity Chemicals

High Purity Chemicals

High Purity Chemicals

High Purity Chemicals

99.99

99.00

99.99

99.90

99.00

99.90

3.1.3 Mixing by Ball-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 400 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 100 oC for 24 h.
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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. 

Figure 16. Temperature flow chart for calcination.

3.1.5 Pellet Preparation

After calcinations, do mixing and milling again, and then the powders added an organic binder 

polyvinyl alcohol (PVA, 5%) and grinded and dried again for 1 h. To get uniform and fined grain, the 

granules were passed through a 180 µm sieve. Pellets of 1.5g and 2g were made by using a cylindrical 

steal die of 13 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 2 Mpa in a hydraulic press. 
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Before releasing the pressure from the die, minimum 10 second time was given to minimize the stress 

on the pellet. Then the green pellets were then sintered to study the dielectric, piezoelectric, 

ferroelectric and electric-field-induced strain response of the materials.

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 in to the 

furnace for sintering. The temperature were 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, Na and K 

evaporation from the pellets, corresponding powders was used as an ambient, and sintered at 1175 oC 

for 2 h in a programmable furnace. The pellets were furnace cooled and taken out of the furnace for 

density measurements.

Figure 17. Sintering cycle for the bulk type piezoelectric ceramics.

3.1.7 Lapping and Polishing

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

(cc 800 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 100 

oC for 5 h.

3.1.8 Electroding

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

test material. 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 700 oC for 30 mins. Finally, silver wires were 

attached as terminal for electrical connections.

3.1.9 Poling

The as sintered ceramics are composed of randomly oriented grains, 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 is otropic. A high external field is 

usually applied to ferroelectric ceramic in order to get a piezoelectric effect, so called poling. The net 

polarization is then not zero, as the dipoles of each grain tend to align themselves in the direction of 

the applied electric field. In this work, ceramic sample were poled by applying an electric field of 4 

kV/mm by a high voltage power supply (Matsusada Precision Inc.) in a silicon oil bath at room 

temperature.

3.2 Characterization

3.2.1 Shrinkage and Density

Density of the sintered ceramic specimens was measured by using Archimedes' immersion principle 

method using an electronic densimeter (SD-120L). First the mass of the pellets was measure and then 

the sample was immersed in DI water, where it displaced an amount of water equal to its own volume 

and its weight is apparently diminished by the weight of the liquid displaced. The density was
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calculated from the relation:

� =
�.���×����

�����(����������)
                  3.1

where 0.997 is the density of water at room temperature, Wdry is 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 

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 CuKa radiation with the 

wavelength lKa=1.54178 angstron. The detection range was 20 to 70 degrees with a step size of 0.02o

and a speed of 2°/min. The crystal parameters were calculated by using Bragg’s law:

                  3.2

            3.3

where a, c – lattice parameters for tetragonal system (for rhombohedra, a=c)

d – inter-planar spacing

h, k, l - ,miller index

q - diffraction angle

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

qualitative equation [97]:
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                  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:

                  3.5

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

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

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

                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

                       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 can’t be exceeded the X- ray density, because the macroscopic specimen usually contains 

some cracks and pores.

3.2.3 Microstructure 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 

%100
)()(

)(
e%Perovskit

222110

110
´

+
=

pyroperov

perov

II

I

q

l

cos

9.0

B
dC =

V

A

NV

A

å

å

=

=

66042.1
   

r

å= MnA 1



45

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, 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 microstructral analysis disc type 

samples were polished with silicon carbide and alumina polishing powders, thoroughly washed with 

acetone and then thermally etchiched at 990 oC for 30 mins.

3.2.4 Electrical Properties 

Electrical properties were measured to examine the effect of different additives to BNKT ceramics in 

terms of how much they improved or changed. The following parameters were determined.

