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ABSTRACT 

The BiFeO3-K0.5Bi0.5TiO3-PbTiO3 (BF-KBT-PT) ternary system has been proposed in 

order to develop novel piezoelectric materials for high temperature applications which 

are beyond the applicable range of commercial PbZrxTi1-xO3 (PZT) ceramics. Although 

the macroscopic piezoelectric properties and a ferroelectric/relaxor continuum have 

been reported in the BF-KBT-PT solid solution, the corresponding driv ing mechanisms 

related to the corresponding atomic structure and crystallographic evolution with 

composition variation in such a complex perovskite system are still not fully identified 

and understood. The objective of this project is to reveal the interplay between 

crystallographic structure over different  length scales and the macroscopic physical 

properties. Multiscale investigations of selected compositions in the BF-KBT-PT system 

were realized by a combination of characterization methods including in-situ X-ray 

diffraction (XRD), transmission electron microscopy (TEM), digital image correlation 

(DIC), total scattering, ferroelectric and dielectric measurements. 

At room temperature, the regions of normal ferroelectric, non -ergodic and ergodic 

relaxors were identified in the studied composition space as well as their corresponding 

phase boundaries, based on the results of in-situ XRD, macroscopic ferroelectric and 

dielectric properties. A morphotropic phase boundary (MPB) region between 

rhombohedral and tetragonal phases was observed in the normal ferroelectric region, 

where ultrahigh electri c field-induced microscopic strain was observed in the tetragonal 
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{200} grain family, up to 5.5 × 10-3. An electric field-induced phase transition, from 

pseudocubic to rhombohedral structure, was observed in the non-ergodic relaxor region. 

According to the quantification method for the microscopic strain developed in this 

project, the intrinsic lattice strain is twice that of  the extrinsic domain switching 

contribution in the electric field-induced rhombohedral phase. The displacive behavior 

of cations in corresponding oxygen polyhedra for the non-ergodic composition was 

evaluated by a further total scattering investigation , which revealed the origin of 

ferroelectricity in the non-ergodic phase. The effect of ionic size on the local distortion 

was evaluated based on the statistical analysis of the atomic model obtained from  the 

total scattering investigation.  A focused study on the selected composition with core-

shell structure was also carried out in this project, which reveal ed the chemical 

heterogeneity and strain anisotropy between the core and shell regions.   
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1 INTRODUCTION  

The BiFeO3-K0.5Bi0.5TiO3-PbTiO3 (BF-KBT-PT) ternary system has been proposed to 

fulfil  the increasing industrial demands of high temperature piezoelectric materials for 

harsh environments. Understanding the interplay between atomic structure and 

physical properties provides the opportunity to improve the desired piezoelectric 

properties. Therefore, BF-KBT-PT ceramics of selected compositions are investigated 

over a range of length scales in this project. Besides the macroscopic piezoelectric and 

ferroelectric properties, the associated microscopic electromechanical behavior was 

evaluated by in-situ XRD, and the localized atomic level investigations with the  

combination of total scattering and TEM studies. 

In this project, the poling process carried out on BF-KBT-PT ceramics was repeated 

and investigated by in-situ XRD, which has the advantage of distinguish between the 

intrinsic lattice strain and extrinsic contrib ution of domain switching that occurred 

during the poling process. Accordingly, the microscopic electromechanical behavior is 

revealed in the scale of differently-orientated grain families or domain variants. The 

microscopic information obtained with in -situ XRD can also be utilised for the estimation 

of macroscopic electric field-induced strain behaviour. In order to confirm the validity 

of the microscopic and macroscopic electromechanical behaviour evaluated by the 

results of in situ XRD, the corresponding results were compared with the macroscopic 

strain-electric field (S-E) behaviour measured by a digital image correlation (DIC) 

method. The DIC method has the benefit of  being able to measuring the strain 

behaviour in 2D or even a 3D with proper experimental arrangement.  

Furthermore, the complexity of crystal structure on the local scale is present in BF-

KBT-PT ceramics due to the chemical heterogeneity on both A- and B-sites (Bi, K and 

Pb on A-site, Ti and Fe on B-site). Therefore, the local symmetry plays an important 

role in determining the polarization behaviour of substituted cations. The total 

scattering investigation carried out in this project exhibited the ability to reveal the local 

distortion using a statistical analysis according to the ionic species of the substituted 
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cation and the distortion of its surrounding oxygen polyhedra. The displacive behaviour 

of cations revealed potential polarization displacement directions, which can be related 

to the microscopic electromechanical strain evaluated by the in-situ XRD experiments. 

The combination of in-situ XRD and total scattering studies in this project linked the 

local scale symmetry (atomic level) to microscopic and macroscopic mechanical 

properties, which also shows the potential to be applied to other complex perovskite 

systems to help with the understanding of the materialôs structure over multiple length 

scales. 

In the present project, the author performed all the experimental work, 

programming and writing. In Chapter 4 , the methodology for the determination of the 

invariant angle was derived by Dr. David Hall and the author. The author did the TEM 

sample preparation and TEM investigations together with Dr. Ying Chen and Dr. Zhenbo 

Zhang. The in-situ XRD and total scattering data were collected by the author with the 

help from Dr. Annette Kleppe, Dr. Dominik Daisenberger and Dr.  Dean Keeble. 
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2 LITERATURE REVIEW  

2.1  Chapter Overview  

The purpose of this chapter is to clarify the basic concepts governing the 

phenomena of ferroelectric materials, combined with an introduction of their structure -

property relationships. Normal and relaxor ferroelectrics will be distinguished from the 

aspects of structure and properties, and the corresponding materials will be outlined, 

including commercial lead zirconate titanate (PbZr1-XTiXO3) and lead free Bi0.5Na0.5TiO3-

based materials. Furthermore, the BiFeO3-based composition, which forms the basis of 

the present study, will also be reviewed.  

