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List of Abbreviations 

𝐸𝑐:    Coercive field 

𝐸𝑓−𝑟:    Electric field at which the ferroelectric state decays into a relaxor state 

𝐸𝑟−𝑓:   Electric field required to induce a ferroelectric state 

𝑃𝑚𝑎𝑥:   Maximum polarization 

𝑃𝑟:   Remanent polarization 

𝑃𝑠
𝑖:   Spontaneous polarization 

𝑆𝑓−𝑟:   Strain at which the induced ferroelectric state decays into a relaxor state 

𝑆𝑚𝑎𝑥:   Maximum strain 

𝑆𝑛𝑒𝑔:   Negative strain 

𝑆𝑟:   Remanent strain 

𝑆𝑟−𝑓:   Strain output when the ferroelectric state is induced 

𝑇0:   Curie-Weiss temperature 

𝑇𝐵:   Burns temperature 

𝑇𝐶:   Curie temperature 

𝑇𝑑:   Depolarization temperature  

𝑇𝑓−𝑟:   Temperature corresponding to the ferroelectric to relaxor phase transition 

𝑇𝑓𝑟:   Freezing temperature 

𝑇𝑚:   Temperature of the maximum real part of the relative permittivity 

AFD:   Antiferrodistortive 

BF:   Bright field 

BNT:   (Bi1/2Na1/2)TiO3 

BKT:   (Bi1/2K1/2)TiO3 

BNT- or BKT-based: Bismuth alkali-based materials 
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BSE:   Back scattered electron 

BT:   BaTiO3 

BT-based:  Barium titanate-based materials 

BZ:   BaZrO3 

BZT-BCT:  (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 
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C:   Prototype cubic phase 

CT:   CaZrO3 

DF:   Dark field 

DTA:   Differential thermal analysis 
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1 Introduction 

Multifunctional ceramics have become increasingly important in advanced technologies because 

they transduce electrical, mechanical, thermal, optical, and magnetic energies.1 These advanced 

ceramics are intended to meet the constantly evolving frontiers of new energy efficient products, 

which are desired to increase productivity and assure a better quality of life.2 Piezoelectrics couple 

electrical and mechanical properties and thus are relevant in a wide variety of applications, such as 

actuators, motors, sensors, accelerometers, transducers, resonators, and others.3,4 Actuators are 

designed to transform an electrical input into controlled displacement. They are normally 

implemented in fuel injectors, fabrication of semiconductor chips, optical lenses and mirrors, 

autofocusing of cameras, ink-jet printers, positioning video tape-recording heads, and 

micromachining devices, among many others.3,4 The most important features of actuators are their 

physical dimensions, stroke, output force, operating frequency and temperature, weight, reliability, 

and cost.5,6 Piezoelectric and electromagnetic technologies are commonly used in actuators. The 

former is generally more suited for miniaturization due to faster response, less moving parts, less 

flammable components, and higher efficiency. Moreover, piezoelectrics function with no 

electromagnetic noise.7 From the viewpoint of the piezoelectric material, actuators may be 

classified as working in the small or large signal regime, as depicted in Figure 1.1. The small signal 

regime indicates that the piezoelectric responds linearly to an electric field input, on the order of 

0.0005 kV/mm. Large signal indicates that higher electric field inputs on the order of 2 kV/mm lead 

to a non-linear electromechanical response. The high power, small signal regime entails high 

frequency applications with a certain degree of non-linearity due to the relatively large electric field 

input above 0.006 kV/mm applied during service.8,9 This work will mostly concern the 

characterization of piezoceramics in the low power, small signal regime and large signal regime, as 

pointed out in Figure 1.1. 

 

 

Figure 1.1: Classification of piezoelectric actuators according to the piezoelectric driving 

mode. Regimes investigated in this work are pointed out in dark blue.  
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Actuators used in fuel injectors work in the most demanding conditions.10 Table 1.1 summarizes 

service requirements of piezoelectrics in fuel injectors. These physical features can be considered 

as a guideline for desirable piezoelectric properties required in actuators. 

 

Table 1.1: Technologically relevant physical features for piezoelectrics in fuel injectors. 

Values were deduced from the current state-of-the-art materials implemented in these 

devices. In general variations within ± 10 % of the properties depicted are accepted. 

*Intensive property corresponding to blocking force. 

Physical feature Desired piezoelectric property for fuel injectors 

Strain output At least 0.20 % at 2 kV/mm.11 

Operational temperature Actual: - 40 °C to 150 °C. Upcoming years: - 40 °C up to 200 °C.6,11,12 

Operational frequency 101 Hz to 102 Hz.11 

Operation under 

humidity 
Constant performance for humidity conditions above 85 % at 85 °C.6 

Blocking stress* At least - 50 MPa.13 

Long term reliability Strain output as constant as possible up to 108 cycles.14 

Fracture toughness At least 1 MPa m1/2.15 

 

The perovskite solid solution family of Lead Zirconate Titanate Pb(ZrxTi1-x)O3 (PZT) has traditionally 

been the focus of developmental efforts in the piezoceramics community. This is due to the 

possibility of engineering its electromechanical properties with dopants (≤ 3 at. %) or modifiers (≥ 5 

at. %) leading to desirable and relatively easily addressable functional properties for a broad range 

of applications.16 As a result of more than seven decades of continuous developmental efforts, PZT-

based solid solutions are the preferred piezoelectrics in present day applications, comprising ~ 95 

% of the whole piezoelectric materials implemented in the international production of actuators.3,4 

Global awareness for well-being of the environment has increased in the past decades, culminating 

in various international regulations and treaties, such as the “Rio Declaration on Environment and 

Development” of the United Nations.17 As encompassed by the third generation of human rights, 

and stated in a number of international treaties, access to a healthy environment and sustainability 

have become global priorities.17,18 In particular, Pb and PbO were identified as toxic for human 

health and the environment.19,20 On these grounds, directives against the use of Pb and other toxic 

elements in consumer products have been globally introduced.21-28 These regulations have 

stimulated an increased research in lead-free piezoceramics.10,29 Although the legal situation 
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worldwide is still ill-defined, the interest of certain piezoelectric device producers to fulfill these 

regulations and to find new markets is slowly increasing the technological implementation of lead-

free piezoceramics.3,4,10 Although efforts have been made in the quest to achieve candidates for a 

broad range of applications, to date there is no single material class that can replace PZT entirely.10 

Three main solid solution families have been recognized as technologically relevant: barium 

titanate-based (BT-based), bismuth alkali-based (BNT- or BKT-based), and alkali niobate-based 

(KNN-based) materials.10,29 In this work, two systems were selected as representative candidates, 

one from the BT-based and the other from the BNT-based family of materials. Namely, (1-

x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 (BZT-BCT) and (Bi1/2Na1/2)TiO3(BNT)*-SrTiO3 (ST) were selected. 

These model materials were chosen to expand the state-of-the-art knowledge of strain 

mechanisms of lead-free piezoceramics in the small and large signal regimes, and thus promote 

their technological implementation. Figure 1.2 displays the strategy selected to investigate them. 

 

 

Figure 1.2: Strategy selected to investigate strain mechanisms of lead-free piezoelectrics. 

 

Emphasis on the relationship between structural and electromechanical properties is made 

throughout this work. For this purpose, atomic crystal structure and microstructure were 

investigated by means of thermal analysis, as well as diffraction and microscopy techniques. 

Electric field-, temperature-, and frequency-dependent electromechanical properties in the small 

and large signal regimes were also examined. Apart from the correlation between structure and 

properties, the characterization was also performed to form a bridge between basic research and 

application-oriented knowledge required for technological implementation. More specifically, for 

the BZT-BCT system, emphasis on the relationship between phase instabilities and 

electromechanical properties was explored. For the BNT-ST, a thorough investigation in the 0.75 

                                                           

*
 Note that ½ is used as subscript instead of 0.5. The reader should be aware that this nomenclature is used to indicate 

that Bi1/2Na1/2TiO3 is a stoichiometric compound rather than a solid solution. 
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mol fraction (Bi1/2Na1/2)TiO3-0.25 mol fraction SrTiO3
† was performed to give insights into the 

electric field induced phase transformation and the core-shell microstructure of this material. 

Following this introduction, this work is divided into eight subsequent main sections. Section 2 

treats the physics behind dielectrics and their classification with emphasis on ferroelectrics and 

relaxor ferroelectrics, as well as strategies to enhance their electromechanical properties. Section 3 

is a comprehensive review of the current state-of-the-art of lead-free piezoelectrics. The reasons 

for selecting the model materials of this study will become apparent in this section. Section 4 

describes the experimental procedures chosen to synthesize the materials and the characterization 

techniques selected to investigate their strain mechanisms with emphasis in structure-property 

relationships. Section 5 presents the results and discussion of the experimental work performed. 

Sections 6 and 7 summarize this work and give concluding remarks, as well as possible future 

research opportunities. 

  

                                                           

†
 Unless stated, all compositions in this work will be given in mol fractions. 
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2 Theoretical Background 

This chapter introduces the fundamental physics and concepts of dielectrics30-39 and their 

classification38-46, as well as of ferroelectrics2,16,29,37-50, and relaxor ferroelectrics.51-57 The 

information of many textbooks and review papers related to the physics of materials science was 

employed throughout these sections. Unless explicitly stated otherwise, mathematical 

relationships displayed throughout this work hold for linear and homogeneous materials. For more 

detailed mathematical treatments the reader is referred to Refs.40,41  

 

2.1 Dielectrics 

Dielectrics are electrically insulating materials. Gauss´s law indicates that the free charge density 

𝜌𝑓𝑟 of a dielectric medium enclosed by a surface leads to an electric displacement 𝐷𝑖
‡, as given in 

Equation 2.1. 

∇𝑖 ∙ 𝐷𝑖 = 𝜌𝑓𝑟 Equation 2.1, 

where ∇𝑖 is the nabla operator. It is convenient to define the concept of an order parameter. An 

order parameter is a scalar or tensor variable of state that is defined such that its thermal or 

compositional average is distinguishable in the different phases or states of a system. For instance, 

𝐷𝑖 can be considered as an order parameter in the case of a dielectric medium where two different 

phases or states develop with different thermal or compositional averages of this quantity. 

Upon the application of an external electric field 𝐸𝑖, a dielectric medium will react by forming a 

density of permanent and/or induced electric dipole moments. This leads to the formation of a 

macroscopic polarization density 𝑃𝑖, as expressed in Equation 2.2. 

𝑃𝑖 = 𝐷𝑖 − 휀0𝐸𝑖 Equation 2.2, 

where 휀0 is the permittivity of vacuum, given by 휀0 =
1

𝜇0𝐶2 = 8.854118 ∙ 10−12 F/m (𝜇0: vacuum 

permeability, 𝐶: speed of light). The term 휀0𝐸𝑖 describes the vacuum contribution caused by the 

application of the external electric field 𝐸𝑖. According to Equation 2.1, the presence of free charges, 

generates a 𝐷𝑖 that can be calculated using Equation 2.3 in the presence of 𝐸𝑗. 

𝐷𝑖 = 휀𝑖𝑗𝐸𝑗 = 휀0휀𝑟
𝑖𝑗

𝐸𝑗 Equation 2.3, 

where 휀𝑖𝑗  is the permittivity of the medium, 휀𝑟
𝑖𝑗§ is the relative permittivity and is a dimensionless 

physical quantity defined as the ratio between 휀𝑖𝑗  and 휀0.  

                                                           

‡
 Subscripts indicate tensor variables. In case no tensor notation is used, the variable is either a scalar or the norm of the 

variable considered. The Einstein convention of repeated indexes is used for all tensor relations. 
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All order parameters can be modified by a thermodynamic external conjugate variable. Note that 

for simplicity, only the relevant relationships to this work will be introduced. In the case of 𝐷𝑖, its 

conjugate variable is 𝐸𝑗. From Equation 2.2 and Equation 2.3 a proportionality between 𝑃𝑖 and 𝐸𝑗  

can be deduced (Equation 2.4), and thus 𝑃𝑖 can also be defined as an order parameter with 𝐸𝑗  being 

its conjugate. 

𝑃𝑖 = 휀0휀𝑟
𝑖𝑗

𝐸𝑗 − 휀0𝐸𝑗 = 휀0𝐸𝑗 (휀𝑟
𝑖𝑗

− 1) = 휀0𝜒𝑖𝑗𝐸𝑗  Equation 2.4, 

where 𝜒𝑖𝑗 = 휀𝑟
𝑖𝑗

− 1 is the dielectric susceptibility. In the case of dielectrics where 휀𝑟
𝑖𝑗

 >> 1, 

𝑃𝑖 ≈ 휀0휀𝑟
𝑖𝑗

𝐸𝑗 ≈ 𝐷𝑖. 

Equation 2.2 to Equation 2.4 describe the mean linear properties of a dielectric medium. The order 

parameter 𝑃𝑖 in dielectrics is coupled to other order parameters such as strain gradient 
𝜕𝑆𝑖𝑗

𝜕𝑥𝑗
 (where 

𝑆𝑖𝑗 is the strain tensor and 𝑥𝑗 position). Additionally, 𝑃𝑖 is coupled to ∅𝑖, which represents either 

octahedral tilting for perovskites or rotation angle around a helical or spiral axis for structures with 

handedness.58 Only perovskite dielectrics are relevant to this work, so ∅𝑖 will only be considered as 

the octahedral tilt angle. Coupling between 𝑃𝑖 and 
𝜕𝑆𝑖𝑗

𝜕𝑥𝑗
 is termed flexoelectricity, while the coupling 

between 𝑃𝑖 and ∅𝑖 is designated as rotoelectricity. Equation 2.5 introduces the influence of the 

aforementioned couplings to 𝑃𝑖 for the case of a material subjected to 𝐸𝑗, 
𝜕𝑆𝑗𝑘

𝜕𝑥𝑙
, and ∅𝑗.  

𝑃𝑖 = 휀0𝜒𝑖𝑗𝐸𝑗 + 𝜇𝑖𝑗𝑘𝑙

𝜕𝑆𝑗𝑘

𝜕𝑥𝑙
+ 𝑟𝑖𝑗𝑘∅𝑗∅𝑘 

Equation 2.5, 

where 𝜇𝑖𝑗𝑘𝑙  is the flexoelectric coefficient and 𝑟𝑖𝑗𝑘 is the rotoelectricity coefficient. A converse 

relationship can be constructed relating strain 𝑆𝑖𝑗 to other order parameters. This establishes 

several strain mechanisms for dielectrics displayed in Equation 2.6. 

𝑆𝑖𝑗 = 𝑄𝑖𝑗𝑘𝑙𝑃𝑘𝑃𝑙 − 𝜇𝑖𝑗𝑘𝑙

𝜕𝑃𝑘

𝜕𝑥𝑙
+ 𝑅𝑖𝑗𝑘𝑙∅𝑘∅𝑙 

Equation 2.6, 

where 𝑄𝑖𝑗𝑘𝑙  is the electrostrictive coefficient and the non-linear term that comprises it is known as 

the electrostrictive effect. The 𝑅𝑖𝑗𝑘𝑙 is termed the rotostriction coefficient and is the converse 

effect of rotoelectricity. The converse effect of flexoelectricity is represented by the second term of 

Equation 2.6. Note that electrostriction does not possess a direct effect (i.e., it is not present in 

Equation 2.5). This is due to the fact that the order parameter 𝑆𝑖𝑗 obtained by its conjugate 

thermodynamic variable stress 𝜎𝑖𝑗 will not break the center of symmetry as it acts on mass points. 

However, 𝐸𝑖  acts on charge points and thus breaks the center of symmetry of a dielectric leading to 

non-zero 𝑆𝑖𝑗. Rotoelectricity, electrostriction, and rotostriction are higher-order terms that are 

proportional to even orders of their respective conjugate thermodynamic variables. Thus a change 

                                                                                                                                                                                  

§
 For proper reading, indexes of tensor variables with subscripts are displayed as upper scripts.  
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in polarity of their conjugate thermodynamic variable does not modify the resulting 𝑃𝑖 or 𝑆𝑖𝑗. Odd 

terms of 𝑃𝑖 coupled to ∅𝑖 are not introduced in Equation 2.6 since they are rarely encountered in 

nature. The presence of odd electrostrictive terms indicates piezoelectricity. Odd electrostrictive 

terms are forbidden in several dielectrics depending on their symmetry, as will be discussed in 

Section 2.2. 

The macroscopic approach introduced so far neglects the microscopic origin of 𝑃𝑖. Alternatively to 

the constitutive equations of state described, 𝑃𝑖 can also be obtained by adding all the 𝑘 dipole 

moments 𝑝𝑖  of a dielectric material, as depicted in Equation 2.7.  

𝑃𝑖 = ∑ 𝑁𝑘𝑝𝑘
𝑖

𝑘

 Equation 2.7. 

The microscopic origin of 𝑝𝑖  in materials is due to five different mechanisms: 

 Electronic polarization exists in all dielectrics and is based on the displacement of the 

negatively charged electron shell against the positively charged atomic nucleus. 

 Ionic polarization exists in ionic materials due to the displacement of positive and negative 

sublattices under electric field. 

 Orientational polarization is a result of the alignment of permanent dipoles in a material under 

an electric field. 

 Space charge polarization exists in dielectrics that feature spatial heterogeneities of charge 

carrier densities and is commonly found in materials with grain boundaries with different 

electrical conductivity than the bulk. This contribution is also denominated Maxwell-Wagner 

polarization. 

 Domain wall polarization is relevant only for ferroelectrics. It is a result of the movement of the 

boundaries that separate differently oriented polarization volumes, as it will be treated in 

Section 2.2.1. 

Electronic and ionic polarization mechanisms are lattice contributions and thus termed intrinsic. 

Orientational polarization, space charge, and domain wall polarization are not a result of the lattice 

itself and thus are termed extrinsic contributions. Each polarization contribution is characterized by 

a distinctive microscopic polarizability 𝛼𝑖 giving rise to a local electric field 𝐸𝑙𝑜𝑐𝑎𝑙
𝑖 . Therefore, 

Equation 2.7 can be alternatively expressed as displayed in Equation 2.8. 

𝑃𝑖 = ∑ 𝑁𝑘𝛼𝑘
𝑖 𝐸𝑙𝑜𝑐𝑎𝑙

𝑖 (𝑘)

𝑘

 Equation 2.8. 

These microscopic polarization responses can be distinguished by characteristic response 

frequencies, as displayed in Figure 2.1.   
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Figure 2.1: Frequency dependence of real part of the relative permittivity 𝜺𝒓
´ .38 

 

The characteristic time response of each microscopic polarization mechanism under alternating 

electric field leads to dielectric losses and thus complex variables are required to represent the 휀𝑟
𝑖𝑗

. 

Since Equation 2.7 and Equation 2.8 relate microscopic and macroscopic variables, macroscopic 

variables may also depict complex values. In an ideal, loss-free dielectric there is a phase difference 

between current and voltage of 90° indicating that 휀𝑟
𝑖𝑗

 is a real-valued tensor. However, in 

dielectrics with finite conductivity, 휀𝑟
𝑖𝑗

 is a complex-valued tensor such as displayed in Figure 2.2. 

The phase angle 𝜃 = 900 − 𝛿 determines the phase difference between the real part (휀𝑟
´ ) and the 

imaginary part (휀𝑟
´´). Therefore, the tangent of the angle 𝛿 (i.e., 𝑡𝑎𝑛 𝛿) is normally designated as the 

loss factor of dielectrics.  

 

 

Figure 2.2: Representation of 𝜺𝒓 in the complex plane. The real part of the relative 

permittivity is indicated by 𝜺𝒓
´  and the imaginary part by 𝜺𝒓

´´.  



 

 

11 

 

2.2 Classification of Dielectrics 

There exist 32 crystallographic point groups in nature that describe all crystalline materials based 

on symmetry operations. Dielectrics can be classified based on their point groups and polarity, 

among other physical features as introduced in Figure 2.3. 

 

 

Figure 2.3: Multifunctional ceramics classification indicating the subclasses of dielectrics 

found in nature and their respective physical features. To allow proper visualization, 

some classes of dielectrics like flexoelectrics and rotostrictors are not displayed in the 

image. 

 

Table 2.1 introduces the 32 crystallographic point groups and their classification according to 

symmetry considerations. As discussed in Section 2.1, application of an electric field to dielectrics 

will lead to an induced 𝑃𝑖 and non-linear 𝑆𝑖𝑗. From the aforementioned 32 crystallographic point 

groups, 11 are centrosymmetric due to the presence of a center of inversion. In these 

crystallographic point groups, odd couplings between 𝑆𝑖𝑗 and any other order parameter is 

forbidden due to symmetry reasons, according to Neumann’s principle.  
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Table 2.1: Crystallographic point groups classification according to symmetry 

considerations. Notation is given according to Hermann-Mauguin notation. Modified 

from Uchino.59 

Crystal system 

Centrosymmetric 

point groups 
Non-centrosymmetric point groups- 

Non-Polar Polar 

Cubic 𝑚3̅𝑚, 𝑚3̅ 432, 4̅3𝑚, 23 - 

Hexagonal 6/𝑚𝑚𝑚, 6/𝑚  622, 6̅𝑚2, 6̅ 6𝑚𝑚𝑚, 6 

Trigonal 3̅𝑚, 3̅  32 3𝑚, 3 

Tetragonal 4/𝑚𝑚𝑚, 4/𝑚 422, 4̅2𝑚, 4̅ 4𝑚𝑚, 4 

Orthorhombic 𝑚𝑚𝑚 222 𝑚𝑚2 

Monoclinic 2/𝑚 - 2, 𝑚 

Triclinic 1̅ - 1 

Total 11 11 10 

 

The 21 remaining point groups, except the point group 432**, depict at least one non-vanishing 

coupling coefficient between the order parameters 𝑃𝑖 and 𝑆𝑖𝑗. Therefore, non-centrosymmetric 

materials from these 20 final point groups will develop 𝐷𝑖 (or in analogy 𝑃𝑖) when subjected to 𝜎𝑖𝑗, 

which is a conjugate thermodynamic variable of 𝑆𝑖𝑗 and thus also of 𝐷𝑖. The reversible and linear 

coupling between the order parameter 𝐷𝑖 and the conjugate variable 𝜎𝑖𝑗 under constant 𝐸𝑖  and 

temperature introduced in Equation 2.9 defines a piezoelectric material. Since the effect is linear, 

any change of 𝜎𝑖𝑗 will result in a change of 𝐷𝑖. 

