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Abstract 

Phase switching behaviour in lead-free Na0.5Bi0.5TiO3-based ceramics 

Ge Wang 

The University of Manchester for the degree of Doctor of Philosophy in the 

Faculty of Engineering of Physical Sciences 

2016 

This PhD project is focused on three lead-free ferroelectric solid solutions, which 

are specifically Na0.5Bi0.5TiO3-KNbO3(NBT-KN), Na0.5Bi0.5TiO3-NaNbO3(NBT-NN) 

and Na0.5Bi0.5TiO3-BaTiO3(NBT-BT), to evaluate the effects of composition, 

electric field and temperature on structural and electrical properties. Novel 

observations of both reversible and irreversible electric field-induced phase 

switching were made in both NBT-KN and NBT-NN ceramics. 

The NBT-KN solid solution is the primary focus of this thesis. All compositions 

were observed to be cubic in the as-sintered, unpoled state. However, a 

well-defined ferroelectric hysteresis P-E loop was obtained for compositions with 

low KN contents, indicating that an irreversible phase transition from a 

weak-polar relaxor ferroelectric (RF) to a long-range ordered metastable 

ferroelectric (FE) state had occurred during the measurement procedure. Both 

the unpoled and poled ceramic powders were examined using high resolution 

synchrotron XRD. For the poled state, a rhombohedral R3c structure was 

identified for compositions with low KN content, confirming the occurrence of the 

irreversible electric field-induced structural transformation from cubic to 

rhombohedral. In contrast, a cubic structure was retained for high KN contents, 

giving rise to reversible phase switching evidenced by constricted P-E hysteresis 

loops. Similar behaviour was observed for NBT-NN system. 

An „in-situ‟ electric field poling experiment was conducted using high energy 

synchrotron XRD. In certain NBT-KN compositions the structural transformation, 

from cubic to mixed phase cubic+rhombohedral and finally single phase 

rhombohedral, occurred progressively with increasing cycles of a bipolar electric 

field. Similar behaviour was observed for NBT-NN compositions having low NN 

contents. Furthermore, the distributions of domain orientation and lattice strain 

over a range of orientations relative to the poling direction were determined for 

NBT-KN, NBT-NN and NBT-BT ceramics exhibiting the rhombohedral phase. 

By combining the structural information with the results of dielectric and 

ferroelectric measurements, a phase diagram was constructed to illustrate the 

influence of temperature and composition on the stability of the metastable 

ferroelectric and relaxor ferroelectric states for the NBT-KN system. Furthermore, 

the phase transition temperatures obtained from dielectric measurements were 

correlated with the ferroelectric and thermal depolarisation characteristics for 

each of the NBT-KN, NBT-NN and NBT-BT systems.



 DECLARATION 

27 
 

Declaration 

No portion of the work referred to in the thesis has been submitted in support of 

an application for another degree or qualification of this or any other university or 

other institute of learning. 

 

 

 

 

 

 

 

 



 COPYRIGHT STATEMENT 

28 
 

Copyright statement 

i. The author of this thesis (including any appendices and/or schedules to this 

thesis) owns certain copyright or related rights in it (the “Copyright”) and s/he 

has given The University of Manchester certain rights to use such Copyright, 

including for administrative purposes.  

ii. Copies of this thesis, either in full or in extracts and whether in hard or 

electronic copy, may be made only in accordance with the Copyright, Designs 

and Patents Act 1988 (as amended) and regulations issued under it or, where 

appropriate, in accordance with licensing agreements which the University has 

from time to time. This page must form part of any such copies made.  

iii. The ownership of certain Copyright, patents, designs, trade marks and other 

intellectual property (the “Intellectual Property”) and any reproductions of 

copyright works in the thesis, for example graphs and tables (“Reproductions”), 

which may be described in this thesis, may not be owned by the author and may 

be owned by third parties. Such Intellectual Property and Reproductions cannot 

and must not be made available for use without the prior written permission of 

the owner(s) of the relevant Intellectual Property and/or Reproductions.  

iv. Further information on the conditions under which disclosure, publication and 

commercialisation of this thesis, the Copyright and any Intellectual Property 

University IP Policy (see 

http://documents.manchester.ac.uk/display.aspx?DocID=24420), in any 

relevant Thesis restriction declarations deposited in the University Library, The 

University Library‟s regulations (see 

http://www.library.manchester.ac.uk/about/regulations/) and in The University‟s 

policy on Presentation of Theses.



 ACKNOWLEDGEMENTS 

29 
 

Acknowledgements 

First of all, I would like express my deepest gratitude to my supervisor, Dr. David 

Hall, who has supported and guided me throughout my studies. During my PhD, 

he did not only share his wisdom and broad knowledge but also gave me endless 

encouragement and confidence anytime I needed.  

I would like to thank other colleagues who have been involved in the research 

project, including Prof. Chiu Tang, Dr. Claire Murray, Dr. Dominik Daisenberger, 

Prof. Laurent Daniel and Dr. Tim Comyn who helped the Diamond synchrotron 

X-ray experiments, Dr. Zhenbo Zhang and Dr. Ying Chen who helped me with 

sample preparation, Dr. Liang Qiao who helped me with project and thesis. And I 

would like to give special thanks to Yizhe Li who helped me with the dielectric, 

synchrotron XRD, TEM and DIC experimental work and inspired me all the time. 

I would like to thank the technician staff in the school of Materials for their help 

on my experiments, including Mr. Kenneth Gyves, Mr. Michael Faulkner, Dr. John 

Warren, Mr. Gary Harrison and Dr. Christopher Wilkins. 

I would like to thank all the members of the electroceramics group for your 

generous help during my PhD, including Li Wang, Dongting Jiang, Nuth 

Kulwongwit, Deepanshu Srivastava, Karim Khalf, Ilkan Calisir, Mohammand 

Al-Aaraji, and Jirapa Tangsritarakul. 

I would like to thank all my „Manchester family‟ here to give me support and love 

all the time, including Claire Occleston, Jules Whitehead, Sandy Yip, Kathy Xu, 

Livia Wu and Sissi Qu. I had a wonderful time with all of you when I am out of 

University. 

At last, I would like to special thank my parents-Hua/Quansheng, aunt-Yan, 

uncle-Gang, grandma-Fengying and sister-Nan-Chun. Your support and love are 

always my endless power to conquer the difficulties. I am always trying my best 

to be better myself and make you guys to be proud of.  

  



 ACKNOWLEDGEMENTS 

30 
 

 

 

 

 

 

 

 

 

 

TO DEAR 

MOM; 

DAD; 

GRANDPA 

（献给我最爱的妈妈、爸爸及爷爷） 

 

 



CHAPTER 1  INTRODUCTION 

31 
 

1 Introduction 

1.1 Introduction 

Piezoelectric materials have been widely used in many electric applications for 

over 100 years due to their unique electrical properties. Normally, they are 

utilised in sensor and actuator technologies because they are capable of coupling 

electrical and mechanical displacement, i.e., to change polarisation in response to 

an applied mechanical stress or strain. Compared to other electromechanical 

technologies, piezoelectric materials can achieve better stability when subjected 

to changes in temperature and pressure, and exhibit chemical and environmental 

resistance. This leads to applications ranging from actuators, transducers, 

sensors to nano-positioners, ultrasonic motors and imaging devices.[1]  

As shown in Figure. 1.1(a), it is estimated that the global market for piezoelectric 

actuators was about 12290 million US dollars in 2014, which is double that in 

2009. Specifically, the main types of piezoelectric applications did not change too 

much between 2009 and 2014. With largest share, piezoelectric devices are 

mainly utilised in ultra-small scale motion related applications and camera related 

applications, which combined amounted to over 40%. Only the share for fuel 

injectors was predicted to increase from 3.8 % to 4.9 % by 2014, which indirectly 

reflects the requirements for achieving both high fuel efficiency and eco-friendly 

to environment, such as reducing emissions of carbon dioxide. There is also 

related requirement to reduce lead pollution from lead zirconate titanate (PZT). 
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Figure 1.1 Global market shares of piezoelectric actuators with respect to (a) 

applications and (b) materials. The scale bars on top of each plot denotes the 

market size.[1] 

Currently, the most popular and widely used piezoelectric ceramic is PZT, 

Pb(Zrx,Ti1-x)O3. PZT is an inorganic compound with a typical perovskite structure, 

which shows a marked piezoelectric effect. From the perspective of materials, 

PZT dominated the piezoelectric application market by over 98 % in 2009, which 

included 97 % of bulk ceramic and 1 % of thin film. Both lead-free piezoelectric 

ceramics and fibre composites were expected to grow from 0.6 % to 2.5 % and 

1.0 % to 2.0 % respectively, which represents the attempt to reduce lead 

pollution to the environment by replacing PZT by lead-free piezoelectric ceramics 

gradually. 

Although PZT has already dominated piezoelectric applications for decades and 

has the best piezoelectric properties compared to most other choices, there is 

one huge disadvantage of PZT in that its lead content is greater than 60 wt%. 

This lead component, which originates as PbO, has been found to be toxic and 

can cause serious problems both contaminating the environment and health 

abilities and even causing death. Also, new legislation introduced by the EU was 

designed to regulate and restrict the use of hazardous substances such as lead 

and mercury after July 2006.[2-6] Due to these health concerns and EU directives, 
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the amount of research in lead-free piezoelectric ceramics has grown 

exponentially since 1997, as shown by Figure 1.2. 

 

Figure 1.2 The number of publications on lead-free piezoelectric materials in total 

with on studying electric-field-induced strain as a function of year as an inset.[1]  

The development in performance and understanding of lead-free piezoelectric 

ceramics is reflected by the growing number of publications each year. As we can 

see from the Figure 1.2, the publications grew dramatically in the last decade and 

can be mainly divided into three different groups of materials. These are 

alkali-niobium-based ceramics, represented by potassium sodium niobate (KNN), 

bismuth-alkali-based ceramics, represented by sodium bismuth titanate (NBT) 

and „others‟, which may include barium titanate and bismuth ferrite-based 

ceramics. The explosive increase of research into lead-free piezoceramics can be 

traced back to the discovery of the Na0.5Bi0.5TiO3-BaTiO3 (NBT-BT) system in 1991 

when Takenaka[7] first reported the existence of a morphotropic phase boundary 

(MPB) in this system, which was recognised as a key feature in maximizing the 

piezoelectric properties. Another example of a superior lead-free piezoceramic 

based on exploiting the MPB in a KNN-based system was reported by Saito et al in 

2004.[8] These two systems have since dominated much of the research on 

lead-free piezoelectrics. Also, it was recognised that new mechanisms could be 
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exploited to induce high strain in actuators, such as the reversible electric 

field-induced phase transformation in NBT-BT-KNN, reported by Rodel.[9] 

1.2 Aims and objectives 

The main aim of this PhD project is to determine the contributions of phase 

switching to the behaviour of three lead-free piezoelectric ceramic solid solutions. 

Na0.5Bi0.5TiO3, one of the typical lead-free relaxor-ferroelectric (RF) piezoelectric 

materials, was chosen as the majority component, which was then combined with 

KNbO3, BaTiO3 and NaNbO3 to form binary solid solutions. 

Initial research work was carried out on one of the most well-known NBT-based 

solid solutions, NBT-BT. Many unique structural and electrical properties in the 

NBT-xBT system have been reported, such as the „phase diagram‟ for 

compositions between x=0 and 0.11, unusual temperature-dependent dielectric 

properties, the occurrence of constricted ferroelectric hysteresis loops and 

electric field-induced structural transformations between cubic, rhombohedral 

and tetragonal phases. [10-12] One objective of the project was to further 

investigate the contributions made by phase switching and domain switching 

mechanisms. Synchrotron XRD measurements were performed to determine the 

crystal structures and preferred orientation due to ferroelectric domain switching. 

Changes in ferroelectric and dielectric properties as a function of composition and 

temperature were combined with the results of thermal depolarisation 

measurements to provide further evidence of the phase transition between 

relaxor-ferroelectric and long-range ordered ferroelectric phase. 

A novel concept was developed in which an irreversible electric field-induced 

structural transformation and phase transition was found to occur in both 

NBT-xKN and NBT-xNN systems, in contradiction with the previous literature. This 

idea was introduced to explain the observation that certain compositions in these 

systems, which were found by diffraction methods to possess a pseudo-cubic 

structure, exhibited well-saturated polarisation-electric field (P-E) ferroelectric 

hysteresis loops. Furthermore, constricted P-E hysteresis loops were also 
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observed over certain ranges of composition and temperature, indicating that a 

reversible phase transition occurred between weak-polar RF and long-range 

ordered ferroelectric (FE) states.  

Hence, the main objective of this project is to determine the structures at room 

temperature as well as structural transformations over a certain temperature 

range for both NBT-xKN and NBT-xNN specimens in poled and unpoled states by 

means of ex-situ experiments using high-resolution synchrotron x-ray powder 

diffraction (SXPD). Additionally, further in-situ poling experiments were 

conducted using high-energy synchrotron XRD to determine the mechanism of 

structural transformation under a cyclic electric field for both NBT-xKN and 

NBT-xNN ceramics.  

Another objective is to combine structural information with the electrical 

measurements, including temperature-dependent ferroelectric, dielectric and 

thermal depolarisation measurements, to illustrate the influence of temperature 

and composition on the stability of different states for NBT-KN, NBT-NN and 

NBT-BT ceramics. 
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2 Literature review 

This chapter presents the fundamental theory and concepts of atomic structure 

and electroceramics. Later Sections focus on structural, electrical and mechanical 

properties of the lead-free piezoelectric materials, which are of most relevance to 

the present work. 

2.1 Crystal structure 

2.1.1  Crystal structure 

Crystals are built up of regular arrangements of atoms in three dimensions, which 

are normally represented by a repeated unit called the unit cell. The unit cell is 

defined as the smallest repeating unit to show full symmetry of the crystal 

structure. In general, there are 7 independent crystal systems in three 

dimensions, which are listed in Table 2.1 below.[13] 

Table 2.1 Different crystal systems with lattice parameters.[13] 

Crystal system 
Unit cell lattice 

parameters 
Unit cell angles 

Cubic a=b=c ===90º 

Tetragonal a=b≠c ===90º

Orthorhombic a≠b≠c ===90º

Hexagonal/ 

Rhombohedral 

a=b≠c/ 

a=b=c 
==90º,=120º/a=b=c≠90º

Trigonal a=b≠c or a≠b≠c ==90º,=120ºor==≠90º

Monoclinic a≠b≠c ==90º,≠º

Triclinic a≠b≠c ≠≠≠90º

 

A unit cell having only lattice points at the corner is called the primitive cell, P. 

Apart from P, some other useful types represent the manner of repetition of 

atoms, ions or molecules in a crystal. For example, the face centred lattice, F, 

represents additional lattice points in the centre of each face. The body cantered 

lattice, I, possesses an extra lattice point at the body center. Therefore, to 

combine crystal system and lattice type, 14 different types of possible lattices 
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exist, referred to as Bravais lattices, for example a body centred (I) tetragonal 

structure with a=b≠c and ===90º.[13]  

A solid solution is a crystalline phase that can have variable composition.[13] 

Normally, if the dopant concentration is above 1%, the system is denoted as a 

solid solution rather than a doped system. Simple solid solutions are divided into 

two types: substitution solid solutions and interstitial solid solutions. For a 

substitutional solid solution, the atom or ion directly replaces host atom or ion. 

On the other hand for an interstitial solid solution, a site that would normally be 

empty is occupied by an additional ion or atom. Apart from these two types, 

complex solid solution mechanisms are also found, which involve both 

substitution and interstitial site occupancy. 

2.1.2  Perovskite structure 

The perovskite structure, which has great significance in many types of functional 

ceramics, is a common natural crystalline structure named after calcium titanate, 

CaTiO3. An ideal perovskite structure has the general formula ABX3 within a cubic 

structure. The A-site is occupied by a cation, A, in the cube corner, the B-site is 

occupied by cation, B, which is in the centre of the cube, and X-site is occupied by 

anion, typically O, located in the face centre, as shown in Figure 2.1.[14] 

 

Figure 2.1 Typical perovskite structure showing A-site cation at the corner, B-site 

cation at the cube centre and O anion at the face centre.[14] 
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2.1.3  Tolerance factor 

The tolerance factor was first introduced by Goldschmidt[15] in 1926 to describe 

the stabilities of perovskite-type compounds in which different ionic species 

occupy the lattice sites. The ideal perovskite is defined by the lengths of the 

bonds between atoms in the unit cell, which are assumed to be equal to the sum 

of the ionic radii, yielding the relationship shown in Equation 2.1. 

RA + RO = √2(RB + RO)     (2.1) 

RA, B, O are the ionic radii of A, B and O ions, respectively. However, not many 

compounds satisfy this relationship, so it is essential to use the tolerance factor, t, 

to demonstrate the deviation from the ideal cubic perovskite structure, which is 

given in Equation 2.2 according to Jaffe.[16] 

        t =
RA+RO

√2(RB+RO)
              (2.2) 

It is found that those compounds with a t value of 0.80 to 1.06 are usually stable. 

If the t value is over 1, a tetragonal distortion is preferred while a t value below 1 

favours a rhombohedral distortion. Therefore, most morphotropic phase 

boundaries (MPB) tend to occur for t values between 0.97 and 1.02.[17] 

2.1.4  Distortion of perovskite structure 

Some distorted perovskite structures are referred to as “pseudo-cubic” due to 

slight differences in lengths or angle orientations compared to the cubic structure. 

To specify different kinds of distortion, another equivalent view of the perovskite 

structure is presented in Figure 2.2 to illustrate the oxygen octahedra; perovskite 

structures have been categorised by Glazer[18] into three different types: 

1. Tilting of anion octahedra 

2. Displacement of the cations, two possible displacements being parallel and 

antiparallel 

3. Distortions of the octahedra 
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Figure 2.2 B-site cornered octahedral unit cell.[19] 

2.1.5  Octahedral tilting 

Octahedral tilting is the most important factor in the distortion of perovskite 

structures. When an octahedral tilt occurs in a perovskite structure, it will cause 

some octahedral tilt of the neighbouring octahedron. Glazer[18] proposed a 

methodology to classify different distortions according to unit-cell lengths and 

angle orientations. If the angle of tilt about the pseudo-cubic [100], [010] and 

[001] directions is denoted by andthen the new length of the 

pseudo-cubic (p) unit cell will be 

ap=aocoscos

bp=aocoscos(2.3) 

cp=aocoscos 

In the three-dimension tilt system, equality of tilt magnitudes is identified by 

using the same letters. Thus, tilts along different axes are specified as ap=bp≠cp 

for aaa, ap=bp=cp for aaa and ap≠bp≠cp for abc. 

For the unit cell angle, there are basically two types of tilt. If tilts occur along the 

three axes, it is denoted as in-phase tilted with superscript “+”, or anti-phase 

tilted with superscript “-“, or no tilts with “0”. For example, a0a0c+ indicates that 

there are no tilts along the a and b axes but an in-phase tilt with different 

magnitude along the c axis. Glazer[18] has worked out 23 possible tilt systems, 

as illustrated in Table 2.2. 
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Table 2.2 Full list of simple tilt systems.[19] 

 

For example, due to its octahedral tilt and cation displacement, both the Pbcm 

phase and a “new” P21ma phase were reported to coexist in the NaNbO3 crystal 

(Figure 2.3), which was determined using synchrotron XRD at the Diamond light 

source.[20]  

 

Figure 2.3 The two polymorphs of NaNbO3, showing the differing „tilt‟ systems, 

and cation displacement modes: (a) the well-known Pbcm phase (b) the „new‟ 

P21ma phase.[20] 

  



CHAPTER 2  LITERATURE REVIEW 

41 
 

2.2 Electroceramics 

The evolution of ceramics took place over several centuries until the first use of 

ceramics in the electrical industry took advantage of their stability when exposed 

to extremes of weather or high electrical resistivity around the 1900s.[14] 

Following this, the properties of electroceramics have been exploited in a wide 

range of applications and are the focus of much active research. 

2.2.1  Dielectrics 

Ideally, a dielectric material has zero electric conductivity and is considered as an 

insulator. During application of an external electric field across a dielectric 

material, polarisation is generated due to the occurrence of dipole moments.[14] 

There are four different mechanism of polarisation existing in the material, 

including atomic, ionic, dipolar and space charge or diffusional, as presented in 

Figure 2.4.  

 

Figure 2.4 The four mechanisms of polarisation.[14] 
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Furthermore, the amount of polarisation, P, is defined as the dipole moment per 

unit volume of a material which, for a linear dielectric, is proportional to the 

external electric field, E, as illustrated in Equation 2.4.[14] 

P=(2.4) 

Where the is dielectric susceptibility and  is the permittivity of free space with 

a value of 8.854x10-12 F m-1.  

2.2.1.1 Relative permittivity 

In dielectrics, the permittivity, , is used to describe a material that can support 

an electrostatic field and quantify the amount of induced polarisation. The 

relative permittivity, r, is relative to the permittivity of free space, 0, as shown in 

Equation 2.5. 

휀𝑟 =
𝜀

𝜀0
                          (2.5) 

2.2.1.2 Dielectric loss 

If a sinusoidal voltage is applied to an ideal dielectric, the current (I) is 90º out of 

phase with the voltage (V), as illustrated in Figure 2.5(a). Specifically, the 

capacitor is charged by the voltage and current drops to zero during the first-half 

cycle. Then, the voltage decreases to zero as the charge releases as the current 

during second-half cycle.[14] 

 

Figure 2.5 The illustration of (a) Ideal dielectrics and (b) Real dielectrics with a 

dielectric loss.[14] 
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However, the current and voltage cannot reach the maximum and minimum at 

the same time under application of external electric field for the real dielectrics. 

Hence, the angle between voltage and current is not at 90º and the relationship 

between V and I is exhibited in Figure 2.5(b). The current can be split into two 

parts, Icharge and Iloss, described as real, ‟, and imaginary, ‟‟, parts 

respectively.[14] Therefore, the dielectric loss can be defined as the ratio 

between real and imaginary permittivity, as indicated in Equation 2.6.[14] 

𝑡𝑎𝑛𝛿 =
𝐼𝑙𝑜𝑠𝑠

𝐼𝑐ℎ𝑎𝑟𝑔𝑒
=

𝜀′′

𝜀′                       (2.6) 

2.2.2  Piezoelectricity 

All materials undergo small changes in dimensions in response to an electric field, 

with the corresponding strain being proportional to the square of the field, which 

is defined as the electrostrictive effect. In contrast, some solids exhibit a linear 

strain-electric field relation, which is referred to as the converse piezoelectric 

effect. Piezoelectric solids also display the direct piezoelectric effect, which means 

that the material is able to create a change in polarisation under an applied 

stress.[14]             

As illustrated in Figure 2.6, if a piezoelectric plate, which has conductive 

electrodes applied to the top and bottom faces, is polarized in the direction 

indicated by P, a compressive stress causes a transient current to flow in the 

circuit, while a tensile stress causes one in opposite direction. Similarly, if an 

electric field is applied to the material, it will induce a compressive strain; reversal 

of the electric field will cause a tensile strain. This is the mechanism of the 

piezoelectric effect.[14] 
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Figure 2.6 The direct piezoelectric effects and the indirect piezoelectric 

effects.[14]  

In terms of crystal structures, 11 of the 32 crystal classes show a centre of 

symmetry and are denoted “non-polar”, which means that they will experience a 

symmetric ionic displacement under an applied stress with no change in dipole 

moment. The other 21 crystal classes are non-centrosymmetric and are denoted 

“polar” structures. 20 of these show the piezoelectric effect.[14]  

For piezoelectric materials, changes in polarisation can be induced by both 

electric field and mechanical stress. The linear relationship between stress, Xik, 

and resulting charge density, Di, is known as the direct piezoelectric effect and is 

written as[21] 

  Di=dijkXjk                                        (2.7) 

The converse piezoelectric effect describes the strain that is developed in a 

piezoelectric material due to the applied electric field, which was defined as[21]  

xij=dkijEk                                       (2.8) 

Several different parameters are used to describe the piezoelectric properties of 

poled ferroelectric ceramics. Conventionally, the poling direction is defined as the 

3-axis, as illustrated in Figure 2.7. For example, d31 is the coefficient relating the 

electric field applied along the polar axis to the axial strain developed 

perpendicular to it. d33 is the corresponding coefficient for both axial strain and 

field along the polar axis, which is the most common coefficient used for 

comparing the piezoelectric activity of different materials.[14] 
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Figure 2.7 labelling of reference axes and planes for piezoceramics.[14] 

2.2.3  Electro-mechanical coupling 

Another important parameter of a piezoelectric material is the effective 

electromechanical coupling coefficient keff, which is defined as follows.[14] 

keff
2 =

Mechanical energy converted to electric energy

Input mechanical energy
       (2.9) 

keff
2 =

Electrical energy converted to mechanical energy

Input electrical energy
    (2.10) 

keff
2 measures the conversion ratio of electrical and mechanical energies; it is a 

dimensionless parameter that is always less than 1. A common specimen 

geometry is a thin circular disk, which is electroded on both surfaces and then 

poled in a direction perpendicular to the surfaces. In this case, the piezoelectric 

effect across the thickness of the pellet and the simultaneous mechanical actions 

in the x- and y-axis directions is regarded as the radial coupling or radial vibration, 

known as the planar coupling coefficient, kp. It can be determined using the 

following relationship.[14] 

kp
2

1−kp
2 = f(J0, J1, v

fp−fs

fs
)               (2.11) 

J0 and J1 are Bessel functions, is Poisson‟s ratio, fs is the resonant frequency at 

which the series arm has zero reactance and fp is the frequency when the 

resistive component is a maximum. 
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2.2.4  Ferroelectricity 

A ferroelectric (FE) is a material that exhibits a spontaneous electric polarisation 

that is capable of being reversed or reoriented by an applied electric field over a 

certain range of temperature. Polarisation, P, is the key feature of ferroelectricity. 

Polarisation is related to electric displacement D through the linear expression, as 

displayed in Equation 2.12.[14] For materials belonging to non-polar crystal 

classes the polar state can be induced by an applied electric field, while poled 

ferroelectrics possess non-zero remanent polarisation even in the absence of an 

applied field.  

Di=Pi+i                          (2.12) 

Note that Di and Pi are, in general, nonlinear and hysteretic functions of E, 

although linear or near-linear behaviour is observed for many dielectrics. 

The different possible orientations of P in a ferroelectric crystal are defined as 

orientation states. Normally a ferroelectric crystal has two or more orientation 

states under an applied electric field and also it can be switched from one to 

another in response to different orientations of a sufficiently high electric field. A 

spontaneous polarisation P is a fundamental property of all pyroelectric crystals 

and it is reversible or reorientable only in ferroelectric materials. The 

spontaneous polarisation is defined as the magnitude of the polarisation within a 

single ferroelectric domain in the absence of an external electric field.  

2.2.5  Domain structure 

Ferroelectric domains are another key feature of FE materials; a domain is a 

region of ferroelectric crystal that shows homogeneous and uniform spontaneous 

polarisation, as presented in Figure 2.8.[14] In terms of energy, a single domain 

is the most energetically favourable structure in a crystal due to the additional 

strain energy associated with the domain walls; this is counter-balanced by the 

energy associated with the depolarisation field. The formation of a domain wall is 

affected by either electric field or mechanical stresses, which could be due to 
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both internal and external effects. 

 

Figure 2.8 The initial surface charges in a material when spontaneously polarized 

(right) and how energy is preserved through 180° domains (left).[14]  

For the case illustrated in Figure 2.8, the 180° domain structure exhibits two 

opposite directions after the application of an electric field. The boundaries 

between two different domain variants are called domain walls, which have a 

typical width of 1-10 nm. The size of the domains depends on the interaction of 

electric and elastic energies, which is particularly important when switching from 

the paraelectric to the ferroelectric state in a polycrystalline ceramic.[14]  

Furthermore, in polycrystalline materials, each grain can contain many 

differently-oriented domains. Apart from 180º domains, there are also non-180º 

domains that are created as a result of mechanical stress in order to minimize 

elastic energy.[14] For example, in tetragonally-distorted perovskites, there are 

90º domain walls, as shown in Figure 2.9. It has been reported that both 180º 

and non-180º domains result in local electric fields and mechanical stresses.[14]  
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Figure 2.9 Schematic diagrams showing (a) how a polycrystalline ferroelectric 

material splits into 90º and 180º domains.[14] 

To illustrate how an external electric field changes the domain structure, a P-E 

loop is shown schematically in Figure 2.10, as reported by Gauckler.[22] 

Beginning at the initial state (I), the domain structures are aligned randomly with 

zero average polarisation. With small signal of electric field, the polarisation 

increases linearly after reaching the materials‟ threshold field.[23] This small 

amount of polarisation is actually partially reversible but irreversible switching 

occurs if the electric field is further increased, causing nonlinear behaviour (II) 

until reaching the maximum polarisation (III), where all domains align along the 

same direction as that of the electric field. This process is called the poling effect 

and results in a material‟s poled state. 