2.2  Crystallog raphy of ferroelectric materials  

2.2.1  Lattice and Symmetry 

It is well known that a material (is crystalline or non -crystalline) structure 

contributes to its own properties. In crystalline materials, the definition of the periodic 

atomic arrangement is the combination of lattice and lattice point, where each lattice 

point stands for the unit cell of the crystal. There are seven basic lattices including 

cubic, tetragonal, hexagonal, orthorhombic, rhombohedral, monoclinic and triclinic 

varying with cell axes and angles. Furthermore, considering various lattice centers, 

fourteen different óBravais latticeô were proposed by Auguste Bravais[1] , as 

demonstrated in Figure 2-1.  
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Figure 2-1. Fourteen Different Bravais Lattice[2] . 

Another important parameter regarding crystal structure is the symmetry element 

based on the symmetry operations, such as mirror, rotation and inversion. The space 

groups are defined by the combination of the symmetry operation and crystal structure, 

and the number of three -dimensional space groups reaches to 230. The space groups 

can be described with Hermann-Maguin notation, comprising three or four symbols are 

consisted. For a specific space group, the first symbol indicates the Bravais lattice 

denoted by the letter P, I , C, F or R. The letters represent the primitive, body -centered, 

centered or base cantered, face-centred and rhombohedral primitive lattice respectively. 

To be more specific, group such as P4mm and R3c are important for piezoelectrics;  

P4mm indicate the primitive unit cell consisting of a 4 -fold rotation and 2 mirror planes, 

and R3c are the rhombohedral unit cell with 3 -fold rotation and a glide plane along the 

c-axis. 
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Figure 2-2. Piezoelectric and ferroelectric with corresponding point group[3]  

The properties are found to depend on the symmetry elements of the point group 

in crystalline materials. According to Neumannôs principle[4] , some properties, such as 

dielectric permittivity and electrostriction are present in all materials. However, other 

properties, such as piezoelectricity and pyroelectricity, only exist in materials wit h 

specific symmetries. Out of 32 crystal point groups, the piezoelectric effect is present 

in 20 noncentrosymmetric point groups due to the odd -rank tensor nature of the 

piezoelectric, and 10 out of the 20 noncentrosymmetric groups exhibit a unique polar 

axis and spontaneous polarization. All ferroelectrics materials arise from the 10 polar 

point group. The relationships illustrated in Figure 2-2. 

2.2.2  Perovskite structure 

Most commercial ferroelectrics and piezoelectrics belong to the crystal structure 

family of perovskites including the prototype ferroelectric BaTiO3 and well known 

commercial piezoelectric lead zirconate titanate (PZT). The perovskite structure can be 

generalised as ABO3, where A-site large cations are seated at the corners, and the B 

site smaller cations are located at the body center surrounded by the oxygen octahedral, 

as shown in Figure 2-3[5] .                                                 . 
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Figure 2-3. Perovskite ABO3 unit cell[5] . 

In order to judge the stability of different perovskite compounds based on 

geometric arrangements, the tolerance factor, t, was proposed by Goldschmidt for the 

compounds with ABO3 chemical formula as a criterion[6] , expressed as:  

ὸ
Ѝ

                                    2-1 

where t is the tolerance factor, RA, RB, and RO are the ionic radii of the A-site, B-site 

and oxygen ions respectively. 

Cubic perovskites, like SrTiO3, possess a tolerance factor around 1. Furthermore, 

based on empirical evidence, the tetragonal or hexagonal structure forms when t > 1, 

whereas the rhombohedral or monoclinic low symmetric distortions occur when t < 1. 

However, the premise of this criterion assumed that all the chemical bonds are in ionic 

form in the structure. Therefore, the criterion cannot be applied to some situations 

where there is no knowledge about the ionic radii of specific ions with given 

coordination or coexistence of both covalent and ionic bond in particular perovskite 

type crystal. The potential formation of A -site vacancies also gives inaccuracy to this 

criterion based on the tolerance factor. 
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Figure 2-4. Curie temperature of various BiMeO3-PT systems at MPBs[7] . 

 Furthermore, it has been demonstrated that there is a strong link between Curie 

temperature (TC) and tolerance factor in the BiMeO3-PT system with compositions 

located at the morphotropic phase boundaries (MPB) [7] . As shown in Figure 2-4, the 

TC shows a linear dependence with a negative gradient. Exceptionally, BiMeO3-PbTiO3 

solid solutions with Fe, W, Co on the Me3+  site possess much greater TC than the 

prediction based on the rule of tolerance factor [7] . 

2.2.3  Introduction t o Lead Zirconate Titanate and MPB 

As aforementioned due to the extraordinary commercial success of PZT, the binary 

system has been well studied across the composition space in order to understand the 

origin of its excellent properties. The end members are PbZrO3 and PbTiO3 at room 

temperature respectively, which exhibit orthorhombic (Pbma) and tetragonal (P4mm) 

symmetries. Across the composition space, rhombohedral phases (R3m and R3c) occur 

at the PbZrO3-rich end, and the phase boundary between rhombohedral and tetragonal 

is known as the morphotropic phase boundary (MPB), located at a Zr:Ti ratio 52:48, 
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where an exceptional enhancement of dielectric, ferroelectric and piezoelectric 

properties observed due to the coexistence of tetragonal (6 pola rization directions) and 

rhombohedral (8 polarization directions) phases.  