𝐷𝑖 = 𝑑𝑖𝑗𝑘𝜎𝑗𝑘 Equation 2.9, 

where 𝑑𝑖𝑗𝑘  is the direct piezoelectric coefficient. It should be noted that the couplings described for 

dielectrics in Equation 2.5 will also result in 𝐷𝑖 in a piezoelectric, for the case where the material is 

subjected to the described conjugate thermodynamic variables. The converse piezoelectric effect is 

                                                           

**
 The point group 432 is the only group with both a 4-fold and a 3-fold rotation axes. The 4-fold rotation axis leaves 

seven of the piezoelectric coefficients non-zero, and the 3-fold axis vanishes these coefficients leading to no 

coupling between 𝐷𝑖 and 𝜎𝑖𝑗.  
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defined as the linear change of 𝑆𝑖𝑗 that develops with application of 𝐸𝑘 under constant 𝜎𝑖𝑗 and 

temperature, as depicted in Equation 2.10. 

𝑆𝑖𝑗 = 𝑑𝑖𝑗𝑘𝐸𝑘  Equation 2.10, 

where 𝑑𝑖𝑗𝑘  is the indirect piezoelectric coefficient that is numerically identical to the direct 

piezoelectric coefficient. As with the direct effect, the converse effects described for dielectrics 

(Equation 2.6) also contribute to 𝑆𝑖𝑗 in piezoelectrics. The efficiency of the piezoelectric effect on a 

given material can be determined by the electromechanical coupling factor 𝑘. This parameter 

indicates the electrical energy converted into mechanical energy, as given in Equation 2.11. 

𝑘2 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙/𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙/𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

𝑖𝑛𝑝𝑢𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙/𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
 Equation 2.11. 

Another subdivision of piezoelectrics can be made analyzing the 20 remaining crystallographic 

point groups. From them, 10 possess a polar axis (i.e., a dipole moment) without being subjected to 

any conjugate thermodynamic variable and thus they display a non-zero 𝑃𝑖 (or in analogy 𝐷𝑖) 

normally denominated spontaneous polarization 𝑃𝑠
𝑖. Uniform changes in the conjugate 

thermodynamic variable temperature 𝑇 will result in a change of 𝑃𝑠 (note that upper script is 

avoided intentionally to indicate the norm of the tensor). These types of materials are known as 

pyroelectrics. Equation 2.12 introduces the definition of the direct pyroelectric coefficient 𝑝𝑐𝑖. 

𝑝𝑐𝑖 =
𝜕𝑃𝑖

𝜕𝑇
 

Equation 2.12. 

Note that all polarization and strain mechanisms described for dielectrics and piezoelectrics also 

hold for pyroelectrics. Although pyroelectrics feature a polar axis, families of crystallographically 

equivalent orientations are allowed by symmetry in the ten pyroelectric point groups. The 

crystallographically and energetically equivalent orientations, as well as the need to minimize 

electrostatic energy, leads to the formation of regions in the material with the same spatial 

orientation of the 𝑃𝑠
𝑖  denominated domains. These regions are separated by domain wall 

boundaries. The interface charge density 𝛾 accumulated at the interface between two domains is 

described by Equation 2.13.  

𝛾 = (𝑃𝑖
1 − 𝑃𝑖

2) ∙ �̂� = ‖𝑃𝑖
1‖ 𝑐𝑜𝑠(𝜗) − ‖𝑃𝑖

2‖ 𝑐𝑜𝑠(𝜗) Equation 2.13, 

where 𝑃𝑖
1 and 𝑃𝑖

2 indicate the polarization of both domains, �̂� is the unit vector normal to the 

interface, and 𝜗 the angle between domain interfaces. Any domain configuration will lead to 

charged domain interfaces with the exception of two cases.60 The surface charge will be zero for 

the case of antiparallel domains if ‖𝑃𝑖
1‖ ≡ ‖𝑃𝑖

2‖ or for the case that the domain interfaces are 

orthogonal. The former case is generally denominated 180°-domain walls, while the latter non-180° 

domain walls (or 90° domain walls for the tetragonal phase). Domain arrangements generally have 

a mirror followed by a center of inversion, and thus arrange themselves as twin structures “head-

to-tail” in space to avoid discontinuity of polarization at the interface.61,62 Figure 2.4 introduces a 
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pyroelectric material with (a) 180°-domain walls, (b) non-180° domain walls, and (c) both domain 

configurations. 

 

 

Figure 2.4: Domain patterns for pyroelectrics and ferroelectrics. (a) Ferroelectric, (b) 

ferroelastic, and (c) polydomain patterns.  

 

Since the order parameters 𝐷𝑖 and 𝑆𝑖𝑗 in pyroelectrics are coupled, the formation of non-180° 

ferroelastic domains builds up stresses. For this reason, the schematic representation introduced in 

Figure 2.4 (b) is rarely encountered. The state with 180° domain walls (Figure 2.4 (a)) typically 

forms in strain-free states. These domains characterize single crystals or coarse grain materials.63 In 

most polycrystalline materials, however, the grains are in a clamped state due to the interactions 

between randomly oriented grains, and therefore the situation in Figure 2.4 (c) is generally favored. 

Although the energy of the polarized ground state is lost during domain formation, their presence 

compensates the electrical stray field energy caused by free charges and defects (Equation 2.1). 

The energy gained is also compensated by domain wall formation and strain fields. 

By definition, it is not possible to reorient 𝑃𝑠
𝑖  of domains in pyroelectrics. Therefore, a pyroelectric 

material will only develop a macroscopic measurable 𝑝𝑐𝑖 if domains within the material are 

arranged such that a non-zero macroscopic 𝑃𝑠
𝑖  is developed. Ferroelectric and ferroelastic materials 

are a subgroup of pyroelectrics that also feature a 𝑃𝑠
𝑖  and domains. They are unique since their 

domains can be reoriented between equivalent crystallographic orientations by conjugate 

thermodynamic variables such as 𝐸𝑖  or 𝜎𝑖𝑗. Relaxor ferroelectrics are a subclass of ferroelectrics 

with complex structure and properties that depend on history and observation time. Therefore, 

frequency-dependent relaxation effects are common in these materials. Moreover, in most cases, 

they feature polar nanoregions (PNRs)64 instead of domains. Ferroelectrics and relaxor 

ferroelectrics will be treated in the subsequent sections separately in detail due to their relevance 

to this work. 

 

2.2.1 Ferroelectrics 

Since the discovery of ferroelectricity in the single crystal Rochelle salt in 192165 and polycrystalline 

ceramics during the 1940’s66-68, there has been a continuous succession of new materials and 

related technological developments. Appearance of a 𝑃𝑠
𝑖  in ferroelectrics is a consequence of a 
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structural change that breaks the center of symmetry of points groups. These structural changes 

are normally termed phase transitions and can be of first or second order. First order phase 

transitions are characterized by discontinuous changes in physical properties such as enthalpy 

corresponding to the evolution of latent heat of the transformation. This leads to thermal 

hysteresis in functional properties during phase transformation. Second order phase transitions are 

characterized by a continuous change of enthalpy and thus no latent heat is observed for these 

transformations. Either first or second order phase transitions can develop as order-disorder or 

displacive. In general, the former implies an ordering process while the latter refers to short-range 

displacements of atoms. Any of the phase transitions described may be responsible for lowering 

the symmetry of the high temperature point group in ferroelectrics. The phase transition and 

formation of a  𝑃𝑠
𝑖 occurs at the Curie temperature 𝑇𝐶  and is accompanied by an anomaly in the 

temperature dependence of permittivity 휀, as displayed in Figure 2.5 for a first order phase 

transition (black) and for a second order phase transition (red). 

 

 

Figure 2.5: Schematic representation of 𝜺, 𝟏 𝜺⁄ , and 𝑷𝒔 as a function of temperature for a 

ferroelectric. Black lines indicate a first order phase transition from the paraelectric to 

the ferroelectric state. If 𝑻𝑪 = 𝑻𝟎, the phase transition is of second order (marked in 

red). 

 

The high temperature 휀 above 𝑇𝐶  can be described by the Curie-Weiss law given in Equation 2.14.  

휀 = 휀0 +
𝐶

𝑇 − 𝑇0
≈

𝐶

𝑇 − 𝑇0
 

Equation 2.14, 

where 𝐶 is the Curie constant and 𝑇0 is the Curie-Weiss temperature, which is obtained by 

extrapolating the trend of the high temperature 1 휀⁄  data to its intersection with the abscissa axis. 
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Only for second order phase transitions 𝑇0 = 𝑇𝐶. Note that 𝑃𝑠 and 𝑃𝑟 vanish at 𝑇𝐶  discontinuously 

for a first order phase transition or continuously in the case of a second order phase transition. 

Ferroelectrics can be categorized into four groups: (1) pyrochlore group (A2B2X6 or A2B2X7), (2) 

tetragonal tungsten bronze group (A12A24C4B12B28X30), (3) bismuth-layer structure group 

(An−1BnX3n+1), and (4) octahedral group (ABX3). The latter group, often simply called the perovskite 

group (due to the mineral perovskite CaTiO3), is by far the most technologically relevant category 

and focus of this work. Figure 2.6 introduces the sequence of phase transitions featured in 

perovskite ferroelectrics such as for instance in the prototypical barium titanate, BaTiO3 (BT).69 The 

high temperature prototype cubic structure (C) has a 𝑃𝑚3̅𝑚 space group. It is observed that the A-

site cation has a 12 fold coordination, while the B-site cation has a 6 fold coordination. The generic 

X term is typically associated with an O2- anion that is coordinated with 4 A-site cations and 2 B-site 

cations. 

 

 

Figure 2.6: Unit cells of a perovskite structure ABX3. Octahedra of X anions are depicted 

in red, while arrows indicate 𝑷𝒔
𝒊 . With decreasing temperature, the prototypical cubic 

perovskite structure distorts to tetragonal, then orthorhombic, and finally rhombohedral 

phase.  

 

The distortions of perovskites are related to the structural frustration of the cubic structure. Due to 

structural and energetic considerations, the ferrodistortive (FD) distortions leading to 

ferroelectricity (Figure 2.6) compete energetically with octahedral distortions.70 The latter involve 

rigid rotations or tilting of octahedra and are known as antiferrodistortive distortions (AFD) since 

they may lead to antiferroelectricity. Goldschmidt developed an empirical criterion of stability for 

perovskite ferroelectrics, as given in Equation 2.15. The tolerance factor 𝑡 for ionic materials is 

based on a geometrical model that accounts for the filling of a unit cell by rigid spheres of radii 𝑟 

that represent ions. 

𝑡 =
𝑟𝐴 + 𝑟𝑥

√2(𝑟𝐵 + 𝑟𝑥)
 Equation 2.15. 

For 𝑡 ≈ 1 cubic perovskite structures are energetically favored. For 𝑡 > 1, the cation on the B-site is 

small relative to the X octahedra, indicating that the structure will develop a polar distortion 

through displacement of the B-site cation. Conversely, for 𝑡 < 1 the A-site cation is small relative to 
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the center of the X octahedra, leading to a weakened bond between A-site cations and X-site 

anions. This gives rise to distortions of the X octahedra, such as rigid rotations or tilting. It should 

be noted that this empirical model neglects the degree of covalence of the bonds that also partially 

determines the preferred distortion.70 The competing FD and AFD mechanisms responsible of 

ferroelectricity lead to a further classification of phase transitions. Octahedral distortions will result 

in formation of crystallographic structures that are modulated and give rise to incommensurate 

transitions. These transitions indicate that the periodicity of the forming phase is incommensurate 

with respect to the principal periodicity of the host lattice and leads to the presence of superlattice 

reflections (SSR) in diffraction patterns. In contrast, if the periodicity of the phase coincides with 

that of the host lattice phase, the phase transition is commensurate. 

In the schematic view of Figure 2.6, decreasing temperature below 𝑇𝐶  can lead to the formation of 

a non-centrosymmetric tetragonal phase (T). In general, this phase is characterized by a 𝑃4𝑚𝑚 

(commensurate) or 𝑃4𝑏𝑚 (incommensurate, not shown) space group. In this case a non-zero 𝑃𝑠
𝑖  

develops along one of the six crystallographic directions of the 〈00l〉 family. Further cooling leads to 

the formation of an orthorhombic phase (O) with the space group 𝐴𝑚𝑚2 and 𝑃𝑠
𝑖  along one of the 

12 crystallographically equivalent 〈hh0〉 family of directions. Subsequently, at even lower 

temperatures, a rhombohedral phase (R) develops with symmetry 𝑅3𝑐 and 𝑃𝑠
𝑖  along one of the 

eight equivalent 〈hhh〉 directions. Domain formation is common to all ferroelectrics upon 

development of 𝑃𝑠
𝑖  due to the energetic considerations treated in Section 2.2. One of the 

fundamental properties of ferroelectrics and ferroelastics is the ability to reorient their 𝑃𝑠
𝑖  by the 

application of 𝐸𝑖  or 𝜎𝑖𝑗 and thus a net macroscopic 𝑃𝑠
𝑖  can develop due to domain reorientation. A 

domain reorientation by either application of 𝐸𝑖  or 𝜎𝑖𝑗 is normally called a switching process and is 

understood as an extrinsic phenomenon, in contrast to 𝑃𝑠
𝑖  reorientation which is an intrinsic 

phenomenon. Domain switching is considered extrinsic because it is a process that takes place on a 

scale larger than the unit cell and requires the growing or shrinking of domains through motion of 

the domain walls. Two extrinsic effects have to be distinguished, since during the application of 𝐸𝑖, 

domain walls move reversibly or irreversibly in the local potential generated by the interaction 

between lattice, defects, and domain walls. A schematic representation of this process is displayed 

in Figure 2.7. Reversible domain wall movements are due to displacement of the domain wall from 

its local minimum, while irreversible movements can be regarded as jumps above a potential 

barrier into other local minima.  
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Figure 2.7: Scheme of domain wall displacements in the lattice potential. 

 

Extrinsic contributions lead to the characteristic polarization and strain hysteresis loops in 

ferroelectrics. Figure 2.8 (a) and (b) introduce the prototypical bipolar polarization and strain 

hysteresis loops measured in the 333 mode††, respectively. Solid lines indicate the bipolar loops, 

while dashed lines the unipolar loops. 

 

 

Figure 2.8: (a) Schematic bipolar polarization and (b) bipolar strain loops of a 

ferroelectric. Relevant parameters for the characterization of ferroelectrics are marked, 

together with a scheme of the domain patterns expected at each point of the loop. The 

unipolar strain and polarization loops are also depicted in (a) and (b) with dashed purple 

lines, respectively.  

                                                           

††
The 333 mode describes the polarization and strain response of a sample poled in the measurement direction. 
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The virgin domain state is generally determined by a complex energy interaction between 

electrostatic and elastic energy, as described in Section 2.2. The domain patterns associated with 

different points of the polarization and strain hysteresis loops are displayed schematically. At point 

𝑎  in Figure 2.8, a virgin state characterized by a random polydomain pattern with 180° and non-

180° domains leading to negligible macroscopic 𝑃𝑠
𝑖 is displayed. Note that point 𝑎  is at higher 

electric field strength that the onset required to obtain macroscopic properties, however, the 

electric field strength is not high enough to promote appreciable irreversible domain wall motion. 

However, non-linearity may be present at low electric fields and is ascribed to reversible domain 

wall motion.71 Nevertheless, at this electric field polarization and strain are approximately linear 

and reversible mostly due to direct and converse piezoelectricity, electrostriction, as well as 

plausibly due to rotostriction, and flexoelectricity. The slope of the strain curve at this point is equal 

to 𝑑333. From now on, Voigt notation is considered and the piezoelectric coefficient will be referred 

to as 𝑑33. As the electric field strength is increased, domains start to align in the positive direction 

due to reversible and irreversible switching. This gives rise to a rapid increase in both polarization 

due to non-180° and 180° domain switching, as well as in strain mostly due to non-180° switching. 

At any given electric field strength, where strain output deviates considerably from linearity, a large 

signal piezoelectric coefficient can be defined as in Equation 2.16. 

𝑑33
∗ =

𝑆33

𝐸3
 

Equation 2.16. 

The small signal 𝑑33 and large signal 𝑑33
∗  are normally considered as figures of merit for actuator 

applications. Once domain switching saturates at point 𝑏 , further increase in applied electric field 

activates only an intrinsic response leading to a linear increase in polarization and strain similar as 

at point 𝑎 . The saturated domain state achievable generally does not result in a monodomain 

state due to the random orientations of grains inherent to polycrystalline ceramics, but even in 

single crystals there is stray energy, defects and/or stresses that must be taken into account. The 

maximum polarization 𝑃𝑚𝑎𝑥 and maximum strain 𝑆𝑚𝑎𝑥 could, but do not necessarily always, 

indicate saturation values. The latter term is generally an indication that a maximum domain 

orientation was achieved leading to a purely linear response. Once the electric field is removed, 

domains will partially switch back to the crystallographically allowed orientations at point 𝑐 . The 

lattice intrinsic response may not be fully reversible and a number of 180° and non-180° domains 

will remain oriented with the previously applied electric field direction, indicating irreversible 

switching. Therefore, intrinsic and irreversible extrinsic switching leads to a non-zero remanent 

polarization 𝑃𝑟 and remanent strain 𝑆𝑟. The remanent state is normally termed a poled state since 

it features a non-zero macroscopic 𝑃𝑠
𝑖  due to a preferred domain alignment direction. The 𝑃𝑠 can be 

estimated by extrapolating the linear polarization region near 𝑃𝑚𝑎𝑥 to zero applied electric field 

along the saturated polarization tangent. If an electric field with an opposite polarity to the initial 

poling field is applied to the material, it will promote switching along this new direction. Once the 

electric field reaches a magnitude equal to the coercive field 𝐸𝑐, the material’s 𝑃𝑠 will vanish. This is 

achieved by establishing a random domain state (point 𝑑 ) that does not necessarily coincide with 

the virgin state (point 𝑎 ). Therefore, the 𝐸𝑐 can be regarded as the macroscopic electric field 

indicative of switching processes. However, as previously stated, switching can occur at electric 
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fields much lower than 𝐸𝑐.72 The polarization decrease from point 𝑐  to point 𝑑  will be directly 

reflected in a compression of the material leading to a “negative strain” 𝑆𝑛𝑒𝑔. This is a result of the 

compression experienced by domains opposed to the electric field direction at point 𝑑  prior to 

switching. Further increase of the electric field results in the development of a 𝑃𝑚𝑎𝑥 and 𝑆𝑚𝑎𝑥 with 

an opposite polarity to the first half-cycle. Decreasing the electric field back to zero results in a 

remanent state characterized by a 𝑃𝑟 and 𝑆𝑟, also with opposite polarity compared to the first half-

cycle. Further electric field cycles retrace the path described from point 𝑏  to point 𝑒  leading to a 

continuous hysteresis. Point 𝑎  will only be achieved again if the ferroelectric is depolarized to its 

virgin state by annealing it above 𝑇𝐶. The process described will not vary considerably at different 

temperatures if the ferroelectric state is conserved. In general, increasing temperature will 

decrease the 𝐸𝑐 due to enhanced domain switching, which is logical considering that this process is 

thermally activated.73 Above 𝑇𝐶, hysteresis will disappear and the dielectric will respond to the 

electric field, as described in Section 2.1. For unipolar electric field input, the purple unipolar 

polarization and strain hysteresis loops will be obtained leading to a hysteresis with the processes 

described from point 𝑎  to point 𝑐 .  

 

2.2.2 Relaxor Ferroelectrics 

 

2.2.2.1 General Description 

Relaxor ferroelectrics, often referred to as relaxors, exhibit complex physical features. These 

properties are the result of a chemically and/or structural disorder at the local scale, although they 

are generally represented in long-range analytical methods by a pseudocubic crystal structure. 