When the electric field decreases to zero, the polarisation partially switches back 

to the original direction due to local stress and a remanent polarisation, Prem, 

remains at zero-field (IV). As the electric field reverses, a reversal of 180º 

domains is created, leading to a reduction in polarisation. A further increase of 

negative field causes an increase in the proportion of reversed domains, which 

act to neutralize the positively oriented domains, yielding an average polarisation 

of zero on reaching the coercive field (Ec) at (V). When the electric field reaches 

its maximum negative value (VI), all domains experience 180º domain switching 

to the negative orientation. The hysteresis loop is formed when the electric field 

goes back to zero again, leaving a negative remanent polarisation.  
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Figure 2.10 Ferroelectric polarisation-electric field hysteresis loop.[22] 

2.2.6  Curie-Weiss behaviour 

The ferroelectric Curie point, Tc can be understood in terms of the temperature at 

which a ferroelectric material undergoes a structural phase transition to a state 

where the spontaneous polarisation vanishes. Above Tc, the material transforms 

to the paraelectric phase with the permittivity exhibiting Curie-Weiss behaviour 

(Equation 2.13).[14] 

= C / (TTc)                    (2.13) 

=dielectric susceptibility 

C = Curie constant 

T = Absolute temperature in K 

Tc = Curie-Weiss temperature in K  

A paraelectric phase always has a higher crystallographic symmetry and is 

obtained at high temperature from ferroelectric states. It is usually non-polar 

which means that a remanent polarisation is not obtained after applying an 
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electric field. Therefore, above Tc the material behaves as a linear dielectric and 

the P-E relationship takes the form a straight line instead of a hysteresis loop.[24] 

2.2.7  Relaxor ferroelectrics 

Relaxor ferroelectric (RF) materials are similar in many ways to conventional 

ferroelectric (FE) materials, but exhibit some unique structural and functional 

properties. There are two distinct types of crystal structure in RF, the perovskite 

structure and the tungsten bronze structure. In terms of perovskite structure, 

either the A-site or B-site is shared by more than one element such as the B-site 

complex perovskite, Pb(Mg1/3Nb2/3)O3.[25] In terms of lead-free perovskites, the 

first RF systems reported were based on BaTiO3, for example 

BaTiO3-BaSnO3.[26]  

Comparing RFs with conventional FEs, slim polarisation-electric field (P-E) 

hysteresis loops with little remanent polarisation are observed instead of a 

saturated P-E loop, as shown in Figure 2.11.  

 

Figure 2.11 Comparison of FE and RF behaviour (a) P-E loop (b) non Curie-Weiss 

law (c) Temperature-dependent relative permittivity.[27] 

Also, the typical characteristic features of RFs are the frequency dispersion in the 

r-T relationship and high electric field-induced strain, often attributed to the 

electrostrictive effect.[28] In contrast to conventional ferroelectric behaviour, the 

peak in permittivity is not directly correlated with a distinct structural transition 

and it does not obey Curie-Weiss law for all T>Tm. 
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Moreover, the existence of order-disorder and polar nano-regions (PNRs) in RFs is 

another important feature to establish the mechanisms that contribute to the 

electrical properties. A RF can be categorised according to two states that 

indicate the weakness and mobility of the dipoles within PNRs; the ergodic RF 

state and non-ergodic RF state. In a RF, the term ergodic means that the 

polarisation state returns to its initial value after responding to an external 

excitation due to the mobility of the PNRs. On the other hand, a nonergodic RF 

state can retain the influence of the external excitation.[29] 

The type of ergodicity in a RF depends on the external excitation, including 

electric field, temperature and mechanical load. For example, the electric 

field-induced metastable FE order can be either stable or unstable after removal 

of the electric field. This behaviour is dependent on the nature of the PNRs, which 

are lower-symmetry structural regions embedded in a higher-symmetry matrix 

and difficult to identify by conventional characterization techniques due to their 

nano-sized structures.  

In recent publications, advanced techniques such as TEM, atomic pair distribution 

function (PDF) and extended x-ray absorption fine structure (EXAFS) analysis 

using synchrotron high-energy x-ray diffraction have been employed to identify 

the structure of PNRs on a local scale.[30-32] For example, an in-situ experiment 

on NBT-BT using TEM was used to directly visualise the transformation from PNRs 

into a ferroelectric micro-domain structure under an electric field.[33-35] 

An indirect method to identify the reversible transition between PNRs and the 

long-range ordered FE phase was reported by Viola[36]; this involved the 

observation of constricted P-E loops and associated splitting of the polarisation 

switching peaks in the current density-electric field curves (J-E). For an ergodic 

RF, the net average polarisation is zero when the applied electric field is removed, 

which explains the formation of a constricted P-E loop. However, each individual 

PNR has a finite polarisation at any instant so that Pi
2
≠0; this gives rise to other 

functional properties such as electrostriction and quadratic electro-optic 
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effects.[37] 

The intrinsic mechanisms in RFs are complex and still not fully understood in 

many cases. Many mechanisms have been reported such as the random field 

model,[37, 38] superparaelectric model,[39] and phase transition model.[40] 

However, the two most widely accepted and useful mechanisms in RFs are 

order-disorder and the existence of PNRs. 

Normally the RF materials with a perovskite structure have chemical formula 

A1/2A1/2BO3 or AB1/2B1/2O3. Differences in both charge and ionic radii can cause 

disorder symmetry and RF behaviour. In some materials, like Pb(Sc1/2Nb1/2)O3 

(PST)[41, 42] at 1500 K, these disordered regions are capable to be transformed 

into an ordered structure by thermal motion and the time to diffuse two different 

ions into one position is called the relaxation time.[27, 43] 

2.2.8  Energy storage capacitors 

Ceramic capacitors are expected to play a key role in the next generation of 

power generation systems and power electronics. Polymeric materials such as 

polypropylene are regarded as an excellent choice for capacitors due to their high 

breakdown fields and very low dielectric loss.[44, 45] However, in many 

important demanding environments such as aerospace, military and automobile, 

the operating temperature ranges of polymers cannot match the requirements. 

With higher melting temperatures and more temperature-stable properties than 

those of polymeric materials, ceramics can also exhibit higher dielectric 

permittivity and, with advanced processing methods, a high breakdown field to 

achieve higher energy densities.[46-52] 

Normally, typical ferroelectric ceramics exhibit a square polarisation hysteresis 

loop under high electric fields; this gives rise to a relatively low energy storage 

density and low energy conversion efficiency. The energy conversion efficiency is 

the ratio calculated by the discharged energy density and the consumed energy 

density, as represented by areas 1 and 2 in Figure 2.12. Therefore, conventional 
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ferroelectrics are not considered to be strong candidates for energy storage 

capacitors. 

 

Figure 2.12 The illustration of calculation of the energy conversion efficiency by 

ferroelectric hysteresis P-E loop.[53] 

On the other hand, relaxor ferroelectric materials tend to exhibit both high 

maximum polarisation and a slim hysteresis loop, leading to high energy density 

and efficiency. For example, it was reported recently that a constricted P-E loop 

was obtained by adding SrTiO3 (ST) into NBT, as presented in Figure 2.13. [52] 

 

Figure 2.13 The ferroelectric hysteresis P-E loop for (1-x) NBT-xST system with (a) 

x=0.10 (b) x=0.25 (c) x=0.26 (d) x=0.30 at room temperature. [52] 
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Furthermore, it has been found that some lead-free relaxor ferroelectrics display 

constricted P-E hysteresis loops over a certain temperature range, which 

enhances the energy storage properties. For example, the 

temperature-dependent ferroelectric hysteresis P-E loops for NBT-0.08BT and 

NBT-0.08BT-0.10BiMg0.5Ti0.5O3 (BMT) ceramics are displayed in Figure 2.14. A 

square-shape loop was observed for NBT-0.08BT at room temperature. However, 

a constricted P-E loop was obtained at elevated temperature due to the reversible 

transition between the polar FE state and weak-polar PNRs. On the other hand, 

adding BMT into the NBT-BT solid solution increased the compositional disorder, 

resulting in slim P-E loops for all temperatures. [53] 

 

Figure 2.14 The temperature-dependent ferroelectric hysteresis P-E loop for (a) 

NBT-0.08BT and (b) NBT-0.08BT-0.10BMT. [53] 

Several different materials have been evaluated with respect to their optimum 

energy density, as illustrated in Table 2.3. 

Table 2.3 Comparison of energy density for different relaxor ferroelectrics. 

Composition E / kV 

mm-1 

Energy density / J 

cm-3 

Author 

NBT-BT-0.05NN 6 0.524 Viola[36] 

NBT-0.30ST 6.5 0.65 Cao[54] 

NBT-BT-0.01KNN 5 0.598 Chandrasekhar[55] 

NBT-BT-0.10KNN 5 0.424 Gao[56] 

NBT-0.10KN 10.4 1.17 Luo[57] 

NBT-0.08BT 13.5 0.88 Chen[53] 
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2.3 Morphotropic phase boundary 

A morphotropic phase boundary (MPB) is defined as a specific composition in a 

solid solution between two different crystal structures at which a structural phase 

transformation occurs.[58] This term was first used to indicate the boundary 

between tetragonal and rhombohedral symmetry in ferroelectric lead 

zirconate-lead titanate (PZT) solid solutions in 1954.[59] The abrupt change in 

crystal structure at the MPB leads to an enhancement of polarisability between 

the two possible phases, giving more potential directions for domains to 

re-orientate during poling. The improvement of both intrinsic and extrinsic 

polarisation mechanisms in the vicinity of the MPB yields superior dielectric and 

piezoelectric properties, as illustrated in Figure 2.15. Normally the MPB is located 

at a specific composition ratio in a binary solid solution system, such as PZT at a 

Zr/Ti ratio of 52:48[60] and KNN at a K/Na ratio of 50:50.[61] However, some 

binary solid solutions possess a mixed-phase region that extends across a range 

of compositions. For example, a mixed-phase region of rhombohedral and 

tetragonal phases was identified within the composition ranging from x value of 

0.06 to 0.11 in the (1-x)NBT-xBT system.[10, 14] 
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Figure 2.15 Coupling coefficient kp and permittivity r value across the PZT 

composition range.[62] 

2.4  Structural transformations 

2.4.1  Temperature-induced structural transformations 

BaTiO3 was the first ceramic material in which ferroelectric behaviour was 

observed and serves as an ideal model for demonstrating the structural 

transformations in perovskites. The centro-symmetric unit cell of BaTiO3 is cubic 

and analogous to that of the perovskite (CaTiO3) structure. The Curie point, Tc, 

denotes the temperature at which the non-polar paraelectric phase transforms 

into the polar ferroelectric phase. Above Tc, which is about 130 ºC, the unit cell is 

cubic with the ions arranged as shown in Figure 2.16. 

 

Figure 2.16 The unit cell of BaTiO3.[14]  

Below Tc, the structure is slightly distorted to tetragonal with elongation along 

the c-direction. Other transformations occur at temperatures close to 0 ºC and 



CHAPTER 2  LITERATURE REVIEW 

57 
 

-80 ºC which involves transformations firstly to orthorhombic, with the polar axis 

parallel to a face diagonal, and finally rhombohedral, with the polar axis along a 

body diagonal, respectively. The transformation is illustrated in Figure 2.17 below, 

which also shows the corresponding changes in lattice parameters and 

spontaneous polarisation.[14]  

 

 

Figure 2.17 Structural transformations in single-crystal BaTiO3 (a) Unit-cell 

distortions of the polymorphs, (b) Lattice dimensions versus temperature and (c) 

Spontaneous polarisation versus temperature.[14]  

When the material undergoes thermally-induced changes in crystal structure 

from cubic to rhombohedral, it also experiences more subtle changes inside the 

unit cell in the form of ion displacements. Taking the transformation from cubic to 

tetragonal as an example, the polarisation might is coupled from one unit cell to 

another. By analysing XRD results, it is found that the ions are slightly displaced 

relative to the four central oxygen ions, as illustrated in Figure 2.18. If the central 

Ti4+ ion is closer to one of the O2- ions, marked as A, the Ti4+ ion on the opposite 

side of A will prefer to be displaced further away from that O2- ion due to energy 
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minimisation, which results in the same displacement direction for all Ti4+ ions in 

a particular column.[14] 

 

Figure 2.18 Ion displacements in the cubic-tetragonal distortion in BaTiO3.[14] 

2.4.2  Electric field-induced structural transformations 

It has been found that most ferroelectric materials are very sensitive to external 

excitement, such as electric field and hydrostatic pressure. It was reported firstly 

by Berlincourt that the phases can be transform under electric field for modified 

PZT.[63, 64] This kind of behaviour provides the excellent property of electric 

field-induced strain, which used in application of actuators.[65] 

For lead-free piezoelectrics, some of the NBT-based materials were identified as 

pseudo-cubic structure by x-ray diffraction, which is attributed to unstable 

randomly-oriented PNRs. Surprisingly, some of the PNRs are able to transform 

into a ferroelectric domain structure and retain the domain structure after 

removal of the external field, which indicates a non-ergodic RF.[29] At the same 

time, the pseudo-cubic structure was transformed into a different structure under 

external excitation. For example, an electric field-induced pseudo-cubic to 

tetragonal structural transformation was found in NBT-7BT under an electric field 

of 7 kV mm-1 using high-energy synchrotron x-ray diffraction.[12] The ceramic 

was observed to possess a strong preferred orientation of ferroelectric domains, 

giving rise to significant differences in the relative intensities of diffraction peaks 
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as a function of grain orientation, as presented in Figure 2.19. A transformation 

from single-phase tetragonal structure to a mixed-phase of rhombohedral and 

tetragonal structure was observed in 0.8NBT-0.2K0.5B0.5TiO3 under 7 kV mm-1, as 

reported by Royles.[66] Structural transformations of this nature, but with 

different character, are reported within the present work.[67],[68]  

 

Figure 2.19 The crystallographic texture effect for poled NBT-0.07BT 

ceramics.[12] 

Apart from x-ray diffraction, other characterisation techniques such as TEM and 

PFM can be used to visualise changes in the appearance of PNRs due to 

field-induced phase transformations in-situ. For example, observations on 

NBT-0.06BT were made using TEM to identify localised structural transformations 

in response to applied electric field.[34] Single grains with pure P4bm 

nanodomains were found to coalesce and transform into wedge-shaped and 

lamellar shape domains under the electric field, indicating that a structural 

transformation from single-phase P3bm to mixed-phase R3c/P4mm was induced. 

Also, it was noted that these transitions were irreversible under electric field 

poling.[69, 70] 
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2.4.3  Pressure-induced structural transformations 

The idea of the pressure-induced structural transformation was firstly reported by 

Berlincourt in PbNb(Zr, Ti, Sn)O3 ceramics. It was found that it took a pressure 

value of 2.8 x 107 N m-2 to induce the transition between ferroelectric and 

anti-ferroelectric states, yielding a volume difference of 0.42%.[64] Direct 

evidence for the ferroelectric to anti-ferroelectric transformation in PZT 95/5 

ceramics under hydrostatic pressure was obtained using neutron diffraction, as 

reported by Hall.[71] 

2.5 Phase transitions in relaxor ferroelectrics 

In terms of phase transitions in NBT-based binary systems, it is not possible to 

define a conventional Curie temperature, Tc, due to the RF nature of the 

materials. Instead, a frequency-dependent maximum in the r-T relationship, Tm, 

is used to indicate the progressive transformation from a conventional long-range 

ordered FE to a nano-polar RF state and finally a paraelectric (PE) state on 

heating. Furthermore, the loss of remanent polarisation and the associated 

degradation of the piezoelectric and ferroelectric properties provide an additional 

depolarisation temperature, Td, which is usually found to be much lower than Tm. 

The latter transformation also creates an additional anomaly in the loss 

tangent-temperature curve of a poled specimen, which is referred to as the FE to 

RF transition temperature, TF-R.[72, 73] Additionally, it was reported by Jo[74] 

that this phase transition consisted of two stages. The FE domains first lose their 

preferred orientation, then the randomly-oriented ferroelectric domains 

dissociate into PNRs with further increasing temperature. 

2.6 Defects and fatigue 

In real ferroelectric materials, the properties are strongly influenced by the 

microstructure, defect structure, external fields and domain wall displacement. 

These factors may not provide positive contributions to the functional properties, 

including spontaneous polarisation and domain switching, but also cause some 



CHAPTER 2  LITERATURE REVIEW 

61 
 

serious problems in some cases both for thin film and bulk materials. Therefore, 

the occurrence and influence of defects is a key factor in research on ferroelectric 

ceramics. 

Ferroelectric fatigue is defined as the loss of the switchable remnant polarisation 

in a ferroelectric material as a function of the number of bipolar switching 

cycles.[14] The fatigue behaviour in NBT-BT-KNN under bipolar and unipolar 

cycling has been reported.[75] Both polarisation and strain drop dramatically 

after 104 and 107 bipolar cycles, resulting in a decrease of d33. Both bulk and 

thin-film materials are susceptible to ferroelectric fatigue. Based on the 

experiments, two types of fatigue mechanisms were identified. The first 

mechanism is related to micro-cracking, which was found to result in a 

field-induced phase transformation. The micro-cracking accumulates during large 

grain deformation under electric field and it is not reversible. The second 

mechanism is attributed to domain-wall pinning by space charges or injected 

charges. This type of fatigue was affected strongly by temperature. Most of the 

fatigue in bulk materials depends on the electrode materials and deposition 

method, surface treatment, porosity and grain size.[76]  

Point defects occur in a crystal lattice where an atom is missing or replaced by 

another atom. Normally, point detects include vacancies, self-interstitial atoms, 

impurities and substitutional atoms. In terms of ferroelectric perovskites, oxygen 

vacancies are the most common type of point defects; these oxygen vacancies 

can be influenced by an external electric field, stress or temperature and also 

contribute to ferroelectric fatigue.[76]  

2.7 Lead-based piezoelectric ceramics 

The first piezoelectric ceramic developed commercially was BaTiO3, but the most 

widely commercial used and manufactured piezoelectric ceramic is now 

Pb0.5Zr0.5TiO3, also known as PZT. PbTiO3 has a similar tetragonal structure to 

that of BaTiO3 but with a c-axis approximately 6% longer than its a-axis at room 

temperature. On the other hand, PbZrO3 has an orthorhombic structure with 
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anti-ferroelectric state. The PZT phase diagram is illustrated in Figure 2.20, 

where the key feature is the MPB between two different crystal structures. It was 

found relatively recently that several MPBs between different crystal structures 

exist, for example a MPB between monoclinic and rhombohedral phase[77] and a 

MPB between tetragonal and monoclinic.[60] 

 

Figure 2.20 Phase stabilities in the PZT system.[14]  

As a piezoceramic, a poled PZT specimen is capable of developing an electric field 

along its polar axis in response to an applied compressive or tensile stress. 

Furthermore, it can physically change shape in response to an applied electric 

field. Due to their excellent electromechanical properties, PZT-based materials 

are widely used in many areas, such as ultrasound transducers, 

electromechanical actuators and sensors. Commercially, it is not used in its pure 

form but rather when doped with acceptor or donors, denoted as hard PZT 

(acceptor doping) and soft PZT (donor doping). Their different electromechanical 

properties are listed in Table 2.4.[14] Furthermore, zirconium-rich solid solutions 

are of interest as a result of their anti-ferroelectric behaviour, which is desirable 

for applications as energy storage dielectrics.[14]  
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Table 2.4 Soft and hard PZT properties. 

Piezo Type Soft PZT Hard PZT 

Curie T / Tc (℃) 250-350 300-370 

Permittivity / 1450-4200 1050-1650 

Dielectric loss tan 20-30 3-5 

Coupling factor / kp 0.55-0.62 0.48-0.56 

Piezo constant d33 / (10-12 C/N) 300-500 155-310 

2.8 Lead-free piezoelectric ceramics 

2.8.1  Unitary systems 

2.8.1.1  BaTiO3  

Barium titanate (BT) was found to be the first polycrystalline oxide material which 

was capable of piezoelectric properties around the 1940s to 1950s.[14] It has a 

very high permittivity, which makes it a good choice as a material for capacitors. 

In terms of piezoelectricity, two disadvantages of BT are low piezoelectric 

coefficients and an extremely low Tc of around 120º, which restricts its use in 

higher temperature applications. BT undergoes several crystal structure 

transformations, as illustrated above in Section 2.4.1, and is often combined with 

other compounds to form binary lead-free piezoceramic systems. 

2.8.1.2  Na0.5Bi0.5TiO3  

The complex perovskite sodium bismuth titanate (NBT) is considered to be a 

good lead-free candidate piezoceramic and exhibits useful dielectric, ferroelectric 

and piezoelectric properties. This material was first reported by Smolenskii[78] in 

the 1960s but did not draw much more attention until further publications in the 

1990s,[79, 80]  which investigated the diffuse phase transition in NBT below 

280 ºC. At room temperature, NBT exhibits a rhombohedral structure with space 

group of R3c and transforms to tetragonal at elevated temperature.[81-84] At 

room temperature, NBT initially reported to exhibit a single rhombohedral 

structure.[26] In 2010, Gorfman[85] identified a non-rhombohedral phase in NBT 

due to a significant A-site distortion during refinement of neutron diffraction data. 

Later on, the crystal structure of NBT was examined using high-resolution x-ray 
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diffraction by Aksel[86] and a monoclinic structure with Cc space group was 

proposed. Further evidence of localised monoclinic phase in NBT was provided by 

Reaney[31, 87] using high-resolution TEM. It was also found that this localised 

monoclinic phase can be transformed to rhombohedral phase during electric field 

poling.[70, 88-90] In itself, NBT is a promising lead-free piezoelectric material, 

with a d33 coefficient of 73 pC N-1 and Curie point at 325 ºC. Both Bi and Na are 

located at the A-site of the perovskite structure.  

Some limitations can be highlighted in the electrical properties of NBT. For 

example, high coercive field and high conductivity are serious issues. The high 

conductivity is associated with volatilisation of both Na and Bi oxides during the 

sintering process, which also seriously degrades the density of the sintered 

material. Therefore, the development of processing methods that can avoid 

volatilisation and improve the density of NBT has been a key research topic; one 

approach is by adding excess bismuth and sodium before sintering. Additionally, 

a low depolarisation temperature of 187 ºC was reported,[91] which limits its use 

at elevated temperatures. To decrease the high coercive field, some dopants may 

be added into NBT. Compared with the doping in PZT, which can take place on 

either the A- or B-sites, doping in NBT usually focuses on A-site substitution. For 

example, the incorporation of Li+ and K+ ions on the A-site are found to enhance 

both the piezoelectric coefficients and coupling factors.[92, 93] 

2.8.1.3  K0.5Bi0.5TiO3  

Similar to NBT, K0.5B0.5TiO3 (KBT) is another bismuth-containing lead-free 

piezoceramic. Compared to NBT, a tetragonal structure is observed for KBT at 

room temperature and its depolarisation temperature has been determined as 

270 ºC.[94] In common with NBT, it was found that there are issues associated 

with volatilisation of bismuth and potassium oxides during sintering.[95] 

Furthermore, the temperature-dependent ferroelectric P-E hysteresis behaviour 

of KBT is illustrated in Figure. 2.21. With increasing temperature, a slight 

constriction in the P-E hysteresis loops was observed, indicating depolarisation 
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induced by the phase transition. 

 

Figure 2.21 Polarisation of KBT measured at temperatures of (a) 100 °C, (b) 

200 °C, (c) 240 °C, and (d) 260 °C. [94]  

2.8.1.4  K0.5Na0.5NbO3  

The K0.5Na0.5NbO3 system has been found to be one of the most promising solid 

solutions for lead-free piezoceramics. KNbO3(KN) is a common ferroelectric 

compound with high Tc and large spontaneous polarisation; it undergoes a 

sequence of phase transformations during heating that are analogous to those of 

BT.[96] At room temperature, an orthorhombic structure occurs in KN.[97] By 

using the MPB between a ferroelectric and anti-ferroelectric phase, it can be 

combined with NaNbO3 (NN) to form KNbO3-NaNbO3 (KNN). Similar to PZT, a 

phase diagram was reported to illustrate the different crystal structures and 

phase boundaries.[61] Notably, it was reported by Saito[8] that the optimum 

electrical properties were obtained for textured-(Li, Ta)-doped KNN, referred to 

as LF4T, which was capable of competing with PZT(Figure 2.22(a)). The 

important piezoelectric properties are illustrated in Figure 2.22(b), including the 

Curie temperature, coupling factor and piezoelectric constant. 
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Figure 2.22 Comparison of actuator performances between the developed 

KNN-based ceramic, LF4T, and the lead-based piezoelectric ceramic, PZT-4 (a) 

temperature-dependence of electric-field-induced longitudinal strain and (b) 

piezoelectric properties.[8] 

2.8.2  NBT-based piezoelectric solid solutions 

2.8.2.1  NBT-KBT 

It was found that a MPB exists between NBT with rhombohedral structure and 

KBT with tetragonal structure in (1-x)NBT-xKBT with x in the range of 0.16 to 

0.20 i.e. towards the NBT-rich side of the solid solution.[98, 99] The 

enhancement of piezoelectric constant and coupling factor were obtained for 

composition near the MPB, as displayed in Figure 2.23. However, the problem of 

volatilisation of metal oxides that occurs during processing for both unitary 

systems remains for the binary system. Hence an increasing number of research 

projects have been conducted to investigate how to enhance the grain growth, 
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densification and improvement of piezoelectric and ferroelectric properties.[99]  

 

Figure 2.23 Electromechanical coupling factors for NBT-KBT system as function of 

concentration of KBT. [99] 

It was reported by Zhang[100] that the sintering temperature played an 

important role in controlling the problem of volatilisation . In Figure 2.24(a), it is 

shown that the best density was obtained at a sintering temperature between 

1150 ºC and 1160 ºC, which also yielded the highest spontaneous polarisation, 

as shown in Figure 2.24(b). 

 

Figure 2.24 The temperature-dependent (a) densification and (b) ferroelectric 

P-E loops for NBT-22KBT.[100] 

2.8.2.2  NBT-BT 

To overcome the high coercive field of NBT, the binary system of NBT and BT was 

investigated its both electromechanical and structural properties. For the last 10 

years, the NBT-BT system has been widely-reported to be one of the most 

promising candidates to replace PZT. Overall, one of the most interesting 
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properties reported is its “giant” electric field-induced strain, which can reach 

valuesof0.3 % to 0.6 %,[101-104] indicating that it could provide the basis for 

an excellent actuator material.[105] With increasing temperature, the NBT-xBT 

system was found to be an excellent energy-storage dielectric for 

NBT-0.08BT.[106, 107] Furthermore, excellent energy storage characteristics and 

dielectric stability were obtained for compositions with higher BT content.[106, 

108] 

To further investigate its structure and the mechanisms contributing to the origin 

of large electric field-induced strain, many advanced techniques such as 

synchrotron XRD and neutron diffraction have been used to determine the crystal 

structure.[10, 90, 103, 109-114] A full „phase diagram‟ for (1-x)NBT-xBT, with x 

ranging from 0 to 0.15, as illustrated in Figure 2.25, was obtained using 

high-energy synchrotron x-ray diffraction, as reported by Jo.[10] Specifically, in 

the unpoled state, NBT-xBT is considered to have a rhombohedral R3c structure 

for x values from 0 to 0.04, followed by a rhombohedral phase with R3m 

structure for x values from 0.05 to 0.11. Then, the crystal structure transforms 

into a tetragonal P4mm phase for x values above 0.11. On the other hand, for the 

poled state a mixed-phase region was identified instead of a MPB. It was found 

that a single rhombohedral phase was observed at an x value of 0.05. With 

increasing x value, the structure transforms to a mixed-phase of both 

rhombohedral and tetragonal for x values between 0.05 and 0.11, followed by a 

single tetragonal phase for x values above 0.11. Therefore, it was demonstrated 

that both a structural transformation and a phase transition from the RF to 

metastable FE state occurred under application of electric field.[115] 
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Figure 2.25 Changes in crystallographic parameters and piezoelectric properties 

for (a) unpoled NBT-xBT and (b) poled NBT-xBT.[10] 

In addition, an electric field-induced phase transformation from pseudo-cubic to 

tetragonal phase was found for NBT-0.07BT, as reported by Jones.[12] After 

removing the electric field, the material retained the tetragonal phase with a 

strong domain texture and spontaneous polarisation, with an associated increase 

in volume of nearly 0.3%.[116]  

However, NBT-xBT is not a traditional FE but a RF material. From the dielectric 

point of view, a frequency-dependent r-T relationship was observed at lower 

temperatures and two anomalies were observed at different temperatures.[11] 

Additionally, constricted P-E loops were observed over a certain temperature 

range, which is in common with PLZT, indicating the reversible transition between 

the electric field-induced FE and the RF state, as illustrated in Figure 2.26.[11] 

Due to the existence of different PNR symmetries and TEM studies have been 

conducted to understand more about its local structure, which indicated the 

presence of nano-polar regions within the grains.[11, 33, 117]  
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Figure 2.26 The temperature-dependent ferroelectric P-E loops for (a) PLZT and 

(b) NBT-6BT. [11] 

2.8.2.3  NBT-KN 

In order to reduce the high coercive field in pure NBT, a binary system of NBT and 

KN has also been investigated. With increasing KN content, a constricted P-E loop 

was observed with the reduction of remanent polarisation and coercive field, as 

illustrated in Figure 2.27.[118]  

 

Figure 2.27 The ferroelectric P-E loop for NBT-xKN.[118] 

Furthermore, the ferroelectric P-E loop became constricted over a certain of 

temperature range for NBT-0.06KN, as illustrated in Figure 2.28, indicating that a 

similar behaviour of reversible transition occurred.[119]  
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Figure 2.28 The temperature-dependent P-E loops for NBT-0.02KN and 

NBT-0.06KN.[119] 

Furthermore, it was found that a relative high d33 value of 140 pC N-1 and kp of 

40% were obtained for NBT-xKN, as reported by Jiang.[72, 120] An electric 

field-induced strain value of nearly 0.3% was obtained for certain compositions 

and temperatures, as displayed in Figure 2.29.[121] Recently, new electrocaloric 

and energy density properties were reported for compositions with x greater than 

0.06 in the NBT-xKN system.[53, 57, 72, 122] 
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Figure 2.29 The temperature-dependent electric field-induced (a) bipolar strain 

for NBT-0.02KN (b) bipolar strain for NBT-0.06KN (c) unipolar strain for 

NBT-0.02KN and (d) unipolar strain for NBT-0.06KN.[120] 

In terms of the structural properties at room temperature, it was reported by 

Pisitpipathsin[123] that the existence of pure rhombohedral phase at low KN 

contents and the presence of mixed rhombohedral and orthorhombic phases for x 

values between 0.05 and 0.15 was observed. The occurrence of mixed 

pseudo-cubic and rhombohedral phases was also reported by Fan for x in the 

range 0.04 to 0.06.[119] The structural transformations in NBT-KN as a function 

of composition, temperature and an applied electric field are examined in-depth 

within the present research; some aspects of this research have already been 

published.[67, 124] 

The thermally-induced phase transformations in NBT-xKN ceramics were studied 

indirectly by Fan[125] by conducting temperature-dependent permittivity 

measurements on unpoled specimens, giving rise to the phase diagram 

illustrated in Figure 2.30. Both Td and Tm were determined by identifying 



CHAPTER 2  LITERATURE REVIEW 

73 
 

anomalies on the permittivity-temperature curves. By analogy with pure NBT, it 

was assumed that the structure for all compositions between Tm and Td was 

tetragonal, although no evidence was presented to support this assertion. A 

similar approach was adopted by Jiang, although in the latter case the 

experiments were conducted on poled specimens.[72, 120] Two anomalies in the 

permittivity-temperature curves were defined as Tp and Tm, while one extra peak 

in the loss tangent-temperature curve, Tir, was attributed to the irreversible 

transition from long-range ordered FE to a weak-polar phase. On the other hand, 

Hiruma referred to the lower-temperature anomaly as the structural 

transformation temperature from rhombohedral to tetragonal, TR-T, but without 

direct evidence of the crystal structure at elevated temperatures.[126]  

 

Figure 2.30 The phase diagram for NBT-xKN system.[119] 

2.8.2.4  NBT-NN 

In common with NBT-xKN, anti-ferroelectric NaNbO3 was combined with NBT to 

form NBT-NaNbO3 (NBT-NN) binary solid solutions. It was reported by Li[127] 

that the optimum piezoelectric properties of d33 (88 p N-1) and Kp (18 %) were 

obtained for NBT-0.02NN due to the dominant effect of doping with the Nb5+ ion. 