1. Low field dielectric properties, constant (εr) and losses (tanδ)

2. Ferroelectric properties, Polarization (P) versus field (E)

3. Electric Field induced strain (strain %)

3.2.4-1 Low-Field Dielectric Constant and Loss

The room temperature dielectric constants for the sintered samples were determined using impedance 

analyzer (HP4192A, USA) attached with a computer programmable electric furnace at different 

frequencies (1-100 MHz) in temperature range 30 -550 oC at heating and cooling rate rate of 2oC/min. 

The capacitance (C) and the loss tangent (tanδ) were calculated from the raw data using

Equations 4.2 and 4.3:

� =
�
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                  3.8

���� =
�′
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                 3.9

where Z’ is the real part of the impedance due to resistance or loss, and Z” is the imaginary part of the 
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impedance due to capacitance, j is the square root of -1, and ω is the measurement frequency. From 

the capacitance, the dielectric constant (εr) can be calculated using following relation.

�� =
�

��
=

��

���
                3.10

where ε is the measured permittivity of the sample, εo is the permittivity of free space (8.8 x 10-12 F/m), 

C is the capacitance, d is the dielectric thickness, and A is the area of the specimen.

3.2.4-2 P-E Hysteresis Loop

The P-E hysteresis loop was measurements taken on disc type 5 mm thick pellet by a modified 

Sawyer-Tower circuit [98]. In a standard Sawyer-Tower circuit, an integrating capacitor Co is placed 

in series with the sample Cx. The 2 capacitors are connected with an oscilloscope and a signal 

generator as shown in figure 18.

Figure 18. Standard Sawyer-Tower circuit diagram for measurement of P-E hysteresis loop.

The potential across the capacitor Co is given by:

                  3.11

Where Qo – charge stored on capacitor Co

When two capacitors are in series, the charge on each capacitor must be the same, so:

          3.12
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The charge density D and the field E on the test sample is calculated from:

                  3.13

             3.14

where t and A are the thickness and cross area of the sample.

From the data D and E, we can plot the hysteresis D-E. Because the values of D as a function of 

E are very close to the value P, we consider this is also the hysteresis P-E. 

In this study, a modified Sawyer-Tower circuit was used due to it’s high accuracy (Fig.19). 

To minimise the risk of sparking due to the breakdown of air at high fields, the sample was immerged 

in silicon oil.

Here the value of D and E are given as:

                  3.15

               3.16

where R1 = 5MW, R2 = 12kW, C0 = 1mF.

Figure 19. Diagram of modified Sawyer-Tower circuit.
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3.2.4-3 Electric-Field-Induced Strain 

The electric-field-induced stain was measured by using linear variable differential transducer (LVDT, 

Mitutoyo, No 271634, Japan) driven by a lock-in amplifier (Agilent, 33250A) connected to a high 

voltage ac power supply (Trek, 610E ). Before, measurement the lapped samples were cut in 

dimension of 4mm x 4mm x 1mm, polished with silicon carbide and alumina polishing powders to 

achieve flat and parallel surfaces onto which silver electrodes were deposited by screen printing. 

Electric fields as high as 50 - 90 kV/cm was applied using unipolar and bipolar field drive, having a 

triangular shape, with a frequency of 300 mHz. During testing the samples were submerged in 

Flourinert (FC-40, 3M, St. Paul, MN), an insulating liquid, to prevent arcing. A schematic diagram of 

LVDT is shown in figure 20

Figure 20. Schematic diagram of LVDT used in this study.
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Chapter 4: RESULTS AND DISCUSSIONS

4.1 Shrinkage and Density

Figure 21 shows the linear shrinkage and density of (0.99-x)Bi1/2Na1/2TiO3-xSrTiO3-0.01KTaO3

(BNT-100xST-1KT, x = 0.20, 0.21, 0.215, 0.225, 0.235) ceramics sintered at 1175℃ for 2h, all 

shrinkage of samples beyond 16% and relative density over 97%, with the ST content increased from 

x = 0.20 to 0.235, while the shrinkage and density of BNT-100xST-1KT ceramics was almost 

unchanged, which indicates all sample well- sintered, it also means this sintering condition is suitable

for BNT-ST-KT ceramics.
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Figure 21. Linear shrinkage and relative density of BNT-100xST-1KT 
lead-free piezoelectric ceramics.