They have attracted considerable research attention due to their large responses to external 

stimuli.74 Smolenskii et al.75-77 reported the first relaxors during the 50s and 60s. At high 

temperatures, perovskite relaxors depict a paraelectric cubic phase similar to that described for 

perovskite ferroelectrics (Figure 2.6). However, upon cooling below the so called Burns 

temperature 𝑇𝐵
78,79 they transform to an ergodic relaxor state with the presence of nanometer 

scale randomly oriented dipoles normally called polar nanoregions PNRs.64 These PNRs can be 

regarded as clusters on the order of 10 nm composed of thermally activated dipolar entities that 

originate from local deviations in crystal structure and/or chemical heterogeneities in the A- and/or 

B-site cation sublattices.80-84 Several attempts have been made to rationalize relaxors within one 

theoretical model. However, so far no general agreement in their microscopic picture has been 

achieved. The most widely accepted attempts capable of describing only some of their features are 

known as the diffuse phase transition model76,77, superparaelectric model53, glassy state model85-87, 

random fields model88-91, spherical random bond-random field model92-96, and breathing model.97,98 

These models can be categorized according to two microscopic views. Figure 2.9 (a) displays PNRs 

embedded in a non-polar pseudocubic matrix and is supported by all models with the exception of 

the random fields model that describes relaxors as a frustrated ferroelectric state with 

nanodomains (Figure 2.9 (b)).  
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Figure 2.9: Schematic representation of PNRs according to different models. Microscopic 

view (a) indicates a dipolar glass with embedded PNRs in a pseudocubic matrix, whereas 

(b) shows a frustrated ferroelectric with nanodomains due to the presence of random 

fields. Arrows are used to designate dipole moments. 

 

The high temperature state of relaxors, just below 𝑇𝐵, was named an ergodic state due to its 

similarity to the ergodicity term from statistical mechanics. An ergodic property or state is when 

the time average characteristic of the property is indistinguishable from the ensemble average for 

the distribution of all accessible points in the phase space of the system. In other words, in an 

ergodic system an arbitrary function can be defined in a certain mathematical space within the 

phase space of the whole system, in which the characteristic property´s time average becomes 

indistinguishable from the ensemble over all accessible points.99,100 Expressing a higher degree of 

ergodicity can be understood as increasing the fraction of phase space in which its property time 

average characteristic becomes indistinguishable from the ensemble average for the distribution of 

all accessible points in the phase space of the system. Expressing a degree of non-ergodicity within 

a phase space is therefore not proper but a consequence of the degree of ergodicity. In this 

context, the ergodic state of relaxors can be understood as a state in which the polarization of 

uncorrelated PNRs has an equal probability of being found in any direction and at any point of the 

material. Therefore, ergodic relaxor can be distinguished from ferroelectrics based on their 

polarization. Ferroelectrics feature a non-zero value of 𝑃𝑠
𝑖  along crystallographically allowed 

orientations as indicated by ∑ 𝑃𝑠
𝑖 ≠ 0, ∑ ‖𝑃𝑠

𝑖‖
2

≠ 0 𝑖𝑖 . In contrast, relaxor materials have zero 

macroscopic 𝑃𝑠
𝑖  values but their quadratic contribution is non-zero due to the presence of PNRs 

∑ 𝑃𝑠
𝑖 = 0, ∑ ‖𝑃𝑠

𝑖‖
2

≠ 0 𝑖𝑖 . Characterization of physical features that depend on ‖𝑃𝑠
𝑖‖

2
 such as 

refractive index can be used to corroborate the presence of PNRs.78,79 On further cooling, different 

situations arise depending if the relaxor is canonical or non-canonical, as depicted in Figure 2.10.  
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Figure 2.10: (a) Prototypical 𝜺𝒓
´  for canonical relaxors. (b) Prototypical 𝜺𝒓

´  for non-

canonical relaxors. Increasing measurement frequency is displayed with a purple arrow. 

 

Figure 2.10 (a) represents a canonical relaxor that features a dynamic slowing down or relaxation of 

the PNRs fluctuations giving rise to a frequency-dependent maximum of 휀𝑟
´  (as well as 휀𝑟

´´, not 

displayed in Figure 2.10). The temperature corresponding to the highest magnitude of 휀𝑟
´  is 

normally defined as 𝑇𝑚 and is a result of a dielectric relaxation. Cooling below 𝑇𝑚 does not lead to 

changes of the average long-range cubic phase.54 With further cooling, the PNRs of canonical 

relaxors become frozen leading to a glassy non-ergodic state at the freezing temperature 𝑇𝑓𝑟. The 

concept of a 𝑇𝑓𝑟 was previously coined for spin glasses. These magnetic materials are characterized 

by localized interacting magnetic moments.101 The 𝑇𝑓𝑟 represents a magnetic relaxation that can be 

determined from the frequency dependence of the susceptibility which approaches a constant 

value at lower frequencies.85 This magnetic relaxation can be described by a relationship attributed 

to Vogel102 and Fulcher103 as defined in Equation 2.17. 

𝜔 = 𝜔0𝑒
−𝐸𝑎

𝑘(𝑇𝑚−𝑇𝑓𝑟) 
Equation 2.17, 

where 𝜔 is the frequency of the relaxation process, 𝐸𝑎 is the activation energy, 𝜔0 is the Debye 

frequency, and 𝑘 is the Boltzmann constant. The Vogel-Fulcher relationship may be interpreted as a 

Debye relaxation with a temperature-dependent activation energy, which increases as the 

temperature decreases and becomes undefined at 𝑇𝑓𝑟.85 When Viehland et al.85 first demonstrated 

that the Vogel-Fulcher relationship is applicable to relaxor ferroelectrics, this led to the 

categorization of these materials as dipolar glasses. Dipolar glasses differ from spin glasses in that 

they depict long-range dipolar interactions and non-negligible coupling of dipolar and structural 

degrees of freedom.90 For the case of relaxors, the Vogel-Fulcher entails a temperature-dependent 

correlation length of PNRs. The divergence of the PNRs correlation length leads to divergence of 

their relaxation time and to a frozen state at 𝑇𝑓𝑟.104,105 This state is characterized by distinct history-

dependent functional properties55,86, as a result of the multiple metastable states of canonical 

relaxors in their non-ergodic state.100 Non-canonical relaxors feature an analogous high 

temperature paraelectric and ergodic state when compared to canonical relaxors, as displayed in 

Figure 2.10 (b). Upon further decrease in temperature below 𝑇𝑚, however, they have a 

spontaneous transition into a ferroelectric state. The temperature corresponding to this 

spontaneous transformation may be termed 𝑇𝐶  since upon crossing this temperature the value of 
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their macroscopic 𝑃𝑠
𝑖  vanishes. Only canonical relaxors will be further analyzed due to their 

relevance to this work. 

As schematically shown in Figure 2.11, applying an electric field of sufficient magnitude in both 

ergodic and non-ergodic states may induce a long-range ferroelectric state.106 It should be noted 

that due to the history-dependent properties in the non-ergodic state of canonical relaxors100, 

isothermal (red) and isofield (blue) representations differ.106,107 An electric field induced phase 

transition that originates from an ergodic state will be reversible, whereas from a non-ergodic state 

(below 𝑇𝑓𝑟) will be irreversible. Increasing temperature without an external electric field 

destabilizes the induced ferroelectric state. The depolarization temperature 𝑇𝑑 indicates the 

detexturization of ferroelectric domains and as a consequence is accompanied by the decay of 

macroscopic piezoelectric properties. Decay of the detextured domains into PNRs occurs at the 

ferroelectric to relaxor phase transition temperature 𝑇𝑓−𝑟.108,109 

 

 

Figure 2.11: Schematic representation of temperature and electric field evolution of 

canonical relaxors. Red line indicates isothermal conditions, while blue line isofield 

conditions. 

 

One of the most important properties of canonical relaxors is that upon application of an electric 

field they display a slim and/or pinched polarization hysteresis loop, as displayed in Figure 2.12. 

Compared to ferroelectric materials (Figure 2.8 (a)), this loop is characterized by a considerably 

smaller 𝑃𝑟. Point 𝑎  in Figure 2.12 indicates that the electric field strength is not high enough to 

induce a long-range ferroelectric state. Increasing further the applied electric field, however, 

induces a ferroelectric state along its direction (point 𝑏 ). Reduction of the electric field leads to 

the partial decay of the ferroelectric state in a material with a certain degree of ergodicity (point 
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𝑐 ) or to a random ergodic relaxor state with negligible macroscopic 𝑃𝑠 and 𝑃𝑟. Increasing electric 

field with an opposite polarity to the first half-cycle leads to the same processes previously 

described (points 𝑑  and 𝑒 ). Further electric field cycles retrace the path from point 𝑏  to point 𝑒  

leading to a continuous hysteresis. The induced ferroelectricity depicts similarities with a normal 

ferroelectric state in the sense that the material features a polarization loop attributed to some 

degree of interactions of PNRs. However, in the case of an ergodic relaxor the points 𝑎 , 𝑐 , and 𝑑  

are indistinguishable. Relaxors feature generally large electrostrictive coefficients and therefore 

high electric field induced strains, which makes them technologically relevant for actuator 

applications.54,110,111 Since both polarization and electrostriction are induced by the electric field, 

increasing temperature leads to diminished outputs.112  

 

 

Figure 2.12: Relaxor bipolar polarization loop and prototypical microscopic relaxor views 

for different electric field strengths. 

 

Figure 2.13 introduces the thermal evolution of the 𝑃𝑠 values for a ferroelectric with a first order 

phase transition (black), a second order phase transition (red), and a canonical relaxor with certain 

degree of non-ergodicity (blue). Since polarization in relaxors is ascribed to PNRs, it persists up to 

𝑇𝐵.78,79 Note that for both canonical and non-canonical relaxors the Curie-Weiss law holds only for 

temperatures above 𝑇𝐵.113  
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Figure 2.13: Comparison of polarization decay with increasing temperature for a 

ferroelectric with first order phase transition (black), second order phase transition (red), 

and relaxor (blue). 

 

2.2.2.2 Lead-Free Relaxor Ferroelectrics 

The exact nature of the relaxor state in lead-free perovskites remains an active matter of debate 

within the research community. Lead-free perovskite relaxors can be considered as materials with 

a quasi-continuous order parameter in 3 dimensions, which leads to 3 dimensional PNRs, similarly 

to those found in lead-containing perovskite relaxors. Both the Aurivillius and tetragonal tungsten 

bronze lead-free relaxor systems depict 2 and 1 dimensional order parameters with PNRs of the 

same dimensionalities, respectively. The general features of lead-containing canonical relaxors 

introduced previously are also observed in lead-free relaxors. However, some more complex 

physical phenomena have also been observed: 

 In contrast to lead-containing materials, in which relaxor properties are observed for 

heterovalent A- or B-site modified materials (e.g. Pb(Mg1/3Nb2/3)O3), lead-free relaxors are 

found in both homovalent and heterovalent A- and B-site modified materials, such as BT with 

Zr4+, Ca2+, Na+, Nb5+, among many others.114-116 

 An average long-range pseudocubic structure is not always observed in lead-free relaxors.117  

 Local antiferroelectric PNRs were proposed.118  

 A distribution in the degree of ergodicity may develop locally, which could be ascribed to 

different coexisting symmetries of PNRs.119  

 Temperature insensitive electrostrictive strain output was discovered in some materials.120 

One of the most thoroughly investigated class of lead-free relaxors are BNT-based incipient 

piezoelectrics. Incipient piezoelectrics can be defined as materials that possess a destabilized 

ferroelectric state achieved by the addition of chemical dopants or modifiers. The term incipient 

denotes “beginning to happen or develop”. This indicates that at zero bias-field these materials 

depict an ergodic relaxor state with negligible 𝑑33, whereas under electric field they develop a 
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ferroelectric state and a reversible induced giant strain121-139 and 𝑑33 values121, as schematically 

introduced in Figure 2.14. Research on these materials has focused on understanding their strain 

mechanism in order to further enhance it. The origin of the large electromechanical response of 

incipient piezoelectrics is generally attributed to an electric field induced phase transition.140-147 

Figure 2.14 at point 𝑎  displays an ergodic relaxor state, as previously discussed. For BNT-based 

lead-free incipient piezoelectrics, it was demonstrated that the electric field induced phase 

transition coincides with the inflection point of the strain output148 and the transformation is 

followed by switching of the newly created domains.143,144 Note that the inflection point of the 

strain curve also coincides with increased polarization.148 Both processes lead to maximized 𝑑33 

values (i.e., 𝑑33
𝑚𝑎𝑥) and a maximized 

𝜕𝑆33

𝜕𝐸3
= 𝑆𝑟−𝑓.121,149 Therefore, the inflection point of the strain 

curves indicate the electric field required to trigger the phase transition from the relaxor to the 

ferroelectric state at 𝐸𝑟−𝑓. An electric field hysteresis ∆𝐸𝑟−𝑓 is observed when the development 

and decay processes are compared.148 Saturation of small and large signal electromechanical 

response is subsequently achieved, as displayed in point 𝑏 . Upon removal of the electric field, the 

induced ferroelectric state decays into an ergodic state at 𝐸𝑓−𝑟 (point 𝑐 ) and is accompanied by a 

strain output with a value of 𝑆𝑓−𝑟. When the electric field is removed, incipient piezoelectrics with 

a distribution of ergodicity may retain part of the induced ferroelectric state.119 Prior to switching, 

the retained domains contract, similarly as in ferroelectrics (Figure 2.8 point 𝑑 ), leading to non-

zero 𝑆𝑛𝑒𝑔. Further electric field cycles retrace the response described resulting in hysteresis. 

Unipolar cycling will lead to the strain response displayed with dashed lines and a similar structural 

evolution as described for the bipolar case from points 𝑎  to 𝑐 . As it will be seen in Section 3, 

incipient piezoelectrics depict a giant strain output surpassing the strain of lead-containing and 

other lead-free materials. Thus they are especially relevant for applications such as actuators.  

 

 

Figure 2.14: Schematic curves of (a) 𝒅𝟑𝟑 and (b) bipolar (solid black line) and unipolar 

(dashed purple line) strain output of incipient piezoelectrics as a function of electric field. 

Prototypical microscopic relaxor views for different electric field strengths are also 

displayed.  
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2.3 Electromechanical Enhancements in Ferroelectrics 

The last seven decades of research on ferroelectrics yielded strategies to enhance strain 

mechanisms150,151, as displayed in Figure 2.15. To date, compositional engineering remains the 

preferred approach, although structural engineering has also led to technologically relevant 

achievements.150 The strategies in white modify both intrinsic and extrinsic contributions to the 

piezoelectric activity, while those in light blue modify mostly the extrinsic contributions. Note that 

other approaches not directly related to the modification of material parameters can also be 

employed to enhance electromechanical properties. External stimuli such as optimization of the 

poling procedure through temperature or mechanical loading, as well as mechanical loading during 

service are also fruitful strategies. Nonetheless, they will not be treated in this work. 

 

 

Figure 2.15: Compositional and structural engineering strategies to optimize 

electromechanical response of ferroelectrics. Strategies in white are used to enhance 

both intrinsic and extrinsic contributions to the piezoelectric activity, while those in light 

blue mostly modify extrinsic contributions. 

 

2.3.1 Composition Engineering 

 

2.3.1.1 Phase Instabilities 

It is well-known that dielectric and electromechanical properties are enhanced around phase 

instabilities.42 Phase instability indicates that a material possesses polymorphism; i.e., it features 
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two or more different crystal structures depending upon changes in composition and/or 

thermodynamic variables. In contrast, isomorphism is defined as the case where compounds 

possess the same crystal structure, although they have different chemical composition.152 

Goldschmidt152 proposed a distinction between the compositionally-driven polymorphs from those 

that arise as a result of changes in thermodynamic variables. The former boundary indicating a 

compositionally-driven change in polymorph, was designated a morphotropic phase boundary 

(MPB). The latter boundary, occurring as a consequence of a change in thermodynamic variables 

and at constant chemical composition, was denominated a polymorphic phase boundary (PPB). It 

must be pointed out, however, that the term MPB has also been employed in several occasions in 

the ferroelectrics community to indicate an increased multiplicity of polarization states 

contributing to enhanced electromechanical properties.153 Figure 2.16 displays a schematic of a 

composition-temperature phase diagram representing MPBs and PPBs in ferroelectrics. The 

presence of five symmetries and three phase boundaries is depicted. Second order phase 

transitions are indicated by dashed lines, while the solid line represents a first order phase 

transition. 

 

 

Figure 2.16: Schematic composition-temperature phase diagram depicting five 

symmetries, two PPBs, and one MPB. The white shaded region indicates the presence of 

an average lower symmetry structure than symmetries B and C. The dashed phase 

boundaries indicate second order phase transitions, whereas the solid line represents a 

first order phase transition.  
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Considerable research has been performed in BT-based materials or KNN-based materials 

characterized by presence of PPBs.29,150,154 Alternatively, research has also focused considerably on 

systems with presence of a MPB-like‡‡ transition such as in lead-based piezoelectrics or in some 

BNT-based materials.10,29,150,151,154,155 The origin of maximized properties at interferroelectric phase 

boundaries has been commonly attributed to a FD transverse instability of 𝑃𝑠
𝑖  that ease its 

reorientation due to increased multiplicity of polarization states, reduced free energy anisotropy, 

and softening of the crystal lattice.42,150,156-160 Transverse instabilities have been pointed out in 

several works as the key for the enhancement of dielectric and electromechanical properties.157,159-

167 Based on the soft-mode theory of ferroelectricity168, crystal softening is a result of an optical 

phonon that dramatically reduces its frequency down to zero during phase transitions. The 

disappearance of the phonon gives rise to the new symmetry and consequently enhances dielectric 

and piezoelectric properties. Moreover, crystal softening can further enhance extrinsic 

contributions due to intergranular stress accommodation.168 These mechanisms seem to be 

common to all displacive interferroelectric phase boundaries.169 For the case of a ferroelectric to 

paraelectric phase transition, an analogous phenomenon has been proposed. At this phase 

boundary a FD longitudinal instability favors the 𝑃𝑠
𝑖  contraction/extension.157,169 Figure 2.17 

introduces the phase diagram of PZT and the free energy profiles calculated near phase 

boundaries. The dashed lines indicate easy paths for 𝑃𝑠
𝑖  to either rotate or extend and contract. The 

easy paths for 𝑃𝑠
𝑖  reorientation are determined by a minimization in free energy anisotropy (i.e., 

the free energy surface is flattened giving a lower energy barrier for 𝑃𝑠
𝑖  to change its spatial 

direction). Therefore, this rationalization of strain enhancements mostly deals with intrinsic 

contributions to the piezoelectric activity. Approaching 𝑇𝐶  to maximize the polarization extension 

contribution is not a convenient strategy due to the inherent reduced temperature stability of this 

enhancement. In order to develop technologically relevant materials using the longitudinal 

instability of 𝑃𝑠
𝑖  approach, the development of a temperature insensitive phase boundary between 

a polar phase and a non-polar phase is necessary.169 This prospect was raised during the research of 

the mechanisms responsible for incipient piezoelectricity discussed in Section 2.2.2.2, as they 

feature this type of instability. Irrespective of the type of instability, systems with MPBs are 

preferred over those with PPBs. The technological advantage of an MPB over a PPB is that it 

enables temperature insensitive enhancement of electromechanical properties. Therefore, this 

phase boundary has traditionally been the focus of ferroelectrics development.150 In general, it was 

pointed out that apart from the temperature insensitive electromechanical response, piezoelectric 

activity in materials with MPBs persists to higher temperatures than in materials with PPBs since 

any crossover of a phase boundary degrades piezoelectricity.150 Retention of the 𝑃𝑟 to higher 

temperatures in systems with MPBs can be attributed to a steeper free energy anisotropy 

reduction surrounding this phase boundary. In other words, the more tilted the PPB the more 

shallow the free energy profile becomes. This results in a reduced free energy anisotropy, which 

aids polarization mobility leading to a transverse instability of the 𝑃𝑠
𝑖  and thus lower retention of 

the 𝑃𝑟.156,159,161  

                                                           

‡‡
 To the best of the author´s knowledge, none of the phase boundaries known in ferroelectrics is strictly in accordance 

with the definition of an MPB proposed by Goldschmidt.  
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Figure 2.17: Composition-temperature phase diagram of PZT and Gibbs free energy 

profiles calculated at 300 K and 540 K with the phenomenological Landau-Ginsburg-

Devonshire theory. Black dots in the phase diagram indicate the temperature at which 

energy profiles were calculated, while black dots on the energy profiles indicate the 

equilibrium phases. Lines between equilibrium phases indicate the easier polarization 

paths for phase transformation.169 C: cubic phase, RHT: high temperature rhombohedral 

phase, RLT: low temperature rhombohedral phase, M: monoclinic phase, T: tetragonal 

phase.  