In terms of crystal structure, even though NaNbO3 is a typical anti-ferroelectric 

material, there is no MPB observed in NBT-NN solid solutions. With increasing NN 

content to 0.08, all single (unsplit) peaks were observed in Figure 2.31, indicating 

a cubic structure.[127-129] 
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Figure 2.31 The XRD profiles for (a) NBT-0.02NN (b) NBT-0.04NN (c) NBT-0.06NN 

and (d) NBT-0.08NN.[129] 

However, a rhombohedral phase was observed in (1-x)NBT-xNN ceramics with x 

values between 0 and 0.16, as reported by Yuji.[126] Specifically, the separation 

of the {111}p split peak declined significantly with increasing x value from 0 to 

0.08, as illustrated in Figure 2.32, indicating a reduced rhombohedral distortion. 

With increasing temperature, both Td and TR-T were observed as anomalies in the 

r-T curves via temperature-dependent dielectric measurements.[126]  

 

Figure 2.32 The representative peak profiles of {111}p over a wide range of 

composition in the NBT-xNN system.[126] 

A detailed phase diagram was created by combining the ferroelectric P-E and 

piezoelectric S-E results, as illustrated in Figure 2.33.[126] It was found that 4 

different phases were identified. In terms of electrical properties, the best d33 and 
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d33
* values were obtained for NBT-0.07NN and NBT-0.10NN at 83 pC N-1 and 259 

pm V-1 respectively. In the latest publication reported by Xu,[130, 131] the 

NBT-xNN system was considered to be a promising candidate for capacitor 

dielectrics and energy storage applications with wide temperature stability. For 

example, the composition with x value from 0.25 to 0.35 exhibits a relatively 

constant permittivity over an ultra-wide temperature range from -60 to 400 ºC. 

 

Figure 2.33 A phase diagram for NBT-xNN system.[126] 

2.8.2.5  NBT-BT-KNN 

To further improve the electrical properties of lead-free piezoelectric ceramics, a 

third component, KNN, was added into the binary system of NBT-BT to form the 

ternary system NBT-BT-KNN.  

One of the most interesting electrical properties for the NBT-BT-KNN ternary 

system, is the large electric-field induced strain, yielding a value of approximately 

0.45% under an electric field of 8 kV mm-1 for compositions close to the 

MPB.[132] Additionally, the temperature-dependent ferroelectric and dielectric 

behaviour were reported by Zhang[133] to investigate the phase transitions 

induced by changes in electric field and temperature. During the phase transition, 

the structural properties were examined by high-energy synchrotron XRD.[134] 

It was found that an electric field-induced structural transformation from 

pseudo-cubic to tetragonal occurred for certain compositions, as illustrated in 

Figure 2.34. After transformation, the ceramics retained the tetragonal structure 



CHAPTER 2  LITERATURE REVIEW 

76 
 

and developed a strong texture effect, contributing directly to the large 

field-induced macroscopic strain.[134] 

 

Figure 2.34 The {200}p diffraction reflection under in-situ electric field poling of 

5.5 kV mm-1 for (a) NBT-0.07BT (b) NBT-0.053BT-0.09KNN (c) 

NBT-0.045BT-0.023KNN (d) NBT-0.14KNN.[134] 

Furthermore, it was also reported by Jo that adding only 1 to 3% KNN into 

NBT-BT solid solution can enhance the electric field-induced volume change.[135] 

For example, the strain components, S33 and S11, for NBT-6BT-2KNN under an 

electric field of 8 kV mm-1 can reach up to 0.45 % and 0.34 % respectively, 

resulting in a volume change of 0.11% (Figure 2.36 (a)). Furthermore, an even 

higher but irreversible S33 value of 0.49 % was observed for NBT-6BT-1KNN 

under an electric field of 6 kV mm-1, as presented in Figure 2.36(b). 
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Figure 2.35 Unipolar strain for (a) 92NBT-6BT-2KNN and (b) 93NBT-6BT-1KNN 

from the unpoled state. S33 and S11 are the strains simultaneously measured 

parallel and perpendicular to the electric field, respectively, Sh denotes the 

volume change.[136] 

In addition, the P-E loops for 92NBT-6BT-2KNN and 93NBT-6BT-1KNN are 

presented in Figure. 2.36. The maximum polarisation Pmax under a poling field of 

8kV mm-1 for both compositions reaches approximately the same value of 42 

C cm-2. However, a different shape of ferroelectric P-E loop was observed. For 

93NBT-6BT-1KNN, a saturated P-E loop was observed, indicating that it is an 

electric field-induced metastable FE state. on the other hand, a reversible 

transition between FE and RF states was found for 93NBT-6BT-2KNN, supported 

by the occurrence of a constricted P-E loop. For the remanent polarisation, Prem, a 

high value of 33 C cm-2 was obtained for 93NBT-6BT-1KNN, which is much 

higher than the value for 92NBT-6BT-2KNN. 

 

Figure 2.36 The ferroelectric P-E loop for 92NBT-6BT-2KNN under 8 kV mm-1 and 

93NBT-6BT-1KNN under 6 kV mm-1.[136] 
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Recently, it was also found that a constricted P-E loop with high maximum 

polarisation and low remanent polarisation was observed for NBT-BT-5KNN, as 

illustrated in Figure 2.37. This kind of behaviour contributes to a high 

temperature-stability in energy density, which can be used as the basis for 

lead-free energy storage dielectrics.[36, 56, 137] 

 

Figure 2.37 The temperature dependence of (a) maximum polarisation and 

remanent polarisation and (b) energy density of unpoled and poled states.[36] 

2.8.2.6  NBT-BT-KN 

It was reported by Ni that only a small amount of KN can enhance the electrical 

properties of NBT-BT ceramics.[138] The electromechanical coupling factor, kt, 

and piezoelectric coefficient, d33, for NBT-BT-KN solid solutions are presented in 

Figure 2.38. Both of them achieve the maximum value of 195 pC N-1 and 58.9% 

for a composition with x value of 0.01. With further increasing KN content, both 

parameters decrease slightly for NBT-BT-2KN then reduce significantly for x 

values over 0.02. With x values above 0.08, the materials only exhibit the 

electrorstrictive behaviour, as reported by Li.[139] 
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Figure 2.38 Piezoelectric coefficient d33 and the electromechanical coupling factor 

kt of NBT-BT-KN ceramics as a function of KN mole content.[140] 

Corresponding to the d33 and kp, a well-saturated P-E loop was observed for 

compositions with x in the range from 0 to 0.02. The best electrical properties 

were obtained for NBT-BT-1KN, reaching a high Prem value of 0.41 C m-2 and Ec of 

1.95 kV mm-1, as displayed in Figure 2.39. Less-pronounced hystere and weaker 

ferroelectricity for compositions having x over 0.04 in the NBT-BT-KN system are 

due to two reasons: (1) possible of non-polar regions exist due to substitution of 

K1+ on the A-site and Nb5+ on the B-site in ABO3 perovskite ferroelectrics at room 

temperature. (2) high concentrations of KN generate more chemical disorder and 

convert the long-range FE state into PNRs.[140] 
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Figure 2.39 The ferroelectric hysteresis P-E loop for NBT-BT-xKN ceramics (a) x=0, 

(b) x=0.01, (c) x=0.02, (d) x=0.04, (e) x=0.08.[138] 

2.8.3  Summary 

It has been found that the electrical properties obtained for binary and ternary 

systems are often superior to those of unitary systems, due to the presence of an 

MPB. Materials compositions near to the MPB tend to yield higher polarisation 

values. However, most of the lead-free materials are still in the process of 

fundamental research, which is still far away from practical applications.[141] 

Only a few unique compositions can possess extraordinary and stable properties 

that might rival those of PZT-based ceramics, for example the „giant‟ electric 

field-induced strain for NBT-BT-KNN.[142] 

To reveal the origin of such interesting properties, fundamental research has 

played an important role to push lead-free piezoelectric materials towards real 

applications. Furthermore, from the point of view of the material itself, it is 

necessary to probe the structure of a material fo fully understand the 
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mechanisms that contribute to electrical and mechanical properties. Therefore, 

there are still many problems that need to be solved by the complementary use 

of advanced characterisation techiniques together with functional property 

measurements. 
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3 Characterisation techniques 

This chapter introduces the characterisation techniques that have been used in 

this study to analyse the structural and electrical properties of the NBT-KN, 

NBT-NN and NBT-BT systems. 

3.1 Density measurement 

The diameter, r, and the thickness, t, were measured using a micrometer screw 

gauge. These dimensions are used to calculate the volume, V. The sample mass, 

m, was measured using an OHAUS Adventurer Pro AV213 balance. The density of 

the sample is calculated using Equation 3.1 

m=m/v                 (3.1) 

In order to find the theoretical density, t, the mass in one unit cell according to 

the formula ABO3, m, the unit cell volume, V, and Avogadro‟s constant 

NA=6.023x1023 molecules mol-1 were used following Equation 3.2 below. 

t=m/v                 (3.2) 

The relative dentity, pr, is defined as the ratio of measured density to the 

theoretical density in order to give a percentage of sample densification, given in 

Equation 3.3. 

r=m/t                         (3.3) 

3.2 X-ray diffraction 

X-ray diffraction (XRD) is one of the most commonly used material 

characterisation techniques for phase identification and lattice parameters 

determination both in powders and ceramics.[143] The principle of XRD is that a 

beam of monochromatic X-rays with high energy and short wavelength is 

targeting directly the surface of the sample, as illusrated in Figure 3.1. 
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Figure 3.1 Theoretical illustration of X-Ray Diffraction.[144] 

The most important and familiar method to analyse the mechanism of x-ray 

diffraction is represented by the Bragg law.[145] If the incident X-rays of 

wavelength, , strike a crystal where all atoms are placed in a regular periodic 

array with interplanar spacing d, the Bragg law is satisfied by: 

2d sin n(3.4) 

For fixedand d, the diffraction occurs at each angle such that 1, 2,3 

correspond to n=1,2,3. For example, when n=1, the path difference between two 

scattered X-rays denoted as 1‟ in Figure 3.1 is one wavelength, the path 

difference between X-rays 1‟ and 3‟ is two wavelengths, 2Therefore, the 

diffracted X-rays from all atoms are considered to be in-phase in order to produce 

a maximum in intensity in a particular direction that satisfies the Bragg law. 

In general, the diffraction angle 2 of any set of planes (hkl) can be calculated by 

plane-spacing Equations which correspond to Miller indices and lattice 

parameters for each crystal system, as shown in Table 3.1.[143] It was found 

that the diffraction angle and diffraction directions can be determined from the 

shape and size of the unit cell, which is essential for structural analysis.  
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Table 3.1 Diffraction angle and directions in different unit cell.[144] 

 

In general, X-rays are generated within sealed high-vacuum X-ray tubes which 

consists of 3 components, which are the source of electrons, metal target and 

large accelerating voltage. These electrons are accelerated under application of 

voltages of around 30 to 60 kV to strike the target, which normally is a piece of 

pure metal.[146] For example, “hard” x-rays have shorter wavelengths and long 

penetration depths, which can be used to probe further below the surface of a 

sample. The penetration depth also depends strongly on the X-ray absorption 

coefficient of the sample at a particular wavelength. The most commonly used 

target metals are summarised in Table 3.2 below with their characteristic 

wavelengths.[143] A Cu target was used among this lab XRD study and a 

monochromator was used to reduce the noise of background. 

Table 3.2 Typical metal target materials and x-ray wavelengths. 

  

Metal Cr Fe Co Cu Mo Au Ag 

Wavelength(Å) 2.2909 1.9373 1.7902 1.5418 0.7107 0.5594 0.1801 
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3.3 Synchrotron x-ray diffraction 

A synchrotron is an extremely powerful source of X-rays. These are produced by 

highly energetic electrons moving in a circle in the synchrotron. The mechanism 

is that a moving electron can emit energy when it changes direction. When a 

electron is moving fast enough, the emitted energy is at X-ray wavelengths. 

Therefore, compared to conventional XRD, the synchrotron source can generate 

a much higher intensity of X-rays, which allows a better resolution and accuracy. 

3.3.1  Synchrotron components 

All facilities contain mainly four components, beamline, storage ring, booster 

synchrotron and linac. The electrons are produced from an electron gun then 

start in Linac, which is a device similar to a cathode tube. These electrons are 

packed in “bunches” and then accelerated to 200 million electron volts to be 

energetic enough for injection into the booster synchrotron. The booster 

synchrotron is a 300-metre-long pre-accelerator where the electrons are 

accelerated to an energy of 6 billion electron-volts before being injected into the 

storage ring. For the storage ring, it is a tube where the electrons circle for hours 

until the speed reaches close that of light. This tube is controlled under extremely 

low pressure and all electrons pass through different type of magnet as they 

travel around the ring. Finally, the X-ray beams emitted by the electrons are 

directed toward various “beamlines”, which surround the storage ring. Each 

beamline is designed for a specific type of research. High-energy X-rays can 

transmit through the sample deeply to probe the structure of the material inside 

bulk ceramics instead of being confined to the surface. 

3.3.2  Diamond light source, UK 

Diamond light source is the UK‟s national synchrotron facility. It provides 

intensive high-energy x-rays to charactise many scientific reasearch areas from 

materials science, engineering and proteins. Since it became operational in 2007, 

the Diamond synchrotron uses electrons travelling at an energy of 3 GeV and it 
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has nearly 22 beamlines and will increase the number of operational beamlines to 

32 by 2017.[147] 

3.3.2.1  Beamline I11-Diamond light source, UK 

The purpose of the I11 beamline is to measure high-resolution powder x-ray 

diffraction patterns for different materials, such as metal-organic-frameworks, 

alloys, ceramics and superconductors. Furthermore, with a combination of very 

high-resolution, high count rates and controlled temperature conditions on I11, it 

is possible to perform detailed structural analysis of complex materials, which is 

extremly important to my fundamental research on structural phase 

transformations.[148] 

3.3.2.2   Beamline I15-Diamond light source, UK 

The I15 beamline is an „extreme conditions‟ beamline with high-energy x-ray 

photon range from 20 to 80 keV. It is designed to carry out x-ray powder and bulk 

diffraction under extreme pressure, electric field and temperature, which enables 

„in-situ‟ electric field experiments to be carried out in order to determine 

phenaomena associated with electric field-driven structural phase 

transformations and ferroelectric domain switching. A Perkin Elmer area detector 

was employed, which has 2048x2048 pixels, and the x-ray photon energy was 

67 kev.[147] 

3.4 Polarisation-electric field measurements 

The ferroelectric hysteresis polarisation-electric field (P-E) measurement is a 

fundamental characterisation technique for ferroelectric materials under 

application of external electric field. The polarisation can be switched direction 

under application of electric field, as illustrated in Section 2.2.4. The normally 

ferroelectrics exhibit a square polarisation hysteresis loop while a constricted loop 

is obtained for relaxor ferroelectrics due to a reversible switching between PNRs 

and microdomain structure. 
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3.5 Permittivity-temperature measurements 

The permittivity-temperature measurement is a commonly used characterisation 

techniques for ceramics to determine Curie temperature and other phase 

transition temperatures. In practice, the capacitance of a specimen is measured 

over a range of temperature between two parallel plate of sliver or platinum wires. 

At the same time, the relative permittivity will be calculated, as well as the 

dielectric loss. 

3.6 Depolarisation-temperature measurements 

The depolarisation temperature (Td) is an important feature for both ferroelectric 

and piezoelectric materials, especially for applications such as sensors and 

actuators. At elevated temperature, materials will experience phase transition 

and structural transformation, leading to the loss of remanent polarisation as well 

as electromechanical properties. Based on European standard,[149] the 

depolarisation is defined as reducing polarisation due to temperature and other 

influences. However, it has found to be more complex for relaxor ferroelectrics 

due to existence of PNRs. Here, in terms of NBT-based relaxor ferroelectrics, the 

depolarisation temperature is defined as the steepest change of the 

polarisation.[73]  

3.7 Scanning Electron Microscopy 

A scanning electron microscope (SEM) is used to examine both powder and bulk 

ceramics samples. In SEM, a beam of electrons is generated by an electron gun 

and focused using apertures and electromagnetic lenses, as illustrated in Figure 

3.2. Compared to optical microscopy, the SEM is able to obtain high-resolution 

images because electrons have a much shorter wavelength than light.[150] 

Furthermore, the resolution is determined by many reasons, such as accelerating 

voltage, working distance and imaging conditions. 

In order to identify phases using SEM, back scattered and secondary electrons 

are most common imaging modes. The secondary electrons mainly detect the 
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surface information of the samples, which is used for topographical imaging 

mostly. However, the back scattered electrons are higher energy than secondary 

electrons and used for phase identification. Due to the variation in the atomic 

number, the back scattering made is able to distinguish phases by observing 

different contrast in the image.[151] 

 

Figure 3.2 Scanning electron microscopy mechanisms.[152] 
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4 Experimental procedures 

4.1 Synthesis of NBT-based ceramics 

4.1.1  Na0.5Bi0.5TiO3-KNbO3 ceramics 

Analytical-grade powders: Na2CO3(99.8%), K2CO3(99%), Bi2O3(99%), 

TiO2(99%), Nb2O5(99%) were used as raw materials to prepare NBT-xKN 

(x=0.01 to 0.09) ceramics.  

These powders were dried at 300 ºC to remove moisture before weighing into 

stoichiometric amounts to produce compositions ranging from (1-x)NBT-xKN with 

x=0.01 to 0.09. The mixed powders were milled for 24 h in propan-2-ol using 

zirconia milling balls and calcined for 10 h at 900 °C to finish the reaction process. 

Then the as-calcined powders were milled again for 24 h to break down large 

agglomerates. The final dry powders were pressed into pellets of 6.5 mm 

diameter, 1.5 mm in thickness and weighing approximately 0.15 g under pressure 

of 150 MPa for 30 seconds. Before sintering, the pellets were embedded in 

powders of the same composition to prevent the loss of volatile elements of 

bismuth, sodium and potassium. The pellets were heated using a rate of 300 ºC 

h-1 up to 1200 ºC for 3 hours and then cooled at 150 ºC h-1 to room temperature. 

During the sintering process, the ceramic pellets shrank by approximately 20 % 

in volume, resulting in a relative density of 90 % to 96 %. 

4.1.2  Na0.5Bi0.5TiO3-NaNbO3 ceramics 

Analytical-grade powders: Na2CO3(99.8%), Nb2O5(99%), Bi2O3(99%), TiO2(99%) 

were used as raw materials to prepare (1-x) NBT-xNN (x=0.02 to 0.08) ceramics. 

The materials were processed in a similar manner to that described above 

(Section 4.1.1) but with slightly lower calcination and sintering temperatures of 

850 °C and 1180 °C respectively. 
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4.1.3  Na0.5Bi0.5TiO3-BaTiO3 ceramics 

Analytical-grade powders: Na2CO3(99.8%), BaTiO3(99%), Bi2O3(99%), 

TiO2(99%) were used as raw material to prepare NBT-xBT (x=0.04 to 0.11) 

ceramics. The calcination and sintering conditions for these compositions were 

identical to those described above in Section 4.1.1. 

4.2 In-house characterisation techniques 

4.2.1  X-ray diffraction 

The ceramic pellet samples were polished mechanically first by using abrasive 

paper. However, the mechanical grinding process can generate significant 

residual stresses on the surface, which may changes in structure and preferred 

orientation. Thus, the ceramic pellets were annealed at 600 ºC for 30 mins before 

the XRD test to release the residual stress generated during sintering and 

polishing on the surface.  

Powder samples were made from crushed sintered pellets by using a mortar and 

pestle. After crushing, a randomly-textured powder was obtained, which yielded 

diffraction patterns suitable for full-pattern refinement.  

For this research study, calcined powders, sintered powders and sintered ceramic 

pellets were studied using XRD to identify crystal structures. A Philips PW1830 

generator and PW3710 mpd controller were used for XRD measurements, using a 

Cu-K X-ray radiation tube which had a beam of wavelength of 1.54060 Å, a 

current of 40 mA and 40 kV voltage. The diffraction step was 0.05º per second 

between scanning angles of 10º to 80º.  

The XRD results were analysed by X‟pert HighScore Plus software using pattern 

fitting from the international centre for diffraction date database (ICDD) and 

Topas program to refine pattern peak from the inorganic, mineral & metal 

structure in National chemical service database (NCSD). 
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4.2.2  Scanning electron microscopy 

For SEM sample preparation, bulk ceramics mounted first in resin and then 

ground using 240 to 2500-grade SiC grinding paper, followed by polishing on 

6 m then 1 m diamond paste, then polishing with dilute OPS (oxide polishing 

suspension) colloidal silica solution for 20 mins. The sample was washed with 

soap and ethanol and also observed under optical microscopy to make sure no 

obvious scratches occurred at each stage. The sample was stuck onto an 

aluminum SEM holder using conductive carbon adhesive, and a carbon coating 

was deposited using GATAN Model 682 Precision etching coating system to avoid 

charging. Finally, silver paste was painted between the sample surface and the 

stub in order to be fully conductive during SEM imaging. For some other samples 

after polishing, the bulk sample was subsequently etched in dilute acid (1% HF, 3% 

HNO3, 96% water) for few minutes in order to observe the domain structure. 

However, this etching solution was not effective for the materials investigated in 

this project. Furthermore, thermal etching was found to be difficult to control in 

terms of the appropriate heat treatment conditions. Hence, eventually the 

samples were examined in the SEM without any etching. 

The electron microscopy was carried on a Phillips XL30. During the experiment, 

the accelerating voltages used were between 8 kV to 10 kV and the working 

distance was approximately 9 mm, depending on the specimens. Images of each 

specimen were taken under magnifications of 2000X and 5000X. Polished cross 

sections were taken in order to observe grain size and phase distribution.  

To observed the effect of composition on grain size, the average grain size was 

calculated using the linear intercept method reported by Abrams et al.[153] 

Furthermore, a more accurate method for especially polycrystalline ceramics was 

proposed by Mendelson as illustrated in Equation below.[154]  

D̅= 1.57 L                       (4.1) 

L is the average intercept length over a large number of grain measured on a 
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polished surface. 

4.2.3  Electrical measurements 

Sintered samples were ground using 800-grade SiC grinding paper; the diameters 

and thicknesses were measured using a micrometer . Then both pellet faces were 

coated with silver paste (Gwent Group, UK), dried at 100 ºC for 30 mins and then 

fired in a furnace for 15 mins at 700 ºC. The sample was then cleaned around the 

edges using 1200 SiC grinding paper in order to avoid short-circuiting. 

4.2.3.1  Ferroelectric hysteresis P-E measurements 

Ferroelectric polarisation-electric field (P-E) hysteresis measurements were 

carried out using the method described by Stewart et al[155] using a HP33120A 

Function Generator and a Chevin Research HVA1B HV amplifier. The applied 

voltage and current waveforms were recorded using a Measurement Computing 

USB-1608FS-Plus A/D card and analysed using LabVIEW-based software. For 

measurement of ferroelectric properties, the specimens were poled in a silicone 

oil bath by applying at least 40 cycles of a sinusoidal AC electric field of 5 kV mm-1 

at a frequency of 2 Hz, until a stable state was achieved. 

4.2.3.2  Permittivity-temperature measurements 

A ceramic pellet sample with a surface area A and thickness t was coated by sliver 

paste, as shown in Figure. 4.1. The sample was placed between two electrode 

platinum wires and placed into a Carbolite CWF 1200 Furnace. 
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Figure 4.1 The electric circuit for temperature-dependent permittivity 

measurements. 

A HP4284A LCR Meter was used to measure the capacitance, C, and loss tangent, 

tan. The measurements were conducted over a range of temperatures, from 50 

to 300 ºC, at frequencies of 1 kHz, 10 kHz and 100 kHz with a HP 4284A LCR 

meter, using a heating rate of 2 ºC min-1. The real part of permittivity,r, was 

calculated using Equation 4.2 below. 

𝑐 =
𝛑𝒓𝟐𝜺𝟎𝜺𝒓

𝑡
             (4.2) 

4.2.3.3  Depolarisation-temperature measurements 

The poled ceramic pellets were placed into a Carbolite CWF 1200 furnace and 

connected in parallel with a high-impedance voltmeter (Keithley 6512) and 

another capacitor of approximately 10 F which was chosen to be significantly 

greater than the capacitance of the samples (Cs in Figure 4.2). With this 

arrangement, the pyroelectric charge, Q, developed on the sample is effectively 

transferred to the parallel capacitor and can be calculated from the measured 

voltage, VC, using the standard Equation for capacitance, as follows: 

Q = VCCS                         (4.3) 

The temperature was recorded by a thermocouple placed in a MACOR bottom 

substrate next to the samples, as illustrated in Figure 4.2.  

 

Figure 4.2 Electric circuit for thermally-depolarisation measurement. 

The charge released from a sample was recorded during heating from 40 to 
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300 °C and converted into a change in remanent polarisation, P, using the 

sample‟s surface area, A: 

P = Q / A                          (4.4) 

4.3 Synchrotron x-ray diffraction experiments 

4.3.1  High-resolution SXPD in I11 

Powder-type samples were employed for high-resolution synchrotron x-ray 

diffraction (SXPD) measurements at beamline I11, Diamond Light Source Ltd., 

UK.[156] Unpoled ceramic powders were prepared by crushing and grinding 

as-sintered ceramic pellets by hand using a pestle and mortar, followed by 

annealing at 550 °C for 30 mins. Poled ceramic powders were also prepared by a 

similar method from poled ceramic pellets, but without the annealing procedure. 

It was shown in previous publications that this procedure provides the means to 

identify the crystal structure of a poled sample after a field-induced 

transformation, as noted above.[90, 157] The powder samples were loaded into 

glass capillaries of 0.3 mm diameter.  