 

Figure 2-5. The new phase diagram for PZT, the phase diagram is marked by the regions 

of paraelectric cubic PC, antiferroelectric orthorhombic A O, low temperature ferroelectric 

rhombohedral FR(HT) and high temperature rhombohedral FR(LT) and tetragonal FT.  The 

dashed line indicates the boundary between monoclinic structures MA and MB[8]  . 

In recent years, the furt her investigations have made progression in clarifying the 

nature of the MPB as the development of diffraction techniques with advanced 

synchrotron X-ray and spallation neutron source. Multiple researchers have suggested 

that the property enhancement at th e MPB arise from the existence of monoclinic 

structure Cm which allows the continuous polarization vector rotation from <110> to 

<001> under applied mechanical stress or electric field [8] . All these complexities of 

structural details are determined indirectly by reciprocal space diffraction, which yields 
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the average structure across a relatively long-range. The recently-developed 

complementary total scattering studies provided complementary evidence of the crystal 

symmetry across the short-range to medium range with a óbig boxô modeling. The Pb2+ 

displacement within the unit cell indicates the presence of  a monoclinic order within 

short range at the Zr rich side. On approaching the MPB, the correlation length of the 

short-range monoclinic phase increases so that a more evident monoclinic phase can 

be identified through the reciprocal space diffraction anal ysis. Therefore, an updated 

PZT phase diagram has been given as shown in Figure 2-5. The application of X-ray 

scattering methods to ferroelectrics is described further  in section 2.8 below.  

2.2.4  Polar structure 

As mentioned above, crystallographic symmetry plays a very important role in 

tuning piezoelectric and ferroelectric properties. Especially, the different non-

centrosymmetric space groups holding a spontaneous dipole moment, due to the 

separation of charge, form different polar structures accordingly, as shown in Figure 

2-6.  

 

Figure 2-6. Schematic illustrations of spontaneous polarization (Ps) directions within a 

cubic unit cell for tetragonal (T), monoclinic (M), orthorhombic (O) and rhombohedral 

(R), and corresponding projections along (a) <101> and (b) < 001> respectively[9] .  

The spontaneous polarization Ps directions of tetragonal (P4mm), rhombohedral 
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(R3m) and orthorhombic (Amm2) phases are <001> pc, <111> pc and <110> pc 

respectively. According to the polarization-rotation model, the polarization is free to 

change orientation within a mirror plane in each monoclinic unit cell, which is allowed 

by the symmetry [10] .  Furthermore, monoclinic Cm is a subspace group of R3m and 

P4mm, bridging the rhombohedral to tetragonal phase transition with continuous cation 

displacement moving from [111] to [001]; polar directions of M a and MB lie within the 

mirror plane {110}, as shown in Figure 2-6.  Similarly, the monoclinic Pm structure (Mc) 

allows the cation displacements to lie on the {100} planes, bridging the polarization 

along orthorhombic <110> and tetragonal <001>. The complexity of monoclinic  

distortion has been observed within the PZT system, and in some lead-free 

compositions like Na0.5Bi0.5TiO3 and K0.5Na0.5NbO3[11,12] . 

2.3  Dielectrics  

An ideal dielectric can be polarized when exposed to an electric field, where a 

dipole moment forms without long range transport of charge. The atomic po larization 

mechanism occurs in all materials, where the electrons develop a relative displacement 

from the nucleus under an electric field. In addition, ionic polarization occurs in ionic 

materials, due to the relative displacements between cations and anions under an 

electric field. The molecules also can be oriented in dipolar material, like water. The 

last polarization mechanism, space charge polarization, which occurs at a potential 

barrier, such as grain or phase boundary, where the transport of the ch arge carriers is 

impeded. The details of different polarization mechanisms are illustrated in Figure 2-7. 
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Figure 2-7. Various polarization processes[5] . 

In practical situations, it is common for dielectrics to be objected to alternating 

electric field, like sinusoidal signal, where the dissipation issue should also be concerned. 

For an ideal dielectric, after the first half charging cycle and the next half discharging 

cycle, the average power dissipation should be zero, which is analogous to a mass 

oscillating driven by the gravity and elastic force without any damping caused by losses 

such as friction. The relationship between current and voltage in a dielectric can be 

exemplified by the phasor diagram in which the instantaneous current and the voltage 

at a given time can be presented by the vertical and horizon tal lines respectively, where 

the voltage is after the current by 90º as shown in Figure 2-8. 
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Figure 2-8. Phasor diagrams for an ideal and a real capacitor[5] . 

Considering the loss from the dielectric, the ratio between capacitive current Ic (the 

component leading voltage by 90º) and the current dissipated as heat I1 is determined 

by tan ŭ. Therefore, the relationship between real permittivity ( Ůô) and imaginary part 

of permittivity ( Ůôô) also can be described by tan ŭ, and the mathematical expression is,  

  ‐ ‐ ‐                                                 2-2 

     ÔÁÎ                                                    2-3 

The detail of the derivation process is given by A. J. Moulson[5] . 