 

The MPB region marked with point 𝑎  in Figure 2.16 has been generically characterized as O or 

Monoclinic (M) phases.170-176 This interleaving region was proposed to be a bridge phase between 

the nearby phases B and C, as there is no group-subgroup relation between the commonly found 

𝑃4𝑚𝑚/𝑃4𝑏𝑚 and 𝑅3𝑐 symmetries. It was stated that these phases aid 𝑃𝑠
𝑖  reorientation, indicating 

that this model mostly rationalizes intrinsic contributions. However, it has been pointed out that 

the M phase may be in fact composed of finely twinned R and T domains178-180 or that its existance 

may only be metastable.174 There have also been other mechanisms proposed in order to 

rationalize the extrinsic contributions to the electromechanical enhancement around MPBs. For 

instance, chemical ordering181,182, formation of nanodomains174,183,184 with facilitated switching185, 

and others have been invoked. However, even in the case of domain miniaturization, it has been 

pointed out that the most important factor to consider is the mobility of domains rather than their 

size.186  
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The electromechanical enhancement around phase instabilities remains an open research area. It 

has been pointed out that reduced free energy anisotropy, crystal softening, nanodomain 

formation, local chemical/structural ordering, and local low symmetry phases may be in fact 

intrinsically related and the most fundamental reason behind strain enhancement a “matter of 

taste” as far as how it is described by a given scientist.176 Damjanovic157 highlighted that a structural 

instability is only a sufficient condition but not necessary for enhanced electromechanical 

properties, the crucial property for high piezoelectric activity is that the free energy instability leads 

to reduced free energy anisotropy. In fact, ferroelectric or ferroelastic domain switching is a result 

of a free energy instability achieved by an external electric field or stress, respectively. This in turn 

gives rise to the maximized changes of polarization and strain around 𝐸𝑐 in ferroelectrics and 

around 𝐸𝑟−𝑓 in incipient piezoelectrics. In the case, where no electric field induced phase transition 

is observed, the drastic change of polarization and strain are due to a 𝑃𝑠
𝑖  instability in either the 

transverse (non-180° domain switching) or longitudinal (180° domain switching) sense. 

Nonetheless, switching remains an extrinsic effect and several factors other than lattice 

considerations should be examined in order to understand it.157,187 

Some authors extended the concept of a free energy anisotropy further and evoked criticality as 

the fundamental reason behind enhanced properties.188-191 A critical point is defined as a 

continuous transition from a first order to a second order phase transition under thermodynamic 

equilibrium that does not involve thermal hysteresis. Near these critical points, the energy barrier 

for a phase transition is considerably diminished. This indicates a more pronounced decrease of the 

free energy anisotropy and enhanced properties.39,159,192,193 It was pointed out that maximizing the 

number of coexisting phases near multicritical points leads to increased entropy and thus higher 

enhancement of electromechanical properties.192 Point 𝑏  in Figure 2.16 exemplifies both a triple 

point and critical point, since a first order phase transition (solid line) leads to a second order phase 

transition (dashed line) as the temperature is increased. In contrast, point 𝑐  in Figure 2.16 displays 

a triple point with no criticality. It should be noted, however, that the triple point in Figure 2.16 

marked with 𝑏  is not necessarily a tricritical point. A tricritical point, refers to the point where, at a 

fixed composition, the lines of critical points in the temperature-electric field-pressure phase 

diagram converge.39 Therefore, their experimental determination is quite difficult.156 The 

coincidence of a tricritical point with a triple point such as the one marked with 𝑏  in Figure 2.16, 

will only occur in the hypothetical case that the critical points in the temperature-electric field and 

electric field-pressure phase diagrams intersect at the same temperature-composition coordinates 

of the triple point (at zero electric field and atmospheric pressure). The exceptionally large 

electromechanical properties of some BT-based materials were previously attributed to the 

presence of tricritical points.194-196 

 

2.3.1.2 Doping 

Ferroelectrics have also been traditionally engineered with isovalent or aliovalent dopants or 

modifiers to improve their functional properties for specific applications.16,29 Modifiers are used to 

engineer a composition in proximity to phase boundaries, as treated in the last section. Although 
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dopant quantity may be very low, the functional properties of doped materials can vary drastically 

due to modification of the extrinsic contributions to the functional properties.47,186,197 Aliovalent 

doping can be classified as donor or acceptor. Donor doping indicates that the oxidation state of 

the dopant is higher than the oxidation state of the host lattice site. In order to maintain charge 

neutrality, donor doping is compensated either by cation vacancy formation, decrease in oxygen 

vacancies, or electronic. Donor doped ferroelectrics are referred to as soft since they feature high 

dielectric and electromechanical properties, square ferroelectric hysteresis loops, and high 

dielectric loss. These properties are attributed to a high degree of switching that can contribute to 

more than 40 % to piezoelectric and dielectric properties.50,186,197 Acceptor doping describes the 

situation where the dopant has a lower oxidation state than the host lattice site. In this case, 

doping is compensated by an increase in oxygen vacancies or holes. Acceptor doping can lead to 

the formation of defect dipole complexes between dopant ions and oxygen vacancies.198 These 

materials are known as hard materials, since the interaction between defect dipole complexes and 

domains leads to decreased switching processes. Hard ferroelectrics generally have low dielectric 

and electromechanical properties, low dissipation factor, pinched ferroelectric hysteresis loops, 

and an internal bias-field.151 

 

2.3.2 Structure Engineering 

 

2.3.2.1 Grain and Domain Engineering 

Structure engineering is a feasible way to achieve enhanced properties via a modified processing 

route. In general, 𝐸𝑐 of single crystals is lower than those of ceramics with the same composition 

due to unclamped domain wall motion and relatively easy 𝑃𝑠
𝑖  reversal.47 Therefore, by extension to 

polycrystalline materials, grain size has a considerable effect on the electromechanical properties 

of ferroelectrics.199-202 An optimal grain size is obtained when a maximized density of domains (and 

domain walls) leads to a proper balance between non-180° switchable domains and minimized 

back switching.201-204 Excessive grain size leads to deterioration of dielectric and electromechanical 

properties due to disproportionate back switching.202 On the other hand, too small grain size leads 

to suppression of ferroelectricity due to diminished non-cubic distortions.205-207 Moreover, domains 

also become unfavorable at small grain sizes since 𝑃𝑠 is compensated by interface charges at grain 

boundaries and/or polarization gradients.207 This leads initially to a single domain state, followed by 

complete suppression of the ferroelectric state as grain size is further reduced.208 For PbTiO3 the 

critical grain size to induce a paraelectric state is between 4 nm and 20 nm209,210, while for BT it is 

between 10 nm and 100 nm.205-207 BT has maximized properties at grain sizes between 1 μm and 2 

μm.203,204 Optimization of grain size leads in general to higher 휀𝑟
´ , lower 𝑇𝐶, decreased 𝐸𝐶, and 

increased 𝑑33, and 𝑑33
∗ .199,200,203 Typically grain size can be altered by modifications to the raw 

starting powders, as well as by modifications of calcination and sintering processes.211  

It was suggested that domain size is proportional to the square root of the grain size.212,213 

However, the relation remains valid only for grain sizes in the micrometer range47 and in 

compositions far from phase instabilities.183 Several works on BT determine that a fine domain 
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structure can greatly contribute to its piezoelectric activity.214-222 Moreover, charged domains walls 

were also mentioned as further enhancing the piezoelectricity of materials with fine domains.223 

Figure 2.18 introduces the relation between (a) grain size and domain size and (b) domain size and 

𝑑33. 

 

 

Figure 2.18: (a) Relation between grain size and domain size. (b) Relation between 𝒅𝟑𝟑 

and domain size for BT. Modified from Takahashi.222 

 

In general, enhanced electromechanical properties observed in materials with reduced domain size 

are associated with an increased domain wall density and their enhanced mobility.150,224,225 Domain 

engineering refers to a technique employed to induce a stable and optimized domain size in a 

material so that maximized functional properties can be achieved.150,151,224 Although domain size 

and grain size are related in polycrystalline materials (Figure 2.18 (a)), domain engineering is also 

effective in single crystals.226,227 Although coarse domain configurations generally feature 

diminished functional properties, they give rise to increased electric field and temperature 

stability.227 

 

2.3.2.2 Texturing 

Apart from grain and domain engineering, the electromechanical properties can be further 

enhanced by texturing. Wada and Pulpan228,229 determined that the [110]-oriented BT with an 

average domain size of 800 nm and grain size of 75 μm features a 𝑑33 = 788 pC/N. Moreover, 

texturing was also shown to be a potential strategy to enhance the temperature stability of 

electromechanical properties.132 It also has the advantage that it does not lower the operational 

temperature range.29 Texturing enhances the electromechanical response of ferroelectrics because 

the inherent anisotropy of ferroelectrics does not allow a fully oriented domain state along the 

applied electric field.29,230 Therefore, the limit of properties enhancement is given by the single 

crystal material variant, as displayed schematically in Figure 2.19. 
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Figure 2.19: Piezoelectric response given by 𝒅𝟑𝟑 as a function of degree of orientation. 

Modified from Leontsev and Eitel.150 

 

The most commonly used texturing methods in ferroelectrics are templated grain growth and 

reactive templated grain growth.230 Nevertheless, magnetic field texturing has also yielded 

promising results for some systems.231 Orientation degrees between 60 % and 90 % have been 

achieved in lead-free ferroelectrics leading to enhancement of the electromechanical properties 

between 20 % and 200 %.29 

 

2.3.2.3 Design of Heterogeneous Materials 

Although chemical and structural modifications are the most common approaches for the 

production of new ceramics, further alternatives are available to improve the functional properties 

of ferroelectrics. Design of composite and core-shell materials affords extra variables to tailor this 

functionality, such as through connectivity and interface engineering. A proper design affects both 

intrinsic and extrinsic contributions to the piezoelectric activity. Figure 2.20 displays schematic 

views of the heterogeneous microstructures that have so far been attempted to tailor large signal 

electromechanical properties in lead-free piezoelectrics. Figure 2.20 (a) introduces a 0-3 composite 

(Newnham´s notation232) and (b) an approximate (15;  1∞)𝑖 core-shell microstructure. The 

generalized nomenclature for core-shell geometries is introduced in Appendix I.  
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Figure 2.20: Schematic representation of heterogeneous materials (a) 0-3 composites and 

(b) an approximate (𝟏𝟓;  𝟏∞)𝒊 core-shell microstructure. Macroscopically polar seeds 

such as a ferroelectric or non-ergodic relaxor state are displayed with presence of 

domain contrast, while gray regions designate a macroscopically non-polar matrix such 

as a paraelectric or ergodic relaxor state. 

 

The composite approach is suited to engineer lead-free incipient piezoelectrics. For this purpose, 0-

3 BNT-based composites were designed with a macroscopically polar seed such as a ferroelectric or 

non-ergodic relaxor state in conjunction with a macroscopically non-polar matrix such as a 

paraelectric or ergodic relaxor state.233-240 This approach allowed for an enhanced strain output 

with reduced hysteresis, which gave between 10 % and 30 % higher electromechanical response 

than solid solution materials at 4 kV/mm.233,236 The feasibility of tailoring the temperature and 

frequency stability with the composite approach was also demonstrated at the expense of reduced 

strain output.237 The large signal strain and polarization, as well as the small signal dielectric 

properties, were calculated successfully in several works based on a model that regarded the 

microstructural constituents as two capacitors in series.234,236,241 Since the charge of two capacitors 

in series is equal, the applied macroscopic electric field is distributed differently between 

constituents to assure a constant polarization. Generally, the macroscopically non-polar matrix 

depicts lower 
𝜕𝑃

𝜕𝐸
 indicating that the electric field on the matrix will be higher. This promotes the 

electric field induced phase transition of incipient piezoelectrics and thus gives rise to their high 

electromechanical response at lower applied electric fields. Although these models considered only 

polarization coupling between the constituents, it was recently proposed that strain coupling 

should also play an important role.242,243 Apart from the effect of changing the electric field 

distribution, it was suggested that the electric field induced phase transformation should be aided 

due to heterogeneous nucleation at the interfaces between constituents.233,234,239 Theoretically it 

was demonstrated that nucleation and domain switching occur through a self-organized behavior 
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that is electrostatically controlled during initial stages and elastostatically controlled at later 

stages.242 

The composite approach increases the complexity of the synthesis process. Difference in thermal 

expansion coefficients and/or the lattice mismatch between constituents should be considered as 

limiting factors since they can lead to defects and/or low density. Moreover, the interface between 

constituents can act as nucleation site of parasitic phases that can be detrimental to attaining the 

desired functional properties.244,245 This reduces the attractiveness of this approach for industrial 

applications and hence highlights the potential of core-shell materials since they can be processed 

in situ during a conventional solid state route. Core-shell materials have experienced an increased 

interest due to technologically relevant dielectric246-252, piezoelectric253, and multiferroic244,254 

properties. Within nanotechnology developments, there has been a continuous increase in organic 

and inorganic core-shell nanoparticle discoveries with exceptional properties.255 A promising lead-

free core-shell piezoceramic was developed by Choi et al.253 in the CaZrO3-modified 

(K,Na)(Nb,Ta)O3. This system depicted an exceptional 𝑑33
∗  > 1000 pm/V at 3 kV/mm but only within 

a limited temperature range. The high strain of the system was attributed to the presence of a 

reversible poled state in the Ta5+-rich non-polar shell indicating an analogous strain mechanism 

with composites. Although BNT-based core-shell microstructures have been previously reported, 

the functional properties associated with this microstructure were not addressed.256,257 Moreover, 

an inspection of literature reveals that certain BNT-based piezoceramics may exhibit a core-shell 

microstructure although its effect on the functional properties was not discussed.258 
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3 Literature Review: Piezoceramics for Actuator Applications 

The most widely used ferroelectric material in actuator applications is PZT due to superior 

electromechanical properties. This solid solution is formed by combining the PbTiO3 and PbZrO3 

binary system. The phase diagram of the PbTiO3-PbZrO3 binary system is introduced in Figure 3.1. 

 

 

Figure 3.1: Phase diagram of the PbTiO3-PbZrO3 binary system obtained from Jaffe et al.42 

FR(LT): low temperature R phase. FR(HT): high temperature R phase. PC: paraelectric C 

phase. FT: ferroelectric T phase. A0: antiferroelectric O phase. AT: antiferroelectric T 

phase. 

 

The PbTiO3-PbZrO3 binary system at ~ 48 mol % PbTiO3 is characterized by an almost temperature 

insensitive phase boundary between R and T phases that was denominated MPB.259 The current 

phase diagram of the PbTiO3-PbZrO3 binary system has been modified from its original version 

presented in Figure 3.1 and displays M phases around its MPB.170 In the search for new lead-free 

piezoceramics, attempts were made in several perovskite materials. As introduced in Section 1, the 

BT-based, BNT-based, and KNN-based families of material are the most relevant.10,29  

The BT was the first discovered ferroelectric compound with a perovskite structure. Ferroelectricity 

in BT was prove in the 1940’s.260,261 Later on, piezoelectricity and poling revealed the applicability of 

BT in ceramic capacitors and electromechanical devices such as phonographic pickups.66,67,259 BT 

features a 𝑃𝑟 = 0.30 C/m2, 𝐸𝑐 = 0.35 kV/mm, a 𝑑33 = 191 pC/N, and a 𝑇𝐶  = 120 °C. Recent works 

demonstrated that exceptionally large electromechanical properties are achievable in pure BT 

obtained by an engineered synthesis route and/or microstructure.214,216-220,222 This compound is 
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formed by relatively stable oxides that led to sintering temperatures around 1500 °C, which is 

higher than in the other lead-free counterparts. Nevertheless, usually a good sinterability is 

obtained in this family of materials. Nowadays, the BT-based materials are almost exclusively used 

in discrete and multilayer capacitors due to their high 휀𝑟
´ , good thermal shock resistance, and good 

dielectric reliability.16 The research interest in this family of materials for electromechanical 

applications has raised recently10 due to the discovery of the BZT-BCT.194 Since then, other similar 

BT-based materials were shown to possess exceptional properties.195,262-265 Although BT-based 

materials have attracted attention in the community recently, their use is limited to low 

temperatures. So far, chemical modifications and a controlled microstructure led to a maximum 𝑇𝐶  

~ 160 °C on this family of materials.266-269  

In the search for new lead-free piezoceramics, an attempt was made to look for a cation 

comparable to Pb2+. The cation Bi3+ was discussed as a candidate due to similar ionic radii and inert-

pair 6s2 electrons as in Pb2+.29,151 The lead-free ferroelectric compound BNT was discovered by 

Smolenskii et al.76 in the 1960´s. Variations of this basic perovskite compound have been 

thoroughly studied.29 BNT features a 𝑃𝑟 = 0.38 C/m2, a 𝐸𝑐 = 7.3 kV/mm, a 𝑑33 = 98 pC/N, and a high 

𝑇𝐶  = 320 °C.42,270,271 Although the sinterability of the BNT-based materials does not seem to be a 

major problem for their scalability, Bi and Na volatility should be considered during synthesis.272,273 

BNT is promising for piezoelectric applications; however, its high 𝐸𝑐 and conductivity make the 

poling difficult and restrict its applicability. The BNT-BT270 and BNT-(Bi1/2K1/2)TiO3
274 binary solid 

solutions have attracted a considerable amount of research due to promising small signal 

piezoelectric properties around the MPB.29 Zhang et al.137 discovered the first incipient 

piezoelectric with a giant strain of 0.45 % at 8 kV/mm in the BNT-BT-KNN system. This 

electromechanical output surpassed that of soft PZT and thus triggered interest in a new area of 

research for actuators working in the quasi-static large signal regime. Since then, several binary and 

ternary BNT-based incipient piezoelectrics were shown to present giant strains.121-139,258,275-278  

The KNN-based family of materials is also widely considered as a potential candidate to replace 

PZT.10,29,154,279 (KxNa1-x)NbO3 (KNN) is a binary solid solution composed of KNbO3 and NaNbO3. Most 

of the research has traditionally focused on the 50 mol % KNbO3 composition due to the proposed 

presence of a phase boundary. Although Egerton and Dillon18 reported for the first time the KNN 

system in 1959, interest in its potential applicability was only triggered in 2004 by the discovery of 

Saito et al.132 of a KNN-based material with 𝑑33 = 253 pC/N and a temperature stable 𝑑33
∗  = 750 

pm/V at 2 kV/mm. These exceptional properties were achieved through a complex texturing 

process. In subsequent investigations it was demonstrated that KNN-based materials depict 

promising small280-283 and large136 signal properties with conventional solid state synthesis. 

However, this family of materials presents major synthesis difficulties that need to be overcome for 

entering a reliable large scale production.284,285 The correct choice of reagents is critical since K2CO3 

is particularly sensitive to moisture.279 A controlled atmosphere and humidity of the raw materials 

prior to calcination, during calcination, and also during sintering should be considered for obtaining 

the desired stoichiometry.286-289 Additional problems arise also during sintering due to an extremely 

narrow sintering window in terms of temperature and dwelling time290-292, early activation of 

surface diffusion that reduces the driving force for densification273, and high volatilization of K+ 

above 1000 °C.154,288 The processing of KNN-based materials remains an open research area in 
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which new techniques such as pressure assisted sintering, spark plasma, and microwave sintering, 

and others are being investigated for developing reproducible and dense materials with high 

functional properties.154,155  

A survey of 𝑑33 as a function of depolarization temperature (either 𝑇𝐶  or 𝑇𝑑) for the most relevant 

lead-free material families is introduced in Figure 3.2 (a). Figure 3.2 (b) depicts 𝑑33
∗  envelopes for 

each material family as a function of electric field at room temperature. This analysis is made to 

evaluate the suitability of lead-free material families for actuators. 

 

 

Figure 3.2: (a) Survey of 𝒅𝟑𝟑 as a function of depolarization temperature (either 𝑻𝑪 or 𝑻𝒅) 

for lead-free material families.16,42,123,194,270,275,293-298 (b) Survey of 𝒅𝟑𝟑
∗  characteristic 

envelopes of lead-free material families at room temperature as a function of electric 

field.121-139 As several publications are considered, the frequency of the strain values 

varies from 100 mHz to 5 Hz. For both figures representative lead-containing materials 

are added for comparison. 

 

In ferroelectrics, a general trend of enhanced electromechanical response is observed with lower 

depolarization temperature. BT-based materials feature the highest piezoelectric coefficients of 

lead-free families. The 𝑑33
∗  as a function of electric field (Figure 3.2 (b)) reveals that each material 

family is characterized by an electric field range in which their applicability is more suited. The 

working ranges of BT- and KNN-based materials are optimized for electric fields below 1 kV/mm 

and 2 kV/mm, respectively. Although BNT-based materials present the highest strain values, they 

occur at electric fields above 4 kV/mm and with high hysteresis. Therefore, reducing the electric 

field at which their high strain is obtained remains an open research area. For all lead-free families 

of materials, broader temperature and frequency operation ranges are also required to satisfy 

technological demands (Table 1.1). 

The BZT-BCT is studied in this work as an exemplary system of BT-based piezoceramics. Therefore, 

the state-of-the-art knowledge of the system is presented in detail in Section 3.1. The BNT-ST 
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features technologically relevant properties for quasi-static large signal applications due to its high 

strain at reduced electric fields, reduced hysteresis, and simple stoichiometry compared to other 

incipient piezoelectrics.258,275 Therefore, the BNT-ST was chosen as exemplary candidate to study 

the BNT-based piezoceramics and the state-of-the-art knowledge on the system is introduced in 

Section 3.2. Although, KNN-based materials feature promising small and large signal properties, 

they will not be treated in detail in this work. However, several aspects treated for the BZT-BCT 

system may be extrapolated to KNN-based materials. 