A photon energy of 25 keV was selected to reduce the effect of sample 

absorption (•r ~ 2.5. where  is the absorption coefficient and r is the diameter 

if the capillary sample) and the resulting diffraction patterns were recorded using 

a multi-analyser crystal (MAC) detector at room temperature. The wavelength of 

λ = 0.494731(10)  Å was calibrated using the diffraction pattern of a high quality 

Si standard powder (SRM640c). The experimental apparatus within the I11 

beamline hutch is displayed in Figure 4.3. Full-pattern refinements were carried 

out using Topas refinement software, v3.0.[158] In addition to crystallographic 

parameters and structural parameters, the lattice parameters and relative phase 

quantity were obtained from refinements of the SXPD patterns. 
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Figure 4.3 The arrangement of sample and detector within beamline I11. 

4.3.2  High-energy synchrotron x-ray diffraction in I15 

The sample preparation for in-situ experiments in I15, Diamond, followed the 

same procedures mentioned above. The sintered ceramic pellets were 

mechanical ground below 1 mm thickness, followed by firing silver electrodes on 

both faces at 550 ºC (Gwent Group, UK). Square-ended rod specimens having 

dimensions of 1mmx1mmx3.5mm were machined using a diamond dicing saw at 

Morgan Advanced Materials (Wrexham, UK). As illustrated in Figure 4.4, the 

specimen was inserted between an upper brass pin and a lower copper plate 

electrode in order to connect the output leads of the high voltage amplifier. The 

specimen and electrodes were immersed in silicone oil within an insulating 

polyimide bath. A soldering iron was used to heat up the oil via a heated steel 

block, which was also immersed in the oil bath. The x-ray beam was transmitted 

through the specimen and through a rounded rectangular aperture in the PTFE 

outer frame of the specimen holder. All samples were been poled from 0 to ±6 kV 

mm-1 with a step of 0.5 kV mm-1 per half second. At least 15 cycles of maximum 

electric field was applied to each sample. 
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Samples 

X-ray source Cooler/Heater 
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Figure 4.4 The sample holder for experiment in beamline I15. 

The high-energy synchrotron XRD studies were performed at beamline I15 of the 

Diamond Light Source using monochromatic X-rays with a photon energy of 

67 keV and wavelength of 0.1771 Å. The X-ray beam was focused down to 70 

micron in diameter and cleaned up with the pinhole directly in front of the sample. 

2-dimensional XRD images were recorded using a Perkin Elmer flat-panel 

detector positioned approximately 1 m from the sample. The experimental 

arrangement within beamline I15 is shown in Figure 4.5. The recorded images 

(diffraction rings) can provide the grain orientation information to analyse the 

influence of electric field.[159] They were converted into conventional 

1-dimensional XRD patterns corresponding to a range of grain orientations, , 

relative to the poling direction, using Fit2D.[160] The profiles for selected 

diffraction peaks were fitted using X-fit.[161] 

 

Figure 4.5 The arrangement of sample and detector within Beamline I15. 
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The sample preparation for ex-situ experiments in I15, Diamond, followed the 

same procedures for the in-situ experiment described above. However, instead of 

poling in-situ at Diamond, the bar-shaped specimens were poled in advance at 

the University of Manchester using the in-house ferroelectric hysteresis P-E 

measurement equipment. The specimens were poled using an electric field of at 

least 6 kV mm-1 and ex-situ diffraction measurements carried on at beamline I15, 

Diamond with beamline energy of 67 keV and wavelength of 0.1771 Å.  

4.3.3  Data reduction 

For analysis of the diffraction data, each two-dimensional image was converted 

into a sequence of conventional one-dimensional diffraction patterns by 

integration over an angular range of ±5° around the nominal angle of orientation 

using Fit2D and then the intensities and positions of individual peaks were 

determined by means of X-fit.[161] Changes in the diffraction patterns were 

monitored at the end of each cycle of 6 kV mm-1, which was controlled remotely 

during the experiment so that the changes in domain configuration and lattice 

strain in response to the applied electric field could be determined in-situ, with an 

acquisition time for each image being of the order of 20 s. Some of the samples 

were previously poled in-house at the University of Manchester, and hence were 

scanned ex-situ without application of the electric field. After scanning, individual 

peaks were fitted to a combination of pseudo-Voigt-type peaks, using the either 

X-fit software[161] or a Matlab peak-fitting script that was developed in-house.  
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5 Phase switching behaviour in 

Na0.5Bi0.5TiO3-KNbO3 ceramics 

In this chapter, the structural and electrical properties of the (1-x)NBT-xKN 

system are fully investigated as function of composition and temperature. The 

phase transition between RF and metastable FE states are examined using 

temperature-dependent electrical measurements. High resolution synchrotron 

SXPD is used to identify the crystal structures for poled and unpoled states at 

room temperature and to observe the structural transformations. Additionally, 

„in-situ‟ experiments are performed using high energy synchrotron XRD to 

observe the structural transformations induced by an AC electric field and analyse 

the development of preferred ferroelectric domain orientations. 

5.1 Density analysis 

The relative densities of different compositions in the NBT-xKN (x=0.01 to 0.09) 

system sintered at different temperatures are presented in Figure 5.1. After 

calcination, the pressed ceramic pellets were sintered at temperatures ranging 

from 1100 to 1250 ºC. At 1100 ºC, the relative density obtained was no more 

than 93% for all compositions. With increasing sintering temperature, the relative 

density increased to approximately 95% at 1200 ºC, followed by a dramatic drop 

to 88% at 1250 ºC. Thus, 1200 ºC was selected as the optimum sintering 

temperature for the NBT-xKN system. It is assumed that the reduction in density 

at the highest sintering temperatures is caused by the loss of volatile oxides, such 

as Na2O, K2O and Bi2O3.[162-166] 
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Figure 5.1 Relative density as a function of sintering temperature for NBT-xKN 

ceramics. 

5.2 Lab XRD results 

5.2.1  Calcined powders 

The XRD patterns of NBT-xKN (x=0.01 to 0.09) powders calcined at a 

temperature of 900 ºC for 10 hours are presented in Figure 5.2. 

 

Figure 5.2 The XRD full patterns of calcined powders for NBT-xKN. 
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The peak profiles of {111}p and {200}p for all compositions in the NBT-xKN 

(x=0.01 to 0.09) system are displayed in Figure 5.3. It is evident that single 

{111}p and {200}p peaks are observed for all compositions. Furthermore, the 

positions of both peaks shift slightly to larger d-spacing with increasing KN 

content. 

 

Figure 5.3 The representative {111}p and {200}p XRD peaks of calcined powders 

for the NBT-xKN system. 

5.2.2  Sintered ceramic pellets 

The crystal structures for both poled and unpoled NBT-xKN (x=0.01 to 0.09) 

ceramic pellets were investigated using lab XRD, as displayed in Figure 5.4. All 

compositions are observed to be single phase with a perovskite structure. For the 

unpoled state (Figure 5.4 a), all the peaks are single, indicating a cubic structure. 

In contrast, a rhombohedral structure was identified for compositions with low 

KN contents in the poled state (Figure 5.4 b), characterised by a split {111}p and 

a single {200}p peak. For compositions with high KN content, all peaks are 

observed to be single.  
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Figure 5.4 The XRD full patterns of (a) unpoled and (b) poled states for all 

compositions in NBT-xKN system. 

Therefore, it was found that an irreversible electric field-induced structural 

transformation from cubic to rhombohedral occurred for compositions with low 

KN content. However, there is no obvious influence of the poling procedure on 

the structure for high KN contents. To further investigate this structural 

transformation induced by poling, high resolution synchrotron powder x-ray 

diffraction (SPXD) was conducted in beamline I11 at Diamond, as described in 

Section 5.6 below. 
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5.3 SEM 

The cross-Sectional SEM images for NBT-xKN (x=0.01 to 0.09) ceramics were 

recorded under BSE and are presented in Figure 5.5. The average grain size for 

all compositions in NBT-xKN system is listed in Table 5.1. The grain size decreases 

with increasing KN content so that the KN is estimated to inhibit the grain growth. 

Similar behaviour was reported that adding KNN into NBT solid solution inhibited 

the grain growth due to lower diffusion rate for Nb[167, 168] and „pinning effect‟ 

at the grain boundary.[169] 

 

Figure 5.5 Cross-Sectional SEM images for (a) NBT-0.02NN (b) NBT-0.04NN (c) 

NBT-0.06NN and (d) NBT-0.08NN. 

 

Table 5.1 Average grain sizes for NBT-xKN ceramics. 

Compositions Grain size / m 

NBT-0.01KN 8.55±0.34 

NBT-0.03KN 5.38±0.43 

NBT-0.05KN 4.11±0.19 

NBT-0.09KN 2.05±0.26 
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5.4 Temperature-dependent ferroelectric properties 

5.4.1 Polarisation-current density-electric Field (P-J-E) loops 

The ferroelectric hysteresis loops (P-E) and current density curves (J-E) for 

NBT-0.01KN ceramic over the temperature range from 30 to 120 ºC are 

presented in Figure 5.6. From 30 to 90 ºC, this material behaves as a typical 

ferroelectric with saturation of the P-E loop and an unsplit switching peak in the 

J-E curve. With increasing temperature, the coercive field drops while both Pmax 

and Prem increase, indicating enhanced domain switching. At 120 ºC, a slight 

constriction and a doublet switching peak are observed for the P-E and J-E loops 

respectively, indicating that a reversible transformation between PNRs and 

long-range ordered metastable FE state was induced under the high electric-field 

at this temperature. 

 

Figure 5.6 The P-J-E curves for NBT-0.01KN ceramic at temperatures of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 
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The P-E loops and J-E curves for the NBT-0.03KN ceramic over the temperature 

range from 30 to 120 ºC are illustrated in Figure 5.7. At room temperature, a 

well-defined P-E loop is observed with relatively high Pmax and Prem values of 0.29 

C m-2 and 0.26 C m-2 respectively, indicating an electric field-induced metastable 

ferroelectric order. With increasing temperature to 65 ºC, a slightly constricted 

P-E loop is observed and split polarisation switching peaks are present on the J-E 

curves for both positive and negative field, suggesting that the switching 

between PNRs and long-range ordered FE state becomes reversible at 65 ºC. The 

Ef and Eb values at this temperature are estimated as 3.4 mm-1 and 1.6 kV mm-1. 

Here, Ef represents the forward and Eb the backward switching field between 

weak-polar PNRs and long-range ordered FE states. 

 

Figure 5.7 The P-J-E curves for NBT-0.03KN ceramic at temperatures of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 

With further heating, a more constricted P-E loop is observed and the separation 

between the two polarisation switching peaks in the J-E curve becomes greater. 

However, Pmax retains approximately the same value from 30 ºC to 120 ºC, 

indicating that the polarisation can reach a similar maximum value after the PNRs 

switch to the long-range ordered FE state with the electric field on. In contrast, 
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Prem declines dramatically from 0.28 C m-2 at 65 ºC to approximately zero at 

120 ºC, indicating that the long-range ordered FE state is lost on removing the 

electric field and the PNRs become more stable with increasing temperature. 

Therefore, an irreversible electric field-induced transformation to long-range 

ordered metastable FE state occurred at 30 ºC. However, the transition between 

PNRs and long-range ordered FE state became reversible at temperatures of 

65 ºC and above. 

The P-E and J-E loops for NBT-0.05KN in the temperature range from 30 to 

120 ºC are shown in Figure 5.8. Unlike NBT-0.01KN and NBT-0.03KN, the split 

polarisation switching peaks in the J-E loop and a constricted P-E loop are evident 

at room temperature, indicating that the reversible transition between PNRs and 

long-range ordered FE state occurred under the applied electric field. With 

increasing temperature, the P-E loop develops further constriction and the 

separation of the split switching peaks in J-E curves becomes more pronounced. 

At 120 ºC, a very slim loop is observed with a Prem value of 0.02 C m-2, indicating 

a weak ferroelectric behaviour. 

 

Figure 5.8 The P-J-E curves for NBT-0.05KN ceramic at temperatures of(a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 
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The P-E loops and J-E curves for NBT-0.09KN in the temperature range from 30 

to 120 ºC are shown in Figure 5.9. At room temperature, a slim P-E loop is 

observed with Pmax and Prem values of 0.18 C m-2 and 0.07 C m-2 respectively. At 

elevated temperatures, the P-E loops become slimmer, indicating a weaker 

ferroelectric behaviour, but the Pmax value remains at approximately 0.14 C m-2. 

These observations indicate that it might be possible to achieve high electric 

field-induced strain in these materials, with low hysteresis, and that this strain 

may be relatively temperature-independent. It is evident that increasing KN 

content leads to increasing disorder and the occurrence of more-stable PNRs in 

the unpoled materials, which cannot be switched irreversibly into a long-range 

ordered ferroelectric phase under the application of a high electric field. 

 

Figure 5.9 The P-J-E curves for NBT-0.09KN ceramic at temperatures of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 
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5.4.2  Summary 

Both P-E and J-E ferroelectric hysteresis loops were obtained for NBT-xKN 

(x=0.01 to 0.09) ceramics in the temperature range from 30 to 120 ºC. The 

polarisation switching field (Ec or Eb/Ef), remanent polarisation (Prem) and 

maximum polarisation (Pmax) values are summarized in Table 5.2 below. 

Table 5.2 The (a) polarisation switching field (b) maximum polarisation and (c) 

remanent polarisation for NBT-xKN ceramics at different temperatures. 

(a) E / kV mm-1 

x 30 ºC 65 ºC 90 ºC 120 ºC 

0.01 4.4 3.7 3.1 2.0 

0.03 4.1 3.4/1.6 3.3/0.5 3.3/0.7 

0.05 3.9/1.8 3.7/0.4 3.7/1.4 N/A 

0.09 N/A N/A N/A N/A 

(b) Pmax / C m-2 

x 30 ºC 65 ºC 90 ºC 120 ºC 

0.01 0.08 0.18 0.20 0.23 

0.03 0.29 0.32 0.31 0.28 

0.05 0.31 0.30 0.28 0.19 

0.09 0.18 0.14 0.14 0.13 

(c) Prem / C m-2 

x 30 ºC 65 ºC 90 ºC 120 ºC 

0.01 0.06 0.15 0.17 0.18 

0.03 0.26 0.29 0.19 0.07 

0.05 0.24 0.13 0.05 0.01 

0.09 0.07 0.01 0.01 0.01 

As noted above, the x-ray diffraction peak profiles for all of the as-sintered 

ceramics appeared to be single without splitting, indicating a cubic structure. 

However, for certain compositions, such as NBT-0.01KN and NBT-0.03KN, 

well-developed ferroelectric hysteresis loops with a relatively high remanent 

polarisation were observed. A similar phenomenon was reported by Daniels,[12] 

who observed an irreversible electric field-induced structural transformation from 

cubic to tetragonal in NBT-0.07BaTiO3 ceramics. The tetragonal phase also 
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exhibited orientation-dependent ferroelectric domain switching behaviour.[12] It 

is proposed that an electric field-induced phase transition and structural 

transformation occurred for low KN contents in the present study. For 

NBT-0.01KN and NBT-0.03KN, the PNRs can be transformed irreversibly into the 

metastable long-range FE order at room temperature even after removing the 

external electric field.  

With increasing temperature, a constricted P-E loop and a split polarisation 

switching peak in the J-E curves were observed at 120 ºC and 65 ºC for 

NBT-0.01KN and NBT-0.03KN respectively, which are similar to those of 

NBT-0.05KN at room temperature, indicating that the transformation from 

weak-polar PNRs to metastable FE order became reversible. A similar result was 

obtained by Viola,[36, 170] for the CaTiO3-modified NBT-BT system. Specifically, 

the occurrence of forward and backward switching peaks, Ef and Eb, in the J-E 

curves represents the electric field-induced switching between PNRs and the 

long-range ordered FE state. For example, J-t and E-t profiles were reported for 

Mn-modified NBT-BT to illustrate the phase transition during the application of 

the AC electric field.[171] At lower temperatures, the nonergodic-RF (NR) state 

was transformed irreversibly to FE state. However, it was found that the NR state 

evolved into an ergodic-RF (ER) state with increasing temperature, which could 

transform reversibly between ER and FE states under the influence of an AC 

electric field.[171] 

Finally, the NBT-0.09KN ceramic exhibited a weak ferroelectric behaviour with 

slim P-E loops at all of the temperatures used in this investigation.   
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5.5 Temperature-dependent depolarisation  

Thermal depolarisation results for NBT-0.01KN and NBT-0.03KN are presented in 

Figure 5.10. The samples were poled prior to the measurements using at least 30 

cycles of an AC electric field with amplitude 5 kV mm-1 at room temperature. The 

poled samples lost the majority of their remanent polarisation at approximately 

133 ºC and 74 ºC for NBT-0.01KN and NBT-0.03KN respectively.  

 

Figure 5.10 Temperature-dependent depolarisation curves for (a) NBT-0.01KN 

and (b) NBT-0.03KN ceramics. 

The depolarisation temperature, Td, in NBT-xKN decreases with increasing KN 

content. It was found that both compositions previously experienced an 

irreversible transformation from weak-polar PNRs to metastable FE order under 

the high electric field, indicating a nonergodic-RF state. In contrast, for 

compositions with x=0.05 and x=0.09, a thermal depolarisation temperature 

could not be obtained due to the reversible transformation between weak-polar 

PNRs and ferroelectric order during poling at room temperature, indicating an 

ergodic-RF state. To summarise, the depolarisation temperature and maximum 

depolarisation rate for NBT-xKN are listed in Table 5.3 below.  
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Table 5.3 The thermally-induced depolarisation temperature and maximum 

depolarisation rate for all compositions in the NBT-xKN system. 

 

 

 

 

It has been reported that adding BT nanowires into a NBT-KBT-BT solid solution 

can maintain the electrical properties and enhance the depolarisation 

temperature by approximately 20 ºC.[172] More recently, it was reported by 

Zhang[173] that a „depolarisation-free‟ 0-3 type composite was made by adding 

semiconducting ZnO particles into a NBT-BT solid solution. It was proposed that 

the presence of ZnO particles at the grain boundary can reduce the porosity of 

the ceramic and, most importantly, the charges generated during poling can 

compensate the depolarisation field after removing the external field.[173] Such 

an approach would provide a potentially useful means of tailoring the stability of 

the FE phase in NBT-based solid solutions. 

  

Compositions Td / ºC dP / dT / mC m-2 ºC-1 

NBT-0.01KN 133 8 

NBT-0.03KN 71 9 

NBT-0.05KN N/A N/A 

NBT-0.09KN N/A N/A 
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5.6 Dielectric properties 

5.6.1  Poled states 

The changes in dielectric permittivity and loss tangent with temperature for poled 

NBT-xKN (x=0.01 to 0.09) specimens are shown in Figure 5.11. All compositions 

exhibit significant variations in permittivity with temperature.  

 

Figure 5.11 Temperature-dependent permittivity and loss curves for poled 

NBT-xKN ceramics (a) x=0.01 (b) x=0.03 (c) x=0.05 (d) x=0.09. 

For the composition with x=0.01, the initial r value is in the region of 450; it 

increases steadily up to 1050 at approximately 130 ºC, at which temperature the 

frequency dispersion is enhanced. With further increasing temperature, r 

increases sharply up to the dielectric peak value of 2058 at approximately 310 ºC, 

followed by a decrease with reappearance of frequency dispersion upon further 

heating. The frequency dispersion at lower temperatures can be attributed to the 

influence of the PNRs, while that at higher temperatures is most likely associated 

with increasing electronic conductivity and the associated space-charge 

polarisation; the strong increase in loss tangent at low frequencies (see below) 

provides supporting evidence for the latter. 
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The loss tangent, tanalsoexhibits frequency-dependent behaviour and the 

transition temperature from metastable ferroelectric order to RF state, TF-R, is 

indicated by the relatively sharp peak at 127 ºC.[73] The tan starts at 

approximately 0.05 and increases up to 0.065 at TF-R, followed by a significant 

decrease down to 0.02 at a temperature of 230 ºC. The tan increases with 

increasing measurement frequency before TF-R but then exhibits an inverse 

dependence on frequency at high temperatures, consistent with a contribution 

from electronic conductivity.[174]  

Upon increasing the KN content to 3%, the transition temperature, TF-R, for 

NBT-0.03KN decreased to 68 ºC and the maximum permittivity, max, was 

enhanced to 2280 at approximately 305 ºC, which is similar to that of 

NBT-0.01KN. The dielectric loss, tan shows a similar behaviour to that of 

NBT-0.01KN but slightly less frequency dispersion above 210 ºC. 

With further increase in KN content to 5% and 9%, the TF-R transition becomes 

less pronounced on both r-T and tancurveswhiler starts higher at 

approximately 1000 and 2000 respectively. For NBT-0.05KN, r increases sharply 

to the first anomaly at approximately 135 ºC, followed by a progressive 

enhancement to a frequency-independent max at 295 ºC and then a decrease 

with further heating. For NBT-0.09KN, the shape of the r-T relation was relatively 

flatter than other compositions. It experiences a slight increase to the first 

frequency-dependent anomaly at approximately 100 ºC and then reduces slightly 

to a frequency-independent value of 2350 up to 200 ºC. With further heating, the 

frequency dispersion reappears up to the highest temperature of 450 °C. 
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5.6.2  Unpoled states  

The r-T, and tanT relations for unpoled NBT-xKN (x=0.01 to 0.09) specimens 

within the temperature range from 50 to 450 ºC are illustrated in Figure 5.12. 

Compared to the results for the poled states described above, no obvious TF-R is 

observed for any composition and max was almost frequency-independent. The r 

values for all compositions show less frequency dispersion at lower temperatures 

until reaching the first anomaly, followed by a frequency-independent 

enhancement to Tm. Eventually, the r values decrease with the reappearance of 

slight frequency dispersion upon further heating. 

 

Figure 5.12 Temperature-dependent permittivity and loss curves for unpoled 

NBT-xKN specimens (a) x=0.01 (b) x=0.03 (c) x=0.05 (d) x=0.09. 
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5.6.3  Summary 

The important dielectric parameters including transition temperature, TF-R, the 

maximum permittivity, max, and the dielectric peak, Tmax, for poled NBT-xKN were 

obtained from the data illustrated in the Figures above and are listed in Table 5.4 

below.  

Table 5.4 The transition temperature, maximum permittivity and the temperature 

for dielectric peak for poled NBT-xKN ceramics. 

Compositions TF-R / ºC max Tmax 

x=0.01 127 2058 310 

x=0.03 68 2280 310 

x=0.05 N/A 2763 295 

x=0.09 N/A 3085 288 

It was found that a prominent peak in the tan-Tplot for the transition 

temperature, TF-R, was only observed for poled NBT-0.01KN and NBT-0.03KN 

ceramics, which can be attributed to the electric field-induced metastable FE 

phase. Under application of a high electric field, the PNRs can transform to 

long-range metastable FE order with the presence of a micro-domain structure. 

This kind of behaviour is referred to as nonergodic-relaxor behaviour (NR), as 

explained by Dittmer.[29] However, the metastable FE order can be destabilised 

under heat treatment. It was found that the transition from the metastable FE to 

RF state is the reason for the loss of remanent polarisation, evidenced by 

constricted P-E loops and a split polarisation switching peak in the J-E curves. 

Furthermore, the TF-R decreased with increasing compositional disorder with the 

result that no TF-R could be detected for NBT-0.05KN and NBT-0.09KN. 

Another notable phenomenon is the lower-temperature shoulder in the r-T 

relationship, which was observed for all compositions in the NBT-xKN system. 

Furthermore, this low-temperature shoulder was less prominent with increasing 

frequency. A number of possibilities have been proposed to explain the 

occurrence of this low-temperature shoulder, including the depolarisation,[125] 

phase transition,[126] and ageing effects. As shown above, the phase transition 
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temperature from the electric field-induced metastable ferroelectric order to RF 

states was determined by the tan-T curve. Furthermore, the lower-temperature 

shoulder for the poled state did not correspond to the structural transformation 

temperature, which is discussed in the following Section. It was reported 

previously that ageing effects can cause the appearance of a low temperature 

shoulder in the r-T curve, for example in Sr0.75Ba0.25Nb2O6,[175] 

Pb(Mg1/3Nb2/3)O3-PbTiO3[176] and La-PZT.[177] However, the mechanism of 

ageing for lead-free piezoelectric ceramics is not necessarily the same as that in 

lead-based materials. For example, it was found that the ageing for the unpoled 

and poled states for NBT-based materials were different due to the existence of 

PNRs.[178] Furthermore, no significant domain stabilisation effects were 

observed in the present study during the ferroelectric measurements on NBT-KN 

ceramics. 

This kind of behaviour has been reported in many NBT-based systems, such as 

Pr-modified NBT-0.07BT,[179] NBT-BT-SrTiO3,[180] and Mn-modified 

NBT-BT.[181] In addition, a new phase transition temperature, referred to as TDV, 

was identified where the low-temperature shoulder disappeared.[179] Due to the 

existence of localised structure in NBT-based materials, an in-depth study was 

conducted for NBT-0.06BT to investigate different states of PNRs in different 

temperature regimes by using high-resolution TEM.[11] The PNRs were said to 

exist as a single phase, which experiences a phase transition between the 

lower-temperature states to the high-temperature states, or co-existence. Both 

states of PNRs contributed to the frequency-dependent shoulder in the r-T curve 

and the materials were defined as being in a “frustrated state”. For example, both 

low-temperature PNRs with the rhombohedral R3c symmetry, and 

high-temperature PNRs with the tetragonal P4bm symmetry, were present in 

NBT-0.06BT ceramics at room temperature.[11].  

Therefore, it is concluded that potentially different kinds of PNRs, for example 

with rhombohedral and monoclinic symmetries on a local scale, could be present 

for all compositions in the NBT-xKN system, leading to the low-temperature 
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shoulder. The transformation between different PNR symmetries is the most likely 

cause for the frequency-independent peak in dielectric permittivity at higher 

temperatures. Further investigation is required using TEM to detect the 

nano-scale structures in NBT-xKN ceramics.  

5.7 High resolution SXPD experiments (Diamond 

beamline I11)  

The aim of this investigation was to identify the effect of poling on the crystal 

structures in NBT-xKN ceramics by using high resolution SXPD. Based on Garg‟s 

studies,[182] the use of crushed poled specimens provides a way to obtain a 

random texture in a specimen, which facilitates the use of full-pattern refinement 

procedures.  By comparing the results obtained for the unpoled and poled states, 

it is possible to determine whether the poling procedure resulted in an 

irreversible structural phase transformation. 

5.7.1  Poling procedure 

Prior to the diffraction experiments, an alternating electric field with an amplitude 

5.5 kV mm-1 was applied to the NBT-xKN virgin sample at room temperature. 

Taking NBT-0.03KN as an example, it was observed that several cycles of the 

electric field were required in order to obtain a saturated P-E loop, as shown by 

the results presented in Figure 5.13. A maximum polarisation, Pmax, of 0.30 C m-2 

was obtained after approximately 20 cycles of the electric field, remaining 

approximately constant thereafter. It was noted in Section 5.3.1 above that a 

saturated P-E loop would not normally be expected for a relaxor ferroelectric such 

as NBT-xKN, in which the crystal structure appeared as a pseudo-cubic phase, 

indicating that an electric field-induced structural transformation occurred during 

the measurement procedure. Also, it is evident that both the remanent 

polarisation, Prem and the maximum value, Pmax, increased gradually from 0.05 C 

m-2 to 0.26 C m-2 and 0.12 C m-2 to 0.31 C m-2 respectively after 20 cycles, 

suggesting that this was a progressive transformation. 
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Figure 5.13 Changes in (a) P-E loops and (b) polarisation values obtained for 

NBT-0.03KN ceramics after cycling under an AC electric field. 

5.7.2  Influence of composition at room temperature 

The SXPD full patterns for unpoled and poled NBT-xKN ceramics with x=0.01 to 

0.09 are illustrated in Figure 5.14. No secondary phase was detected for all 

compositions. For the unpoled state, all compositions were identified as cubic 

phase with single peaks for all reflections. The diffraction peaks shifted to higher 

d-spacing with increasing KN content, indicating expansion of the lattice due to 

the larger ionic radii. The ionic radius of K+ is 1.51 Å, which is larger those for Na+ 

(1.18 Å) and Bi3+ (1.17 Å). Furthermore, the ionic radius of Nb5+ is 0.64 Å, which 

is larger than Ti4+ (0.605 Å).[183] Hence, the observed expansion of the lattice 

with increasing KN content in (1-x)NBT-xKN ceramics is in accordance with the 

change in average ion size. 

In contrast, for the poled specimens it was found that several diffraction peaks 

showed evidence of splitting, indicating the occurrence of an irreversible 

structural transformation during poling. Superlattice peaks corresponding to the 

(
3

2

1

2

1

2
)𝑝  reflection of the R3c phase are also observed at a d-spacing of 

approximately 2.38 Å. 
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Figure 5.14 The full SXPD patterns for (a) unpoled and (b) poled NBT-xKN 

ceramics. 