2.4  Ferroelectricity  

The definition of a ferroelectric material is the possession of two or more equivalent 

directions of spontaneous polarization within the material, which can be reversed by 

the applied external electric field. [13] .  

2.4.1  Curie Point and Ferroelectric Phase Transition 

Ferroelectricity is only present in a limit ed temperature range, where the low 

symmetry and non-centrosymmetric crystal structures are energetically favorable and 

spontaneous polarization occurs. When the temperature goes beyond the threshold 

Curie point (TC), a phase transition to a high symmetry crystal structure without 

spontaneous polarization occurs due to lattice thermal vibration with sufficient energy. 

The dielectric permittivity follows the Curie -Weiss law[5]  at higher temperatures beyond 
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Curie point, which is expressed as:  

‐                                                   2-4 

Where T0 is the Curie-Weiss temperature, and normally T0 <  TC.  

2.4.2  Domains 

There are at least two equivalent orientations with opposite spontaneous 

polarization vectors in ferroelectric materials without the presence electric or 

mechanical fields. The polarization configuration can accommodate the elastic energy 

caused by mechanical constraints and the electrostatic energy of the depolarization 

field developed as a result of the phase transition during cooling from a paraelectric 

high symmetry crystal structure to a ferroelectric low symmetry crystal structure. The 

regions of uniform polarization orientation are denoted ferroelectric domains, while the 

boundaries between domains with different polarization orientations are called domain 

walls, as shown in Figure 2-9. 

 

Figure 2-9. (a) 180Ü and (b) 90Ü ferroelectric domains and domain wall regions[14] . 

In a polycrystalline ceramic, the domains and domain walls form due to electrical 

and mechanical fields at the local level. The electric field alone leads to the formation 

of antiparallel domains (180º wall), whic h are purely ferroelectric. Considering the 

situation involving mechanical stress, where non-180º domain walls form with both 
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ferroelectric and ferroelastic aspects, normally in the form of 90º domain walls in a 

tetragonal phase, or 71º and 109 º domain wa lls in a rhombohedral phase respectively. 

Figure 2-9 illustrates the domain configurations in tetragonal phase involving both 

electric and mechanical field[14] . 

Compared with the intrinsic effect of the lattice, the domain wall movement under 

weak to moderate fields is known as th e extrinsic effect in ferroelectric materials. The 

characteristics of field-induced strain and polarization hysteresis loops can be affected 

by the nucleation, propagation and switching of domains. Therefore, any factors 

correlated to domain switching behavior and domain wall movement will lead to 

changes in macroscopic properties. Normally, the crystal defects and can affect the 

dielectric displacement within a domain and domain wall movement in several ways. 

Oxygen vacancy and electrons can become trapped in the domain wall region, inhibiting 

domain wall displacement causing a pinning effect. Also, the local electric field of 

vacancy-acceptor dipole pairs can interact with domain polarization, which inhibits 

domain switching. Furthermore, the grain size, dopants, texture, external stress, 

electric field, and preparation conditions can affect the domain -wall movement in 

ferroelectric ceramics. Figure 2-10 shows the formation process of 90 º and 180º 

domain walls under electric and stress fields. 

 

Figure 2-10. 180Ü and 90Ü ferroelectric domains Formation[14] . 
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It was shown that the domain width is proportional to the square root of grain size 

in ferroelectrics, such as PZT, where one domain exists in a sub-micrometer grain as a 

minimum[15]. No domain wall was observed for grain sizes lower than 0.2 ȉm, which 

indicates single domain existence, for an examination conducted on the PZT thin film. 

The domain density was found to increase continuously with PZT grain size beyond 

1ȉm, which exhibited 180º, 90º, and non 90º domain wall simultaneously [16] .   

As mentioned before, the presence of domains and domain walls minimizes 

electrostatic and elastic energies. Thus, a small grain containing a single domain does 

not possess such an effect, and ferroelastic domain strain is not compensated yet. 

Furthermore, the effect of poling process is deteriorating with the presence of coupling 

between domain wall and grain boundary. As the domain density increases, and domain 

wall and grain boundary coupling reduce, the presence of ferroelectric and ferroelastic 

domain walls gives an enhancement on domain re-orientation ability during poling, 

thereby reducing the coercive field. 

 

Figure 2-11. Domain configuration with different grain size [14] . 

2.4.3  Hysteresis 

The most common method to characterize ferroelectricity is by measurement of 

polarization-electric field loops. It is a straightforwa rd illustration to present the 

macroscopic result of a domain wall switching in ferroelectrics. The domain polarization 
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vector can be switched to an unfavorable orientation by the amplitude of an electric 

field. Once polarization reaches saturation and all the domains are aligned, the 

saturated polarization Psat is a field-dependent term and deviates from the remnant 

polarization Pr in polycrystalline ceramics, which refers to the value retained when 

applied field switch back to zero. And the spontaneous polarization, Ps is the tangent 

extrapolation of Psat back to zero. The electric field required for reducing the polarization 

to zero is defined as the coercive field Ec. Domains can be re-orientated to the opposite 

direction when the field polarity is reversed and surpasses the coercive field. 

Furthermore, hysteresis loops are temperature-, and frequency- dependent.  

 

Figure 2-12. Ferroelectric polarization-electric field loops of (111) -oriented PZT thin 

film[14] . 