 

3.1 The (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 System 

The lead-free BZT-BCT system intended for electromechanical applications was first reported by Liu 

and Ren in 2009.194 However, the synthesis and dielectric properties of the system were previously 

reported during the 1950’s.299 Since then, this ferroelectric material has spurred considerable 

research attention due to its outstanding piezoelectric properties. In the compositional range 

between BZT-0.40BCT and BZT-0.60BCT, a 𝑑33 > 500 pC/N and 𝑑33
∗  > 1000 pm/V at 0.5 kV/mm were 

reported in a limited temperature range.194 The relevance of the BZT-BCT for technological 

applications was already shown through prototype technological devices300,301 and patents.302-304 

However, it must be pointed out that considerable discrepancies in the reported electromechanical 

properties can be found in the literature. This has been attributed to the different processing and 

characterization methodologies employed.305 

 

3.1.1 Processing 

Solid state synthesis of BZT-BCT was performed in most reports using similar conditions based on 

its parent compound BT.306 Table 3.1 summarizes the different synthesis procedures found in the 

literature. Mishra et al.307 performed a synthesis study on BZT-0.50BCT. The weight loss during 

heating of the uncalcined powders ended at 1000 °C, as indicated by TGA. However, the system 

displayed presence of second phases up to the calcination temperature of 1300 °C. More detailed 

studies suggested that the secondary phases remain even at higher calcination temperatures due 

to a limited solubility299,308 and/or to kinetically stable intermediary phases.309 The optimum 

calcination temperature for enhanced electromechanical properties was reported to be 1300 °C for 

2 h under air atmosphere.310 Increasing the sintering temperature from 1300 °C to 1400 °C 

improved the sharpness and intensity of X-ray diffraction (XRD) peaks, suggesting increased 

crystallinity and grain size.307 It was revealed that a sintering temperature between 1480 °C to 1550 

°C with dwell times between 2 h and 5 h is optimum for maximized piezoelectric properties.310-313 

Excessive sintering temperature resulted in secondary phases.312  
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Table 3.1: Synthesis parameters of BZT-BCT reported in the literature. 

One step 

calcination 

Calcination Sintering 

Ref. 
Temperature 

(°C) 

Time 

(h) 
Atmosphere 

Temperature 

(°C) 

Time 

(h) 
Atmosphere 

Yes 1200 3 Air 1500 2 Air 314 

Yes 1250 3 Air 1400 3 Air 315 

Yes 1300 2 - 5 Air 1450 - 1500 3 - 4 Air 316-318 

Yes 1350 2 - 3 Air 1450 - 1500 3 Air 194,300,319-331 

Yes 1350 15 Oxygen 1400 - 1450 4 Oxygen 332,333 

 

3.1.2 Atomic Structure 

The BZT-BCT is a pseudo-binary solid solution formed by three end members BaZrO3 (BZ), BT, and 

CaTiO3 (CT).116 A ternary phase diagram between these materials is introduced in Figure 3.3. Note 

that the terminology “pseudo-binary solid solution” is employed to highlight that BZT and BCT are 

solid solutions of two binary systems. Shaded areas I, II, and III depict pseudocubic structures with 

small non-cubic distortions that feature distinctive functional properties. The red blurred shaded 

area indicates the region of interest of the BZT-BCT for actuator applications. The region I features 

similar functional properties as BT, depicting the prototypical phase transitions of its parent 

material and ferroelectric properties. Increasing Ca2+ content leads to a considerably decreased R 

to O phase transition. Materials in the region III feature frequency-dependent dielectric anomalies 

indicating canonical relaxor features. Materials in region II are characterized by broader dielectric 

anomalies as compared to materials in region I. Although no clear frequency-dependent anomalies 

in dielectric properties were observed, these materials did not follow the Curie-Weiss law. The 

region resulting from the superposition between C and B is characterized by materials with 

distinctive relaxor features. In this compositional range, a ferroelectric state is induced with 

decreasing temperature, indicating a non-canonical relaxor state.115,116,334 In general, it has been 

observed that increasing Ca2+ and Zr4+ leads to destabilization of the ferroelectric state of BT.335,336 

In similar BT-based systems detailed microscopy and ab initio calculations suggested that relaxor 

properties on these materials can be ascribed to local chemical heterogeneities.337  
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Figure 3.3: Ternary phase diagram of BZ, BT, and CT modified from Ravez et al.116 Shaded 

areas I, II, and III are characterized by pseudocubic structures. The red blurred shaded 

area indicates the compositional range between BZT-0.20BCT and BZT-0.70BCT where 

piezoelectricity of BZT-BCT has been investigated. 

 

The compositional range of BZT-BCT for actuator applications (red blurred shaded area) comprises 

pseudocubic materials with weak relaxor features.338,339 Nevertheless, detailed XRD experiments 

were able to reveal the average atomic structure of the system.331,333 It must be pointed out, 

however, that the short-range structure of the BZT-BCT differs from its long-range order similarly as 

in relaxor materials.340 Figure 3.4 introduces the pseudo-binary phase diagram composed of 

digitalized data from several literature reports.194,325,333,341  

Initially, Liu and Ren194 proposed the presence of only one PPB from R to T phase that converge 

with a C phase in a triple point. The triple point was called a tricritical point, although no proof on 

the critically was reported.194 Recent reports indicate unambiguously the presence of two PPBs on 

the system318,322,325,331,333,341, similarly as found in other BT-based materials.196,342 Despite the 

agreement of an interleaving region between R and T phases, further clearance is still required 

especially in the convergence region (yellow blurred shaded area), as well as the interleaving region 

between R and T phases. The term convergence region was coined by Keeble et al.333 to indicate 

the area where convergence of R, T, O, and C phases seems to merge. Recent computations 

demonstrated that two triple points are expected in this region, although they may be difficult to 

access experimentally due to their close proximity.156 Synchrotron studies determined that the R 

phase is characterized by a 𝑅3𝑐 symmetry, while the T phase depicts a 𝑃4𝑚𝑚 symmetry.331,333 Both 

symmetries originate from a prototype cubic structure with 𝑃𝑚3̅𝑚 symmetry. The atomic 

structure of the interleaving region, however, still remains under debate. Some authors reported 

an O phase with 𝐴𝑚𝑚2 symmetry322,333,343, while others indicated that the interleaving region is a 
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phase mixture between R and T phases with 𝑅3𝑚 and 𝑃4𝑚𝑚 symmetries, respectively.325,331,344 A 

gradual symmetry change with increasing temperature was confirmed by micro-Raman studies.345 

An electric field induced phase transformation from T and R phases to an O phase has also been 

speculated in the literature321, although was not proven yet. 

 

 

Figure 3.4: Pseudo-binary phase with data taken from Liu and Ren194, Keeble et al.333, 

Ehmke et al.325, and Xue et al.341 The shaded areas depict approximate phase stability 

regions. The yellow blurred shaded area indicates the phase convergence region. R: 

rhombohedral, O: orthorhombic, T: tetragonal, and C: cubic phases. 

 

3.1.3 Microstructure 

Functional properties of BT202,346 and BZT-BCT200 depend on the microstructure. Transmission 

electron microscopy (TEM) studies on BZT-BCT revealed a characteristic micrometer size domain 

morphology in each phase. The R phase is characterized by wedge-shaped domains, while the T 

phase depicts lamellar domains. The O phase features hierarchical domain morphology with 

nanometer size domains within micrometer size lamellar domains. The hierarchical domain 

formation was ascribed to reduced free energy anisotropy.319 In situ temperature-dependent TEM 

indicated a considerable change in the hierarchical domain structure of the system.347 Upon 

heating wedge-shaped domains in the O phase of BZT-0.50BCT disappeared progressively. 

Moreover, nanodomains inside wedge-shaped domains merge and transform into lamellar 

domains. The domain morphology transformation suggests a gradual change from R to T symmetry. 

Upon cooling, the domain morphology partially redeveloped indicating a considerable irreversible 
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switching.347 In situ electric field TEM studies demonstrated that switching is also quite 

considerable leading to the formation of a monodomain state within grains.321,339 The hierarchical 

domain morphology319 and irreversible switching347 were mentioned as contributors to the 

enhancement of electromechanical properties around the O to T PPB.  

Apart from domain morphology, the grain size was also reported to have a considerable effect on 

the functional properties of BZT-BCT. In general, literature reports mention grain sizes between 13 

μm and 50 μm.321,324-330,348 Hao et al.200 performed a grain size study and demonstrated that 

increasing grain size from 0.4 μm to 32.2 μm influences functional properties considerably, as 

displayed in Figure 3.5. All phase boundaries decreased between 10 °C and 20 °C with increasing 

grain size and the magnitudes of 휀𝑟
´  and tan (𝛿) were considerably reduced. The dielectric 

relaxations in 휀𝑟
´  also become much more apparent for samples with grain sizes below 1 μm. It was 

also observed that the polarization is enhanced by 40 % and the strain output can be increased by 

five times with increasing grain size up to 20 μm. Further grain size increase leads to small 

variations of polarization and strain outputs. Small signal 𝑑33, planar coupling coefficient 𝑘𝑝, and 

thickness mode coupling 𝑘𝑡 displayed similar trends as the large signal strain output. Higher grain 

size also led to lower temperature stability. Maximized functional properties and temperature 

sensitivity in samples with higher grain size were attributed to increased domain switching and 

decreased residual stress.200  

 

 

Figure 3.5: (a) Bipolar polarization and (b) bipolar strain as a function of electric field for 

samples with different grain size. (c) displays 𝒌𝒕, 𝒌𝒑, 𝒅𝟑𝟑, and 𝒅𝟑𝟑
∗  as a function of grain 

size. Figure was modified from Hao et al.200  
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3.1.4 Electromechanical Properties 

A set of dynamic small signal properties of BZT-0.50BCT is contrasted with properties of BT and soft 

PZT (PZT5A) in Table 3.2.320 The BZT-0.50BCT features higher electromechanical response as 

compared to BT and PZT5A. However, coupling coefficients for PZT5A are the highest. 

 

Table 3.2: Small signal dynamic piezoelectric properties.320 

Material 𝒅𝟑𝟑 (pC/N) 𝒅𝟑𝟏 (pC/N) 𝒅𝟏𝟓 (pC/N) 𝒌𝟑𝟑 𝒌𝟑𝟏 𝒌𝟏𝟓 𝒌𝒕 𝒌𝒑 

BZT-0.50BCT 546 -231 453 0.65 0.31 0.48 0.42 0.53 

BT 191 -79 270 0.49 0.21 0.48 --- 0.35 

PZT5A 374 -171 584 0.7 0.34 0.68 0.49 0.6 

 

The large signal strain output of BZT-BCT is 20 % higher than in soft PZT (PZT5H) at 0.5 kV/mm.194 

However, it must be considered that at high electric fields the BT-based materials depict a reduced 

strain output (Figure 3.2 (b)). The strain mechanism proposed by Liu and Ren194 for BZT-BCT has 

been generally accepted in the literature. They suggested that any phase boundary originating from 

a tricritical point would result in negligible polarization anisotropy and thus these boundaries 

would facilitate the transverse instability of 𝑃𝑠
𝑖. Nevertheless, the free energy anisotropy of the 

system was not provided. Recent calculations demonstrated that a broad region of the pseudo-

binary phase diagram features diminished free energy anisotropy and was ascribed to tilted 

PPBs.156 Recent reports also highlighted the importance of studying elastic properties of the 

system, as they couple with piezoelectric properties.318,341,349 Figure 3.6 displays (a) 휀𝑟
´ 𝑃𝑟 and (b) 𝑑33 

as a function of composition.322 It is observed that 휀𝑟
´ 𝑃𝑟 and 𝑑33 values at the O to T PPB are higher 

than at the R to O PPB, similarly as reported in other BT-based materials.342 Moreover, the O to T 

PPB is more elastic than the R to T PPB (Figure 3.3 (c)), and displays similar elasticity as the 

convergence region.318,341,349 Li et al.350 reported that the electrostrictive coefficients of BZT-BCT are 

~ 0.04 m4/C2 and remain relatively constant with composition and temperature. It was 

demonstrated that switching determines to a great extent small323 and large329 signal properties. 

Specifically, it was shown that reversible domain switching is maximized at the O to T phase 

boundary, leading to a contribution that accounts even up to 50 % of the total 𝑑33 response at 

room temperature.323  
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Figure 3.6: (a) 𝜺𝒓
´ 𝑷𝒓 and (b) 𝒅𝟑𝟑 as a function of composition. (c) Storage modulus as a 

function of temperature for BZT-0.50BCT.322 

 

Small and large signal electromechanical properties of BZT-BCT are highly susceptible to poling 

conditions314,324,328,351,352, stress326,330, and temperature variations.194,320,325 Electromechanical 

properties were found to have local maxima values around phase boundaries, followed by 

diminished properties.194,305 Higher temperature stability was generally observed away from phase 

boundaries, although with diminished magnitudes.317 At room temperature it was demonstrated 

that 4 kV/mm lead to saturation of the poling degree given by 𝜃 angle.314 Considerable aging was 

observed after 104 min of the poling procedure leading to a 25 % decay of 𝑑33 and 𝑘𝑝 in dry 

atmosphere and 30 % decay in wet conditions.352 Ehmke et al.328 realized that an electric field 20 

times larger than 𝐸𝐶  leads to 50 % increase of small signal 𝑑33 and asymmetry on the large signal 

strain. This phenomenon was ascribed to the migration of point defects. Poling effects and changes 

in electromechanical properties are more pronounced in the R phase than the T phase, which was 

considered a result of a reduced lattice distortion and a higher number of possible polarization 

directions.328 The R phase was also highlighted to be more susceptible to high temperature 

excursions, which led to diminished piezoelectricity.325 In general, the system susceptibility to 

external parameters was considered to be a result of its high elastic softness that enables an easy 

polarization rotation along different crystallographic orientations.332 This was mentioned as crucial 

for the development of enhanced electromechanical properties. High temperature poling was 

proved to be quite beneficial for attaining maximized properties.324,351 For all poling temperatures, 

it was observed that despite of the modification of functional properties under electric field, the 

remanent ferroelastic texture parallel to the electric field remained relatively constant.324,328 This 

indicated that the high electromechanical response after temperature poling is a result of 

enhanced charge carrier migration at high temperatures.157,188 
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3.2 The (1-x)(Bi1/2Na1/2)TiO3-xSrTiO3 System 

The lead-free solid solution between BNT and ST was first reported by Sakata and Masuda353 in 

1974 with the aim to shift the phase transitions of pure BNT to lower temperatures, thus allowing a 

systematic study of the functional properties of the system. Subsequent studies, have 

demonstrated that increasing ST content in BNT-based materials leads to destabilization of the 

long-range ferroelectric state and decreased 𝑇𝑑 as well as 𝑃𝑟.258,275,276,278,354,355 These features can be 

ascribed to decreased unit cell distortions that culminate at a certain compositional range in a 

pseudocubic structure.356 Recent studies highlighted the technological relevance of the system for 

actuator applications.258,275 Additionally, the BNT-BT-ST276,278,354,355, and BNT-(Bi1/2K1/2)TiO3-ST277, 

and BNT-ST-KNN357 were also introduced in the literature. These systems resemble BNT-ST 

regarding their electromechanical output, although their response at reduced electric fields is 

lower. Electrostrictive materials were also reported in similar systems with the presence of 

Sr2+.358,359 The electromechanical output of promising incipient piezoelectrics is displayed in Figure 

3.7 (a). The most relevant technological feature of the BNT-ST is the large signal strain output of 

more than 0.25 % at 4 kV/mm and a 𝑑33
∗  of more than 600 pm/V even at 2 kV/mm (Figure 3.7 

(b)).258,275 Moreover, the 𝐸𝑟−𝑓 (Figure 3.7 (c)) and hysteresis ∆𝐸𝑟−𝑓 (Figure 3.7 (d)) are also 

considerably lower than for other BNT-based incipient piezoelectrics. 

 

 

Figure 3.7: (a) Unipolar strain and (b) 𝒅𝟑𝟑
∗  as a function of electric field for BNT-ST in 

comparison to the 𝒅𝟑𝟑
∗  envelope of BNT-based materials previously introduced in Figure 

3.2. (c) 𝑺/𝑬𝒓−𝒇 and (d) ∆𝑬𝒓−𝒇 as a function of the inverse of the electric field for 

technologically relevant lead-free materials125,130,138,139,275 and soft PZT PIC 151. BNT-NKT-

BA: (1-x)(Bi0.5Na0.78K0.22)0.5TiO3-xBiAlO3
138, BNT-BKZT: Bi0.5(Na0.78K0.22)0.5(Ti1−xZrx)O3

125, 

BNT-BKT-LT: (Bi0.5Na0.41−xK0.09Lix)(Ti1−yTay)O3.130  
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3.2.1 Processing 

The BNT-ST system has been synthesized via the solid state route with different conditions, as 

introduced in Table 3.3. The different synthesis procedures reported in the literature may be 

attributed to complications arising due to the high temperature stability of SrCO3 that inhibits the 

production of a homogeneous solid solution.360,361 Three literature reports marked with * in Table 

3.3 reported multi-step solid state synthesis to favor the formation of a homogeneous solid 

solution. 

 

Table 3.3: Synthesis parameters of BNT-ST reported in the literature. *In a first step 

Bi2O3, Na2CO3, and TiO2 were calcined to form BNT (first number given indicates 

parameters), secondly SrCO3 and TiO2 were calcined together to form BNT-ST (second 

number given indicates parameters). BNT and ST reacted during sintering to form BNT-

ST. **In a first step Bi2O3, Na2CO3, and TiO2 were calcined to form BNT (first number 

given indicates parameters), secondly BNT, SrCO3, and TiO2 were calcined together to 

form BNT-ST (second number given indicates parameters). ***In a first step Bi2O3, 

Na2CO3, and TiO2 were calcined to form BNT (first number given indicates parameters), 

secondly SrCO3 and TiO2 were calcined together to form ST (second number given 

indicates parameters). The last step was to react BNT and ST to form the BNT-ST solid 

solution (third number given indicates parameters). #Materials with ST < 50 mol % were 

sintered at 1200 °C, for ST > 50 mol % were sintered at 1300 °C. 

One step 

calcination 

Calcination Sintering 

Ref. 
Temperature 

(°C) 

Time 

(h) 
Atmosphere 

Temperature 

(°C) 

Time 

(h) 
Atmosphere 

Yes 800 15 Air 1050 - 1190 n/a Air 362 

Yes 800 4 Air 1200 4 Air 363 

Yes 800 2 Air 1100 - 1150 2 Air 364 

Yes 800 2 Air 1100 - 1140 2 Air 275 

No* 750/1100 2/2 Air 1150 2 Air 365 

No** 850/850 n/a Air 1200 - 1300# 2 Air 258 

No*** 800/800/800 2/2/2 Air 1100 - 1150 2 Air 366 
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3.2.2 Atomic Structure 

The BNT-ST is a binary solid solution between the end members BNT and ST. Jones and Thomas367 

studied the BNT with neutron diffraction from - 268 °C to 600 °C. In the temperature range from - 

268 °C to 300 °C they determine that BNT features a R phase with 𝑅3𝑐 symmetry and (𝑎−𝑎−𝑎−) 

tilting (Glazer’s notation368) of the oxygen octahedra about pseudocubic axes leading to an 

incommensurate phase. This octahedral tilting was presumed to be driven by the undersized A-site 

cations and the Bi3+ lone pair of e-. In the temperature range from 300 °C to 400 °C, coexistence of 

the described R phase and a T phase with 𝑃4𝑏𝑚 symmetry characterized by (𝑎0𝑎0𝑐+) tilting was 

observed. From 400 °C to 500 °C, the system depicted solely the T phase, while above 500 °C the 

prototype C phase with 𝑃𝑚3̅𝑚 symmetry was established.367 The phase sequence described for the 

BNT indicates that both commensurate FD and incommensurate AFD transformations are found. 

The ST depicts a paraelectric C phase with 𝑃𝑚3𝑚 symmetry down to - 168 °C, where it transforms 

to a T phase with 𝐼4/𝑚𝑐𝑚 symmetry that features antiferroelectricity and twin domains along 

{101} crystallographic planes.369-373 No further structural changes are found in this material. 

Despite the strong softening of the polar mode near - 273 °C, zero-point motion suppresses 

ferroelectricity. This was corroborated since small doping content promotes ferroelectricity.374 The 

ST is prone to display AFD distortions375 due to the small ionic radii of Sr2+.371 

The BNT-ST displays a R structure at room temperature below 20 mol % ST.363,365 Increasing ST 

content leads to a gradual increase in the lattice parameter between 3.885 Å and 3.905 Å.366 The 

increase in lattice parameter is accompanied by a gradual decrease of the unit cell distortion from 

R to a pseudocubic below 20 mol % ST, as displayed in Figure 3.8 However, further ST content leads 

to a considerable change of the R distortion at room temperature and vanishing non-cubic 

distortions365,366 and relaxor features.258,362,365,366 Initially, this relaxor state was termed an 

antiferroelectric state353; however, subsequent reports discarded antiferroelectricity in the 

system.366 

 

Figure 3.8: Lattice parameter and R distortion as a function of ST content in BNT-ST.366  



 

 

50 

 

Based on the results from XRD, dielectric properties, and Raman spectoscropy analysis, Rout et 

al.363 proposed a phase diagram for the BNT-ST system (Figure 3.9). Although the phase diagram 

displays 𝑇𝑑, it should be pointed out that depolarization studies on the system were not performed 

and this line was considered as the low temperature frequency-dependent dielectric anomaly. 

 

 

Figure 3.9: Binary phase diagram of the BNT-ST system proposed by Rout et al.363 from 0 

mol % ST to 40 mol % ST. Open symbols were obtained from dielectric measurements, 

while solid symbols from Raman spectroscopy analysis. 