To be specific, the peak profiles of {111}p, {200}p and {211}p for NBT-xKN are 

presented in Figure 5.15. For the unpoled state, asymmetric {111}p and {211}p 

single peaks are observed for NBT-0.01KN, indicating a pseudo-cubic structure 

with a slight rhombohedral distortion. All other compositions are identified as 

cubic structure, characterised by all single peaks. 

In contrast, a well-defined rhombohedral structure was detected for poled 

NBT-0.01KN and NBT-0.03KN, characterised by a double {111}p peak, single 
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{200}p peak and triple {211}p, as shown in Figure 5.14. For NBT-0.05KN, a single 

{200}p peak and asymmetric {111}p and {211}p peaks with a shoulder are 

observed, indicating a small rhombohedral distortion. The crystal structure for 

poled NBT-0.09KN retains the cubic structure after the poling procedure. In 

summary, a structural transformation from cubic to rhombohedral was observed 

for NBT-0.01KN, NBT-0.03KN and NBT-0.05KN, even after crushing into powders. 

There is no influence of poling on crystal structure for NBT-0.09KN. 

 

Figure 5.15 The representative peaks {111}p, {200}p and {211}p of SXPD for (a) 

unpoled and (b) poled NBT-xKN (x=0.01 to 0.09). 
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5.7.3  Temperature-dependent study 

5.7.3.1  Poled NBT-0.01KN 

The temperature-dependent SPXD full patterns for poled NBT-0.01KN are 

presented in Figure 5.16. The structure at all temperatures appears to be single 

phase perovskite without any secondary phase.  

 
Figure 5.16 The full SXPD patterns for poled NBT-0.01KN at temperature from 

-175 ºC to 225 ºC. 
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Selected regions of the SXPD peak reflections for poled NBT-0.01KN in the 

temperature range from -175 ºC to 225 ºC are presented in Figure 5.17. A 

well-defined rhombohedral structure is identified at -175 ºC, evidenced by double 

{111}p, single {200}p, triple {211}p and double {220}p peaks. With increasing 

temperature, the separation between (111) and (1̅11) peaks becomes smaller 

and the {200}p peak shifts to higher d-spacing, indicating a reduction of 

rhombohedrality. Furthermore, the triple {211}p and double {220}p peaks 

gradually change to double and single peaks respectively. At 225 ºC, a remaining 

rhombohedral structure is characterised by doublet {111}p and {211}p, indicating 

that the thermally-induced structural transformation from rhombohedral to cubic 

was incomplete for the poled NBT-0.01KN ceramic. 

 

Figure 5.17 Temperature-dependent SXPD representative peak reflections for 

poled NBT-0.01KN. 
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5.7.3.2  Unpoled NBT-0.01KN 

The temperature-dependent SXPD full patterns for unpoled NBT-0.01KN are 

presented in Figure 5.18. The structure at all temperatures appears to be single 

perovskite structure without any secondary phase.  

 

Figure 5.18 The full SXPD patterns for unpoled NBT-0.01KN at temperature from 

-175 ºC to 225 ºC. 
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Selected regions of the SXPD patterns for unpoled NBT-0.01KN in the 

temperature range from -175 ºC to 225 ºC are illustrated in Figure 5.19. 

Asymmetric {111}p, {211}p and {220}p peaks are observed at -175 ºC, indicating 

a pseudo-cubic structure with a slight rhombohedral distortion. It is notable that 

a transformation to the rhombohedral phase was not observed for the unpoled 

powders on cooling below room temperature, even at -175 °C, which is 

approximately 375 degrees below TF-R for the poled state. Therefore the 

nanopolar state remains remarkably stable on cooling in the absence of an 

electric field. During heating, the asymmetric peak becomes more symmetric 

especially at temperatures greater than 175 ºC, indicating that the slight 

rhombohedral distortion transforms gradually to cubic structure.  

 

Figure 5.19 Temperature-dependent SXPD representative peak reflections for 

unpoled NBT-0.01KN. 

 

 



CHAPTER 5  PHASE SWITCHING BEHAVIOUR IN NA0.5BI0.5TIO3-KNBO3 CERAMICS 

124 
 

5.7.3.3  Poled NBT-0.03KN 

The selected regions of the SXPD patterns obtained for poled NBT-0.03KN in the 

temperature range from 25 ºC to 225 ºC are presented in Figure 5.20. A 

well-defined rhombohedral structure is observed at 25 ºC, characterised by the 

double {111}p, single {200}p, triple {211}p and double {220}p peaks. With 

increasing temperature, all multiple peaks transformed gradually to single peaks 

at 225 ºC, indicating that the thermally-induced structural transformation from 

rhombohedral to cubic completed between 175 ºC and 225 ºC. 

 

Figure 5.20 Temperature-dependent SXPD representative peak reflections for 

poled NBT-0.03KN. 
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5.7.3.4  Poled NBT-0.05KN 

The selected regions of the SXPD patterns for poled NBT-0.05KN in the 

temperature range from -175 ºC to 225 ºC are illustrated in Figure 5.21. A 

rhombohedral structure is identified by double {111}p and single {200}p peaks at 

-175 ºC. With increasing temperature, the doublet {111}p, {211}p and {220}p 

peaks transformed to single peaks at 125 ºC, indicating that the structural 

transformation from rhombohedral to cubic completed between 75 ºC and 

125 ºC. Furthermore, the {200}p peak shifts to larger d-spacing during heating 

from -175 ºC to 225 ºC. 

 

Figure 5.21 Temperature-dependent SXPD representative peak reflections for 

poled NBT-0.05KN. 
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5.7.3.5  Poled NBT-0.09KN 

The selected regions of the SXPD patterns for poled NBT-0.09KN in the 

temperature range from -175 ºC to 225 ºC are presented in Figure 5.22. All peaks 

at three temperatures are observed to be single, indicating a cubic structure. 

Compared to the other compositions, increasing KN content in NBT-xKN system 

enhances the compositional disorder and stabilises the PNRs. Furthermore, there 

is no observable effect of the applied electric field on crystal structure for 

NBT-0.09KN. 

 

Figure 5.22 Temperature-dependent SXPD representative peak reflections for 

poled NBT-0.09KN. 
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5.7.4  Refinement of SXPD profiles 

In order to obtain refined crystallographic parameters for NBT-xKN, such as 

lattice parameters, inter-axial angle and unit cell volume, the full XRD patterns 

have been fitted with several single or mixed phase models including R3c 

rhombohedral, Cc monoclinic and Pm3m cubic structures. The best refined full 

patterns for poled NBT-0.01KN at 25 ºC are presented as an example in Figure 

5.23 with an inset of peak profiles of {111}p and {200}p and the results for other 

temperatures and compositions are illustrated in Appendix 11.1. The results 

obtained after refinement will be discussed in the next section. 

 

Figure 5.23 The SXPD full patterns refinement for poled NBT-0.01KN powders at 

25 ºC. The black circles are experimental data, the red line is the calculated 

results from Rietveld refinement, and the green line is the difference profile 

between experimental and calculated diffraction patterns. 

To facilitate a comparison between the unpoled and poled states, the 

rhombohedral phase, which is normally indexed according to the hexagonal unit 

cell, can be transformed to an equivalent pseudo-cubic unit cell through the 

rhombohedral unit cell, using the relationships given by Megaw[184] and 
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Cullity.[143] The lattice parameter, aR, and interaxial angle, R, were calculated 

using equations 5.1 and 5.2. Note that the volume of the hexagonal unit cell is 

three times greater than that of the rhombohedral one.[143]  
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Subsequently, aR and R for the rhombohedral unit cell can be transformed into 

apc and pc for the pseudo-cubic unit cell according to Equations 5.3 and 5.4. 

Furthermore, the volume of the rhombohedral unit cell is double that of the 

pseudo-cubic unit cell.[184] 
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5.7.4.1 Poled NBT-0.01KN 

The lattice parameter, apc, and the interaxial angle, pc, for poled NBT-0.01KN 

ceramic powder in the temperature range from -175 ºC to 225 ºC are presented 

in Figure 5.24. A rhombohedral phase is identified for poled NBT-0.01KN at -175 

ºC with apc =3.898 Å andpc=89.58º. With increasing temperature, the 

rhombohedral phase is retained and both apc and pc increase steadily up to 

25 ºC. Upon further heating, the value of apc declines dramatically from 3.902 Å 

to 3.895 Å while pc increases significantly from 89.68º to 89.93º until 225 ºC, 

indicating a reduction of rhombohedral distortion. However, a remaining 

rhombohedral phase is observed at 225 ºC due to an incomplete structural 

transformation from rhombohedral to cubic. 
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Figure 5.24 The variation of crystallographic parameters at temperatures from 

-175 ºC to 225 ºC for poled NBT-0.01KN. 
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5.7.4.2 Unpoled NBT-0.01KN 

The lattice parameter, apc, and the interaxial angle,pc, for unpoled NBT-0.01KN 

ceramic powders in the temperature range from -175 ºC to 225 ºC are presented 

in Figure 5.25. Compared to the poled NBT-0.01KN, the unpoled NBT-0.01KN was 

characterised as a pseudo-cubic phase with slight rhombohedral distortion at all 

temperatures. There was no significant structural transformation during heating. 

Furthermore, both apc andpc increase slightly and progressively from 3.885 Å to 

3.893 Å and 89.85º to 89.97º respectively.  

 

Figure 5.25 The variation of crystallographic parameters at temperatures from 

-175 ºC to 225 ºC for unpoled NBT-0.01KN. 
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5.7.4.3 Poled NBT-0.03KN 

The lattice parameter, apc, and the interaxial angle, pc, for poled NBT-0.03KN 

ceramic powder in the temperature range from 25 ºC to 225 ºC are presented in 

Figure 5.26. The structure was identified as a rhombohedral phase at 25 ºC with 

a pc=89.73º. Then the pc value increases steadily with increasing temperature 

to approximately 90º at 225 ºC, indicating that the structural transformation from 

rhombohedral to cubic was completed by this temperature. On the other hand, 

the lattice parameter, apc, starts at approximately 3.901 Å at 25 ºC, followed by a 

slight decrease to 3.895 Å at 125 ºC. With further heating, the apc increases again 

slightly to 3.898 Å at 225 ºC.  

 

Figure 5.26 The variation of crystallographic parameters in a temperature 25 ºC 

to 225 ºC for poled NBT-0.03KN. 
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5.7.4.4 Poled NBT-0.05KN 

The lattice parameter, apc, and the interaxial angle,pc, for poled NBT-0.05KN 

ceramics powder in the temperature range from -175 ºC to 225 ºC are illustrated 

in Figure 5.27. A slight rhombohedral distortion was observed withpc=89.85º at 

-175 ºC. During heating, the rhombohedral distortion was retained and both apc 

andpc experience slight increase up to 25 ºC. With further heating, the value of 

apc decreases slightly at 75 ºC, followed by a steady increase up to 225 ºC. 

Forpc, it is increases significantly up to approximately 90º at 125 ºC, indicating a 

completion of the structural transformation from rhombohedral to cubic phase. 

 

Figure 5.27 The variation of crystallographic parameters at temperatures from 

-175 ºC to 225 ºC for poled NBT-0.05KN. 
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5.7.4.5 Poled NBT-0.09KN 

The lattice parameter, apc, and the interaxial angle, pc, for poled NBT-0.09KN 

ceramic powder in the temperature range from -175 ºC to 225 ºC are illustrated 

in Figure 5.28. The pc remains at approximately 90º for all temperatures, 

indicating the presence of the cubic structure. The lattice parameter, apc, 

increased from 3.899 Å at -175 ºC to approximately 3.903 Å at 25 ºC, followed by 

a further increase to 3.906 Å at 225 ºC.  

 

Figure 5.28 The variation of crystallographic parameters in a temperature -175 ºC 

to 225 ºC for poled NBT-0.09KN. 
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5.7.5  Overview of structural transformations induced by 

electric field and temperature 

Based on the results discussed above, a ferroelectric hysteresis loop was 

observed for NBT-xKN with low KN content, indicating the occurrence of an 

electric field-induced structural transformation from cubic to rhombohedral. With 

heating up to 225 ºC, NBT-0.01KN retained a slight rhombohedral structure but 

NBT-0.03KN and NBT-0.05KN transformed reversibly to cubic phase. Hence, the 

changes in crystallographic parameters resulting from the electric field and 

thermally-induced structural transformations were studied and calculated after 

Topas refinement.  

The results obtained for the crystallographic parameters for all NBT-KN 

compositions during heating from 25 °C to 225 °C and subsequent cooling to 

25 °C, are presented in Figure 5.29. For NBT-0.01KN, apc decreases with 

increasing temperature up to 175 °C and then increases slightly up to 225 °C. 

Simultaneously,pc increases consistently from 89.68º to 89.93º up to the 

maximum temperature of 225 ºC. Both parameters reduce during cooling down 

to 25 ºC. A rhombohedral phase, withpc ≈ 89.85º, is retained after cooling back 

to room temperature, indicating that an irreversible structural transformation 

occurred on heating. However, the maximum temperature of 225 °C was 

insufficient to complete the transformation to the cubic phase for the NBT-0.01KN 

composition. It is shown in Figure 5.10 above that this transformation was 

associated with disruption of the ferroelectric order by thermal depoling. 

Similar results were obtained for NBT-0.03KN and NBT-0.05KN, although in these 

cases a complete transformation to the cubic phase was observed, as indicated 

by the tendency for pc towards 90°. The structural transformation temperatures, 

TST, were determined as approximately 225 °C and 125 °C for NBT-0.03KN and 

NBT-0.05KN respectively. After completion of the rhombohedral to cubic 

structural transformation,pc remained approximately equal to 90º during 

subsequent heating and cooling while apc varied in a manner consistent with 
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thermal expansion.  

Another interesting point, which was observed for all compositions apart from 

NBT-0.09KN, was that apc initially reduced on heating followed by an increase up 

to the maximum temperature, as shown in Figure 5.29 (a) to (c). The 

temperature ranges over which this reduction in apc was observed were 25 to 

175 ºC, 25 to 125 ºC, and 25 to 75 ºC for NBT-0.01KN, NBT-0.03KN and 

NBT-0.05KN respectively. The reduction in apc was generally associated with an 

increase in the interaxial angle,pc, resulting in an overall increase in unit cell 

volume with increasing temperature, as illustrated in Figure 5.29 (e) to (h).  

With reference to the unpoled state of ceramics (red open-circle), the electric 

field-induced structural transformation from pseudo-cubic to rhombohedral 

produced a volume increase of 0.24%, 0.22% and 0.14% for NBT-0.01KN, 

NBT-0.03KN and NBT-0.05KN respectively. After heating to 225 ºC and cooling 

back to 25 ºC, the thermally-induced phase transformation from rhombohedral 

back to cubic resulted in a volume decrease of 0.25% and 0.15% for NBT-0.03KN 

and NBT-0.05KN respectively. A relatively small volume decrease of 0.14% was 

obtained for NBT-0.01KN, indicating that the thermally-induced rhombohedral to 

cubic transformation was incomplete at 225 °C. In this case, an overall increase 

in volume of 0.10% was observed compared to the initial unpoled state. It is 

evident that the irreversible increase in volume caused by the electric 

field-induced phase transformation for both NBT-0.03KN and NBT-0.05KN can be 

recovered completely upon heating above 225 °C. In contrast, there is no 

significant volume change or structural transformation for NBT-0.09KN. 
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Figure 5.29 Lattice parameter r(apc) and interaxial angle (pc) for (a) NBT-0.01KN 

(b) NBT-0.03KN (c) NBT-0.05KN (d) NBT-0.09KN and volume change for (e) 

NBT-0.01KN (f) NBT-0.03KN (g) NBT-0.05KN (h) NBT-0.09KN ceramic powders as 

a function of temperature. 
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5.7.6  Summary 

At room temperature, an electric field-induced structural transformation from 

cubic to rhombohedral was found for NBT-0.01KN, NBT-0.03KN and NBT-0.05KN 

ceramics. Furthermore, these materials retained a ferroelectric state with R3c 

rhombohedral symmetry after removing the external electric field, which provides 

evidence of the nonergodic-RF behaviour at room temperature. With increasing 

temperature, the electric field-induced rhombohedral structure transformed 

gradually back to cubic. The structural transformation temperature, TST, 

decreased with increasing KN content. In contrast, on increasing KN content to 

9%, the material returned subsequently to its initial state with cubic structure 

regardless of the strength or polarity of the external electric field applied, which 

provides evidence of the ergodic-RF state.  

5.8 In-situ high energy XRD experiments during 

electrical poling (Diamond beamline I15) 

5.8.1  Influence of composition at room temperature 

5.8.1.1 XRD patterns during electric poling 

In order to investigate the electric field-induced structural transformation in 

NBT-xKN, the in-situ electric poling experiment was employed using high-energy 

synchrotron XRD in Diamond beamline I15. The diffraction patterns were taken 

at the end of each bipolar cycle without field and the diffraction image was caked 

using Fit2D software to obtain the conventional 1-D diffraction patterns for each 

grain orientation from -90º to 270º,  being the angle between the 

scattering vector (plane normal) and the poling direction. The degree of poling 

and/or the cubic to rhombohedral phase transformation is expected to increase 

progressively during AC cycling, as indicated by the ferroelectric hysteresis 

measurements shown in Figure 5.13 above. 

For =0º, which is the direction parallel to the electric field, the peak profiles of 
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{111}p and {200}p for NBT-xKN (x=0.01 to 0.09) are plotted as function of the 

number of applied cycles in Figure 5.30. It is evident that the {111}p peak splits 

progressively while the {200}p peak shifts slightly with increasing cycle number 

for NBT-0.01KN and NBT-0.03KN, indicating that a structural transformation from 

cubic to rhombohedral phase completed gradually. In contrast, there are no 

significant changes in both peaks for NBT-0.05KN and NBT-0.09KN.  

Compared to the high-resolution SXPD results reported in Section 5.7.2 above, in 

terms of crystal structure, the results obtained for both NBT-0.01KN and 

NBT-0.03KN were in agreement with those from I11, showing cubic and 

rhombohedral structures for the unpoled and poled states respectively. However, 

a slight rhombohedral distortion was observed in the poled NBT-0.05KN ceramic 

powders whereas there was no obvious structural change in the in-situ test on 

NBT-0.05KN ceramics after 20 cycles. This could be due to the limitation of the 

low-resolution detector on I15. No significant changes in structure were observed 

for NBT-0.09KN, in agreement with the SXPD results and the slim-loop 

ferroelectric behaviour. 
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Figure 5.30 Evolution of {111}p and {200}p diffraction peaks for NBT-xKN 

ceramics as function of increasing electric field cycle number for (a) x=0.01 (b) 

x=0.03 (c) x=0.05 (d) x=0.09, at  = 0°. 
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5.8.1.2 Texture development during in-situ electric poling 

To analyse the intermediate state induced by in-situ electric poling, an attempt 

was made to identify the texture- and strain-free orientation so that full pattern 

refinement procedures could be used to obtain and calculate the crystallographic 

parameters. In the absence of a structural transformation, in-situ electric 

field-driven experiments are normally conducted on an initially unpoled specimen 

(assumed to be texture- and strain-free), which is then poled under a high 

electric field. However, due to the existence of PNRs in NBT-xKN ceramics, the 

cubic phase was present in the unpoled state for all compositions, which makes it 

difficult to determine the {111}p peak intensity ratio and the {200}p lattice 

parameter for the rhombohedral phase in the unpoled state. To resolve this issue, 

the SPXD results obtained from beamline I11 for poled NBT-xKN ceramic powders 

were used to represent the texture-free and unstrained state of the 

rhombohedral phase.  

NBT-0.01KN and NBT-0.03KN ceramics required approximately 15 and 11 cycles 

of electric field respectively to complete the structural transformation from cubic 

to rhombohedral. Comparing these two compositions, the variation of peak 

intensity ratio for {111}p peak and shift for {200}p peak changed more 

significantly for NBT-0.03KN than NBT-0.01KN, indicating a better domain 

switching. Furthermore, it was found that there was no significant change in the 

diffraction patterns for NBT-0.05KN and NBT-0.09KN. Therefore, the intermediate 

states for NBT-0.03KN were selected for further analysis of the changes induced 

by in-situ electric poling. 

The peak profiles of {111}p and {200}p reflections for NBT-0.03KN after different 

numbers of bipolar electric field cycles are plotted as function of , which is the 

grain orientation, as shown in Figure 5.31 below. For the unpoled state, there are 

no differences between each grain orientation. During in-situ electric poling, the 

texture developed progressively during AC cycling due to the structural 

transformation and domain switching.  
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Figure 5.31 Changes in {111}p and {200}p XRD peak profiles as a function of 

grain orientation for NBT-0.03KN after (a) 2 (b) 7 and (c) 11 cycles of a bipolar 

electric field with E0 = 5.5 kV mm-1. 

After 2 cycles of electric field, both {111}p and {200}p peaks are observed to be 

single for allfrom -90º to 90º, indicating that no texture effect was developed. 

After 7 cycles of electric field, a double {111}p peak is observed for grains with 

orientation =0º, while a single peak is present at grain orientations with 

=-90º / 90º, indicating the onset of the structural transformation from cubic to 

rhombohedral. The {200}p peak shifts consistently with grain orientation, . After 

11 cycles of electric field, the separation between the (111)p and (1̅11)𝑝 peaks 
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becomes wider and the position of the {200}p peak shifts more significantly. 

Additionally, there is no effect of further cycles of electric field on diffraction 

peaks, indicating the saturation of poling. 

5.8.1.3 Identification of texture- and strain-free bank 

In order to identify the texture- and strain-free bank, the integrated intensity 

ratio was refined and calculated by Topas. The domain fraction,111, was 

calculated more accurately using the method described by Jones[185]. According 

to this approach, the fraction of [111]-oriented domains in a rhombohedral 

specimen is given by Equation 5.5. 
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where Ihkl represents the intensity of the (hkl) reflection for the specimens after 

20 bipolar electric field cycles and 𝐼ℎ𝑘𝑙
′  represents the intensity of the (hkl) 

reflection for the randomly oriented specimen, using the SXPD data obtained 

from I11 for the crushed poled pellet to provide the latter values.  

The calculated domain fraction, 111, for poled NBT-0.03KN is plotted below as 

function of cos2
 in Figure 5.32. The banks for =-90º/90º were neglected 

because the intensity of the (111)p peak was close to zero and could not be 

determined at these angles. 

 

Figure 5.32 Dependence of domain fraction on grain orientation,. The black 
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circle is experimental data and the red line is calculated using a squared cosine 

function. 

The value of 111 for NBT-0.03KN in the unpoled state, calculated using the data 

from beamline I11 obtained above, was determined as 0.2477. Based on the 

linear fit shown in Figure 5.33 above, the specific orientation which had a domain 

fraction value of 0.2477 was calculated as cos2
=0.228, which gives =61.5º. 

Therefore, the texture- and strain-free bank for in-situ electric poling was 

determined and the crystallographic parameters were obtained by Topas using 

full pattern refinement. The refinement was conducted on diffraction patterns 

after 2, 7, 9, 10 and 11 cycles of electric field to illustrate how the crystallographic 

parameters vary with the number of electric field cycles. 

The peak profiles of {111}p, {200}p, {211}p and {220}p after certain cycles of 

electric field are presented in Figure 5.33. All peaks appear to be single after two 

cycles of electric field, indicating no structural transformation. After 7 cycles of 

electric field, all peaks still remain single but become asymmetric apart from the 

{200}p peak, indicating a small rhombohedral distortion. After 10 cycles of 

electric field, a significant rhombohedral distortion is observed, characterised by a 

double {111}p, {211}p, {220}p peaks and a single {200}p peak. After 11 cycles of 

electric field, there are no significant changes on diffraction peaks, indicating that 

the structural transformation was completed. 

 

Figure 5.33 The in-situ cycle-dependent XRD representative peaks of (a) {111}p 

(b) {200}p (c) {211}p and (d) {220}p for NBT-0.03KN. 
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It is evident that the position of the {200}p peak remains invariant during the 

transformation, which is a good indication that the choice of the strain- and 

texture-free bank was relatively accurate. All patterns were fitted using either 

single- and mixed-phase models, including Cc monoclinic, R3c rhombohedral and 

Pm3m cubic phase. Based on the best fitting results, the cubic phase was 

identified for NBT-0.03KN before 7 cycles of electric field, followed by a 

coexistance of both cubic and rhombohedral structure. After 11 cycles of electric 

field onwards, a single rhombohedral phase was obtained. 

5.8.1.4 Determination of crystallographic parameters 

The lattice parameters for cubic and rhombohedral phases, aC and aR respectively, 

and the interaxial angle for rhombohedral distortion,R, are presented as a 

function of the number of cycles in Figure 5.34. The value of aC decreases with 

increasing cycles of electric field up to 11 cycles, where all cubic is transformed 

into rhombohedral structure. After the appearance of the rhombohedral phase 

after 7 cycles of electric field, the aR value increases slightly then remains stable 

at approximately 3.896 Å after 11 cycles of electric field. On the other hand, the 

inter-axial angle for rhombohedral phase, R, decreased from 89.83º to 89.70º 

during cycles 7 to 11 of the electric field, indicating the enhancement of the 

rhombohedral distortion. Furthermore, it was also found that the proportion of 

rhombohedral phase increased during cycling.  
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Figure 5.34 The crystallographic parameters for NBT-0.03KN during in-situ cyclic 

poling experiments. 

As shown in Table 5.5, the phase fraction started with 100% cubic until 7 cycles 

of electric field. Then the phase fraction of rhombohedral increased while at the 

same time that of the cubic decreased from 7 to 11 cycles of electric field. 

Eventually, a single rhombohedral phase was obtained with a lattice parameter 

value of 3.896 Å and an interaxial angle of 89.70º. These results are similar to the 

values obtained from I11 and reported in Section 5.7.4.3 which were 3.901 Å and 

89.73º. 

Table 5.5 The phase fractions for NBT-0.03KN ceramic during in-situ poling. 

Cycle No. R phase fraction / % C phase fraction / % 

2 0 100 

7 26 74 

8 35 65 

9 55 45 

10 84 16 

11 100 0 

12-20 100 0 
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5.8.1.5  Domain orientation distribution (DOD) analysis 

The changes in domain orientation distribution and lattice strain for the 

NBT-0.01KN and NBT-0.03KN ceramics in the poled rhombohedral state are 

examined further in the following section to evaluate the influence of the KN 

content on domain switching behaviour and to allow a comparison with previous 

results for conventional rhombohedrally-distorted PZT ceramics.  

First, consider the origin of the lattice strain, which is most clearly evident for the 

{200}p peak. In polycrystalline ferroelectric ceramics, the process of poling leads 

to domain reorientation with an associated macroscopic strain. After removal of 

the applied electric field, the piezoelectric strain reduces to zero but a tensile 

remanent strain, 휀,̅ remains along the poling direction,  = 0°. Assuming a 

volume conservative domain switching mechanism and transverse isotropy of the 

material, the transverse strain (= 90°) is -휀/̅2. Therefore, the macroscopic 

strain due to poling can be represented in the co-ordinate system X of the 

specimen as[186]  
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The X3 axis is chosen as the direction of the applied electric field, which 

corresponds to  = 0°. In the modified co-ordinate system, Y, in which the axis 

Y3 is rotated by an angle  relative to the axis X3, the elongation along Y3 is given 

by[186] 
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In rhombohedrally-distorted perovskite ferroelectrics, the <h00> orientation of a 

grain has the special property that its dimension is independent of the fractions of 

different domain variants present within the grain and consequently it would 
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remain unchanged after poling in an unconstrained state. However, each grain in 

a polycrystalline ceramic is constrained by its neighbours. Therefore, after the 

removal of the electric field and the associated piezoelectric strain, the observed 

lattice strain for a {200}-oriented grain is due solely to the macroscopic strain of 

its surroundings and the local inter-granular residual stresses.[186] For this 

reason, it is anticipated that the {200} lattice spacing, d200 and the lattice strain, 

200, should both exhibit a dependence on grain orientation, , that is similar in 

form to Equation 5.7 (neglecting the influences of crystalline anisotropy and 

initial residual stresses).[187]  

Determination of the lattice strain demands knowledge of the unstrained lattice 

parameter, d0
200, which is usually obtained from diffraction measurements on an 

unpoled specimen. Unfortunately, it is not possible to use this approach in the 

present case due to the nature of the poling process for the NBT-0.01KN and 

NBT-0.03KN ceramics, which involved both a cubic to rhombohedral phase 

transformation and ferroelectric domain reorientation in the rhombohedral phase, 

as explained above in Section 5.8.1.1. Also, it was found that attempts to create a 

random domain structure by thermal depolarisation caused a reversion to the 

cubic phase, as discussed Section 5.7.3 above. As an alternative approach, it is 

possible to estimate the value of d0
200 by utilizing the relationship given in 

Equation 5.7 above, since it is evident that the macroscopic elongation due to 

poling is zero when cos2
 = 1/3, or  = 54.7°. 
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5.8.1.5.1 NBT-0.01KN 

The peak profiles of {111}p and {200}p for a range of different grain orientations 

are illustrated in Figure 5.35. The split {111}p peak after poling confirmed the 

presence of the rhombohedral phase. The variations in the relative intensities of 

the {111}p peaks as a function of the azimuthal angle,, indicated that the 

[111]-oriented domains were oriented preferentially along the electric field 

direction at = 0°. Furthermore, the {200}p peak shifts as function of , 

indicating a small elastic lattice strain. These observations are similar to those 

made previously for poled rhombohedral PZT ceramics.[186]  

 

Figure 5.35 {111}p and {200}p XRD peak profiles for poled NBT-0.01KN ceramic 

as a function of azimuthal angle, . 