2.4.4  Relaxor ferroelectrics 

Besides normal ferroelectrics, relaxor ferroelectrics were discovered in the 1950s 

by Smolenskii[17] . Multiple ionic species can be accommodated at the same site within 

a relaxor ferroelectric crystal structure, preserving the perov skite structure. 

Distinguished from normal ferroelectric , the relaxor ferroelectrics possess characteristic 

properties as listed below[18] : 
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1. Polarization related properties show obvious diffuseness with temperature. A series 

of broadened permittivity peaks with maximum permittivity temperature ( Tmax) 

shifting to higher value and permittivity suppression wit h at increasing frequency 

is typical. 

2. By means of X-ray diffraction or other optical method, there is no obvious phase 

transition to a polar phase for temperature near to Tmax.  

3. Relaxors do not adhere to the Curie-Weiss Law beyond the permittivity maximum . 

Regarding its crystallography, the relaxor ferroelectrics are classified as a type of 

material having locally disordered crystal structures. Above the Burns Temperature TB, 

the non-polar paraelectric phase (PE) exists, which is the same as the PE phase of a 

normal ferroelectric. Upon cooling the PE phase transforms into the ergodic relaxor (ER) 

state, while the polar nanoregions (PNRs) forms with the random distribution of dipole 

direction. Although, this transition cannot be identified as a structural pha se transition 

at the macroscopic or mesoscopic scale, the formation of PNRs affects the physical 

properties dramatically, therefore, the ER phase is often considered as a new phase 

compared with the PE state. 

The ergodic phase dynamics slows down gradually upon further cooling. Especially 

at the freezing temperature Tf, the PNRs increase in size and freeze into a nonergodic 

relaxor (NR) state with the average crystallographic symmetry of cubic. Freezing of the 

dipole dynamics is reflected in the Ůr-T relationship in form of a large and wide peak 

with characteristic dispersion observed at all frequencies according to corresponding 

dielectric measurements. This peak exhibits the same order of magnitude as those of 

normal ferroelectric (FE) perovskites at the Curie point, but in contrast to ordinary 

ferroelectrics it is highly diffuse and its temperature Tm (> Tf) shifts with frequency due 

to dielectric dispersion. 

The NR state can be irreversibly transformed into an induced FE state by the 

application of a sufficiently strong electric field accompanied by a phase transition from 

cubic to lower symmetries, such as rhombohedral and tetragonal phases. The electric 
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field-induced FE phase will transform into the ER phase upon heating at Tc which is 

very close to Tf. All the phase transitions have an influence on the Ůr-T relationships as 

shown in Figure 2-13. 

 

Figure 2-13. The temperature dependent evolution of dielectric constant and crystal 

structure. The regions of conventional relaxor dispersion (CRD) and universal relaxor 

dispersion (URD) and the types of structure paraelectric (PE), ergodic (ER), nonergodic 

(NR) and ferroelectric (PE) are identified[19] . 



Chapter 2 

- 37 - 

Several models have been proposed previously to explain the relaxation behaviour 

mentioned here. Bearing in mind that the origin of relaxor properties lies in the cation 

inhomogeneity that exists on the nano scale, this is the core idea for the models 

introduced hereafter. 

In order to explain the frequency dependent dielectric properties, the diffuse phase 

transition model was initially proposed[20] , which superimposed numerous first-order 

phase transitions with different local Curie temperatures from different polar regions, 

as shown in Figure 2-14. Each polar region arises from the chemical inhomogeneity 

due to fluctuation in cation.  However, this model was challenged by the size effect of 

ferroelectricity; where the volume of perovskite ferroelectric region reduced to round 

100 Å3, the energy bar rier for polarization switching becomes comparable to the 

thermal energy and cancels out the existing polarity. Therefore, the superparaelectric 

model was proposed by analogy with superparamagnetics, which confirms the presence 

of local polarization above Tm and indicates that the local symmetry is lower than the 

global symmetry. The clusters of similar local symmetries are thermally unstable nano 

polar volumes. Although, this model explains the dielectric behaviour above 

temperature Tm, the frequency dispersion in dielectric permittivity upon cooling below 

Tm was not addressed yet.  

 

Figure 2-14. The illustration of diffuse phase transition model with multiple first order -

phase transition dielectric profiles superimposed to a relaxor dielectric profile[21] . 
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The dipolar glass Model was proposed by borrowing concepts from the glass 

community. The dielectric relaxation can be expected to slow down gradually and 

become frozen upon cooling by analogy with a spin glass. The so called óVogel-Fulcherô 

(VF) relation was adopted to describe the relaxation behaviour and define the freezing 

temperature:  

 ÅØÐ                                          2-5 

where Ȓ, Ȓ0, EA, kB and TVF are the measurement frequency, activation energy barrier, 

the Boltzmann constant, and the freezing temperature, respectively. According to the 

X-ray and neutron diffuse diffraction results, the dielectric response is enhanced with 

the increase in the correlation length of PNRs. Especially, the Tf coincides well with the 

temperature where the correlation length stops increasing [21] . 

The formation of the NR phase was explained by a random field model. The 

substitution of different atom species encourages a non-ferroelectric environment that 

suppresses the collective dipole alignment to form long range order. The mechanism 

responsible for the induced relaxor state can be attributed to the development of 

órandom local strainô fields that may originate from óferroelastic domain statesô[19] .  