Figure 22 shows the linear shrinkage and density of (0.785-y)Bi1/2Na1/2TiO3-0.215

Bi1/2Na1/2TiO3-yKTaO3 ceramics sintered at 1175℃ for 2h, all shrinkage of samples reached about 16% 

and relative density over 97%, with the KT content increased from y = 0 to 0.015, while the shrinkage 

and density of BNT-21.5ST-100yKT ceramics was almost unchanged, which indicates all sample 

sintered well, it also means this sintering condition is suitable for BNT-ST-KT ceramics.
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Figure 22. Linear shrinkage and relative density of BNT-21.5ST-100yKT 
lead-free piezoelectric ceramics.

4.2   X-ray Diffraction Analysis

Figure 23 and 24 represents XRD patterns measured at room temperature in the 2θ range of 20-

70°for BNT-100xST-1KT and BNT-21.5ST-100yKT ceramics sintered at 1175℃ for 2h. 
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Figure 23. X-ray diffraction patterns of BNT-100xST-1KT 
lead-free piezoelectric ceramics.

It can be observed that all compositions show single perovskite structure without secondary phase. 

In order to display the effects of ST and KT addition, the diffraction patterns in the range of 46o-47o
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which refers (002) peaks can be found, indicating the characteristics of a pseudo-cubic phase. As a 

result, all the samples possess a pseudo-cubic phase. Same phenomena also can be observed in other 

BNT-based lead-free piezoelectric ceramics [99-105]. It also means that crystal structure was not 

influenced by ST and KT modification.
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Figure 24. X-ray diffraction patterns of BNT-21.5ST-100yKT
lead-free piezoelectric ceramics.

4.3 Microstructure Analysis

The polished and thermally-etched surface images of BNT-ST-KT ceramics were investigated by 

SEM as shown in Fig. 25. All samples exhibit dense and homogeneous structures without any 

apparent pores confirming these samples were well-sintered. Same phenomena also can be observed 

in other BNT-based lead-free piezoelectric ceramics [99-105]. Moreover, the high bulk densities 

(relative density ~ 97%) ensure the application of a high electric field. The calculated average grain 

sizes of BNT‒100xST‒KT ceramics were increased from 3.9 μm for BNT‒20ST‒KT ceramics to 7.3 

μm for BNT ‒22.5ST‒KT ceramics, then decreased to 4.1 μm for BNT ‒23.5ST‒KT ceramics. For 

BNT-21.5ST-100yKT, the average grain sizes increased from y = 0 to 0.01, then deceased when y =

0.015.
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Figure 25. The polished and etched surface images of BNT-100xST-1KT (x = 0.20; (a), x = 
0.21; (b), x = 0.215; (c), x = 0.225; (d), x = 0.235; (e), respectively) and (0.785-y)BNT-

0.215ST-yKT (y = 0.00; (f), y = 0.005; (g), y = 0.01; (h), and y = 0.015; (i), respectively)
lead-free piezoelectric ceramics.

4.4 Temperature Dependent Permittivity Analysis

Figure 26 and figure 27 shows the temperature dependence of the dielectric constant and 

dielectric loss for the unpoled and poled BNT-xST-yKT samples at 1, 10, 100 kHz. All samples show 

very broad and smeared peaks and obvious frequency dispersion from room temperature up to 

maximum dielectric permittivity temperature (Tm). The frequency-dependent dielectric properties with 

these features are normally regarded as a fingerprint for relaxor ferroelectric, consistent with other 

reported literature on the BNT-ST systems [106-110]. Moreover, with increasing concentration of ST 
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and KT, Tm and ferroelectric (FE) to relaxor (RE) transition (TF-R) gradually decrease, a similar 

phenomenon was found in other BNT-based piezoceramics [106-110]..
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Figure 26. Temperature dependence of dielectric constant (εr) and loss (tanδ) for unpoled 
(top) and poled (bottom) BNT‒KT‒100xST ceramics. (a) and (f) x = 0.20, (b) and (g) x =