The positions of the {200}p diffraction peaks were determined by peak profile 

fitting using Topas and the lattice spacing, d{200}, calculated using the Bragg 

Equation. Plotting d{200} as a function of cos2
 yielded a linear relationship, as 

illustrated in Figure 5.36. The value of the strain-free {200} lattice spacing, d0
(200), 

was determined as the d-spacing at which cos2
 = 1/3, according to Equation 5.7. 

Subsequently, the change in lattice strain, 200, as a function of  was calculated 

using this value of d0
200; the results of these calculations are illustrated in Figure 

5.36. It is apparent that the dependence of 200 on  exhibited a good fit to 

Equation 5.7, although it should also be noted that the lattice strain is not exactly 
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equal to the macroscopic strain due to the effects of elastic anisotropy.  

 

Figure 5.36 Dependence of (a) d200 and (b) 200 on azimuthal angle, . Symbols 

are experimental data points and solid lines are calculated according to Equation 

5.3. 

Next, consider the change in the differently-oriented domain variants as a 

function of grain orientation. The simplest method to calculate the intensity 

fraction of [111]-oriented domains, R1(111) , involves using the ratio of the 

integrated intensities of the {111} diffraction peaks.[188]  

    111111
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               (5.8) 

Note that 𝐼1̅11  includes contributions from the, (1̅11) 

(11̅1) 𝑎𝑛𝑑 (111̅) reflections. It is found that the ratio, R1, exhibited an 

approximately linear dependence on cos2
, as shown in Figure 5.37.  

For reasons similar to those given above, it is anticipated that the value of R1 

should be equal to that of an unpoled specimen, having random domain 

orientations, when cos2
 = 1/3. However, the linear fit to the data shown in 

Figure 5.37 indicates that the intensity ratio is approximately equal to 0.195 at 

cos2
 = 1/3, which is slightly smaller than the value of approximately 0.25 

expected for random domain texture. This apparent discrepancy can be 

understood as being due to slight differences in the structure factors for the (111) 

and (1̅11) diffraction peaks. 

The fractions of differently-oriented domains, denoted as the domain orientation 
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distribution (DOD) can be calculated according to Equation 5.5 above. The 

Equation 5.8 can also be expressed in terms of the simple peak intensity ratio 

R2(111), defined as 

111

111
2 )111(

I

I
R 

      (5.9) 

Substituting Equation 5.9 into Equation 5.5 results in the following expression for 

the [111]-orientated domain fraction, 111. 
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The value of the peak intensity ratio in the unpoled state, R2
/, can be obtained 

from R1
/ since R2 and R1 are generally related according to 
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The value of R1
/ was determined as approximately 0.195, as discussed above, 

which yields a value of 0.242 for R2
/. 

The variations in 111, calculated from the measured diffraction peak intensities 

according to Equation 5.8 and Equation 5.10, are presented in Figure 5.37. These 

results indicate that the degree of non-180° domain switching in the remanent 

state was not very high, with a maximum 111 value of approximately 0.55 being 

achieved for  = 0°. This level of saturation indicates that the NBT-0.01KN 

processed a higher spontaneous strain, which caused higher elastic strain energy 

during non-180º domain switching and higher coercive field. Furthermore, it is 

evident that the DOD function follows closely the form of the macroscopic strain, 

according to Equation 5.7. Therefore, we can conclude that the electric 

field-induced metastable rhombohedral phase of the NBT-0.01KN ceramic 

exhibited both structural and functional characteristics that are typical of a 

conventional long-range ordered ferroelectric. 
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Figure 5.37 Dependence of (a) peak intensity ratio, R1(111), and (b) domain 

fraction, 111, on azimuthal angle, . Symbols are experimental data points and 

solid lines are calculated using a squared cosine relation. 

5.8.1.5.2 NBT-0.03KN 

The XRD peak profiles of {111}p and {200}p for a range of different grain 

orientations are illustrated in Figure 5.38. A rhombohedral phase was observed 

for poled NBT-0.03KN, characterised by a double {111}p and single {200}p peak. 

The variations in the relative intensities of the {111}p peaks as a function of the 

azimuthal angleindicated that the [111]-oriented domains were oriented 

preferentially along the electric field direction at = 0°. Furthermore, similar to 

NBT-0.01KN, the {200}p shifts more significantly as function of , indicating a 

higher lattice strain due to domain switching. 

 

Figure 5.38 The representative XRD peak reflections for poled NBT-0.03KN. 

The d-spacing, lattice strain, intensity ratio and [111]-oriented domain fraction 

for the poled NBT-0.03KN ceramic were calculated using the method described 
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above for NBT-0.01KN. The results obtained for d{200} and (200), as a function of  

are illustrated in Figure 5.39. It is apparent that the dependence of 200 on  

exhibited a good fit to Equation 5.7. As a comparison, the value of lattice strain 

for NBT-0.03KN reaches of 1.4 x 10-3 at  = 0º, which was much higher than for 

NBT-0.01KN (0.4 x 10-3). 

 

Figure 5.39 Dependence of (a) d200 for NBT-0.01KN and (b) 200 for NBT-0.01KN 

and NBT-0.03KN on azimuthal angle, .  

The results for R1(111) and 111 are calculated using the same method for 

NBT-0.01KN described above and plotted as function of , as shown in Figure 

5.40. The linear fit to the data indicated that the intensity ratio was approximately 

equal to 0.214 at cos2
 = 1/3. Furthermore, The degree of non-180° domain 

switching in the remanent state for poled NBT-0.03KN is higher than poled 

NBT-0.01KN, with a maximum 111 value of approximately 0.76 (0.55 for 

NBT-0.01KN) being achieved for  = 0°. This level of saturation was similar to 

that of the soft rhombohedral PZT, reported by Hall.[186] 

This level of saturation is even better than that of NBT-0.02KN, reported 

previously by Wang.[67] Also, it is clearly evident that the domain orientation 

distribution function follows closely the form of the macroscopic strain, according 

to Equation 5.7. The enhanced degree of ferroelectric domain switching in the 

NBT-0.03KN ceramic can be attributed to the relatively low coercive field of this 

composition, which itself is due to the lower rhombohedral distortion. 
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Figure 5.40 Dependence of (a) peak intensity ratio, R1(111), and (b) domain 

fraction, 111, on azimuthal angle, . Symbols are experimental data points and 

solid lines are calculated using a squared cosine relation. 

5.8.2  Influence of composition at high temperature 

The in-situ poling experiments were also carried out using high-energy 

synchrotron XRD in Diamond at 100 ºC for NBT-xKN specimens. The domains 

with grain orientation = 0º were selected to illustrate the effect of electric field 

on the domain orientation distribution. 

5.8.2.1 Changes in XRD patterns during electric poling 

5.8.2.1.1 NBT-0.01KN 

The cycle-dependent peak profiles of {111}p and {200}p for NBT-0.01KN are 

illustrated in Figure 5.41. It is evident that both peaks are single in the unpoled 

state (cycle number 0), indicating the presence of the cubic structure. After the 

first cycle of electric field, a rhombohedral structure was observed, characterised 

by double {111}p and single {200}p peaks. Similar to the transformation at room 

temperature, cycles of electric field can induce the structural transformation from 

cubic to rhombohedral. However, much fewer cycles were required at 100 ºC due 

to the lower coercive field and lower spontaneous strain at high temperature. 

This leads to easier domain switching and a more rapid phase transformation. 

Hence, the structural transformation started immediately after the first cycle and 

was completed within 3 cycles.  
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Figure 5.41 The „in-situ‟ cycle-dependent peak profiles of {111}p and {200}p for 

NBT-0.01KN at 100 ºC. 

5.8.2.1.2 NBT-0.03KN  

The cycle-dependent peak profiles of {111}p and {200}p for NBT-0.03KN are 

displayed in Figure 5.42. Similar to the case of NBT-0.01KN, both peaks are single 

in the unpoled state, indicating the presence of the cubic structure. After the first 

cycle of electric field, a slight shoulder is observed on {111}p peak, which 

develops gradually with increasing cycles. The {200}p peak remains single. 

Corresponding to the ferroelectric results reported in 5.4.1, the poling procedure 

at 100 ºC induced a reversible transformation from PNRs to the metastable FE 

state, resulting in a constricted P-E loop and split polarisation switching peak. 

Even though the temperature of 100 ºC is above the depolarisation temperature 

(Td) and phase transition temperature (TF-R), as reported in Section 5.5 and 5.6, 

the rhombohedral distortion was still retained after the poling procedure, which is 

in agreement with the temperature-dependent XRD study (Section 5.7.3). 

It is proposed that this reversible transformation still induce structural 

transformation from cubic to pseudo-cubic with slight rhombohedral-distortion, 

evidenced by a weak shoulder on the {111}p peak. This transformation occurred 

after applying 1 cycle and was complete within 3 cycles. 
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Figure 5.42 The „in-situ‟ cycle-dependent peak profiles of {111}p and {200}p for 

NBT-0.03KN at 100 ºC. 

5.8.2.1.3 NBT-0.05KN  

The cycle-dependent representative peak profiles of {111}p and {200}p for 

NBT-0.05KN are displayed in Figure 5.43. It is apparent that both peaks are single 

in the unpoled state, indicating the presence of the cubic structure. After 5 cycles 

of electric field, both peaks remain single, indicating that no structural 

transformation occurred. Hence, the in-situ poling has no influence on structure 

for NBT-0.05KN at room temperature and at 100 ºC. 
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Figure 5.43 The „in-situ‟ cycle-dependent peak profiles of {111}p and {200}p for 

NBT-0.05KN at 100 ºC. 

5.9 Summary 

The (1-x)NBT-xKN (x=0.01 to 0.09) ceramics were synthesized by solid state 

reaction, obtaining a relatively density of 93% or greater. The average grain size 

in the sintered ceramics ranges from 2.05 to 8.55 m and decreases with 

enhancing KN content. The XRD results for as-sintered ceramics pellets indicated 

the presence of a cubic phase for all compositions. However, for compositions 

with low KN content, a well-defined P-E loop was observed during ferroelectric 

hysteresis measurements under a high electric field, indicating that a structural 

transformation must have occurred. It was shown using high resolution SXPD 

that an irreversible structural transformation to rhombohedral occurred for 

NBT-0.01KN and NBT-0.03KN even after mechanical crushing, indicating a 

nonergodic-RF state at room temperature. In contrast, there was a less 

significant influence of electric field on crystal structure for NBT-0.05KN and no 

effect for NBT-0.09KN due to the ergodicity, which is associated with constricted 

P-E loops and split polarisation switching peaks in the J-E curve. 

To further investigate the structural transformation for (1-x)NBT-xKN during 

poling, an in-situ poling experiment was conducted in beamline I15 (Diamond). 

Each diffraction pattern was recorded after a quick bipolar electric field cycle and 

the diffraction image was caked into conventional XRD patterns by Fit2D. It was 
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found that the structural transformation could not be observed using the 

conventional in-situ experimental method, in which the XRD pattern is obtained 

during application of the electric field. Hence, this kind of structural 

transformation only can be observed by applying several cycles of the electric 

field, similar to procedure employed during the P-E measurements. A similar 

time-dependent in-situ structural transformation experiment was performed on 

NBT-KBT by Royles.[189] It was found that low-frequency poling induced domain 

switching first while the structural transformation was more easily induced under 

high-frequency poling. 

It took approximately 15 and 11 cycles of the bipolar electric field to complete the 

structural transformation from cubic to rhombohedral for NBT-0.01KN and 

NBT-0.03KN respectively. After poling, it was found that the electric field-induced 

metastable rhombohedral phase exhibited both structural and functional 

characteristics that are typical of a conventional long-range ordered ferroelectric. 

Furthermore, the texture- and strain-free XRD patterns for NBT-0.03KN during 

poling were obtained to analyse the intermediate state. The NBT-0.03KN was 

identified as a cubic structure before applying 7 cycles of electric field, then a 

mixed-phase of rhombohedral and cubic were obtained between 7 and 11 cycles, 

followed by the presence of a single rhombohedral phase from 11 cycles onward. 

With increasing temperature, the electric field-induced rhombohedral structure 

can transform back to cubic for low KN contents in (1-x)NBT-xKN ceramics. The 

structural transformation temperature, TST, was determined on poled specimens 

by investigating the thermally-induced structural transformation on beamline I11, 

Diamond. In addition, the depolarisation temperature for poled specimens, Td, 

and the phase transition temperature, TF-R, were obtained on poled specimens. It 

was proposed that the TST is higher than Td and TF-R for NBT-0.01KN, NBT-0.03KN 

and NBT-0.05KN, indicating that the rhombohedral structure can be retained 

even after depolarisation. In contrast, the NBT-0.09KN retained its cubic structure 

corresponding to the RF state for all temperatures. 
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Further evidence was obtained by conducting a high energy in-situ poling 

experiment and ferroelectric hysteresis measurements as a function of 

temperature. Split polarisation switching peaks in the J-E curve were observed for 

NBT-0.01KN, NBT-0.03KN and NBT-0.05KN at certain temperatures, 

corresponding to Td and TF-R, indicating a reversible phase transition between 

PNRs and long-range ferroelectric order. However, the maximum polarisation still 

reaches high values for these compositions even over Td and TF-R. Additionally, 

the irreversible transformation from cubic to rhombohedral phase was obtained 

at 100 ºC during in-situ electric poling for NBT-0.01KN and NBT-0.03KN, which is 

in agreement with the results obtained in the temperature-dependent SXPD 

study. 

Therefore, by combining the phase transition temperatures, TF-R, TST and Tm 

(dielectric peak), for pure NBT, as reported by Hiruma,[126] with results obtained 

in this work for poled (1-x)NBT-xKN (x=0.01 to 0.09), a phase diagram is plotted, 

as presented in Figure 5.44.  

For NBT-KN compositions with low KN content, a metastable FE state with 

rhombohedral structure was observed below transition temperature, TF-R, for 

poled specimens. With increasing temperature, this metastable FE state becomes 

unstable and transforms back to the ergodic-RF (ER) state with a remaining 

rhombohedral distortion. The structural transformation temperature, TST, for 

these compositions is approximately 150 ºC above TF-R, resulting in an ER state 

with cubic structure. In contrast, an ER state with cubic structure was identified 

for compositions with high KN content for all temperatures. Even though the 

structure was observed to be cubic above TST, it assumed that the local structure 

of the PNRs possesses different symmetries, which transform into the cubic 

structure at higher temperatures.  

Another transition temperature, representing the transformation from the ER 

state to a non-polar paraelectric (PE) state is defined as the Burns temperature, 

TB, which was not determined in the present work. Additionally, the dielectric 
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peak, Tm, was determined using the r-T relationship. All transition temperatures 

decrease with increasing KN content, consistent with increasing disorder on both 

A- and B- cation sites in the ABO3 perovskite structure. 

 

Figure 5.44 Phase diagram obtained from analysis of dielectric and structural 

studies on poled (1-x)NBT-xKN ceramics. 



CHAPTER 6  PHASE SWITCHING BEHAVIOUR IN NA0.5BI0.5TIO3-NANBO3 CERAMICS 

160 
 

6 Phase switching behaviour in 

Na0.5Bi0.5TiO3-NaNbO3 ceramics 

In this chapter, the structural and electrical properties of the (1-x)NBT-xNN 

system are fully investigated as function of composition and temperature. The 

phase transition between RF and metastable FE states are examined using 

temperature-dependent electrical measurements. The synchrotron SXPD is used 

to properly identify crystal structure for compositions exhibiting a well-defined 

P-E loop at room temperature. Furthermore, an electric poling experiment is 

examined „in-situ‟ using high energy synchrotron XRD to observe the structural 

transformation and analyse crystallographic texture. 

6.1 Density analysis 

The changes in relative density for different compositions in the NBT-xNN 

(x=0.02 to 0.08) system as a function of the sintering temperature are presented 

in Figure 6.1. After calcination, the ceramic pellets were sintered at temperatures 

from 1120 ºC to 1220 ºC. At 1120 ºC, the relative density of approximately 92 % 

was achieved, followed by a slight increase with increasing sintering temperature. 

The best relative densities were obtained by sintering at 1180 ºC, reaching 

approximately 94 % to 96 % for all compositions. With further increasing 

temperature, the relative density decreases significantly to 92 %, especially for 

compositions with high NN content. The low densification at temperatures over 

1180 ºC is assumed to be due the volatilisation of Na2O and Bi2O3. Thus, 1180 ºC 

was selected as the optimum sintering temperature for the NBT-xNN system. 

Similar assumption as NBT-KN ceramics was adapted to consider that the 

reduction in density at the highest sintering temperatures is caused by the loss of 

volatile oxides, such as Na2O and Bi2O3.[162, 163] 
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Figure 6.1 Relative densities for different sintering temperatures for NBT-xNN 

ceramics. 

6.2 Lab XRD results 

6.2.1  Calcined powders 

The XRD profiles of NBT-xNN (x=0.02 to 0.08) powders calcined at a temperature 

of 850 ºC for 10 hours are illustrated in Figure 6.2. All peaks appear to be single 

and peak position shifts slightly to lower d-spacing with increasing NN content. 

 

Figure 6.2 The XRD full patterns for calcined NBT-xNN powders. 
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6.2.2  Sintered ceramic pellets 

The crystal structures for unpoled NBT-xNN (x=0.02 to 0.08) ceramic pellets were 

examined using lab XRD, as illustrated in Figure 6.3. All compositions were found 

to be single phase cubic with a perovskite structure, indicated by the presence of 

unsplit diffraction peaks. 

 

Figure 6.3 The XRD full patterns of the unpoled state for all compositions in the 

NBT-xNN system sintered at 1180 ºC for 3 hours. 
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6.3 SEM 

The cross-Sectional SEM images for NBT-xNN (x=0.02 to 0.08) bulk ceramics 

were recorded under BSE imaging mode and are illustrated in Figure 6.4. The 

average grain sizes for all compositions in NBT-xNN system are listed in Table 6.1. 

Results similar to those of NBT-KN were obtained in that the grain size decreases 

slightly with increasing NN content, indicating that adding NN content inhibits the 

grain growth. 

Table 6.1 The average grain size for NBT-xNN ceramics. 

Compositions Grain size / m 

NBT-0.02NN 8.28±0.71 

NBT-0.04NN 7.73±0.54 

NBT-0.06NN 6.87±0.58 

NBT-0.08NN 5.81±0.54 

 

 

Figure 6.4 The cross-Sectional SEM images for (a) NBT-0.02NN (b) NBT-0.04NN 

(c) NBT-0.06NN and (d) NBT-0.08NN ceramics. 
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6.4 Temperature-dependent ferroelectric properties 

6.4.1  Polarisation-Current density-Field (P-J-E) loops 

The ferroelectric hysteresis loops (P-E) and current density curves (J-E) for 

NBT-0.02NN over the temperature range from 30 to 120 ºC are shown in Figure 

6.5. From 30 to 75 ºC, this material behaves as a typical ferroelectric with 

saturation of the P-E loop and an unsplit switching peak in the J-E curve. With 

increasing temperature, the coercive field drops but both Pmax and Prem increase. 

At 120 ºC, a constricted P-E loop and split polarisation switching peaks in the J-E 

loop are apparent, indicating that a reversible transformation between PNRs and 

long-range ordered FE state was induced under the high electric-field at this 

temperature. 

 

Figure 6.5 The P-J-E curves for NBT-0.02NN ceramic at temperatures of (a) 30 ºC 

(b) 75 ºC and (c) 120 ºC. 
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The P-E loops and J-E curves for NBT-0.04NN in the temperature range from 30 

to 120 ºC are illustrated in Figure 6.6. A similar behaviour to NBT-0.03KN is 

observed. At room temperature, a well-defined P-E loop is observed with 

relatively high Pmax and Prem values of 0.36 C m-2 and 0.33 C m-2 respectively. With 

increasing temperature to 75 ºC, a slightly constricted P-E loop is observed and 

split polarisation switching peaks are present on the J-E curves for both positive 

and negative field, suggesting that the switching between PNRs and long-range 

ferroelectric order became reversible at 75 ºC. The Ef and Eb values at this 

temperature were approximately 4.5 kV and 1.6 kV mm-1.  

With further heating, a more slim and constricted P-E loop was observed. During 

the heat treatment, the Pmax retains approximately the same value of 0.35 C m-2 

from 30 ºC to 120 ºC, indicating that the polarisation can reach a similar 

maximum value after the PNRs switch to the long-range ferroelectric order with 

the electric field on. However, the Prem declines dramatically from 0.34 C m-2 at 30 

ºC to approximately zero at 120 ºC, indicating that the long-range ferroelectric 

order is destabilised on removing the electric field and the destabilisation rate 

enhances with increasing temperature. 

 

Figure 6.6 The P-J-E curves for NBT-0.04NN ceramic at temperatures of (a) 30 ºC 

(b) 75 ºC and (c) 120 ºC. 
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The P-E and J-E loops for NBT-0.06NN in the temperature range from 30 to 

120 ºC are shown in Figure 6.7. A similar behaviour to NBT-0.05KN was observed. 

The split polarisation switching peaks in the J-E loop and a constricted P-E loop 

are observed for all temperatures. In addition, the P-E loop develops more 

constriction, with low remanent polarisation values, with increasing temperature. 

 

Figure 6.7 The P-J-E curves for NBT-0.06NN ceramic at temperatures of (a) 30 ºC 

(b) 75 ºC and (c) 120 ºC. 
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The P-E loops and J-E curves for NBT-0.08NN in the temperature range from 30 

to 120 ºC are shown in Figure 6.8. The P-E loops are observed to be slim and 

constricted for all temperatures. The shape of the P-E loop becomes slimmer 

while the maximum and remanent polarisation values decrease with increasing 

temperature. Compared to NBT-0.09KN, the Pr and Pmax values are slightly higher.  

 

Figure 6.8 The P-J-E curves for NBT-0.06NN ceramic at temperatures of (a) 30 ºC 

(b) 75 ºC and (c) 120 ºC. 

6.4.2  Summary 

Both P-E and J-E ferroelectric hysteresis loops were obtained for NBT-xNN 

(x=0.02 to 0.08) in the temperature range from 30 to 120 ºC. The polarisation 

switching field (Ec or Eb/Ef), maximum polarisation (Pmax) and remanent 

polarisation (Prem) values are summarised in Table 6.2 below.  

Table 6.2 The (a) polarisation switching field, (b) maximum polarisation and (c) 

remanent polarisation for NBT-xKN ceramics at different temperatures. 

(a) E / kV mm-1 

x 30 ºC 75 ºC 120 ºC 

0.02 4.5 3.8 3.4/1.5 

0.04 3.1 4.5/1.6 N/A 

0.06 4.9/1.4 4.7/0.7 N/A 

0.08 N/A N/A N/A 
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 (b) Pmax / C m-2 

x 30 ºC 75 ºC 120 ºC 

0.02 0.22 0.33 0.28 

0.04 0.36 0.35 0.33 

0.06 0.33 0.34 0.27 

0.08 0.31 0.22 0.18 

 (c) Prem / C m-2 

x 30 ºC 75 ºC 120 ºC 

0.02 0.17 0.31 0.08 

0.04 0.33 0.29 0.04 

0.06 0.22 0.15 0.05 

0.08 0.14 0.08 0.09 

As illustrated above, the XRD results for all of the unpoled ceramics appeared to 

show single unsplit diffraction peaks, indicating a cubic structure. However, 

well-developed ferroelectric hysteresis P-E loops were obtained for compositions 

with low NN content. This behaviour was similar to that of the NBT-xKN ceramics, 

as described in Section 5.4. Hence, it is proposed that an electric field-induced 

phase transition and structural transformation occurred for low NN contents in 

the present study. For low NN contents, the PNRs can be transformed irreversibly 

into the metastable long-range FE state, which is retained after removing the 

external electric field. However, for high NN contents, this transformation from 

PNRs to metastable long-range FE state becomes reversible. 

With increasing temperature, a constricted P-E loop and a split polarisation 

switching peak in the J-E curve were observed at 120 ºC and 75 ºC for 

NBT-0.02NN and NBT-0.04NN respectively, which are similar to those of 

NBT-0.06NN at room temperature, indicating a reversible transformation from 

PNRs to the long-range ordered metastable FE state. Hence, it is proposed that 

the NBT-0.02NN and NBT-0.04NN ceramics exhibited a nonergodic-RF (NR) state 

at room temperature then transformed into an ergodic-RF (ER) state at elevated 

temperatures. Finally, the NBT-0.08NN ceramic exhibits an ER state at all 

temperatures, showing a weak ferroelectric behaviour with slim P-E loops. 
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6.5 Temperature-dependent depolarisation 

Thermal depolarisation results for poled NBT-0.02NN and NBT-0.04NN ceramics 

are illustrated in Figure 6.9. The samples were poled using at least 20 cycles of an 

AC electric field with amplitude 6 kV mm-1 at room temperature. The poled 

specimens lost the majority of their remanent polarisation at approximately 123 

ºC and 60 ºC for NBT-0.02NN and NBT-0.04NN respectively.  

 

Figure 6.9 The thermally-induced depolarisation results for (a) NBT-0.02NN and 

(b) NBT-0.04NN poled ceramics. 

The depolarisation temperature, Td, in NBT-xNN decreases with increasing NN 

content for low NN contents. A thermal depolarisation temperature could not be 

obtained for compositions with x=0.06 and x=0.08, due to the ergodic-RF state. 

To summarise, the depolarisation temperature and maximum depolarisation rate 

for poled NBT-xNN ceramics are listed in Table 6.3 below.  

Table 6.3 The thermally-induced depolarisation temperature and maximum 

depolarisation rate for all compositions in the NBT-xNN system. 

 

Compositions Td / ºC dP/dT / mC m-2 ºC-1 

NBT-0.02NN 123 13 

NBT-0.04NN 60 58 

NBT-0.06NN N/A N/A 

NBT-0.08NN N/A N/A 
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6.6 Dielectric measurements 

6.6.1  Poled states 

The changes in dielectric permittivity and loss tangent with temperature from 50 

to 420 ºC for poled NBT-xNN (x=0.02 to 0.08) ceramics are displayed in Figure 

6.10. All compositions exhibit significant variations in permittivity and loss 

tangent with increasing temperature, which can be attributed to changes in 

crystal structure and local ferroelectric order i.e. to the evolution of the FE 

domain structure and PNRs.  

 

Figure 6.10 The temperature-dependent permittivity and loss curves for poled 

NBT-xNN specimens (a) x=0.02 (b) x=0.04 (c) x=0.06 and (d) x=0.08. 

For NBT-0.02NN, the initial frequency-independent r value is in the region of 500. 

r increases steadily up to a value of approximately 1700 at 185 ºC, at which 

temperature some frequency dispersion appears. The permittivity remains stable 

until approximately 230 ºC, with less frequency dispersion. With further increase 

in temperature, r increases sharply up to a peak value of 2560 at approximately 

345 ºC with reappearance of frequency dispersion, followed by a decrease upon 

further heating. Similar to NBT-xKN ceramics, the frequency dispersion in the 
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lower temperature region can be attributed to the evolution of the PNRs, while 

that at higher temperatures is most likely due to increasing electronic 

conductivity and the associated space-charge polarisation. 

The loss tangent, tanshows frequency-dependent behaviour and the transition 

temperature from metastable FE state to RF state, TF-R, indicated by the sharp 

peak at approximately 118 ºC. The value of tan begins at approximately 0.05 

and increases up to 0.075 at TF-R, followed by a decrease to 0.02 at 

approximately 230 ºC. The tan increases with increasing measurement 

frequency before TF-R but then exhibits an inverse dependence on frequency at 

high temperatures, consistent with a contribution from electronic 

conductivity.[174] 

Upon increasing the NN content to 4%, it was found that the phase transition 

temperature for NBT-0.04NN, TF-R, decreased to 55 ºC and a significant increase 

in the maximum permittivity value was observed. The temperature for maximum 

permittivity, Tm, decreases to 322 ºC. The frequency-dependence tan exhibits a 

similar behaviour to that of NBT-0.02NN but less frequency dispersion after 

230 ºC. 

With further increases in NN concentration to 6% and 8%, there was no TF-R 

observed on both r-T and tanTFor NBT-0.06NN, r starts at approximately 

950 with slight frequency dispersion, then increases to the first anomaly at 

approximately 210 ºC, followed by a progressive increase to max at 310 ºC with 

frequency-dependence and a reduction upon further heating. The tan value 

starts at 0.05 then increases significantly above 200 ºC with strong frequency 

dispersion. For NBT-0.08NN, the shape of the r-T relation was relatively flatter 

than that of the other compositions. There is a rapid increase to the first anomaly 

at approximately 150 ºC but then a relatively stable value up to the second 

anomaly at approximately 325 ºC, followed by further reductions with further 

heating. The tan value starts at 0.03 then reduces up to 175 ºC, followed by a 

dramatic increase above 300 ºC with strong frequency dispersion. These results 
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are in general agreement with those of Xu,[131] who investigated the dielectric 

behaviour for (1-x)NBT-xNN ceramics with x value ranging from 0.25 to 0.35. It 

was reported that such materials show good potential for use in high temperature 

capacitors, due to their temperature-stable and high permittivity values. 