2.5  Piezoelectricity  

The history of the d iscovery and development of piezoelectricity has been well 

documented[22] . However, the simplified explanation of the piezoelectric effect is quite 

straightforward, when a piezoelectric is subjected to an external mechanical stress this 

will lead to an almost simultaneous charge accumulation on the surface, known as the 

direct effect, while the application of an electric field can lead to a strain response from 

the material, which is the converse effect as shown in Figure 2-15. 
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Figure 2-15. Illustration of piezoelectric effect [5] . 

The constitutive laws of piezoelectricity can be expressed by the following 

equations:  

  ὼ Ὓȟὢ ὨȟὉ                                           2-6 

Ὀ Ὠ  
ȟὢ ‐ȟὉ                                            2-7 

The pure piezoelectric polarization or strain can be achieved at zero electric filed or 

stress respectively, like short circuit and free stress conditions. The mathematical 

expression of for the pure piezoelectric polarization is shown by the following equation:  

ὖ Ὠ ὢ                                                  2-8 

where X is the mechanical stress applied on the piezoelectric and d is the piezoelectric 

charge coefficient (CN-1). Similarly, the converse piezoelectric can be expressed as: 

 ὼ Ὠ Ὁ                                                  2-9 

Where mechanical properties include: the strain S, the stress T (Nm-2), s and c are the 

elastic compliance (m2N-1) and stiffness (Nm -2) respectively, and electrical parameters 

include: dielectric displacement D (Cm-2), electric field E (vm -1) and dielectric 

permittivity Ů. The upper index of s, c and Ů indicates constant condition of electric field 

or stress.  

Electrostriction is another prevailing phenomenon observed in dielectric materials. 

The sign of deformation is independent to electric field polarity, and the deformation 

degree is proportional to the even power of electric field with respect to electrostriction. 

To be distinguished with electrostriction, the deformation of piezoelectricity reverses 
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when electric field sign changes and exhibits linear behavior with respect to electric 

field. The mathematical expression of electrostrictive behavior is:  

2mES=   (in terms of electric field)                          2-10 

2QPS=   (in terms of polarization)                           2-11      

where m and Q are the corresponding electrostrictive coefficients respectively. 

The advantages of excellent electrostrictive material over conventional 

piezoelectrics are:(1) minimal or negligible of strain -field dependence on hysteresis 

within specific temperature range (2) stable and comparable strain to piezoelectric 

materials, and (3) no needs of poling, which are normally observed in relaxor type 

materials[23] . 

2.6  Piezoelectric Materials for High Temperature 

Applications  

Recently, the technological demands for piezoelectric components, like actuators, 

sensors and transducers, operating at elevated temperature beyond the limitation of 

novel commercial PZT ceramics (250 °C to 350 °C) , has motivated great research 

efforts to explore possible compositions including component, binary and ternary 

systems with high Curie temperatures. However, the issue is not yet fully explored 

considering the balance to be made between cost, application temperature, and 

corresponding properties. 

The demands on high temperature piezoelectric component have risen gradually 

since 1974 during energy crisis. At that time, sensors and corresponding electronic 

systems operating at high temperatures and under extreme environments were 

required for geothermal and oil -well logging industries.[24]  In order to optimize the 

propulsions system and monitor the service conditions of corresponding components, 

the aerospace and aircraft industries are now urgently demanding piezoelectric sensors 

which can be used for direct sensing inside jet engines, where temperature scan range 

from 500 to 1,000 °C , requiring lifetimes up to 100,000 h [25] . Furthermore, sensing 
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and actuation in similar harsh environments is also a challenge in space exploration, 

for example, with the temperature exceeding 460 °C and high pressures up to 9 MPa 

on Venus, in addition to the corrosive and radioactive environment[26] . Besides, the 

manufacturing, automotive and energy industry require high temperature sensing 

techniques deployed close to the temperature source, such as the hot liquid flow, 

combustion engines or the critical metal components in nuclear reactors. 

 Diverse high temperature piezoelectric materials have been developed to satisfy 

various conditions of different application situations. However, the tunability of each 

material is limited by the balance amongst operation te mperature, mode and sensitivity. 

Therefore, different piezoelectric materials are reviewed in this section to distinguish 

the operation temperature and the figure of merits. The materials are categorized in 

ferroelectric and non-ferroelectric types to make comparison although those materials 

may in forms of single crystal or polycrystalline.   

2.6.1  Ferroelectric Structure 

2.6.2  Perovskite Material 

The aforementioned well-known lead titanate zirconate (PZT) system, and another 

extensively studied system, Pb(Mg1/3Nb2/3)O3ïPbTiO3 (PMNT), are the most successful 

commercial systems to data, offering high piezoelectric coefficients d33 > 350 pC/N and 

electromechanical coupling factors k33 > 70%, dominating the market for temperature 

below 300 °C( limited by Curie temperatu res), therefore, both systems are essentially 

unsuitable with high temperature applications.  

However, great efforts had been put into developing ferroelectric compositions with 

perovskite structure for high temperature applications, trying to repeat the su ccess of 

PZT by reproducing a morphotropic phase boundary (MPB) with at least one of the end 

members possessing a high Curie temperature. It is noteworthy that, BiMeO3-based 

compositions (where Me represents a metallic element) systems exhibit great potent ial 

to achieve compositions with high Curie temperatures and reasonably high piezoelectric 

properties, the corresponding information of diverse BiMeO3-based compositions are 
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listed in Table 2-1. Especially, systems based on BiFeO3 or BiScO3 exhibit greater 

piezoelectric properties and space for tailoring, however Sc is prohibitively expensive, 

whereas multi-ferroelectric BiFeO3 provides further application possibilities due to its 

combined ferroelectric and ferromagnetic behavior. Therefore, a thorough intr oduction 

to the BiFeO3 system and other newly-proposed tetragonal end members with high 

Curie temperature will also be reviewed in another separate section. 