 

The only phase boundary featured in the BNT-ST at room temperature is at 20 mol % ST, indicating 

the transformation from a R to a pseudocubic phase, as previously indicated by changes in lattice 

parameter and unit cell distortion in Figure 3.8. This phase boundary was reported in other studies 

between 25 mol % ST and 28 mol % ST.363,365,376 The presence of Raman modes in the whole 

compositional range of the BNT-ST363 indicates that the local structure deviates from cubic, as 

expected in relaxor materials (Section 2.2.2). 

Rout et al.363 determined that the symmetry of the R phase of BNT-ST is 𝑅3𝑐 and the pseudocubic 

phase is 𝑃𝑚3𝑚. By means of TEM, Lee et al.365 discovered the presence of (𝑎−𝑎−𝑎−) octahedral 

tilting146,377 supporting the presence of a 𝑅3𝑐 symmetry for ST contents below 30 mol % ST. With 

increasing temperature, a gradual decrease of the unit cell distortions was found from a monotonic 

decrease of Raman modes. The high temperature phase was reported to be cubic for the whole 

compositional range investigated in Figure 3.9; however, the presence of Raman activity indicates 

that the local structure of the system remains distorted.363  
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3.2.3 Microstructure 

Figure 3.10 displays SEM micrographs of (a) BNT-0.27ST and (b) BNT-0.40ST reported by Krauss et 

al.258 A gradual decrease of grain size from 10 μm to 3 μm was observed with increasing ST 

between 10 mol % and 90 mol %. 

 

 

Figure 3.10: Polished and etched surfaces of (a) BNT-0.27ST and (b) BNT-0.40ST. Image 

modified from Krauss et al.258 

 

Although the system was regarded as a solid solution258, Figure 3.10 (a) and (b) display the 

presence of a bright second phase within certain grains, resembling a core-shell microstructure. 

However, the presence and nature of this phase was not discussed by the authors. Moreover, TEM 

analysis revealed a gradual destabilization of the ferroelectric state with increasing ST content, as 

indicated by a frustrated ferroelectric state with PNRs.365 

 

3.2.4 Electromechanical Properties 

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

electromechanical properties of the system. Figure 3.11 displays the bipolar polarization loops for 

(a) BNT-0.20ST, (b) BNT-0.28ST, (c) BNT-0.32ST, and (d) BNT-0.36ST. The 𝑃𝑚𝑎𝑥 and 𝑃𝑟 are decreased 

with increasing ST content, resulting in pinched loops above 28 mol % ST with 𝑃𝑟 < 0.10 C/m2, 

similarly as found in relaxor materials (Figure 2.12).258 The variation of 𝑃𝑟 and 𝑃𝑚𝑎𝑥 with increasing 

ST content indicates that a decreased cooperative interaction of dipoles occurs leading to 

diminished ferroelectricity.365 At this compositional range it was also found that 𝑇𝑑 is brought near 

room temperature.364  
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Figure 3.11: Bipolar polarization loops for (a) BNT-0.20ST, (b) BNT-0.28ST, (c) BNT-0.32ST, 

and (d) BNT-0.36ST measured at 0.1 Hz.275 

 

Hiruma et al.275 reported the dynamic 𝑑33 and quasi-static 𝑑33
∗  of the BNT-ST in a broad 

compositional range, as depicted in Figure 3.12.  

 

 

Figure 3.12: Dynamic 𝒅𝟑𝟑 and quasi-static 𝒅𝟑𝟑
∗  as a function of ST content.275 

 

The maximum quasi-static 𝑑33 = 130 pC/N was reported to be around 22 mol % ST, followed by an 

exponential decrease leading to negligible values above 28 mol % ST and maximized 𝑑33
∗  = 500 

pm/V at 6 kV/mm. Hiruma et al.275 proposed that the large 𝑑33
∗  of the BNT-ST is a result of an 

electric field induced phase transition from the pseudocubic phase to the R phase and the 

switching occurring at the induced phase. This strain mechanism is qualitatively similar as proposed 

for other BNT-based materials.140,141 However, Krauss et al.258 proposed that the electric field 

induced phase transition is from an antiferroelectric state to a ferroelectric state. 
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4 Experimental Procedure 

All units and notations are provided in the international system following the “Guide for the Use of 

the International System Units”.378 Systematic or random error analysis was employed to report 

uncertainties. A standard distribution for the measured quantity was assumed to estimate 

systematic errors. The precision of the machines as provided by manufacturers was employed to 

evaluate random errors. Trailing zeros were used to indicate precision on measurements. 

 

4.1 Powder and Ceramic Processing 

Materials were produced via the mixed oxide route. Raw chemicals BaCO3 (99.8 %), CaCO3 (99.5 %), 

Bi2O3 (99.975 %), Na2CO3 (99.5 %), TiO2 (99.9 %, Anatase), ZrO2 (99.5 %), and SrCO3 (99 %) (Alfa 

Aesar GmbH & Co. KG, Germany) were mixed according to the stoichiometric formulas (1-

x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 (x = 0.30, 0.32, 0.35, 0.37, 0.40, 0.45, 0.50, and 0.60) and (1-

x)(Bi1/2Na1/2)TiO3-xSrTiO3 (x= 0.25 and 0.28), respectively. The ternary phase diagram of BT, BZ, and 

CT system is introduced in Figure 4.1 in the region comprehending the BZT-BCT compositional 

range. 

 

 

Figure 4.1: Ternary phase diagram of BZ, BT, and CT depicting the compositional range 

investigated. Color code for compositions is used throughout the work. 

 

Powders were weighed using a balance with an accuracy of 0.0001 g (TE214S, Sartorius AG, 

Germany). Compositions of the BZT-BCT were selected taking into account representative phase 

diagrams proposed in the literature194,333 with special emphasis on the phase convergence region 

and polymorphic phase boundaries. Compositions of the BNT-ST were selected to study the 

incipient piezoelectric response of the system. The optimized composition for actuator applications 

at moderate temperatures was found to be the BNT-0.25ST. Therefore, the research presented on 

this system is mostly limited to this composition. Selected batches of key compositions were 
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repeated 2 to 12 times. From each batch at least 16 sintered samples were produced for 

electromechanical characterization. From them, only samples with properties near the mean value 

of the batch were chosen for detailed experiments. 

For the synthesis, 50 g of raw powders were filled into 400 ml home-made nylon milling containers. 

A total of 300 g Yttria stabilized zirconia balls (Mühlmeier GmbH & Co. KG, Germany) with 

diameters of 3 mm, 5 mm, and 10 mm with a ratio of 2:2:1 were added together with ethanol as 

solvent to promote mixing. The resulting ratio of powder:balls:ethanol was approximately 1:1:2. 

The suspensions were milled in a planetary ball mill (Pulverisette 5, Fritsch GmbH, Germany) for 5 h 

and 24 h with a rotational frequency of 25
3⁄  1/s (250 r/min) for the BZT-BCT and BNT-ST, 

respectively. Afterwards, the suspensions were dried at 80 °C for 24 h (oven FT 6060, Thermo 

Scientific Heraeus GmbH, Germany). The resulting powders were calcined at 1300 °C and 850 °C 

(heating rate 5 °C/min) for 2 h for the BZT-BCT (oven HT10118, Nabertherm GmbH, Germany) and 

BNT-ST (oven L9/11/S27, Nabertherm GmbH, Germany), respectively. Subsequently, the powders 

were ball-milled again for 15 h and 24 h with a rotational frequency of 25
3⁄  1/s (250 r/min) for the 

BZT-BCT and BNT-ST, respectively.  

For the electrical characterization, XRD, and scanning electron microscopy (SEM) disc-shaped 

samples of 10 mm in diameter and 1 mm thickness (~ 0.30 g of powder) were compacted manually 

with uniaxial pressure (Figure 4.2 (a)). For neutron diffraction, bars of (30∙3.5∙3.5) mm (~ 3 g of 

powder) were compacted manually with uniaxial pressure (Figure 4.2 (b)). A balance with an 

accuracy of 0.01 g (SBC 51, Scaltec instruments GmbH, Germany) was employed to weigh the 

samples. For further compaction, all samples were processed using a cold isostatic press (KIP 100 E, 

Paul-Otto Weber GmbH, Germany) at 300 MPa for 1.5 min. The green bodies of BZT-BCT were 

sintered in covered crucibles with atmospheric powder of the same composition at 1500 °C (oven 

HT10118, Nabertherm GmbH, Germany) for 2 h (heating rate 5 °C/min). The BNT-ST samples were 

sintered at 1150 °C (oven L16/14, Nabertherm GmbH, Germany) with atmospheric powder of the 

same composition for 2 h, 5 h, 10 h, and 20 h (heating rate 5 °C/min). Unless stated, all results are 

presented for the samples sintered for 2 h. In order to minimize sample contamination, zirconia 

crucibles were used for the BZT-BCT and alumina crucibles for the BNT-ST. 

For electrical characterization, disc-shape samples were ground in a semiautomatic machine 

(Phoenix 4000, Buehler GmbH, Germany) using grinding discs with grit sizes of 220, 600 and 1200 

(MD Piano, Struers GmbH, Germany). Furthermore, they were manually ground with abrasive 

paper of grit size 2400 (P# 2400, Struers GmbH, Germany). Samples for neutron diffraction were 

ground by a semiautomatic grinding station (ZB 42T, Ziersch Fertigungstechnik GmbH & Co. KG, 

Germany). From the neutron diffraction samples, several 33 mode dynamic measurement bars of 

(2∙2∙5) mm (Figure 4.2 (c)) were cut by a diamond saw (4240, Well Diamond Wire Saws GmbH, 

Germany). Thicknesses of disc-shape samples were measured at three points by a Digimatic 

Indicator with an accuracy of 0.001 mm (ID-C112XB, Mitutoyo Corp., Japan). All other geometries 

were measured three times by a caliper with an accuracy of 0.01 mm (CD-15CPX, Mitutoyo Corp., 

Japan). The accuracy of all sample geometries was determined to be better than ± 0.02 %.  
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Figure 4.2: Sample geometries used in this work. (a) disc-shape sample used for electrical 

characterization, SEM, and XRD. (b) Neutron diffraction bars. (c) Dynamic measurement 

bars. Mesh size of 1 mm. 

 

Samples for electrical characterization and electric field-dependent neutron diffraction were 

manually electroded with silver paste (C80415D5, Gwent Electronic Materials Ltd, United 

Kingdom). All samples were annealed at 400 °C for 2 h (heating rate 2 °C/min) prior to 

characterization (L9/11/S27, Nabertherm GmbH, Germany). The annealing procedure was 

employed to burn-in electrodes and minimize residual stresses, possibly introduced during 

machining. For comparison purposes commercial samples of soft PZT PIC 151 (PI Ceramic GmbH, 

Germay) were also characterized. 

 

4.2 Structural Characterization 

 

4.2.1 Atomic Characterization 

 

4.2.1.1 X-Ray Diffraction 

The XRD experiments were carried out on calcined powders and crushed sintered samples at room 

temperature. Crushed samples were annealed at 400 °C for 2 h (heating rate 2 °C/min) prior to 

characterization (L9/11/S27, Nabertherm GmbH, Germany). Experiments were performed in 

transmission geometry with a Guinier camera (G670, Huber GmbH, Germany) using Cu Kα1 

radiation (λ = 1.54056 Å). The Cu Kα2 radiation was filtered using a curved Ge (111) 

monochromator. Powders were then placed inside a thin foil and measured in the angular range 

from 20° to 80° with a step size of 0.005° for both systems. Lattice parameters for both systems 

were obtained assuming pseudocubic unit cells by the least square intercept method.379 

For the BNT-ST, a phase formation during calcination was also investigated. For this purpose, a 

homogenized stoichiometric mixture was prepared following the same experimental procedure 

described in Section 4.1. Subsequently, 2 g of the mixture were heated to 450 °C, 600 °C, 700 °C, 

and 850 °C (heating rate 5 °C/min) in a tube furnace (HTRH 100-300, Gero GmbH, Germany). 

Powders were subsequently quenched in air and analyzed in a Bragg-Brentano geometry D8 

Advance diffractometer (Bruker Inc., Germany) with Cu Kα radiation (λ = 1.5406 Å) in the angular 

range from 20° to 80° with a step size of 0.02°. Experiments were performed by Mr. Jaud.  
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4.2.1.2 Neutron Diffraction 

Neutron diffraction measurements were performed at the high-intensity diffractometer Wombat 

(Australian Nuclear Science and Technology Organization ANSTO, Sydney, Australia).380 A schematic 

representation of the detector and sample disposition for the measurements are depicted in Figure 

4.3 (a) and (b), respectively. Data were collected with a monochromator take-off angle of 90° using 

a wavelength of 2.41846(6) Å for high angular resolution. For each wavelength, a series of 12 

complete diffraction patterns (detector angle from 30° to 150°) were collected with different 

orientations of the electric field with respect to the incident beam by moving the 𝜔-sample table in 

15° steps (-60° ≤ 𝜔 ≤ 120°). The experimental conditions allowed determining the relative 

orientation between the electric field vector and the scattering vectors of the individual reflections, 

as schematically displayed in Figure 4.3 (c). The orientation 𝜔 = 90° represents the electric field 

vector perpendicular to the incident beam. Experiments were performed by beam scientists and 

Dr. Hinterstein. 

 

 

Figure 4.3: Schematic representation of the neutron diffraction experimental line. (a) 

Curved position-sensitive detector, (b) disposition of neutron diffraction bars, and (c) 

detector displaying the electric field vector 𝑬, scattered beam at an angle 𝟐𝜽, and 

sample orientation 𝝎. Modified from Refs.147,381 

 

4.2.2 Microstructural Characterization 

 

4.2.2.1 Scanning and Transmission Electron Microscopy 

Sintered samples were polished with diamond paste (DP-Paste, Struers GmbH, Germany) of 15 μm, 

6 μm, 3 μm, 1 μm, and ¼ μm (polishing discs MD Dur/Nap, Struers GmbH, Germany). SEM imaging 

was performed using a JSM 7600F (JEOL Ltd., Japan). Images were taken with the back scattered 

electron (BSE) mode at low acceleration voltages. Orientational contrast imaging was optimized at 

8 kV to enhance material (Z) and grain contrasts. Experiments were performed together with Mrs. 

Kunz. Mean grain size was determined by considering approximately 200 grains from several 

micrographs. The linear interception method with a numerical multiplication factor of 1.56 was 

applied for the grain size calculation by assuming isometric grain shape.382 Moreover, the core-shell 

microstructure of BNT-ST was quantified by a density of cores. The density of cores was defined as 
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the numbers of cores divided by area. Several images, taken from different positions of the sample 

surface, were analyzed representing a total of ~ 2500 μm2. Energy-dispersive X-ray spectroscopy 

(EDS) was used to estimate the statistical composition of cores and shells. For this purpose a NCA 

Energy 350 EDS (Oxford Instruments plc, United Kingdom) was employed with an incident beam of 

15 kV to collect spectra in the energy range between 0.50 keV and 9 keV. 

TEM samples were ultrasonically cut from disc samples (Figure 4.2 (a)) into smaller discs of 3 mm in 

diameter by an ultrasonic cutter (Gatan 601, Gatan Inc., United States). A semiautomatic machine 

was used for grinding the samples between 100 μm and 200 μm with same experimental 

conditions as described in the previous paragraph (Allied Multiprep Polishing System, Allied High 

Tech Products Inc., United States). Polished samples were dimpled to a final thickness between 10 

μm and 20 µm in a dimple grinder (Gatan 656, Gatan Inc., United States). Samples were annealed 

at 400 °C for 2 h to minimize residual stresses possibly introduced during machining. Subsequently, 

samples were perforated on both sides by Ar ion milling using a Dual Ion Mill unit (Gatan 600, 

Gatan Inc., United States). Initially milling was performed at 5 kV and 16° incidence angle, followed 

by 4 kV and 12° incidence angle. Prior to characterization, samples were coated with carbon in 

order to minimize charging under the incident electron beam. Experiments were carried out using a 

2100F TEM (JEOL Ltd., Japan) operated at 200 kV and a Be double-tilt holder (EM-31640, Gatan Inc., 

United States). For EDS mapping in scanning transmission electron microscopy (STEM) mode, the 

second smallest condenser aperture C2 and an electron probe size of 1 nm with a camera length of 

0.80 m were employed. The specimen was tilted by an angle of 10° to maximize the X-ray collection 

of the detector in the energy range from 0 keV to 20 keV. In situ hot-stage experiments were 

performed with a double-tilt heating holder (Gatan 652, Gatan Inc., United States) equipped with a 

SmartSet Hot-Stage Controller (Gatan 901, Gatan Inc., United States). The bright field (BF) and dark 

field (DF) micrographs and selected area diffraction (SAED) patterns were recorded at 165 °C, 245 

°C, and 345 °C with an uncertainty of ± 20 °C. To assure isothermal conditions, temperature was 

held for 30 min prior to each measurement. Experiments were performed by M. Sc. Scherrer and 

Dr. Molina-Luna. 

 

4.2.2.2 Density 

The Archimedes method was employed for density measurements of 2 to 3 sintered samples of 

each composition. Initially as-sintered disc samples (Figure 4.2 (a)) were dried for 24 h at 100 °C. 

Thereafter, their dry weight (DW) was measured (BA110S Basic, Sartorius AG, Germany). Samples 

were put in distilled water and into a vacuum chamber (RD8, Vacuubrand GmbH, Germany) at a 

pressure of 50 mbar for 1 h. The samples were weighed in water (saturated weight in water 

(SWW)) and dried with a clean paper. Subsequently, they were weighed again (saturated weight in 

air (SWA)). The absolute density of each sample (𝛿𝑠) was calculated taking into account the 

Archimedes principle (Equation 4.1) and the density of the water at the measurement 

temperature.  

𝛿𝑠 =  
𝛿𝐻2𝑂  ∙ 𝐷𝑊

𝑆𝑊𝐴 − 𝑆𝑊𝑊
 

Equation 4.1. 
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The theoretical density 𝛿𝑡  of the samples was calculated by considering the mass and volume of 

unit cells. Assumption of pseudocubic lattice parameters was performed, as described in Section 

4.2.1.1. The relative density 𝛿𝑟  was calculated with Equation 4.2. 

𝛿𝑟 =  
𝛿𝑠

𝛿𝑡
 

Equation 4.2. 

Results of the Archimedes method were contrasted with analysis of the surface area of 

micrographs. BSE micrographs of the polished surfaces described in Section 4.2.2.1 were 

transformed to binary colors with GIMP software (GNU Image Manipulation Software version 

2.8.10, United States). Afterwards, binary images were analyzed with the ImageJ software (National 

Institutes of Health version 1.48v) to obtain the fraction of porosity and material. A total area of 

~2500 μm2 was analyzed in several images at different position of the sample surface to obtain 

representative results. The ratio between porosity and material was considered as the 𝛿𝑟. Both 

analyses gave comparable values within measurement errors. 

 

4.3 Thermal Analysis 

In order to investigate the calcination process of BNT-ST a homogenized stoichiometric mixture of 

the chemical reagents was loaded into a thermogravimetric (TGA)/differential thermal analysis 

(DTA) STA 449C analyzer (Jupiter, Netzsch-Gerätebau GmbH, Germany). The device is coupled to a 

Fourier transform infrared spectrometer (FT-IR) (Tensor 27, Bruker Optik GmbH, Germany). Powder 

was heated in air up to 1000 °C (heating rate 5 °C/min). The spectrometer was used to analyze the 

outgassing species. The IR spectra were recorded during the heating process. The detected IR 

bands for the outgassing species were integrated and plotted versus temperature. Experiments 

were performed by Dipl.-Ing. Fasel. 

 

4.4 Electrical Characterization 

Poling and large signal characterization methods throughout this section were performed in silicon 

oil (AK 35 for room temperature and AK 200 for high temperatures, Wacker Chemie AG, Germany) 

to avoid electric breakdown of air, which is around 3 kV/mm.383   
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4.4.1 Temperature- and Frequency-Dependent Dielectric Properties 

Temperature- and frequency-dependent real 휀𝑟
´  and imaginary 휀𝑟

´´ relative permittivity values were 

obtained on poled and unpoled samples. The dielectric properties of BZT-BCT were measured in 

the temperature range from - 100 °C to 120 °C with a heating rate of 2 °C/min and in the frequency 

range from 100 Hz to 10 kHz. An Impedance analyzer Alpha-A equipped with a cryostat 

(Novocontrol Technologies GmbH & Co. KG, Germany) was employed for the measurements. For 

the BNT-ST high temperature dielectric properties were tested to evaluate the presence of 

dielectric relaxations prototypical of relaxors. For this purpose 휀𝑟
´  and 휀𝑟

´´ values were measured in 

the temperature range from 25 °C to 500 °C with a heating rate of 2 °C/min and in the frequency 

range from 1 kHz up to 1 MHz. A Precision LCR Meter 4192A (Hewlett Packard Corp., United States) 

was used for the measurements. In order to depict dielectric relaxations, low temperature 

frequency-dependent real 휀𝑟
´  and imaginary 휀𝑟

´´ relative permittivity were measured with a cooling 

rate of 1 °C/min and in the frequency range from 10 mHz to 1 MHz (Impedance analyzer Alpha-A 

equipped with a cryostat, Novocontrol Technologies GmbH & Co. KG, Germany). The temperature 

range selected for BZT-BCT was between - 100 °C to 120 °C, whereas for BNT-ST was from 300 °C to 

- 150 °C. The amplitude of the probing ac electric signal was 0.002 kV/mm peak to peak for all 

experiments. 