0.21, (c) and (h) x = 0.215, (d) and (i) x = 0.225, (e) and (j) x = 0.235
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Figure 27. Temperature dependence of dielectric constant (εr) andloss (tanδ) for unpoled 
(top) and poled (bottom) BNT‒ST‒100yKT ceramics.(a) and (e) y = 0, (b) and (f) y = 0.005,         

(c) and (g) y = 0.01, (d) and (h) y = 0.015.

Similar to unpoled samples, poled samples also show frequency dispersion. Moreover, in BNT-

100xST-KT composition, when x = 0.2, in BNT-ST-100yKT, when y = 0, 0.005, a sharp drop at TF-

R where arises a sharp peak in dielectric loss curves, representing the temperature of ferroelec
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tric-to-relaxor phase transition, respectively. The disappearance of TF-R indicates the ferroelectri

c-to-relaxor phase transition has been pushed to the temperature below room temperature whic

h could induce a giant electric-field-induced strain at room temperature. It is noted that even 

above TF-R, the values of both dielectric permittivity and dielectric loss show a slight deviatio

n before and after the poling treatment, implying that ergodicity and nonergodicity may coexi

st

4.5 Polarization Hysteresis Loops Analysis

The polarization hysteresis (P‒E) curves for BNT‒KT‒100xST ceramics were exhibited in Fig. 28. 

In order to visually observe the relationship between compositions and their ferroelectric properties, 

the Pr as well as EC values were derived from the hysteresis curves and the results were shown in Fig. 

28 (f). In the case of BNT‒KT‒20ST ceramics, a good ferroelectricity revealed that remanent 

polarization (Pr) and coercive field (Ec) were around 22 μC/cm2 and 2 kV/mm, respectively. It is noted 

that a weakly pinched shape in BNT‒KT‒20ST ceramics was revealed, despite indicating a good 

ferroelectricity.
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Figure 28. Polarization hysteresis loops and Pmax, Pr, Ec of BNT-100xST-1KT 
lead-free piezoelectric ceramics.

The reason for this is that TF‒R for BNT‒KT‒20ST ceramics exist near room temperature as 

discussed in Fig. 26. A further increase in ST modification led to drastic decreases in Pr and Ec with 
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strongly pinched P‒E curves. Eventually, Pr and Ec reached minimum values as 8 μC/cm2 and 0.93 

kV/mm when the modification level of ST was 23.5 mol%. These changes of P‒E curves in BNT‒

KT‒100xST ceramics imply that FE‒to‒RE phase transition can be induced by ST modification. 

These results in P‒E curves imply that FE‒to‒RE phase transition in BNT‒KT‒100xST ceramics was 

induced by ST modification. Furthermore, this approach is responsible for highly maintaining Pmax

with electric‒field‒induced phase transition [111].

Figure 29 shows the electric field dependence of hysteresis loops at 1Hz and ambient 

temperature for the BNT-21.5ST-100yKT ceramics. In order to visually observe the relationship 

between the composition and their ferroelectric properties, the Pr as well as EC values are derived 

from the hysteresis loops and the results are shown in figure 29(e), for BNT-21.5ST-100yKT ceramics, 

when y = 0, the ceramics show good ferroelectricity, with Pr ~19 μC/cm2 in spite of relatively higher 

coercive field of EC~2.5 kV/mm, verifying the dominant ferroelectric phases for the compositions 

with low amounts of KT content. The Pr of samples decreased from ~19 μC/cm2 to ~6 μC/cm2

when the compositions changed from y = 0 to y = 0.015, reflecting a switching behavior between 

ferroelectrics and relaxor. Indicating that long-range ferroelectric order has been weakened by KT 

content[103, 108, 111].
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Figure 29. Polarization hysteresis loops and Pmax, Pr, Ec of BNT-21.5ST-100yKT 
lead-free piezoelectric ceramics.
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4.6 Electric Field Induced Strain Analysis