6.6.2  Unpoled states 

The r-T, and tanT relations for unpoled NBT-xNN (x=0.02 to 0.08) specimens 

within the temperature range from 50 to 450 ºC are illustrated in Figure 6.11. 

 

Figure 6.11 The temperature-dependent permittivity and loss curves for unpoled 

NBT-xNN specimens (a) x=0.02 (b) x=0.04 (c) x=0.06 (d) x=0.08. 

In this case, no obvious TF-R transition was observed for any composition, while 

both max and Tmax values remained approximately the same as those of the poled 

specimens. The r values for all compositions show less frequency dispersion at 

lower temperatures until reaching the first anomaly, followed by a 

frequency-independent enhancement to Tm. Eventually, the r values decrease 

with the reappearance of slight frequency dispersion upon further heating. 
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6.6.3  Summary 

The important dielectric parameters including transition temperature, TF-R, the 

maximum permittivity (1kHz), max, and the temperature of the dielectric peak 

(1kHz), Tmax, for poled NBT-xNN, obtained from the Figures above, are listed in 

Table 6.4 below.  

Table 6.4 The transition temperature, maximum permittivity and temperature of 

dielectric peak for poled NBT-xNN ceramics. 

Composition TF-R / ºC max Tmax 

x=0.02 118 2562 331 

x=0.04 55 4551 326 

x=0.06 N/A 2277 312 

x=0.08 N/A 1665 322 

Compared with the results of NBT-xKN ceramics discussed in Section 5.6, very 

similar r-T and tanT relationships were obtained for the NBT-xNN system. The 

transition temperature, TF-R, was only observed for compositions with low-NN 

content, NBT-0.02NN and NBT-0.04NN ceramics, which can be attributed to the 

electric field-induced metastable FE phase. Associated with the ferroelectric 

hysteresis measurements reported in Section 6.4, the destabilisation of the FE 

state at higher temperatures induces the reversible transformation, resulting in a 

significant drop in remanent polarisation. Furthermore, the TF-R decreased with 

increasing compositional disorder with the result that no TF-R could be detected 

for NBT-0.06NN and NBT-0.08NN.  

A similar explanation can be given to explain the low-temperature and 

high-temperature anomalies in the r-T relationship, which are due to the gradual 

destabilisation of the FE state and the transition between different PNR 

symmetries respectively. 
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6.7 High resolution SXPD experiments (Diamond 

beamline I11) 

The aim of this investigation was to determine the effect of poling on the crystal 

structures in NBT-xNN ceramics by using high resolution SXPD. Only compositions 

exhibiting an irreversible transformation from PNRs to the long-range ordered 

metastable FE state, which were NBT-0.02NN and NBT-0.04NN, were studied. 

Similar to the study on NBT-KN ceramics, reported in Section 5.7 above, the 

crushed powders for both unpoled and poled states were evaluated using high 

resolution XRD and analysed by a full pattern refinement procedure in Topas. 

6.7.1  Influence of composition at room temperature 

The SXPD full patterns for unpoled and poled NBT-xNN ceramic powders with 

x=0.02 and x=0.04 are shown in Figure 6.12. For the unpoled state, all 

compositions were identified as cubic structure, characterised by all single peak 

reflections. In contrast, some split peaks were observed for powders in the poled 

state, indicating that an irreversible structural transformation had occurred 

during poling.  
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Figure 6.12 The SXPD full patterns for (a) unpoled and (b) poled NBT-0.02NN and 

NBT-0.04NN. 

To examine the diffraction patterns in more detail, the peak profiles for {111}p, 

{200}p and {211}p for both NBT-0.02NN and NBT-4NN are displayed in Figure 

6.13. For the unpoled state, single {111}p and {200}p peaks are observed for 

both compositions, indicating a cubic structure. However, significant splitting of 

the {111}p and {211}p peaks, together with a single {200}p peak were obtained 

for poled NBT-0.02NN, indicating an electric field-induced rhombohedral phase. 

For poled NBT-0.04NN, a mixed-phase of rhombohedral and tetragonal is 

observed, characterised by a single peak with a broad shoulder on both {111}p 

and {200}p peak reflections. Superlattice peaks corresponding to the (
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reflection of the R3c phase are also observed for both compositions at a 

d-spacing of approximately 2.35 Å. In summary, an irreversible structural 

transformation from cubic to rhombohedral and cubic to mixed-phase of 

rhombohedral and tetragonal were observed for NBT-0.02NN and NBT-0.04NN 

respectively, even after crushing into powders, which results in the well-defined 

ferroelectric P-E loops observed above.  

 

Figure 6.13 The representative peaks {111}p, {200}p and {211}p of SXPD for (a) 

unpoled and (b) poled NBT-xKN (x=0.02 and 0.04). 
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6.7.2  Full pattern refinement 

Full pattern refinement was carried out using Topas in order to obtain the 

crystallographic parameters for unpoled and poled NBT-xNN (x=0.02 and 0.04) 

ceramics. The refinement results are presented in Figure 6.14.  

 

Figure 6.14 The SXPD full pattern refinements for poled (a) NBT-0.02NN and (b) 

NBT-0.04NN. The black circles are experimental data, the red line is the 

calculated results from Rietveld refinement, and the green line is the difference 

profile between experimental and calculated diffraction patterns. 
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The experimental diffraction data was fitted using several single or mixed-phase 

models, such as the rhombohedral R3m/R3c, monoclinic Cc, tetragonal P4bm and 

cubic Pm3m. The best fitting for poled NBT-0.02NN was obtained using a single 

phase rhombohedral R3c structure while the best refinement for poled 

NBT-0.04NN was obtained using a mixed-phase of rhombohedral (52%) and 

tetragonal (48%). The refined crystallographic parameters are listed in Table 6.5. 

Table 6.5 The refined crystallographic parameters for NBT-0.02NN and 

NBT-0.04NN. 

Refined parameters NBT-0.02NN NBT-0.04NN 

GOF 1.87 1.85 

Rwp 3.54 3.12 

Lattice parameter(Ra) / Å 5.4825925(5) 5.4838167(3) 

Lattice parameter(Rc) / Å 13.5477477(11) 13.5394777(9) 

Lattice parameter(Ta) / Å N/A 5.4965854(4) 

Lattice parameter(Tc) / Å N/A 3.9030918(8) 

Phase fraction Rhombohedral 100% 
Rhombohedral 52% 

Tetragonal 48% 

6.8 In-situ high-energy XRD experiments during 

electrical poling (Diamond beamline I15) 

6.8.1  XRD patterns during electric poling 

In order to investigate the electric field-induced structural transformation in 

NBT-xNN ceramics with x=0.02 and 0.04, the in-situ electric poling experiment 

was conducted using high-energy synchrotron XRD in Diamond beamline I15. 

The diffraction patterns were recorded following the same method described in 

Section 5.8.1.1. Based on the results presented in Section 6.7 above, it is 

anticipated that the structural transformation from cubic to rhombohedral in 

NBT-0.02NN and cubic to mixed-phase rhombohedral and tetragonal for 

NBT-0.04NN should be observed during high-field AC cycling. 

For =0°, which is the direction parallel to the electric field, the peak profiles of 

{111}p and {200}p for NBT-xNN (x=0.02 and 0.04) are plotted as a function of 

the number of applied cycles in Figure 6.15. It is evident that the {111}p peak 
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splits progressively while the {200}p peak shifts slightly with increasing cycle 

number for NBT-0.02NN, indicating that a structural transformation from cubic to 

rhombohedral phase completed gradually. On the other hand, for NBT-0.04NN 

both {111}p and {200}p peaks exhibit a broad shoulder after 2 cycles of electric 

field, indicating the occurrence of a structural transformation from cubic to 

mixed-phase of rhombohedral and tetragonal. These results provide direct 

evidence of the irreversible electric field-driven phase transformations in these 

materials and are in good agreement with the high-resolution SXPD patterns 

reported in Section 6.7 above, which were used to evaluate the crystal structures 

before and after the transformation. 

 

Figure 6.15 Evolution of {111}p and {200}p diffraction peaks for NBT-xNN 

ceramics as function of increasing electric field cycle number for (a) x=0.02 (b) 

x=0.04, at  = 0°. 
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6.8.2  Domain orientation distribution (DOD) analysis 

The changes in crystallographic texture and lattice strain for the NBT-0.02NN and 

NBT-0.04NN ceramics in the poled state are examined further in the following 

Section to evaluate the influence of the NN content on domain switching 

behaviour and to allow a comparison with previous results for NBT-xKN. The 

domain fraction and lattice strain were calculated following the same method 

reported in Section 5.8.1.5. 

6.8.2.1  NBT-0.02NN 

The diffraction peak profiles of {111}p and {200}p for a range of different grain 

orientations in poled NBT-0.02NN ceramics are illustrated in Figure 6.16. The split 

{111}p and single {200}p peaks confirmed the presence of the rhombohedral 

structure. The variations in the relative intensities of the {111}p peaks as a 

function of the azimuthal angle, indicated that the [111]-oriented domains are 

oriented preferentially along the electric field direction at =0°. Additionally, the 

{200}p peak exhibited a slight shift as function of , indicating a small elastic 

lattice strain. These observations are similar to those made previously for poled 

NBT-xKN (Section 5.8.1.5). 

 

Figure 6.16 The representative XRD peak reflections for NBT-0.02NN ceramic. 

The same method described in Section 5.8.1.5 above was adapted to calculate 

the d-spacing and lattice strain. The results for d{200} and (200), as a function of  
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are shown in. Figure 6.17. The lattice strain reached a value of 1.1 x 10-3 at 

 = 0º, which is slightly lower than that of the NBT-0.03KN ceramic. 

 

Figure 6.17 Dependence of (a) d200 and (b) 200 on azimuthal angle, . Symbols 

are experimental data points and solid lines are calculated according to Equation 

5.3. 

In addition, the DOD was calculated according to Equation 5.8-5.10, following the 

same method described in Section 5.8.1.5. The linear fit to the R1(111) data 

indicated that the intensity ratio was approximately equal to 0.233 at 

cos2
 = 1/3.The results obtained for the domain fraction, 111, are plotted as 

function of  in Figure 6.18. The degree of non-180° domain switching in the 

remanent state reaches a maximum 111 value of approximately 0.70 at  = 0°, 

which is lower than that of NBT-0.03KN (0.76) but higher than that of 

NBT-0.01KN (0.55). 

 

Figure 6.18 Dependence of (a) peak intensity ratio, R1(111), and (b) domain 

fraction, 111, on azimuthal angle, . Symbols are experimental data points and 

solid lines are calculated using a squared cosine relation. 
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6.8.2.2 NBT-0.04NN 

The diffraction peak profiles for {111}p and {200}p for a range of different grain 

orientations are illustrated in Figure 6.19. The splitting of both {111}p and {200}p 

peaks suggest the presence of the rhombohedral and tetragonal phases. The 

variations in the relative intensities of the {111}p and {200}p peaks as a function 

of the azimuthal angle, , indicated that the [111]-oriented domains were 

oriented preferentially along the electric field direction at =0° in the 

rhombohedral phase and the [002]-oriented domains were orientated 

preferentially along the electric field in the tetragonal phase. Furthermore, both 

{111}p and {200}p peaks exhibited a slight shift as function of , indicating that 

an elastic lattice strain developed due to domain switching. In these 

circumstances, the analysis of lattice strain and crystallographic texture by means 

of single peak profile fitting is not feasible. Ongoing developments in full-pattern 

refinement methods with provision for anisotropic lattice strain could enable such 

an analysis to be carried out in the near future. 

 

Figure 6.19 The representative XRD peak reflections for poled NBT-0.04NN 

ceramic. 

6.9 Summary 

The NBT-xNN (x=0.02 and 0.04) ceramics were synthesized by solid state 

reaction and relatively densities of approximately 94 % were obtained after 

sintering. The average grain size for sintered ceramics ranged from 5.81 to 8.28 
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m and decreases with increasing NN content. The XRD results for as-sintered 

ceramic pellets indicated the presence of a cubic perovskite phase for all 

compositions. However, for compositions with low NN content, the observation of 

well-developed ferroelectric hysteresis loops under the influence of a high electric 

field at room temperature indicated the occurrence of an irreversible phase 

transition from PNRs to a metastable FE state, similar to that found in the NBT-KN 

system. In contrast, a reversible transformation between PNRs and a 

field-induced metastable FE state occurred for NBT-0.06NN and NBT-0.08NN, 

characterised by constricted P-E loops and split polarisation switching peaks in 

the J-E curves. 

To reveal the origin of the well-defined P-E loops for ceramics with apparent cubic 

structure, both unpoled and poled NBT-0.02NN and NBT-0.04NN ceramic 

powders were examined using high resolution SXPD. After full pattern refinement, 

it was confirmed that a cubic structure was present for both NBT-0.02NN and 

NBT-0.04NN in the unpoled state, while a rhombohedral phase and a 

mixed-phase of rhombohedral and tetragonal were observed for poled 

NBT-0.02NN and poled NBT-0.04NN respectively. Furthermore, the poled states 

can retain the structure after removing the electric field and subsequent 

mechanical crushing, indicating that a nonergodic-RF (NR) state exists in these 

compositions at room temperature. 

To further investigate the structural transformation and texture development for 

NBT-0.02NN and NBT-0.04NN during AC cycling, an in-situ electric poling 

experiment was conducted in beamline I15, Diamond. It was observed that the 

diffraction profiles changed progressively with increasing cycle number, taking 5 

and 3 cycles of the electric field waveform to complete the structural 

transformation from cubic to rhombohedral and cubic to mixed-phase of 

rhombohedral and tetragonal for NBT-0.02NN and NBT-0.04NN respectively. After 

20 cycles of electric poling, it was found that the electric field-induced metastable 

rhombohedral phase for the NBT-0.02NN ceramic exhibited 

orientation-dependent lattice strain and ferroelectric domain orientation, similar 
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to those found in NBT-0.01 and NBT-0.03KN ceramics. The NBT-0.04NN ceramic 

also exhibits lattice strain and texture as a result of the applied electric field, but 

it was not feasible to conduct the texture analysis by single peak profile fitting 

due to the overlapping diffraction peaks and anisotropic lattice strain. 

The temperature-dependent ferroelectric and dielectric properties were also 

investigated for NBT-xNN ceramics. Constricted P-E loops and split polarisation 

switching peaks in the J-E curves were observed at 120 ºC and 75 ºC for 

NBT-0.02NN and NBT-0.04NN respectively, indicating that the transformation 

between PNRs and metastable FE state become reversible during heating. For 

NBT-0.06NN and NBT-0.08NN, the constriction in the middle of P-E loop and the 

separation between Ef and Eb were greater, indicating a more hysteretic 

reversible transition. 

For compositions with the NR state at room temperature, the high remanent 

polarisation was obtained and retained due to the formation of the metastable FE 

state after removing the electric field. In order to investigate the influence of 

temperature on the metastable FE state, the thermal depolarisation and dielectric 

measurements were conducted on poled specimens. The depolarisation 

temperature, Td, was determined as 123 ºC and 60 ºC for NBT-0.02NN and 

NBT-0.04NN respectively. The depolarisation temperature was not obtained for 

NBT-0.06NN and NBT-0.08NN due to the reversible nature of the transformation 

between weak-polar PNRs and ferroelectric order during poling at room 

temperature. Furthermore, the phase transition temperatures from the 

metastable FE state to RF state, TF-R, were determined as 115 ºC and 55 ºC for 

NBT-0.02KN and NBT-0.04NN respectively, which are similar to the Td values. It 

was suggested that the gradual phase transition from metastable FE order to RF 

state on heating is the primary reason for the occurrence of constricted P-E loops 

with a significant loss in remanent polarisation. 

 



CHAPTER 7  PHASE SWITCHING BEHAVIOUR IN NA0.5BI0.5TIO3-BATIO3 CERAMICS 

185 
 

7 Phase switching behaviour in 

Na0.5Bi0.5TiO3-BaTiO3 ceramics 

In this chapter, the temperature-dependent electrical properties are examined to 

illustrate the phase transition in (1-x)NBT-xBT ceramics. Additionally, NBT-0.05BT 

ceramic powder is re-examined using high resolution SXPD to clarify the nature of 

the crystal structure. Furthermore, „ex-situ‟ experiments are conducted on 

NBT-0.05BT and NBT-0.06BT ceramics to analyse the domain orientation 

distribution (DOD) using high energy synchrotron XRD. 

7.1 Lab XRD results 

7.1.1  Calcined powders 

The XRD patterns of NBT-xBT (x=0.04 to 0.11) ceramic powders calcined at a 

temperature of 900 ºC for 10 hours are presented in Figure 7.1.  

 

Figure 7.1 The XRD full patterns of NBT-xBT calcined powders. 
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The peak profiles of {111}p and {200}p for all compositions are illustrated in 

Figure 7.2. Both {111}p and {200}p peaks are observed to be asymmetric and 

shift slightly to larger d-spacing with increasing BT content, which is consistent 

with previous reports.[10] This trend can be understood in terms of the change in 

average ionic radius, since the ionic radius of Ba2+ is 1.42 Å, which is larger than 

those of Na+ and Bi3+, which 1.18 Å and 1.17 Å respectively.[183] 

 

Figure 7.2 The representative {111}p and {200}p peaks of calcined powders for 

NBT-xBT system. 
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7.1.2  Sintered ceramic pellets 

The crystal structures for unpoled NBT-xBT (x=0.04 to 0.11) ceramic pellets were 

investigated using lab XRD, as displayed in Figure 7.3. All compositions are 

observed to be single phase with a perovskite structure. 

 

Figure 7.3 The XRD full patterns of sintered ceramic pellets for all compositions in 

NBT-xBT system, after sintering at a temperature of 1200 °C. 

A double {111}p and single {200}p peaks are observed for NBT-0.04BT, indicating 

a rhombohedral structure. For compositions with x=0.05 to 0.11 in NBT-xBT 

system, mixed-phases of rhombohedral and tetragonal are present, characterised 

by splitting in both {111}p and {200}p peaks. All of the structures agreed with 

those reported in previous publications apart from NBT-0.05BT.[10] In this case, 

broadening/splitting of both {111}p and {200}p is evident, whereas only {111}p 

peak splitting would be expected for the  single R3c rhombohedral phase 

reported by Jo.[10] Hence, the crystal structure of the as-sintered NBT-0.05BT 

(unpoled) ceramic is re-examined using high resolution SXPD. 
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7.2 SEM 

The cross-Sectional SEM images for NBT-xBT ceramics were examined under BSE 

mode, as presented in Figure 7.4. The relative density of the ceramic reaches 

approximately 94%. The average grain size for NBT-xBT bulk ceramics is listed in 

Table 7.1, which varies from 1.86m to 3.74 m. This result indicates that Ba2+ 

inhibits the grain growth in the NBT-BT solid solution.[112, 190] 

Table 7.1 The average grain size for all compositions in NBT-xBT system. 

Compositions Grain size / m 

NBT-0.04BT 3.74±0.41 

NBT-0.06BT 2.58±0.21 

NBT-0.08BT 2.48±0.42 

NBT-0.10BT 1.86±0.23 

 

 

Figure 7.4 The cross-Sectional SEM images for (a) NBT-0.04BT (b) NBT-0.06BT (c) 

NBT-0.08BT and (d) NBT-0.10BT. 
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7.3 Temperature-dependent ferroelectric properties 

7.3.1  Polarisation-current density-field (P-J-E) loops 

The ferroelectric P-E hysteresis loops and J-E current density curves for 

NBT-0.04BT over the temperature range from 30 to 120 ºC are presented in 

Figure 7.5. For all temperatures, a saturated P-E loop and a single polarisation 

switching peak in the J-E curve are apparent, indicating the presence of a 

long-range ordered FE state. With increasing temperature, the coercive field 

decreases from 3.7 kV mm-1 at 65 ºC to 2.3 kV mm-1 at 120 ºC while the 

remanent polarisation (Pr) increases from 0.18 C m-2 to 0.30 C m-2. The FE state 

is clearly stable for this composition up to a temperature of 120 °C. 

 

Figure 7.5 The P-J-E curves for NBT-0.04BT ceramic at temperature of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 
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Similar results for NBT-0.05BT are illustrated in Figure 7.6. At 30 ºC, a 

well-defined ferroelectric P-E loop is observed with high Pmax and Prem values of 

0.37 C m-2 and 0.33 C m-2 respectively. With increasing temperature to 90 ºC, the 

Ec drops from 3.7 kV mm-1 to 2.6 kV mm-1 but the Pmax and Prem values remain the 

same. At 120 ºC, a significant constriction in the middle of the P-E loop and a split 

polarisation switching peak in the J-E curve are present, indicating a reversible 

phase transition between PNRs and a long-range ordered FE state. It is evident 

that two pairs of polarisation switching peaks are observed. One set of peaks 

occurs at approximately Ef ≈±4.3 kV mm-1, where a transition from PNRs into 

long-range ordered FE state occurred while the other pair of peaks occurs 

approximately Eb ≈±0.4 kV mm-1, where the long-range ordered FE phase 

transformed reversibly back to PNRs.  

 

Figure 7.6 The P-J-E curves for NBT-0.05BT ceramic at temperature of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 
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Similar results for NBT-0.06BT are presented in Figure 7.7. At room temperature, 

a well-defined P-E loop with a high Pmax value of approximately 0.40 C m-2 is 

obtained, indicating a FE state. With increasing temperature up to 65 ºC, a 

constricted P-E loop and a split polarisation switching peak in the J-E curve are 

observed. Similar to NBT-0.05BT, here, the Ef and Eb were determined as 

approximately ±3.8 kV mm-1 and zero field. With further increasing temperature 

up to 90 and 120 ºC, more-constricted P-E loops were observed with similar Pmax 

but extremely low Prem values. Therefore, FE state was destabilised with 

increasing temperature, leading to a more reversible transition between PNRs 

and long-range ordered ferroelectric state. 

 

Figure 7.7 The P-J-E curves for NBT-0.06BT ceramic at temperatures of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 

  



CHAPTER 7  PHASE SWITCHING BEHAVIOUR IN NA0.5BI0.5TIO3-BATIO3 CERAMICS 

192 
 

The P-E loops and J-E curves for NBT-0.08BT are presented in Figure 7.8. In this 

case, constricted P-E loops and split polarisation switching peaks in the J-E loops 

are evident for all temperatures. With increasing temperature, a more constricted 

P-E loop with a significant drop in Pmax and Prem values was obtained. At 120 ºC, a 

slim P-E loop is apparent, exhibiting approximately zero remanent polarisation. 

 

Figure 7.8 The P-J-E curves for NBT-0.08BT ceramic at temperature of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 
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The P-E loops and J-E curves for NBT-0.11BT are illustrated in Figure 7.9. At room 

temperature, ferroelectric P-E and J-E loops are present, indicating an FE state. 

At 65 ºC, the P-E loop becomes slimmer with an increase in Pmax and Prem values. 

With further increasing temperature to 90 ºC, the reversible transition between 

PNRs to FE state occurred, characterised by a slightly constricted P-E loop and a 

split polarisation switching peak in the J-E curve. At 120 ºC, a more pronounced 

constriction in the P-E loop and a split polarisation switching peak in the J-E curve 

are observed, indicating that the reversible transition between PNRs and 

long-range ordered ferroelectric state developed more significantly.  

 

Figure 7.9 The P-J-E curves for NBT-0.11BT ceramic at temperature of (a) 30 ºC 

(b) 65 ºC (c) 90 ºC and (d) 120 ºC. 
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7.3.2  Summary 

Both P-E and J-E ferroelectric hysteresis loops were obtained for NBT-xBT 

(x=0.04 to 0.11) in the temperature range from 30 to 120 ºC. The polarisation 

switching field (Ec or Eb/Ef), remanent polarisation (Prem) and maximum 

polarisation (Pmax) values are summarised in Table 7.2 below. 

Table 7.2 (a) The polarisation switching field, (b) maximum and (c) remanent 

polarisation for NBT-xBT in a temperature range of 30 to 120 ºC. 

(a) Polarisation switching field (E / kV mm-1) 

x 30 ºC 65 ºC 90 ºC 120 ºC 

0.04 3.9 3.7 2.6 2.3 

0.05 3.7 2.6 2.2 3.8/0.8 

0.06 3.2 3.8/0.2 4.2/1.5 N/A 

0.08 3.2/0.1 2.5/1.3 2.5/1.2 1.8/1.2 

0.11 2.8 1.9 2.4/0.7 2.3/0.6 

 (b) Maximum Polarisation (Prem / C m-2) 

x 30 ºC 65 ºC 90 ºC 120 ºC 

0.04 0.19 0.18 0.27 0.31 

0.05 0.37 0.39 0.38 0.38 

0.06 0.38 0.40 0.38 0.32 

0.08 0.30 0.29 0.28 0.27 

0.11 0.26 0.30 0.30 0.30 

(c) Remanent Polarisation (Prem / C m-2) 

x 30 ºC 65 ºC 90 ºC 120 ºC 

0.04 0.17 0.17 0.20 0.27 

0.05 0.33 0.30 0.30 0.10 

0.06 0.33 0.26 0.02 0.01 

0.08 0.12 0.07 0.04 0.01 

0.11 0.20 0.20 0.18 0.02 

For NBT-0.04BT, a saturated P-E loop and a single polarisation switching peak in 

the J-E curve were observed for all temperatures, indicating the presence of an 

FE state.  

It was reported by Jo that two MPBs were observed in the NBT-BT system, at 

x=0.06 and x=0.11.[10] Between compositions with x=0.06 to 0.11, a 

mixed-phase region of rhombohedral and tetragonal was identified. Here, for 
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compositions close to the MPB, which were NBT-0.05BT, NBT-0.06BT and 

NBT-0.11BT, an FE state was present with high Prem and Pmax values. With 

increasing temperature, the FE state can be destabilised to the RF state and the 

reversible transition was indicated by the constricted P-E loops and split 

polarisation switching peaks in J-E curves.  

For NBT-0.08BT, a reversible transition between PNRs and metastable FE state 

occurred at all temperatures, indicated by the constricted P-E loop and split 

polarisation switching peaks in the J-E curve. 

7.4 Temperature-dependent depolarisation 

Thermal depolarisation results for NBT-0.04BT, NBT-0.05BT and NBT-0.06BT are 

presented in Figure 7.10. The samples had been poled using at least 30 cycles of 

an AC electric field with amplitude 5 kV mm-1 at room temperature. The poled 

sample lost the majority of its remanent polarisation at temperatures of 137 ºC, 

95 ºC and 66 ºC for NBT-0.04BT, NBT-0.05BT and NBT-0.06BT respectively. 

Compared to previous reports, the obtained Td for NBT-0.06BT is lower due to the 

different sample preparation and experimental methods.[7, 112, 191] 

 

Figure 7.10 The thermally-induced depolarisation curves for NBT-xBT. 

The depolarisation temperature, Td, for NBT-xBT ceramics decreases with 

increasing BT content. The preferred domain orientation was induced by poling 
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for these three compositions, then the remanent polarisation was lost due to the 

transformation to a weak-polar state upon heating. In contrast, a thermal 

depolarisation temperature could not be obtained for the composition with 

x=0.08 due to the reversible transformation between weak-polar PNRs and 

ferroelectric order during poling at room temperature, indicating an ergodic-RF 

state. To summarise, the depolarisation temperature and maximum 

depolarisation rate for NBT-xBT ceramics are listed in Table 7.3 below. The 

reductions in Td with increasing BT content can be understood generally in terms 

of the increasing disorder in composition and ionic charge associated with the 

substitution of Ba2+ for Na+/Bi3+. 

Table 7.3 The depolarisation temperature and depolarisation rate for NBT-xBT. 

Compositions Td / ºC dP/dT / mC m-2 ºC-1 

x=0.04 137 25 

x=0.05 95 40 

x=0.06 66 23 

x=0.08 N/A N/A 
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7.5 Dielectric properties 

7.5.1  Poled states 

The changes in dielectric permittivity and loss tangent for poled NBT-xBT (x=0.04 

to 0.11) over the temperature range from 50 to 420 ºC are shown in Figure 7.11. 

Two anomalies are observed in the r-T relationship for all compositions, including 

the higher-temperature peak, defined as maximum permittivity peak (Tm), and 

the lower-temperature shoulder.  

 

Figure 7.11 Temperature-dependent permittivity and loss curves for poled 

NBT-xBT ceramics (a) x=0.04 (b) x=0.05 (c) x=0.06 (d) x=0.08 (e) x=0.11. 
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For the composition with x=0.04, the r value is around 800 at room temperature, 

increasing sharply to 3800 at approximately 145 °C. Above this temperature, the 

permittivity increases progressively and significant frequency dispersion appears 

up to 160 ºC. With further increasing temperature, it is frequency-independent 

and increases steadily to a peak of 4800 at 295 °C, followed by a gradual decline 

up to 450 °C. 