Table 2-1 Summary of TC, c/a ratio and d33 in the BiMeO3-PbTiO3 families at the 

morphotropic phase boundary compositions 

Material TC (°C)  
c/a 

ratio 
d33 

(pC/N) 
Additional 

information 
Reference 

0.15BiInO3-0.85PbTiO3 542 1.067 60 
1.5% Nb 

doped 
[27]  

0.2BiYbO3-0.8PbTiO3 570 - 12 Second phase [28]  

0.2BiGaO3-0.8PbTiO3 495 1.055 -  [29]  

0.1BiAlO3-0.9PbTiO3 455 1.052 -  [30]  

0.7BiFeO3-0.3PbTiO3 632 1.187 50  [31]  

BiScO3-PbTiO3 450 1.021 450  [32]  

2.6.3  Tungsten Bronze Structure 

The general formula of tungsten bronze oxygen octahedral family is 

(A1)2(A2)4C4(B1)2(B2)8O30. The most extensively studied and commercially available 

materials in this family are based on the composition of PbNb2O6 (PN), lead 

metaniobate, where five out of the six A sites are occupied by Pb2+ , and the B sites 

occupied by Nb5+ , while C sites are empty. Figure 2-16 illustrates the unit cell of the 

prototypical tungsten bronze structure PbNb2O6 viewed (a) along [001] and (b) along 

[010]; (c) detail shows the positions of the lead ions at the A1 - and A2-sites. Lead 

metaniobate is mainly adopted in nondestructive evaluation (NDE) transducers due to 

its ultralow mechanical factor QM~20 (wide bandwidth), and high d 33 to d11 ratio (high 
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degree of anisotropy) with Curie temperature of 540 °C. The commercial products are 

commonly modified with Ba, Mn or Ca to enhance resistivity at the expe nse of Curie 

temperature with operation temperatures up to 300 °C [33,34] . 

 

Figure 2-16. The prototypical tungsten bronze structure PbNb2O6 viewed (a) along [001] 

and (b) along [010] directions; (c) detail shows the position of the lead ions at the A1 - 

and A2-sites[33] . 

2.6.4  Bismuth Layer (Aurivillius) Structure 

The bismuth layered-structures ferroelectrics (BLSFs) possess the general formula 

(Bi2O2)2+(Am-1BmO3m+1)2-, where the A site accommodates a mono-, di- or trivalent ion 

or a mixture of multi species ions with dodecahedral coordination, the cations situated 

on B-sites lie within the oxygen octahedron, and m is the number of perovskite layer 
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stacks, from 1 to 6. Figure 2-17 illustrates the crystal structure of BLSF with formula of 

A2Bi4Ti5O18. 

The BLSF family generally exhibits low dielectric permittivity, strong anisotropic 

electromechanical properties, low aging rate, high mechanical quality factors and high 

Curie temperatures; the d33 values and Curie temperatures are in the range of 10-45 

pC/N and 500-900 °C respectively depending on the composition [35ï37]. 

 

Figure 2-17. Bismuth-layered-structure with formula of A 2Bi4Ti5O18[35] . 

2.6.5  Perovskite Layered Structures 

Perovskite layered structures (PLSs) possesses a similar structure to that of the 

Aurivillius family with general formula A 2B2O7, which is actually a derivative of the 

perovskite structure, the BO6 octahedrons are separated by an extra O atom. Ultra-high 

Curie temperatures have been found in PLS family, especially the compositions 

Sr2Nb2O7 and La2Ti2O7 which possess the highest known Curie temperatures, 1342 °C 

and 1500 °C respectively [37,38] . Furthermore, they exhibit exceptional resistivities 

even at elevated temperatures, in the order 10 7 ǹ.cm at 700 °C. Therefore, the 

operation temperature is normally proposed to have a limit around 900°C, according 
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to the Curie temperature and resistivity. However, the dielectric permittivity and 

piezoelectric coefficient are extremely suppressed with TC increasing, for example, a 

d33 of value 2.6 pC/N was found for spark plasma sintered, textured La2Ti2O7 with Curie 

point of 1450 °C  [39] . 

2.6.6  Corundum Structure 

In the corundum family, LiNbO 3 and LiTaO3 are the most extensively studied and 

widely used as transducers and surface acoustic wave sensors with Curie temperatures 

of 720 °C and 1150 °C respectively. However, the piezoelectric d33 coefficient of 6 and 

9 pC/N respectively have been reported, and oxygen loss always occurs (which leads 

to decrease in electrical resistivity) beyond 600 °C which effectively reduce the  using 

temperature. Furthermore the decomposition of LiNbO3 crystals at modest temperature 

is another problem, chemical stability is also a concern[40,41] . 

 

Figure 2-18. Crystal structure of LiNbO3, blue dot represents lithium atom [40] . 

2.6.7  Non-ferroelectric materials  

Other types of useful piezoelectric materials exist that are non-ferroelectric family 

still possess piezoelectric properties even at elevated temperature.  