 

4.4.2 Small Signal Properties 

Prior to zero bias-field small signal measurements, all BZT-BCT samples were poled for 10 min at 

room temperature with an electric field of 4 kV/mm (HCN35-35000, Fug GmbH, Germany). Poling 

conditions were selected based on results from Wu et al.314 Moreover, 𝑑33 was always tested in a 

commercial Berlincourt meter (YE2730, Sinocera Inc., China) before performing further 

measurements in other setups. 

The incipient piezoelectric BNT-0.25ST features an almost negligible 𝑑33 ~ 10 pC/N. Therefore, 

most of the small signal investigations were performed solely on the BZT-BCT, with the exception of 

bias-field-dependent measurements that were also done in BNT-0.25ST. 

 

4.4.2.1 Temperature-Dependent Quasi-Static Characterization 

In situ 𝑑33 of BZT-BCT as a function of temperature was measured using a custom-designed device, 

which consists of a furnace controlled by two thermocouples and a laser vibrometer (sensor head 

OFV-505 and front-end VDD-E-600, Polytec GmbH, Germany). A pinhole was made in the middle of 

a thermally insulating alumina covering lid, thereby allowing the laser to pass through. Further 

details on the device are presented elsewhere.384 All compositions were measured in the 

temperature range from 25 °C to 105 °C with a heating rate of 2 °C/min in 5 °C steps. A sinusoidal 

wave of 0.01 kV/mm amplitude and a frequency of 10 kHz was chosen as input voltage (function 

generator HM8131-2, Hameg GmbH, Germany).  
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4.4.2.2 Electric Field- and Temperature-Dependent Quasi-Static Characterization 

Electric field-dependent characterization was performed in BZT-BCT and BNT-ST in their respective 

operational ranges. A sinusoidal waveform of 1 kHz and 0.02 kV/mm modulated a triangular base 

waveform of 3 kV/mm and 4 kV/mm with a frequency of 0.05 Hz for the BZT-BCT and BNT-ST, 

respectively. The waveforms used as input signals are represented in Figure 4.4.  

 

 

Figure 4.4: Scheme of input signal for bias-field-dependent small signal properties. 

 

From these measurements 휀𝑟
´ , 휀𝑟

´´, and 𝑑33 were obtained as a function of bias-field. Measurements 

were performed from 25 °C to 105 °C in 10 °C steps for BZT-BCT, whereas for BNT-ST 

measurements were done at 25 °C, 50 °C, 80 °C, 110°C, 135 °C, and 170 °C. Prior to each 

measurement the temperature was stabilized within ± 0.2 °C in order to satisfy isothermal 

conditions. A commercial piezoelectric system TF analyzer 2000 (aixACCT Systems GmbH, Germany) 

was employed for the electromechanical characterization.  

 

4.4.2.3 Dynamic Characterization 

Impedance measurements were performed in the 33 mode in order to calculate dielectric, 

electromechanical, and elastic properties such as relative permittivity 휀33
T /휀0, 𝑑33, 𝑘33, mechanical 

quality factor 𝑄𝑚, elastic compliances 𝑠33
𝐷  and 𝑠33

𝐸 , and frequency constant 𝑁33. The procedure 

used to calculate all properties is given in Appendix II. Complex impedance measurements were 

carried out in all samples by the resonance-antiresonance method using an impedance analyzer 

(HP4294A, Hewlett Packard Corp., United States). A 0.00025 kV/mm peak to peak sinusoidal wave 

in the kHz range (corresponding to the resonance-antiresonance region of each sample) was used 

as input voltage. Data was recorded every 125 Hz to assure the proper detection of extrema. In situ 

temperature-dependent measurements were performed from 25 °C to 105 °C in 5 °C steps. Prior to 

each measurement the temperature was stabilized within ± 0.2 °C in order to satisfy thermal 

equilibrium conditions. All described properties were obtained according to the IEEE standard on 
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piezoelectricity.385 The phase angle 𝜃 and free capacitance 𝐶𝑇 at 1 kHz at each isotherm were also 

recorded. 

 

4.4.3 Temperature- and Frequency-Dependent Quasi-Static Large Signal 
Properties 

Room temperature large signal polarization measurements were performed in a Sawyer-Tower 

setup, as schematically represented in Figure 4.5.  

 

 

Figure 4.5: Schematic view of voltage supply, Sawyer-Tower circuit, and acquisition 

systems. 

 

A sample with a capacitance 𝐶𝑠 (on the order nF) was connected in series with a measurement 

capacitor 𝐶𝑚. To minimize the voltage drop 𝑈𝑚 at the measurement capacitor, the condition 𝐶𝑚 ≫ 

𝐶𝑠 was satisfied with difference in the capacitance values of more than 3 orders of magnitude. The 

measurement capacitor was 𝐶𝑚 = 10 μF. This condition assures that 𝑈𝑚 remains below 1 % of the 

voltage drop at the sample 𝑈𝑠.38 The charge 𝑄 of the measurement capacitor is equivalent to the 

samples’ charge since both capacitors are in series (Equation 4.3). A function generator (33220A, 

Agilent Technologies Inc., United States) was employed to provide an input signal to a high voltage 

supply (High Voltage Amplifier 20/20C, Trek Inc., United States). Triangular waves of 3 kV/mm and 

4kV/mm with frequencies between 0.05 Hz and 50 Hz were chosen as input signals for the 

measurements of BZT-BCT and BNT-ST, respectively. Data acquisition was performed via an 

oscilloscope (MSO7014B, Agilent Technologies Inc., United States). The polarization was calculated 

using Equation 4.4. 

𝑄 = 𝐶𝑠 ∙ 𝑈𝑠 = 𝐶𝑚 ∙ 𝑈𝑚 Equation 4.3, 

𝑃 =
𝐶𝑚 ∙ 𝑈𝑚

𝐴
 

Equation 4.4, 

where 𝐴 is the area of the sample. 

The strain was measured by an optical sensor (D63, Philtec Inc., United States) simultaneously as 

the polarization. Electrical contact to the sample was performed by two adjustable point contacts. 
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For pulse experiments, a direct voltage source DIGI 40 (Conrad Electronic SE, Germany) was used to 

charge a home-made fast switching device (150 ns discharge time) based on a fast high voltage 

transistor switch HTS-41-03-GSM (Behlke Power Electronics GmbH, Germany). The input signal 

chosen was a rectangular shape of 10 s duration and amplitude ranging from 1.5 kV/mm to 4 

kV/mm. Large signal polarization and strain as a function of temperature and frequency were 

obtained using a commercial piezoelectric system TF analyzer 200 (aixACCT Systems GmbH, 

Germany). Triangular waves of 3 kV/mm and 4 kV/mm with frequencies ranging from 0.5 Hz to 20 

Hz were chosen as input signals for the measurements of BZT-BCT and BNT-ST, respectively. The 

BZT-BCT samples were measured in the temperature range between 25 °C and 120 °C with 10 °C 

steps, whereas the BNT-ST was measured at 25 °C, 50 °C, 80 °C, 110°C, 135 °C, and 170 °C. Prior to 

each measurement the temperature was stabilized within ± 0.2 °C in order to satisfy thermal 

equilibrium conditions. 

The random error in the large and small signal electromechanical measurements is on the order of 

20 nm, which leads to an uncertainty on the order of 5 %. The random error in the polarization 

measurements is on the order of 1 %. In case that error bars are omitted, the reader should 

consider that data markers were selected deliberately in the same length-scale as experimental 

errors. 
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5 Results and Discussions 

 

5.1 The (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 System 

 

5.1.1 Atomic Characterization 

Figure 5.1 introduces the XRD patterns of BZT-BCT calcined powders at 1300 °C. All diffractograms 

can be ascribed to a perovskite structure with secondary phases marked with *. Indexing 

throughout this work was performed based on a primitive cubic prototype, with pc denoting 

pseudocubic Miller indices. All XRD experiments of BZT-BCT were carried out using a 

monochromator to filter out Cu Kα2 radiation in order to allow a clearer distinction of reflection 

splitting due to non-cubic distortions. Due to the considerable amount of secondary phases present 

in the calcined powders, phase analysis of BZT-BCT was performed in the XRD patterns of the 

sintered samples. 

 

 

Figure 5.1: (a) XRD of BZT-BCT calcined powders. The * symbols indicate secondary 

phases corresponding to Ba6Ti17O40, according to crystallographic powder diffraction card 

01-077-1566. Primary phase peaks are marked with the corresponding planes of the 

primitive cubic prototype. 

 

In order to identify the secondary phase/s, the XRD patterns were compared to powder diffraction 

cards of Ba2TiO4 (00-035-0813), BaTi2O5 (01-070-1188), and Ba6Ti17O40 (01-077-1566). The main 

reflection of Ba6Ti17O40 is located at 32.34°, followed in intensity by reflections located at 21.31°, 
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23.85°, and 42.77°. In proximity to all these angles, secondary peaks were observed in Figure 5.1. 

This indicates the presence of Ba6Ti17O40 in the BZT-BCT calcined powders, as previously reported in 

the literature.308,386 It was observed that formation of Ba6Ti17O40 in BZT-BCT is correlated to the 

ratio of A/B stoichiometry.386 The binary phase diagram between BaO and TiO2 indicates that small 

deviations from the stoichiometry in BT (e.g. 0.9834 at. % Ti excess and 1.0051 at. % Ba excess at 

1200 °C) results in the formation of Ba2TiO4, BaTi2O5, and/or Ba6Ti17O40 above 1150 °C.387-389 The 

Ba2TiO4 phase is commonly found in BT-based materials since it is an intermediary phase during the 

formation of BT. If the TiO2 content is deficient, this phase will remain stable at room temperature 

after sintering.306,389 The BaTi2O5 is generally observed in quenched materials due to a fast 

nucleation rate, while Ba6Ti17O40 is characteristic of furnace-cooled (~ 5 °C/min) materials. The 

latter two phases are common features of BT-based materials with a deficiency in BaO 

content.306,389 Therefore, it is expected that the slow cooling rate of the calcined powders below 5 

°C/min limited the formation of BaTi2O5
389 and that any intermediary Ba2TiO4 phase reacted upon 

cooling, leading to BZT-BCT or other BT-based phases such as Ba6Ti17O40 that was observed in the 

powders. 

Figure 5.2 (a) provides the XRD patterns of BZT-BCT samples sintered at 1500 °C, subsequently 

crushed, and annealed at 400 °C. The material exhibits a perovskite structure without second 

phases within the detection limit of the employed instrument, indicating that Ba6Ti17O40 was not 

stable during the sintering process.  

 

 

Figure 5.2: (a) XRD of BZT-BCT sintered samples and (b) close-up region from 38° to 46°. 

Primary phase peaks are marked with the corresponding planes of the primitive cubic 

prototype. 

 

Figure 5.2 (b) displays a magnification of the region between 38° and 46° to emphasize the peak 

splitting in the (111)pc due to the presence of R and/or O phases. The (200)pc reflection is also 

highlighted in this range and allows for observation of peak splitting in the case of an O and/or T 
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phase. The gradual shift of the (111)pc and (200)pc reflections to higher 2𝜃 angles indicates a 

decreased lattice parameter with increasing BCT content. The reduction of the lattice parameter 

can be attributed to a decrease of 1.53 % in the average A-site ionic radius with increasing BCT 

content that is not compensated by the increase of the average B-site ionic radius of 0.16 % (in the 

compositional range between BZT-0.30BCT and BZT-0.60BCT). For x < 0.37, asymmetries in the left 

side of the (111)pc reflection indicate R and/or O phase, although literature reports suggest a R 

phase in this compositional range.333 However, no clear peak splitting is observed, which is ascribed 

to small non-cubic distortions. Note that a clear splitting of the (222)pc was also not observable. For 

BZT-0.50BCT a distortion of the (200)pc reflection becomes apparent, which can be either attributed 

to the presence of O and/or T phase. The (200)pc reflection for BZT-0.60BCT is even more clearly 

split. Since neither the (111)pc nor the (222)pc peaks display splitting, it can be suggested that BZT-

0.50BCT and BZT-0.60BCT feature a T phase. The higher lattice distortion of the T phase was 

previously reported in the literature.328 The intensity ratio of the (002)T (where T subscript denotes 

tetragonal Miller indices) reflection is 1.8:1 with respect to the (200, 020)T peaks, which is near the 

2:1 intensity ratio expected for a randomly oriented T phase. Although analysis of full-width half 

maxima of (200)pc and (222)pc as a function of composition were performed, no tendencies were 

observed. The trend of a T phase for high BCT contents is in agreement with the crystal structures 

reported in the literature.329,333,348 

 

5.1.2 Microstructure Characterization 

In the subsequent sections of the BZT-BCT study, only results for BZT-0.30BCT, BZT-0.40BCT, and 

BZT-0.45BCT will be provided. These compositions were chosen since they display features 

representative of the entire range of compositions. Figures intended for data analysis will depict 

results of all compositions investigated. Figure 5.3 introduces the as-polished sintered surface of 

the BZT-0.30BCT, BZT-0.40BCT, and BZT-0.45BCT samples. 

 

 

Figure 5.3: As-sintered, polished surface of (a) BZT-0.30BCT, (b) BZT-0.40BCT, and (c) BZT-

0.45BCT. The image was taken with a SEM in the BSE mode.  
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The different contrast in Figure 5.3 is a direct consequence of the various grain orientations. The 

relative density and average grain size results are provided in Table 5.1 for all compositions. All 

materials are characterized by coarse and small round-shaped (the latter with much lower content) 

grains with intragranular and intergranular porosity. This morphology may be attributed to the 

presence of a liquid phase during sintering390, ascribed to the eutectic point that Ba6Ti17O40 forms 

with BT at ~ 1320 °C.387-389 Liquid phase sintering could explain the presence of intragranular 

porosity in coarse grains, as it was reported that intragranular porosity requires fast mobility of 

grain boundaries above the pore shrinkage rate.391 A detailed sintering study would be required to 

corroborate the aforementioned hypothesis, which is out of the scope of this work. The 

technological relevance of such a study is justified, however, considering that variations of 

Ba6Ti17O40 content led to changes in 𝑇𝐶  of ~ 8 °C, as well as in 휀𝑟
´  and 휀𝑟

´´ of ~ 15 %.386 In contrast to 

previous works, secondary phases at the grain boundaries and/or triple junctions were not 

observed by SEM in BSE mode.386 This result is in agreement with the XRD study of the sintered 

samples (Figure 5.2). 

 

Table 5.1: Average grain size and relative density of the sintered BZT-BCT samples. 

Composition Average grain size (m) Relative density (%) 

BZT-0.30BCT 28 ± 7 98 

BZT-0.32BCT 20 ± 3 98 

BZT-0.35BCT 36 ± 8 94 

BZT-0.37BCT 28 ± 8 97 

BZT-0.40BCT 25 ± 5 98 

BZT-0.45BCT 36 ± 9 97 

BZT-0.50BCT 35 ± 8 97 

BZT-0.60BCT 26 ± 6 98 

 

All compositions are characterized by relative densities above 94 %. Grain size varies non-

monotonically between (20 ± 3) μm for BZT-0.32BCT and (36 ± 9) μm for BZT-0.45BCT, which is 

comparable to previous reports.314 Hao et al.200 reported that samples with relative densities above 

94 % and grain sizes higher than 20 μm feature stable functional properties. Therefore, the 

deviations of the relative density and grain size are not expected to influence the functional 

properties considerably and will not be discussed further.  
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5.1.3 Electrical Characterization 

 

5.1.3.1 Temperature- and Frequency-Dependent Dielectric Properties 

The dielectric response of ferroelectrics depends on the crystal structure.42 Therefore, measuring 

the dielectric properties of a system constitutes a powerful characterization method for elucidating 

phase instabilities. Figure 5.4 provides the 휀𝑟
´  and 휀𝑟

´´ as a function of temperature at various 

frequencies for unpoled (solid line) and poled (dotted line) states. The local maxima (obtained from 

휀𝑟
´´ at 1 kHz and marked with dashed lines) increase in magnitude with reducing frequency. A close 

inspection indicates that the high temperature local maxima slightly shift with frequency and may 

indicate weak relaxor properties, as was previously reported.115,116,334 Further details on the 

frequency dependence of the dielectric properties are given in Appendix III. 

The magnitude of 휀𝑟
´  and 휀𝑟

´´ is determined by the polarization mechanisms treated in Section 2.1. 

For ferroelectrics, the most relevant mechanisms at moderate frequencies (kHz range) are the ionic 

polarization, orientational polarization, and reversible domain switching.346 Nonetheless, reversible 

domain switching of non-180° domain walls has been generally recognized as the main 

contributions.63,203,204,392 The reduction of the 휀𝑟
´  magnitude with poling procedure may be 

attributed to a diminished density of domain walls.63 The differences of 휀𝑟
´  between poled and 

unpoled states above 𝑇𝐶  can be attributed to the presence of domains, which gives further 

indication of weak relaxor features. In situ temperature-dependent TEM previously demonstrated 

the persistence of domains above 𝑇𝐶.347 

At temperatures corresponding to phase transitions, all of the polarization contributions 

mentioned in the previous paragraph should reach maximized values. The intrinsic ionic and 

orientational polarization contributions are enhanced due to either the transverse or longitudinal 

instability of 𝑃𝑠
𝑖, while the extrinsic domain contribution is normally maximized due to elastic 

softening as reported for BZT-BCT.318,348 Therefore, the maxima observed in the temperature 

profiles of 휀𝑟
´  are considered to indicate phase transitions.42 Since the extrinsic contributions are 

inherently lossy393,394, the local maxima of 휀𝑟
´  are correlated to the local maxima of 휀𝑟

´´. Therefore, 

the 휀𝑟
´´ local maxima observed at 1 kHz can be used to determine phase transitions, as previously 

suggested.109 As an approximation, the high temperature anomaly of the system is considered as 

𝑇𝐶  since a considerable thermal depolarization occurs at this temperature, as it will become 

apparent in subsequent sections.  
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Figure 5.4: Temperature- and frequency-dependent 𝜺𝒓
´  of representative compositions 

measured on heating. The unpoled state is depicted with solid lines, while the poled 

state is displayed with dotted lines. The local maxima of the 𝜺𝒓
´´ curves at 1 kHz used to 

determine phase transition are marked with purple dotted lines.  

 

Based on the curves from all compositions, a pseudo-binary phase diagram can be constructed 

(Figure 5.5). Open symbols indicate phase transitions of poled samples, while solid symbols are 

used to mark the phase transitions of virgin samples. Only slight modifications of the phase 

boundaries are depicted due to the room temperature poling procedure used. Small deviations of 

the phase transition temperatures between poled and virgin states may be attributed to changes in 

the domain configurations and the interaction of domains with point defects. The pseudo-binary 

phase diagram coincides, within experimental errors, with the diagram proposed by Keeble et 

al.333, although the synthesis route and characterization techniques used to detect phase 

transitions differed. Therefore, phase assignment was performed following the work of Keeble at 

al.333 Qualitative agreement with other diagrams found in the literature was also observed.323,341 

The O phase is separated from R and T phases by two PPBs. Note that the transition from O to T 

phase in BZT-0.37BCT could not be determined due to the close proximity of several phase 

boundaries. Therefore, the yellow shaded region displayed between BZT-0.35BCT and BZT-0.37BCT 

at temperatures between 55 °C and 65 °C is termed a convergence region.333 Liu and Ren194 

proposed the existence of a tricritical point near the convergence region. Criticality was proposed 

due to the reduced dielectric thermal hysteresis, although non-zero hysteresis was actually 

reported. In agreement with previous reports a maximum 휀𝑟
´  ~ 17,000 was found for BZT-0.30BCT 

at 60 °C194, which is near the proposed convergence region.  



 

 

69 

 

 

Figure 5.5: Pseudo-binary phase diagram obtained from dielectric anomalies of 𝜺𝒓
´´ at 1 

kHz. Open symbols depict the phase boundaries after room temperature poling, while 

solid symbols are used to indicate phase transitions in the virgin state. The yellow 

shaded area indicates the phase convergence region that was hard to access and 

evaluate experimentally. R: rhombohedral phase, O: orthorhombic phase, T: tetragonal 

phase, C: cubic phase.  

 

It should be pointed out that the statement by Keeble et al.333 “…Gibbs phase rule prohibits a single 

four-phase invariant point in a pseudo-binary phase diagram…” casts doubts since single four-

phase invariant points are not forbidden in system with a “pseudo-binary phase diagram”. For 

systems in thermodynamic equilibrium, the Gibbs phase rule48 states that the chemical potential of 

each constituent in every phase is identical. Equation 5.1 expresses the Gibbs phase rule at 

constant pressure. 