Figure 30 and 31 shows the bi-polar electrical strain curves of BNT-100xST-1KT and BNT-21.5ST-

100yKT ceramics, measured at room temperature and at 1 Hz under 4 kV/mm. The corresponding 

values of negative strain (Sneg) and maximum strain (Smax) are shown in figure 30(f) and 31(f). As we 

can see from the Fig.30 and 31, the butterfly shaped strain curves with large Sneg indicates good 

ferroelectricity because these ceramics were dominantly stabilized with FE (more precisely 

nonergodic relaxor, NER) [103, 108, 111]. With the ST content from x = 0.20 to x = 0.225 and KT 

content from y = 0 to y = 0.015 increased, Smax increases gradually with the addition of ST and KT 

achieves a maximum value 0.23% when x = 0.225 and 0.17% when y = 0.01 in comparison to all 

other compositions, further ST and KT addition results in much stable relaxor phase, which is in 

agreement with preceding P-E loops. It is well known that the large strain is commonly obtained with 

drastically decreasing Sneg as an incipient piezoelectricity [103, 108, 111]. In fact, the stabilized 

ergodic relaxor (ER) can be reversibly transformed by an applied electric field into FE [111, 112].In 

addition, Sneg decreases continuously with the introduction of ST and KT despite the Sneg of all 

samples are very small, which is beneficial for the actuator applications.
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Figure 30. Bipolar strain curves (a) x = 0.20, (b) x = 0.21, (c) x = 0.215, (d) x = 0.225, 
(e) x = 0.235, and (f) the extracted Smax and Sneg values for BNT‒KT‒100xST ceramics.
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and (e) the extracted Smax and Sneg values for BNT‒ST‒100yKT ceramics.

Unipolar strain is of great importance in real actuation application. Therefore unipolar electric-

field-induced strain under 3 and 4 kV/mm was studied as illustrated in fig. 32 and 33. The unipolar 

strains display similar results with bipolar strain, an ultrahigh d33* value of 793 pm/v when x = 0.225

even under low electric field(3 kV/mm), which is close to bipolar strain. Because of the interruption 

of long-range ferroelectric order resulted from ST and KT doping[103, 108, 111].
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Figure 32. Unipolar strain with applying electric field as 3 kV/mm (top) and 4 kV/mm 
(bottom).(a) and (f) x = 0.20, (b) and (g) x = 0.21, (c) and (h) x = 0.215, (d) and (i) x =

0.225, (e) and (j) x = 0.235, and (k) the normalized strain values 
curves for BNT‒KT‒100xST ceramics.

Combining the XRD patterns ,electric-field-induce polarization, bipolar strain and unipolar strain 

response, the ferroelectric-to-relaxor transition with ST and KT doping could follow the procedure: 
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when x < 0.235, y < 0.015, there is a coexistence of low-symmetry ferroelectric phase and high 

symmetry PNRs with compatible free energy, resulting in slightly pinched hysteresis loops and very 

small negative strains; while x > 0.235, y > 0.015, the low-symmetry ferroelectric phase completely 

disappears, the only existence of high-symmetry PNRs lead to flat hysteresis as well as totally 

disappearance of negative strain. 
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Figure 33. Unipolar strain with applying electric field as 3 kV/mm (top) and 4 kV/mm 
(bottom). (a) and (e) y = 0, (b) and (f) y = 0.005, (c) and (g) y = 0.01, (d) and (h) y = 0.015, 

and (i) the normalized strain values curves for BNT‒ST‒100yKT ceramics.
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To clarify the achievements of this study, the normalized strain (corresponding to d33
* or Smax/Emax) 

values for BNT‒ST‒KT ceramics compared with those of other BNT‒based ceramics in Fig.34. 