The tanT relationship displays a similar characteristic to those in the NBT-KN 

system, with noticeable frequency-dependence and a transition temperature 

from FE to RF states, TF-R, being evident at 141 ºC. The tanvalues reduce with 

increasing frequency up to 210 ºC, characteristic of a RF, while above this 

temperature the trend reverses in accordance with an increasing contribution 

from electronic conduction.  

Upon increasing BT content to 5% and 6%, the TF-R values decrease to 110 ºC 

and 73 ºC respectively while the temperature of maximum permittivity remains at 

approximately 295 ºC. The tan-T characteristics are similar to those of the 

NBT-0.04BT system, but significantly higher losses are present at high 

temperatures indicating higher electronic conductivity.  

With further increase of the BT content to 8%, the TF-R transition is not evident in 

both the r-T and tan-T relationshipsTher value starts higher at approximately 

2000 with frequency dispersion up to 170 ºC. Beyond this temperature a 

frequency-independent r increases progressively to the maximum value of 

approximately 5100, followed by a decline on further heating. For tanit starts at 

a relatively high value of 0.08 and decreases with increasing temperature until 

around 210 ºC and exhibits relatively low values at high temperature, indicating a 

reduced conductivity for this composition. 

Similar results were obtained for NBT-0.11BT, although the low temperature 

shoulder in the r-T relationship and the peak in the tan-T relationship became 

more prominent, suggesting that a transition from FE to RF states could occur for 

this composition, in agreement with the ferroelectric P-E results reported above. 
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7.5.2  Unpoled states 

The r-T, and tanT relations for unpoled NBT-xBT (x=0.04 to 0.11) ceramics 

over the temperature range from 50 to 420 ºC are shown in Figure 7.12. 

Compared to the results for poled ceramic pellets, no significant TF-R is evident for 

any of the compositions and max was almost frequency-independent. The r for 

all compositions shows frequency dispersion at lower temperatures up to the low 

temperature shoulder, followed by a gradual increase and loss of 

frequency-dependence up to Tm and finally a gradual decline on further heating. 

 

Figure 7.12 Temperature-dependent permittivity and loss curves for unpoled 

NBT-xBT ceramics (a) x=0.04 (b) x=0.05 (c) x=0.06 (d) x=0.08 (e) x=0.11. 
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7.5.3  Summary 

The important dielectric parameters including the transition temperature, TF-R, 

the maximum permittivity, max, and the temperature of the dielectric peak, Tmax, 

for poled NBT-xBT ceramics were obtained from the data illustrated in Figure 7.12 

above and are listed in Table 7.4 below.  

Table 7.4 The transition temperature, the maximum permittivity and the 

temperature of the dielectric peak for poled NBT-xBT. 

Compositions TF-R / ºC max Tmax 

x=0.04 141 4700 292 

x=0.05 110 4000 292 

x=0.06 73 5050 280 

x=0.08 N/A 5263 292 

x=0.11 N/A 5620 295 

It was found that the transition temperature peak in the tan-Trelationship, TF-R, 

was present for poled NBT-0.04BT, NBT-0.05BT and NBT-0.06BT, and possibly for 

NBT-0.11BT. The transition temperature decreases with increasing BT content. 

Furthermore, it was found that the transition from the FE to RF state is the reason 

for the loss of remanent polarisation, indicated by constricted P-E loops and split 

polarisation switching peaks in the J-E curves, which are similar to those of other 

NBT-based ceramics.[192]. For the r-T relationship, a low-temperature shoulder 

was found for all compositions in NBT-xBT ceramics. This phenomenon was 

discussed by Jo for the specific case of NBT-0.06BT.[11] It was suggested that 

the first (low-temperature) anomaly, FA, and the second (high-temperature) 

anomaly, SA, can be deconvoluted into three contributions by using a 

phenomenological model.[11] Due to the presence of coexisting R3c 

rhombohedral and P4bm tetragonal phases, the mixed-phase state experiences 

thermal evolution of PNRS and/or a FE to RF transition, which both contribute to 

the FA anomaly. At higher temperatures, the phase transition between R3c PNRs 

and P4bm PNRs can be induced during heating, which was identified as the cause 

of the SA peak. The latter transformation is assumed to be 

frequency-independent.  
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7.6 High resolution SXPD experiments (Diamond 

beamline I11) 

The aim of this investigation was to re-examine the crystal structure for 

NBT-0.05BT ceramic due to the discrepancy between results reported in the 

literature[10] and the lab XRDs result reported above in Section 7.1.2. Similar to 

the approach used for the NBT-KN and NBT-NN systems, a crushed powder 

obtained from unpoled ceramic specimens was used to obtain a strain- and 

texture-free diffraction pattern, which was used to conduct the full pattern 

refinement by Topas. 

The SXPD full pattern for unpoled NBT-0.05BT was obtained and the 

crystallographic parameters were refined by Topas, as illustrated in Figure 7.13. 

The raw diffraction pattern was fitted with several different models and the best 

refinement value was obtained using single rhombohedral phase with R3c space 

group. 

 

Figure 7.13 Room-temperature SPXD patterns for unpoled NBT-0.05BT powders. 

The black circles are experimental data, the red line is the calculated results from 

Rietveld refinement, and the green line is the difference profile. 
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The diffraction peak profiles for {111}p, {200}p, {211}p and {200}p are illustrated 

in Figure 7.14. It was found that the double {111}p, {211}p and {220}p are fitted 

well with R3c space group, especially the small superlattice reflection (
3

2

1

2

1

2
)𝑝. 

The refined crystallographic parameters are listed in Table 7.5. 

 

Figure 7.14 The representative peak profiles for (a) {111}p (b) {200}p (c) {211}p 

and (d) {220}p for unpoled NBT-0.05BT powders. 

Table 7.5 The crystallographic parameters for unpoled NBT-0.05BT ceramic 

powder after full pattern refinement. 

Crystallographic parameters Value 

GOF 1.17 

Rexp / % 8.67 

Rwp / % 10.44 

Lattice parameter a / Å 5.4969(6) 

Lattice parameter c / Å 13.5258(14) 

7.7 Ex-situ high-energy XRD experiments (Diamond 

beamline I15) 

7.7.1  Domain orientation distribution (DOD) analysis 

The changes in crystallographic texture and lattice strain for the NBT-0.05BT and 

NBT-0.06BT ceramics in the poled state are examined further in the following 

Section to evaluate the influence of the BT content on domain switching 

behaviour and to allow a comparison with previous results for NBT-xKN and 

NBT-xNN ceramics. The lattice strain and preferred orientation due to 

ferroelectric domain switching were determined using high energy XRD and 
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calculated following the method reported in Section 5.8.1.5 above. 

7.7.1.1  NBT-0.05BT 

The diffraction peak profiles for {111}p and {200}p for a range of different grain 

orientations are exhibited in Figure 7.15. The split {111}p and single {200}p peaks 

indicate the presence of the rhombohedral structure, consistent with the high 

resolution SXPD results reported in the previous section. The variations in the 

relative intensities of the {111}p peaks as a function of the azimuthal angle, 

indicated that the [111]-oriented domains are oriented preferentially along the 

electric field direction at =0°. Additionally, the {200}p peak exhibited a slight 

shift as function of , indicating a small elastic lattice strain.  

 

Figure 7.15 The representative XRD peak reflections for poled NBT-0.05BT 

ceramic. 

Both d{200} and (200) were calculated following same method in Section 5.8.1.5 

and plotted as function of , as illustrated in Figure 7.16. It is evident that that 

the dependence of 200 on  exhibited a good fit to Equation 5.7, yielding a 

maximum lattice strain of 1.1 x 10-3 at  = 0°. 
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Figure 7.16 Dependence of (a) d200 and (b) 200 on azimuthal angle, . Symbols 

are experimental data points and red lines are calculated according to Equation 

5.3. 

Additionally, the DOD was calculated according to Equation 5.8-5.10 following the 

same method described in Section 5.8.1.5. The results obtained for 111 was 

plotted as function of , as shown in Figure 7.18. The linear fit to the R1(111) 

data indicated that the intensity ratio was approximately equal to 0.205 at 

cos2
 = 1/3. With a maximum 111 value of approximately 0.72 being achieved 

for =0°, these results indicated that the degree of non-180° domain switching 

in the remanent state was relatively high. This level of saturation was similar to 

that of the NBT-0.03KN (0.76) and NBT-0.02NN (0.70) ceramics. 

 

Figure 7.17 Dependence of (a) peak intensity ratio, R1(111), and (b) domain 

fraction, (111), on azimuthal angle, . Symbols are experimental data points and 

red lines are calculated data. 
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7.7.1.2  NBT-0.06BT 

The diffraction peak profiles of {111}p and {200}p over a range of different grain 

orientations are displayed in Figure 7.19. A mixed-phase of rhombohedral and 

tetragonal is observed, characterised by the splitting of both {111}p and {200}p 

peaks. The variations in the relative intensities of the {111}p and {200}p peaks as 

a function of the azimuthal angle, , indicated that the [111]-oriented domains 

were oriented preferentially along the electric field direction at =0° in 

rhombohedral phase and the [002]-oriented domains were orientated 

preferentially along the electric field in the tetragonal phase. Furthermore, both 

{111}p and {200}p peaks exhibit a slight shift as function of , indicating that an 

elastic lattice strain was generated due to domain switching. Quantitative 

analysis of the domain fractions and lattice strain was not undertaken in this case, 

for the reasons outlined above in Section 6.8.2.2. 

 

Figure 7.18 The representative XRD peak reflections for poled NBT-0.06BT 

ceramic. 

7.8  Summary 

The NBT-xBT (x=0.04 to 0.11) ceramics were synthesized by solid state reaction, 

reaching a relative density of greater than 94%. The average grain size for 

sintered ceramics ranged from 1.86 to 3.74 m. For NBT-0.04BT, a single phase 

rhombohedral structure was observed, characterised by double {111}p and single 
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{200}p peaks. For compositions with x=0.05 to 0.11 in NBT-xBT ceramics, a 

mixed-phase region of rhombohedral and tetragonal structure was identified by 

lab XRD. However, a single phase with R3c rhombohedral structure was obtained 

for NBT-0.05BT using high resolution SXPD. Furthermore, the poled NBT-0.05BT 

and NBT-0.06BT ceramic specimens were examined using high-energy 

synchrotron XRD. It was found that NBT-0.05BT exhibits lattice strain and 

preferred ferroelectric domain orientations that are consistent with a 

conventional long-range ordered rhombohedral ferroelectric. The NBT-0.06BT 

ceramic showed strong texture in both rhombohedral and tetragonal phases, but 

the occurrence of anisotropic lattice strain and the overlapping of diffraction 

peaks hindered the quantitative texture analysis. 

For the ferroelectric behaviour, well-defined P-E loops were obtained for 

compositions with x=0.04 to 0.06 at room temperature, indicating the presence 

of the FE state. On increasing the BT content to 8%, the transition between PNRs 

and long-range ferroelectric order became reversible, characterised by a 

constricted loop and a split polarisation switching peak. For NBT-0.11BT, a typical 

ferroelectric P-E loop and J-E curve were obtained again. 

Upon heating, the NBT-0.05BT, NBT-0.06BT and NBT-0.11BT ceramics exhibited 

constricted P-E loops, indicating a reversible transition between PNRs and the 

metastable FE state. Further investigations were conducted on poled specimens 

using depolarisation and dielectric measurements to illustrate the influence of 

composition and temperature on the phase stability. The depolarisation 

temperature, Td, was determined as 137, 95 and 66 °C for NBT-0.04BT, 

NBT-0.05BT and NBT-0.06BT respectively. The depolarisation temperature could 

not be obtained for NBT-0.08BT due to the reversible nature of the field-induced 

RF to FE transformation. Furthermore, the phase transition temperature, TF-R, 

was obtained from the additional peak in the tan-T relationship, which was 

found to be close to Td. It was proposed that the thermally-induced phase 

transition from the metastable FE to RF state is directly related to the 

development of constricted P-E loops and loss of remanent polarisation. 
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8 Overall summary and conclusions 

8.1 Overall summary 

8.1.1  Comparison of temperature-dependent polarisation 

for NBT-KN, NBT-NN and NBT-BT systems  

For compositions in the non-ergodic RF state at room temperature, the bipolar 

poling procedure induced an irreversible transformation from the NR to 

metastable FE state, resulting in high Pmax and Prem values. With increasing 

temperature, the FE state becomes unstable and transforms back to the 

ergodic-RF (ER) state, evidenced by constricted P-E loops and split polarisation 

switching peaks the in J-E curves.  

To compare between ceramics with different compositions, the Pmax and Prem 

values for NBT-0.03KN, NBT-0.05BT, NBT-0.06BT, NBT-0.02NN and NBT-0.04NN 

poled specimens, are plotted in Figure 8.1 as function of temperature.  

 

Figure 8.1 Comparison of temperature-dependent (a) maximum polarisation and 

(b) remanent polarisation for different NBT-based compositions.  

For NBT-0.03KN and NBT-0.02NN ceramics, the Pmax and Prem values increase with 

increasing temperature from 30 to 65 ºC and 30 to 75 ºC respectively due to 

reduction of Ec value. With further increase temperature, the Pmax values for all 

compositions remain the same, in the range from 0.25 C m-2 to 0.42 C m-2. 

However, the Prem values decline dramatically due to thermally-induced phase 
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transition from FE to RF states. The combination of low Prem and high Pmax values 

could be opportunity for actuators and energy storage applications utilizing 

reversible transformation. Furthermore, it was found that the transition 

temperatures, TF-R, decrease with increasing KN, NN and BT contents due to 

effect of compositional or charge disorder. 

8.1.2  Comparison of DOD for NBT-KN, NBT-NN and NBT-BT 

systems 

The distributions of domain orientation and lattice strain were analysed on poled 

specimens with single R3c rhombohedral phase in order to evaluate the effect of 

KN, NN and BT on domain reorientation. The ferroelectric hysteresis loop, P-E, 

grain orientation-dependent lattice strain, 200-, and domain fraction, 111- 

relationships for four compositions are illustrated in Figure 8.2.  

 

Figure 8.2 Comparison of (a) ferroelectric hysteresis P-E loops (b) 

orientation-dependent lattice strain and (c) orientation-dependent domain 

fraction. 
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It is shown below that NBT-0.05BT, NBT-0.03KN and NBT-0.02NN possess a 

well-defined P-E loop, resulting in a high fraction of [111]-oriented domains of 

approximately 72%, 76% and 70% respectively being achieved for  = 0°. The 

lattice strain, 200, is observed to be very high for these compositions as well, with 

maximum values of 1.4x10-3, 1.1x10-3 and 1.1 x10-3 respectively for  = 0°. In 

contrast, NBT-0.01KN is not well-poled due to the high coercive field, leading to a 

low degree of domain reorientation and lattice strain for  = 0°. 

8.2 Conclusions 

Numerous questions concerning NBT-based relaxor ferroelectrics were addressed 

in this PhD project, relating to both structural and electrical characteristics. Three 

ceramic systems were investigated, specifically the newly developed systems 

(1-x)NBT-xKN and (1-x)NBT-xNN and the well-known system (1-x)NBT-xBT. 

At room temperature, all compositions of NBT-KN ceramics in the unpoled state 

were observed to be cubic. However, for compositions with low KN content, a 

well-defined ferroelectric hysteresis P-E loop was observed, indicating that an 

irreversible transformation from PNRs to a long-range ordered FE state occurred 

during the measurement procedure. Subsequently, the crystal structures of 

NBT-KN ceramic powders in both the unpoled and poled states were examined 

using high resolution SXPD. It was confirmed that an irreversible structural 

transformation from cubic to rhombohedral had occurred for compositions with 

low KN content during application of the high bipolar electric field. Similar 

behaviour was observed for NBT-NN solid solutions with low NN content, 

resulting in structural transformations from cubic to rhombohedral for 

NBT-0.02NN and from cubic to mixed-phase rhombohedral and tetragonal for 

NBT-0.04NN. In contrast, a cubic structure was observed in both poled and 

unpoled states for high KN content due to the reversible transition, associated 

with a constricted P-E loop and split polarisation switching peaks in the J-E curve.  

To thoroughly investigate the structural transformation, an „in-situ‟ electric field 

poling experiment was conducted using high-energy synchrotron XRD. It was 
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found that the crystal structure can be transformed progressively with increasing 

cycles of a bipolar electric field. For example, it took 15 and 11 cycles of electric 

field to complete the structural transformation from cubic to rhombohedral for 

NBT-0.01KN and NBT-0.03KN respectively. It was demonstrated that the 

structure transformed from single phase cubic to mixed-phase of cubic and 

rhombohedral and finally to single phase rhombohedral during the structural 

transformation. Similar behaviour was observed for NBT-0.02NN and NBT-0.04NN, 

which required approximately 5 and 3 cycles of electric field respectively to 

complete the structural transformation. 

Furthermore, the crystallographic texture analysis has been conducted on poled 

state in order to evaluate the effect of KN and NN on domain switching behaviour 

and the resulting DOD. For compositions exhibiting well-defined P-E loops with 

single phase rhombohedral structure after poling, the lattice strain and domain 

orientation distribution are similar to those of conventional rhombohedral PZT 

ceramics. The highest 111 values, greater than 70%, were obtained for 

NBT-0.03KN and NBT-0.02NN. The lattice strain, 200, was also found to be the 

highest for NBT-0.03KN and NBT-0.02NN. A coexistence of rhombohedral and 

tetragonal phases was observed for poled NBT-0.04NN, which exhibited 

systematic variations in intensity ratio and peak positions with grain orientation. 

However, the quantitative crystallographic texture analysis was not undertaken 

due to the combination of anisotropic lattice strain, strong crystallographic 

texture and overlapping of diffraction peaks. 

In terms of the phase transition temperatures for poled specimens, both TF-R and 

Td were obtained from dielectric and thermal depolarisation measurements 

respectively for compositions with low KN and NN contents due to the irreversible 

transformation from nonergodic-RF to metastable FE states. Both TF-R and Td 

were observed to decrease with increasing KN and NN content. No TF-R and Td 

values could be obtained for compositions with high KN and NN contents due to 

their ergodicity. An additional transition temperature, TST, representing the 

structural transformation from rhombohedral to cubic was obtained for poled 
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(1-x)NBT-xKN (x=0.01 to 0.05) using high resolution SPXD. Finally, a phase 

diagram for poled NBT-xKN was constructed to illustrate the stability regions of 

the different types of ferroelectric phase and crystal structures. 

The structural, ferroelectric and dielectric properties of the well-studied NBT-BT 

system were also investigated to provide a reference point for comparison with 

the more novel NBT-KN and NBT-NN systems. For NBT-xBT compositions with 

x=0.04 to 0.06 and 0.11, an FE state was observed, featuring well-defined P-E 

loops and single polarisation switching peak in the J-E curves. With increasing 

temperature, the FE state was destabilised and transformed to an RF state, 

characterised by a constricted P-E loop and split polarisation switching peaks in 

the J-E curve. This caused a significant drop in remanent polarisation, Pr, which 

was correlated with reductions in the thermal depolarisation temperature, Td, and 

the FE to RF transition temperature, TF-R. 

For NBT-0.08BT, an ergodic-RF state was present, which was found to undergo a 

reversible transition between PNRs and metastable FE states for all temperatures, 

characterised by a constricted P-E and split polarisation switching peaks in the J-E 

curve. 

For the structural characterisation, the unpoled NBT-0.05BT ceramic powder was 

re-examined using SXPD. A single rhombohedral phase was obtained after full 

pattern refinement, which was in agreement with previous reports. Furthermore, 

an „ex-situ‟ high-energy synchrotron XRD experiment was conducted on 

NBT-0.05BT and NBT-0.06BT ceramic pellets to illustrate the effect of poling on 

crystallographic texture effect. It was concluded that a high domain fraction value 

of 0.72 and a lattice strain value of 1.1 x 10-3 were achieved for =0º, which was 

similar to those of NBT-0.02NN and NBT-0.03KN. Similar to the case of 

NBT-0.04NN, the quantitative crystallographic texture analysis could not be 

undertaken for NBT-0.06BT due to the presence of a highly textured mixed-phase 

structure. 
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9 Future work 

The work presented in the thesis has attempted to explain the fundamental 

nature of the electric field-induced phase switching and domain switching 

mechanisms in lead-free NBT-based ceramics. So far, three material systems, 

(1-x)NBT-xKN, (1-x)NBT-xNN and (1-x)NBT-xBT, have been characterised by both 

structural and electrical measurements. However, there is still a considerable 

amount of experimental work that could be done to complement the research 

results reported here. The experiments listed below would help to address the 

issues raised by these investigations. 

1. It was found that different kinds of localised structure or symmetries of PNR 

exist in NBT and NBT-based ceramics.[11, 193] Therefore, the pair distribution 

function (PDF) analysis and transmission electron microscopy (TEM) are potential 

characterisation techniques that could be employed to determine the short-range 

atomic order and nano-scale local structure. This is an important step to 

determine the nature of the pseudo-cubic structure for unpoled NBT-xKN and 

NBT-xNN ceramics as well as to evaluate the irreversible and reversible phase 

transition between PNRs and long-range ordered ferroelectric state. 

2. Similar to the NBT-xKN, a temperature-dependent study can be devised to 

determine the structural transformation temperature, TST, for the (1-x)NBT-xNN 

system in order to construct the phase diagram. 

3. The focus of this project has been to evaluate the effect of electric field on 

structural and functional properties of NBT-based materials. However, as a 

piezoelectric ceramic, another interesting opportunity would be to evaluate the 

effect of pressure. It was observed that a substantial increase in unit cell volume 

occurred due to the electric field-induced structural transformation from cubic to 

rhombohedral. It is proposed that it may be possible to induce the reverse 

transformation under the application of hydrostatic pressure. Furthermore, it was 

reported that mechanical pressure can induce the phase transition from 
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metastable ferroelectric order to the RF state in (1-x) NBT-xBT ceramics.[194] 

Hence, a similar experiment could be conducted on poled NBT-KN and NBT-NN 

ceramics with low KN and NN contents to investigate the characteristics of such a 

pressure-induced transformation. 

4. Another characterisation technique that could be used to measure the strain 

during application of an electric field is Digital image correlation (DIC). Such a 

technique could be employed to confirm the variations in axial and volumetric 

strains for NBT-based ceramics during electric field-induced phase switching. 

5. A ternary solid solution or doping could be used to tailor the functional 

properties of NBT-based ceramics. Based on an improved understanding of the 

mechanisms involved in the NBT-KN and NBT-NN systems, a suitable choice of 

dopants could be introduced to improve the properties further with respect to 

specific applications. For example, the addition of another end member such as 

BiFeO3 or even the addition of a conductive second phase could be employed to 

enhance the stability of the FE state for sensor applications. On the other hand, 

stabilisation of the PNRs at high NN contents could result in better energy storage 

and reversible actuation characteristics. 
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11 Appendix 

11.1 Full pattern refinement profiles 

11.1.1 Poled NBT-0.01KN 

 

Figure 11.1 The SXPD full patterns refinement for poled NBT-0.01KN powder at 

-175 ºC.  

 

Figure 11.2 The SXPD full patterns refinement for poled NBT-0.01KN powder at 

-125 ºC. 
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Figure 11.3 The SXPD full patterns refinement for poled NBT-0.01KN powder at 

-75 ºC.  

 

Figure 11.4 The SXPD full patterns refinement for poled NBT-0.01KN powder at 

75 ºC.  
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Figure 11.5 The SXPD full patterns refinement for poled NBT-0.01KN powder at 

125 ºC.  

 

Figure 11.6 The SXPD full patterns refinement for poled NBT-0.01KN powder at 

175 ºC.  
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Figure 11.7 The SXPD full patterns refinement for poled NBT-0.01KN powder at 

225 ºC.  

11.1.2 Unpoled NBT-0.01KN  

 

Figure 11.8 The SXPD full patterns refinement for unpoled NBT-0.01KN powder at 

-175 ºC.  
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Figure 11.9 The SXPD full patterns refinement for unpoled NBT-0.01KN powder at 

-75 ºC.  

 

Figure 11.10 The SXPD full patterns refinement for unpoled NBT-0.01KN powder 

at 25 ºC.  
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Figure 11.11 The SXPD full patterns refinement for unpoled NBT-0.01KN powder 

at 125 ºC. 

 

Figure 11.12 The SXPD full patterns refinement for unpoled NBT-0.01KN powder 

at 225 ºC. 
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11.1.3 Poled NBT-0.03KN 

 

Figure 11.13 The SXPD full patterns refinement for poled NBT-0.03KN powder at 

25 ºC.  

 

Figure 11.14 The SXPD full patterns refinement for poled NBT-0.03KN powder at 

125 ºC.  
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Figure 11.15 The SXPD full patterns refinement for poled NBT-0.03KN powder at 

175 ºC.  

 

Figure 11.16 The SXPD full patterns refinement for poled NBT-0.03KN powder at 

225 ºC.  
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11.1.4 Poled NBT-0.05KN  

 

Figure 11.17 The SXPD full patterns refinement for poled NBT-0.05KN powder at 

-175 ºC. 

 

Figure 11.18 The SXPD full patterns refinement for poled NBT-0.05KN powder at 

-75 ºC.  
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Figure 11.19 The SXPD full patterns refinement for poled NBT-0.05KN powder at 

25 ºC.  

 

Figure 11.20 The SXPD full patterns refinement for poled NBT-0.05KN powder at 

75 ºC.  
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Figure 11.21 The SXPD full patterns refinement for poled NBT-0.05KN powder at 

130 ºC.  

 

Figure 11.22 The SXPD full patterns refinement for poled NBT-0.05KN powder at 

175 ºC.  
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Figure 11.23 The SXPD full patterns refinement for poled NBT-0.05KN powder at 

225 ºC.  

11.1.5 Poled NBT-0.09KN  

 

Figure 11.24 The SXPD full patterns refinement for poled NBT-0.09KN powder at 

-175 ºC.  
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Figure 11.25 The SXPD full patterns refinement for poled NBT-0.09KN powder at 

25 ºC.  

 

Figure 11.26 The SXPD full patterns refinement for poled NBT-0.09KN powder at 

225 ºC.  
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11.2 Rietveld refinement parameters 

11.2.1 Poled NBT-0.01KN 

Temp/ºC lattice parameter a / Å lattice parameter c / Å GOF Rwp 

-175 5.47349(18) 13.5612(5) 1.15 13.26 

-125 5.47351(4) 13.55570(13) 1.15 18.89 

-75 5.47612(4) 13.55529(14) 1.14 19.13 

-25 5.47910(4) 13.55484(13) 1.14 18.58 

25 5.48441(19) 13.5596(5) 1.67 11.56 

75 5.4877(2) 13.5551(6) 1.08 19.23 

125 5.48947(5) 13.52258(17) 1.16 20.9 

175 5.4974(3) 13.5100(7) 1.05 19.54 

225 5.50159(19) 13.5054(5) 1.10 14.79 

11.2.2 Unpoled NBT-0.01KN 

Temp/ºC lattice parameter a / Å lattice parameter c / Å GOF Rwp 

-175 5.4799(6) 13.4780(14) 1.23 20.01 

-125 5.4823(8) 13.4795(5) 1.18 18.84 

-75 5.4845(2) 13.4801(7) 1.21 17.64 

-25 5.4871(10) 13.4803(11) 1.09 16.69 

25 5.4893(4) 13.4805(12) 1.08 16.94 

75 5.4933(9) 13.4871(7) 1.11 18.89 

125 5.4961(3) 13.4909(7) 1.07 18.01 

175 5.5005(8) 13.4935(5) 1.16 17.96 

225 5.5033(2) 13.4950(6) 1.07 18.37 

11.2.3 Poled NBT-0.03KN 

Temp/ºC lattice parameter a / Å lattice parameter c / Å GOF Rwp 

25 5.4906(2) 13.5489(6) 1.15 14.64 

125 5.5018(2) 13.5182(6) 1.07 16.14 

175 5.5069(3) 13.5131(6) 1.06 16.77 

225 5.51386(11) 13.5030(4) 1.13 13.14 

11.2.4 Poled NBT-0.05KN 

Temp/ºC lattice parameter a / Å lattice parameter c / Å GOF Rwp 

-175 5.4881(5) 13.5002(11) 1.05 15.32 

-75 5.4913(3) 13.5015(8) 1.05 17.27 

25 5.4984(4) 13.5104(11) 1.02 17.55 

75 5.5048(3) 13.5119(7) 1.17 18.78 

125 5.51310(17) 13.5044(7) 1.06 16.37 
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175 3.90005(6) 3.90005(6) 1 15.64 

225 3.90178(6) 3.90178(6) 1.02 15.16 

11.2.5 Poled NBT-0.09KN 

Temp/ºC lattice parameter a / Å lattice parameter c / Å GOF Rwp 

-175 3.89472(12) 3.89472(12) 1.65 17.465 

25 3.90014(10) 3.90014(10) 1.54 16.24 

225 3.90739(12) 3.90739(12) 1.58 17.42 
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