Hydrothermally grown synthetic quartz (SiO2) is widely used in oscillators, 

resonators and filters, possessing excellent resistivity (>107 ǹ.cm), high mechanical 

factor and narrow bandwidth. However, quartz is not suitable for high temperature 
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applications as the mechanical twinning occurs at 300 °C and a further Ŭ-ȁ phase 

transition at 573 °C, with low d11 2.9 pC/N[42] . Similarly, gallium orthophosphate 

(GaPO4), berlinite (AlPO4) and gallium arsenate (GaAsO4) possess the same crystal 

symmetry as Ŭ-quartz and even the advantages as a piezoelectric candidate for high 

temperature application. For example GaPO4 has, d11 of 4.5 pC/N, QM about 2000, and 

a Ŭ-ȁ phase transition temperature at 970 ÁC[43,44] . 

AlN and GaN are group IIIA nitrides and that possess the wurtzite structure with 

point group 6mm. Especially, AlN is widely used in microelectronics due to its high 

thermal conductivity, high electric resistivity, and dielectric breakdown strength. AlN is 

normally used in thin film form, the piezoelectric coefficient, d33, of AlN thin f ilms is 

reported to be about 5.6 pC/N. However, surface oxidation of AlN occurs above 700 °C 

in air which limits its use at higher temperatures, although it can be used in hydrogen 

or carbon dioxide atmosphere up to 1100 °C [45] . 

Recent researches indicate that Langasite Crystal and Oxyborate crystal family 

exhibit potential for high temperature application as well, and diverse compositions 

have been developed and examined. The Langasite family possesses the general 

formula of A3BC3D2O14, where the A-site cation decahedral coordinates with eight 

oxygen and the B-site octahedral coordinates with six oxygen ions. Especially, there are 

no phase transitions prior to the corresponding melting points in the range 12 00 -

1550 °C [46,47] . However, the structural distortions of such structures lead to inevitable 

phonon scattering, increased conductivity increase and mechanical loss. Oxyborate 

crystals with general formula ReCa4O(BO3)3 (Re being a rare earth element) also have 

no phase transition prior to approaching the melting temperature.  

2.7   BiFeO3-based Solid Solution  

As aforementioned, BiFeO3-based solid solutions exhibit great potential for high 

temperature application as piezoelectric component. Furthermore, investigations on 

BiFeO3 and corresponding systems also may lead to new fundamental physics and more 

device applications, such as spintronics and memory devices, since BiFeO3 is perhaps 
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the only material possessing both strong magnetic and ferroelectric properties at room 

temperature[48] . In this chapter, recent research on  BiFeO3 and corresponding dopants 

are briefly introduced, which other end members which are combined with BiFeO3 to 

engineer binary or ternary systems are also reviewed. 

2.7.1  BiFeO3 

The crystal structure of BiFeO3 is rhombohedral, belonging to point group R3c, with 

lattice parameters arh of 3.965 Å and a rhombohedral angle arh of 89.3-89.4º at room 

temperature. The corresponding ferroelectric polarization is along [111] pc. Also, the 

crystal structure can be described in the hexagonal setting, with the body diag onal of 

the perovskite cubic parallel to the hexagonal c-axis, i.e. [001] hexagonal [111]pc, with 

parameters ahex=5.58 Å and chex=13.90 Å [49] . The crystallographic relationship is 

illustrated in Figure 2-19 with pseudo-cubic, rhombohedral and hexagonal 

transformation.  

The tolerance factor of BiFeO3 is 0.88, using the ionic radii published by 

Shannon[50] . It is co nsidered that the oxygen octahedra must buckle in to compensate 

the small tolerance factor, with oxygen octahedra rotation angle Ȓ ca. 11-14° , 

corresponding Fe-O-Fe angle, 154-156° [51] . The oxygen octahedron distortion and 

Fe-O-Fe angle are important when considering magnetic exchange and Fe and O orbital 

overlap, which determine magnetic ordering and the conductivity [48] . Furthermore, 

the Curie temperature of BiFeO3 is 825°C, which is an exception of the Tc prediction 

based on tolerance factor as aforementioned. 
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Figure 2-19. (a) Hexagonal unit cell including six pseudo-cubic unit, (b) Rhombohedral 

symmetry, (c) two pseudocubic unit cells arranged along [111] in rhombohedral and 

pseudocubic notation and [001] in hexagonal notation, (d) Crystallographic 

relationships amongst the hexagonal, rhombohedral and pseudo-cubic settings  [51] . 

It is a delicate process to prepare pure BiFeO3 and BiFeO3-based polycrystalline 

samples due to the sensitivity to stoichiometric composit ion which reflected in Bi2O3 

and Fe2O3 binary diagram in Figure 2-20. As a result, accurate control of the Bi 2O3 to 

Fe2O3 ratio is a critical step to avoid the formation of second phases of Bi25FeO39 and 

Bi2Fe4O9, not only in the preparation of pure BiFeO 3, but also within BiFeO3-based 

systems, where Bi-rich or Fe-rich region are observed at the microscopic scale[48] . 

Furthermore, the volatilization of Bi 2O3 occurs around its melting point of 817°C, which 

leads to the issues in preparing such samples through solid state reaction, as a result 

of the high sintering temperature, normally beyond 1000 °C. Therefore, add ing 2 mol% 

extra Bi2O3 is generally used to compensate for Bi2O3 loss at elevated temperature[52] . 

As a result, the thermal stability of BiFeO3-based ceramics should be considered 

carefully as part of the processing strategy.  








































































































































































































































































































































































