Based on these results, the obtained d33
* values for BNT‒KT‒22.5ST ceramics in this study were 

comparable to other BNT‒based ceramics as shown in Fig. 34. Furthermore, 793 pm/V under 3 

kV/mm as the highest d33
* value means that we succeeded in improving strain properties under low 

applied electric field for BNT‒based lead‒free ceramics. Therefore, we believe that BNT‒KT‒22.5ST 

ceramics can be a promising candidate for practical applications.
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Chapter 5 : CONCLUSION

In this work, lead-free Bi0.5Na0.5TiO3-xSrTiO3-yKTaO3 ternary systems ceramics were prepared by 

solid-state reaction method, and to know the effect of KTaO3 modification, the dielectric, ferroelectric, 

and strain properties of lead-free Bi1/2Na1/2TiO3-SrTiO3 piezoelectric ceramics were investigated.  

From the results, the following conclusions can be obtained. The shrinkage of all samples beyond 16% 

and relative density over 97%, closed with dense structure in microstructure analysis, which indicates 

lead-free BNT-ST-KT ceramics as ternary system were successfully synthesized in this study. From 

the X-ray diffraction patterns, all samples showed single perovskite phase, it means the ST and KT 

addition completely diffuse into BNT-yKT and BNT-xST composition. Ferroelectrics (or nonergodic 

relaxor)‒to‒relaxor (or ergodic relaxor) phase transition was induced by ST and KT modification that 

was originated from the interrupted long-range ferroelectric order. As a consequence, a large 

electromechanical strain (d33
* ≈ 793 pm/V) was obtained even under 3 kV/mm as low electric field for 

BNT‒22.5ST‒KT ceramics. This result indicates that BNT‒ST‒KT lead‒free piezoelectric ceramics 

as BNT‒based a new ternary system can be a promising candidate for actuator applications.
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국문 초록

기계적 에너지를 전기적 에너지로 교환하는 압전 세라믹은 지난 50 년 동안 PZT (lead 

zirconate titanate)가 주로 사용되었고 마이크로 제어 가능한 센서 및 액추에이터에서

핵심적인 역할을 해왔다. 그러나 EU 는 전자 제품이나 전기 제품에 유해물질 사용을

제한하는 RoHS (Restriction of Hazardous Substance Directive) 때문에 납 함유 물질을 모두

무연 물질로 대체하고 있다. 초기 압전체로서의 최근의 (Bi1/2Na1/2) TiO3 (BNT) 계 무연 -

릴랙서 세라믹은 우수한 전기 특성 ( 6 ~ 8 kV / mm 에서 0.40 %의 큰 전기 기계적 변형률) 

때문에 전기 기계적 응용을 위한 가장 유망한 후보자 중 하나다. 그러나 이러한 높은

변형률 특성을 얻기 위해서는 높은 전계를 인가해야 한다는 문제점이 있다. 이 문제를

해결하기위한 유망한 재료는 BNT-SrTiO3 (BNT-ST) 세라믹이다. SrTiO3 (ST) 도핑은 BNT 

세라믹의 압전 특성을 향상 시키며, 잔류 분극, 작동 전계를 감소시키고 모든 조성물에서

완화 작용을 일으다. 이문제를 해결하기 위해 이 연구에서는 삼성분계 세라믹 소재의

압전성을 연구하였다. 무연 (1-x-y)(Bi1/2Na1/2)TiO3-xSrTiO3-yKTaO3 (x = 0.18 ~ 0.24, y = 0 ~ 

0.02)  결과적으로 BNT-KT-22.5ST 세라믹의 낮은 전기장으로 3 kV / mm 이하에서도 큰

전기 변형 및 정규화변형률 (d33*=793 pm / V)을 얻을 수 있  다. 
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