𝑃ℎ + 𝐹𝑟 = 𝐶𝑜 + 1 Equation 5.1, 

where 𝐶𝑜: components, 𝑃ℎ: phases under equilibrium conditions, and 𝐹𝑟: degrees of freedom. A 

degree of freedom indicates an intensive thermodynamic variable of a component such as 

temperature or composition. For the case of a ternary system such as the BZT-BCT between the 

end members BZ, BT, and CT; the components 𝐶𝑜 = 3. In the case of a quadruple point (𝑃ℎ = 4) 
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there is no degree of freedom left (𝐹𝑟 = 0). Therefore, four phases can coexist in an invariant 

quadruple point in BZT-BCT under thermodynamic equilibrium. Recently, Landau theory 

phenomenological calculations were employed to estimate the pseudo-binary phase diagram of 

BZT-BCT.156 Qualitative agreement to the diagram displayed in Figure 5.5 was observed, although 

this approach suggested that the convergence region may consist of two triple points with close 

proximity to each other. 

 

5.1.3.2 Small Signal Properties 

Figure 5.6 displays the room temperature small signal quasi-static 𝑑33 as a function of composition. 

Phase transitions obtained from dielectric measurements are marked with dashed lines. This 

representation for phase transitions derived from dielectric measurements is used for all 

subsequent figures and is not further indicated. 

 

 

Figure 5.6: Room temperature 𝒅𝟑𝟑 as a function of composition. Dotted lines indicate 

phase transitions obtained from dielectric properties. Note that BZT-0.52BCT was added 

in the 𝒅𝟑𝟑 plot to visualize the PPBs effect on the electromechanical properties. 

 

Figure 5.6 resembles the room temperature measurement of 𝑑33 from Zhang et al.322 introduced in 

Figure 3.6 (b). Differences of ~ 10 % in the 𝑑33 values reported can be attributed to variations in 

processing and poling conditions. Wu et al.314 reported that changes in 𝑑33 values of up to 500 % 

can be obtained if the poling field is varied between 0.5 kV/mm and 4 kV/mm at room 

temperature. The highest 𝑑33 values are observed around both PPBs. The composition close to the 

O to T PPB displays a 𝑑33 = 410 pC/N, which is 15 % higher than the 𝑑33 at the R to O PPB. The 
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compositions far from phase boundaries fall within a range of 230 pC/N < 𝑑33 < 260 pC/N. The R 

phase features on average 15 % higher 𝑑33 values than the T phase. 

 

5.1.3.2.1 Temperature-Dependent Quasi-Static Small Signal Properties 

In situ small signal quasi-static 𝑑33 was measured as a function of temperature and the resulting 

curves are displayed in Figure 5.7. All phase transitions in the system are again accompanied by 

local maxima in 𝑑33. Maximized 𝑑33 values are not observed at 𝑇𝐶  for all compositions but only for 

x < 0.40. For the range of 0.40 < x < 0.50, 𝑑33 is maximized at the O to T PPB, as observed in the 

room temperature measurement in Figure 5.6. A maximum 𝑑33 = 592 pC/N is found for BZT-

0.45BZT at 45 °C, corresponding to the O to T phase boundary. The R and O phases display 

considerable temperature sensitivity in their 𝑑33 values. Meanwhile, the T phase BZT-0.60BCT 

exhibits an almost temperature insensitive 𝑑33 ~ 300 pC/N in the temperature range between 25 

°C and 95 °C. It should be pointed out that all compositions feature residual piezoelectricity with 

values of 𝑑33 ~ 100 pC/N even up to 10 °C above their 𝑇𝐶. 

 

 

Figure 5.7: In situ 𝒅𝟑𝟑 as a function of temperature. 

 

In order to visualize the relationship between phase boundaries and 𝑑33, the curves displayed in 

Figure 5.7 were combined to produce a contour plot of 𝑑33 as a function of temperature and 

composition (Figure 5.8). The phase transitions identified from the dielectric properties are 

superimposed in white from now on in all subsequent contour plots throughout the BZT-BCT 

results section and they are not further indicated. The variation of properties between the 

measured points in all contour plots was estimated by linear interpolation between the recorded 

data. Figure 5.8 reveals that the overall highest piezoelectric response of the BZT-BCT system 

occurs along the O to T PPB, which is consistent with literature of BZT-BCT395,396 and literature of 

other BT-based materials.342 It is also noted that the 𝑑33 exhibits local maxima near the O to R PPB 

and convergence region, but overall, these 𝑑33 values are not as high as at the O to T PPB. Values 
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of 𝑑33 at the R to O phase boundary and in the convergence region are found to be 30 % lower 

than the values at the O to T PPB. 

 

Figure 5.8: Contour plot of 𝒅𝟑𝟑 as a function of temperature and composition. The 

resolution of the contour plot in the compositional-temperature space is indicated by 7 x 

16 experimental data points. 

 

5.1.3.2.2 Dynamic Properties 

Figure 5.9 displays the small signal piezoelectric properties in the 33 mode calculated from 

resonance-antiresonance impedance characterization performed on the BZT-BCT system as a 

function of temperature. Details on the calculation procedure of all parameters are given in 

Appendix II. Figure 5.9 depicts the phase angle 𝜃, dynamic relative permittivity 휀33
𝑇 /휀0, piezoelectric 

coefficient 𝑑33, coupling coefficient 𝑘33, and mechanical quality factor 𝑄𝑚.   



 

 

73 

 

 

Figure 5.9: In situ piezoelectric and dielectric dynamic properties as a function of 

temperature calculated from resonance-antiresonance impedance characterization. (a) 𝜽 

(b) 𝜺𝟑𝟑
𝑻 /𝜺𝟎 (c) 𝒅𝟑𝟑, (d) 𝒌𝟑𝟑, and (e) 𝑸𝒎 obtained from impedance analysis. 

 

The 𝜃 values (Figure 5.9 (a)) are normally considered as an indication of degree of poling.314,397-399 

The room temperature response of R and T phases to the poling treatment is quite different. The R 

phase features 𝜃 values between 78.9° and 80.1°, which are relatively far from an ideal poled 

condition of 90°. In contrast, the T phase is characterized by a higher value of 𝜃 = 85.9°. The O 

phase at room temperature features 𝜃 values comparable to the ones observed for the T phase 

with 𝜃 = 85.5°. All compositions are characterized by a monotonic decay of 𝜃 with increasing 

temperature that reflects the thermal depolarization of the system. Apart from distinct changes 

near phase boundaries, it should be pointed out that the T phase has a much higher poling stability 

than the R phase. The temperature decay of 𝜃 is enlarged after crossing the various phase 

boundaries, in agreement with previous works.194,305 This is expected considering that excursions 

across PPBs diminish the poling state of ferroelectrics.150 Literature reports have indicated that 

generally the properties of the R phase are much more susceptible to temperature and poling 

treatments.317,325,328 

Although 𝜃 is commonly associated with the degree of poling314,397-399, a word of caution is 

warranted near phase boundaries. As depicted in Figure 5.9 (a), the 𝜃 values above 𝑇𝐶  discerned 

for x < 0.40 (with the exception of BZT-0.37BCT) are between 5° to 12° higher than the values 

below 𝑇𝐶. Naturally, the material cannot re-pole itself with increasing temperature if no electric 

field is applied. Moreover, the local minima in 𝜃 are accompanied by local maxima in 𝑑33 (Figure 
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5.9 (c)). This contradicts the generally known fact that a higher phase angle is associated with a 

higher degree of poling.314,397-399 Therefore, near phase boundaries detailed comparisons of 𝜃 

values should be avoided. The meaning of this local decrease in 𝜃 is believed to be associated 

either with a change in the resistivity of the sample near phase boundaries or to a solid state 

chemical activity between the silver electrodes and BZT-BCT.400 Further experiments should be 

carried out to determine the physical origins of these observations. In order to visualize the 

relationship between phase boundaries and the poling state given by 𝜃, the curves introduced in 

Figure 5.9 (a) were combined to produce a contour plot of 𝜃 as a function of temperature and 

composition, as depicted in Figure 5.10. In order to emphasize the 𝜃 contrast, thus allowing for 

better visualization, this contour plot is only provided up to 60 °C. 

 

Figure 5.10: Contour plot of 𝜽 as a function of temperature and composition. The 

maximum temperature displayed is 60 °C in order to allow better visualization. The 

resolution of the contour plot in the compositional-temperature space is indicated by 7 x 

8 experimental data points. 

 

Figure 5.10 indicates that under the same poling conditions, the T phase displays higher 𝜃 values 

than the R phase. In the convergence region, the 𝜃 values decrease drastically indicating a much 

lower degree of poling and thus a lowering of 𝑃𝑟 values, attributed to a thermally induced 

depolarization. 
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The measurements of relative permittivity 휀33
T /휀0 as a function of temperature are displayed in 

Figure 5.9 (b). The temperatures associated with the local maxima of 휀33
T /휀0 are in good agreement 

with those obtained from the non-resonant experiments in Section 5.1.3.1. The maximum values of 

휀33
T /휀0 ~ 20,000 in the R phase are 15 % higher than the values obtained in Section 5.1.3.1. 

Discrepancies in the magnitudes between quasi-static and dynamic measurements can be 

attributed to the different measurement conditions and input signals employed. 

The dynamic 𝑑33 as a function of temperature is depicted in Figure 5.9 (c). As expected, all phase 

transitions are also accompanied by local maxima in 𝑑33. The highest 𝑑33 values for compositions 

with x < 0.40 are found at 𝑇𝐶, whereas for 0.40 < x < 0.50, they were observed at the O to T phase 

boundary instead. Figure 5.11 (a) combines the 𝑑33 values reported in Figure 5.9 (c) in a contour 

plot for comparison with the quasi-static results from Section 5.1.3.2.1 (Figure 5.11 (b)).  

 

 

Figure 5.11: Contour plots of (a) dynamic small signal 𝒅𝟑𝟑 and (b) quasi-static small signal 

𝒅𝟑𝟑 (measurements from Section 5.1.3.2.1) as a function of temperature and 

composition. The resolution of the contour plots in the compositional-temperature space 

is indicated by 7 x 16 experimental data points. 

 

Figure 5.11 (a) indicates that the maximum 𝑑33 = 448 pC/N is found for BZT-0.45BZT at 45 °C, 

corresponding to the O to T phase boundary. Only local maximum values of 𝑑33 are found in the 

convergence region and at the R to O phase boundary, which are 30 % below the values at the O to 

T PPB. Comparison of Figure 5.11 (a) and (b) reveals similar compositional and temperature profiles 

obtained from dynamic and quasi-static measurements. The relative differences between 𝑑33 

measured at PPBs and at the convergence region are in agreement in both sets of experiments. 

Both sets of experiments indicate that the R phase features much lower thermal stability than the T 

phase. The T phase depicts a relatively insensitive 𝑑33 = 240 pC/N in the temperature range 

between 25 °C and 95 °C. Moreover, in both sets of experiments all compositions feature residual 

piezoelectricity with values of 𝑑33 ~ 100 pC/N, even up to 10 °C higher than the 𝑇𝐶. The residual 

piezoelectricity was also reported in other studies200,349,352 and can be ascribed to the persistence of 

domains above 𝑇𝐶.347  
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The coupling coefficient 𝑘33 is displayed in Figure 5.9 (d). At room temperature, 𝑘33 values range 

between 0.40 and 0.58. These values are relatively high and comparable to PZT materials401, 

indicating that BZT-BCT efficiently transforms electrical energy into mechanical energy. The highest 

𝑘33 = 0.58 is observed for BZT-0.45BZT and BZT-0.50BZT compositions with O phase at room 

temperature. Meanwhile, values between 0.40 and 0.50 are found for the R and T phases. 

Comparably large 𝑘33 values in the O phase were also reported in the literature.313,320 Although the 

temperature dependence of 𝑘33 also shows a relation to the phase boundaries, it does not exhibit 

variations as pronounced as those observed in 휀33
T /휀0 or 𝑑33. In general, it is observed that phase 

boundaries are accompanied by changes in the slope of 𝑘33. Consistent with the 𝑑33 results, 

residual 𝑘33 values also persist to temperature of approximately 10 °C above 𝑇𝐶. The contour plot 

of 𝑘33 as a function of temperature and composition is provided in Figure 5.12.  

 

Figure 5.12: Contour plot of 𝒌𝟑𝟑 as a function of temperature and composition. The 

resolution of the contour plot in the compositional-temperature space is indicated by 7 x 

16 experimental data points. 

 

It is clearly seen that the T phase features higher 𝑘33 values than the R phase. Moreover, a broad 

maximum in the O phase near to the O to T phase boundary and at room temperature is observed. 

Consistent with the data for 𝑑33, the values of 𝑘33 do not peak in the convergence region. 

The mechanical quality factor 𝑄𝑚 is provided in Figure 5.9 (e). At room temperature, increasing BCT 

content leads to a monotonic increase of 𝑄𝑚 values from 100 to 160. The highest 𝑄𝑚 values in the 

T phase can be attributed to the increased amount of Ca2+, as it was shown that this cation 
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promotes hardening in BT.402 It should be pointed out, however, that 𝑄𝑚 exhibits two different 

temperature dependencies over the compositional range studied. The compositional range with x < 

0.45 provides a weak, linear decrease with increasing temperature. In contrast, for the 

compositional range with x > 0.45, the temperature profiles change leading to increased 𝑄𝑚 values 

with increasing temperature. This indicates a drastic change in the hardening properties when 

approaching the T phase. Hardening of electromechanical properties with increasing temperature 

was already observed in the (Sr,Ca)2NaNb5O15.
403 

Impedance characterization also enables to calculate of elastic properties (Appendix II). Figure 5.13 

(a) introduces the open circuit 𝑠33
𝐷  and short circuit 𝑠33

𝐸  elastic compliances as a function of 

temperature, whereas Figure 5.13 (b) depicts the frequency constant 𝑁33 as a function of 

temperature.  

 

 

Figure 5.13: In situ elastic properties as a function of temperature. (a) elastic compliances 

𝒔𝟑𝟑
𝑫  and 𝒔𝟑𝟑

𝑬 , (b) frequency constant 𝑵𝟑𝟑. 

 

Equation 9.7 in Appendix II indicates that 𝑠33
𝐷  and 𝑠33

𝐸  are proportional to each other. Therefore, 

similar temperature profiles and local maxima values are expected. For all compositions the 

difference between 𝑠33
𝐷  and 𝑠33

𝐸  merges at 𝑇𝐶, which indicates thermal depolarization. 

Nevertheless, the values of 𝑠33
𝐷  and 𝑠33

𝐸  remain slightly unequal several degrees above 𝑇𝐶  due to 

residual 𝑘33 values (Figure 5.12). Due to the proportionality between 𝑠33
𝐷  and 𝑠33

𝐸 , only 𝑠33
𝐸  will be 

further analyzed. At room temperature, 𝑠33
𝐸  has values between 9.5∙10-12 m2/N and 13.5∙10-12 m2/N. 

Maximized values are observed at room temperature for BZT-0.45BCT and BZT-0.50BCT 

compositions. Different temperature profiles of 𝑠33
𝐸  are characteristic for each phase. For the R 

phase, increasing temperature leads to higher 𝑠33
𝐸 , which indicates the typical elastic softening 

expected in ferroelectrics42 and was previously reported by different experimental techniques in 

BZT-BCT.318,349 Interestingly, compositions with x > 0.40 in the temperature range where the T 

phase is stable feature decreasing 𝑠33
𝐸  values with temperature, which indicates elastic hardening. 

The BZT-0.60BCT displays a weak temperature dependence and relatively low 𝑠33
𝐸  values, which are 

typical properties for hard ferroelectric materials.401 The described softening and hardening 

behavior of R and T phases are correlated with the observed temperature profiles of 𝑄𝑚. Materials 

that become stiffer with temperature feature the so called hard-spring effect.403 The rationalization 
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of this effect in BZT-BCT will become apparent in the subsequent sections. Figure 5.14 displays the 

contour plot of 𝑠33
𝐸  as a function of temperature and composition in order to establish a relation 

between the phase boundaries, piezoelectric properties, and elastic properties. 

 

Figure 5.14: Contour plot of 𝒔𝟑𝟑
𝑬  as a function of temperature and composition. The 

resolution of the contour plot in the compositional-temperature space is indicated by 7 x 

16 experimental data points. 

 

As observed for 휀33
T /휀0, the overall highest 𝑠33

𝐸  = 14∙10-12 m2/N is found in the R phase near the 

convergence region. The local maximum 𝑠33
𝐸  = 13.8∙10-12 m2/N values found at several positions 

along the O to T phase boundary are also quite high and comparable to those obtained in the 

convergence region. These values are consistent with literature reports where 𝑠33
𝐸  ranges between 

11∙10-12 m2/N and 14.5∙10-12 m2/N in the compositional range from BZT-0.45BCT to BZT-

0.55BCT.318,320 The results obtained here and in the literature318,322,341,349 reveal that the O to T 

phase boundary is considerably softer than the R to O phase boundary. 

The behavior of 𝑁33 is displayed in Figure 5.13 (b). At room temperature, 𝑁33 features values 

between 2200 Hz∙m and 2400 Hz∙m. These values are relatively high in comparison to lead-

containing materials, indicating that BZT-BCT can vibrate at high resonance frequencies.404 The 

temperature profiles of 𝑁33 indicate local minima that reflect the phase transition temperatures. 

The broad minimum observed for BZT-0.32BCT and BZT-0.35BCT in the vicinity of the convergence 

region may support the presence of two phase boundaries. It is observed that the R and O phases 

feature 𝑁33 values that decrease with increasing temperature. It is found that 𝑁33 is almost 
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temperature insensitive in the temperature range where the T phase is stable (x > 0.40), which is a 

result of the stable temperature profiles of elastic compliances (Figure 5.13 (a)). 

 

5.1.3.2.3 Bias-Field- and Temperature-Dependent Quasi-Static Small Signal Properties 

The analysis of small signal properties as a function of bias-field is a convenient technique to 

analyze the effect of extrinsic contributions to 𝑑33.405,406 It should be noted that the possibility of 

electric field induced phase shifts were not accounted for in the labeling of phase transition 

temperatures in the figures of the current and subsequent sections. 

Figure 5.15 introduces the in situ quasi-static 𝑑33 measured as a function of bias-field and for 

representative temperatures between 25 °C and 85 °C. All curves are characterized by a maximum 

𝑑33
𝑚𝑎𝑥 at a given bias-field 𝐸(𝑑33

𝑚𝑎𝑥). The 𝑑33
𝑚𝑎𝑥 and 𝐸(𝑑33

𝑚𝑎𝑥) values exhibit hysteresis with 

increasing and decreasing electric field. Note that 𝑑33
𝑚𝑎𝑥 is analyzed based on values measured only 

on decreasing electric field for comparison purposes. All three compositions display a high 

remanent 𝑑33
𝑟𝑒𝑚 at temperatures below 𝑇𝐶. The magnitude and degree of hysteresis of 𝑑33

𝑚𝑎𝑥, 

𝐸(𝑑33
𝑚𝑎𝑥), and 𝑑33

𝑟𝑒𝑚 vary with composition and temperature. 

 

 

Figure 5.15: In situ 𝒅𝟑𝟑 as a function of bias-field and temperature. Only a few 

representative temperatures are plotted to allow for proper visualization.  

 

The local maxima in small signal properties observed at a given bias-field are normally attributed to 

switching processes in lead-containing ferroelectrics405,406, as was also reported for BZT-

BCT.323,327,328 The piezoelectric coefficient 𝑑33 only features contributions of non-180° domain 

switching.327 Therefore, the high 𝑑33
𝑚𝑎𝑥 values indicate that non-180° domain switching processes 

are quite relevant in the electromechanical properties of these materials. It should be kept in mind 

that unless explicitly stated, all switching processes described throughout the subsequent sections 

refer to non-180° domain switching. The fact that 𝑑33
𝑚𝑎𝑥 values exist above 𝑇𝐶  for all compositions 

suggests switching processes ascribed to an electric field induced ferroelectric state in this 

temperature regime. Existence of a T ferroelectric/ferroelastic state at temperatures above 𝑇𝐶  

induced by either electric field or stress was also confirmed for BT.407-409 Quantification of the 
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extrinsic processes in the induced T phase in BT indicated switching comparable as in the 

ferroelastic T phase below 𝑇𝐶.408,409 

Figure 5.16 depicts the room temperature 𝑑33
𝑚𝑎𝑥, 𝐸(𝑑33

𝑚𝑎𝑥), and 𝑑33
𝑟𝑒𝑚 as a function of composition. 

The R phase features intermediate 𝑑33
𝑚𝑎𝑥 = 300 pC/N, 𝐸(𝑑33

𝑚𝑎𝑥) = 0.31 kV/mm, and 𝑑33
𝑟𝑒𝑚 = 220 

pC/N. The T phase has similar 𝑑33
𝑚𝑎𝑥 values compared to the R phase, although the 𝑑33

𝑟𝑒𝑚 is 25 % 

higher. The higher 𝑑33
𝑟𝑒𝑚 values in the T phase correlate with its higher degree of poling (Figure 5.9 

(a)). The 𝐸(𝑑33
𝑚𝑎𝑥) = 0.67 kV/mm value of the T phase is more than twice the value found in the R 

phase. The lowest 𝐸(𝑑33
𝑚𝑎𝑥) = 0.12 kV/mm is found for the O phase near PPBs. Moreover, the 

highest 𝑑33
𝑚𝑎𝑥 = 468 pC/N is found in the O phase, which is 25 % higher than the 𝑑33

𝑚𝑎𝑥 values in the 

R phase and 20 % higher than the 𝑑33
𝑚𝑎𝑥 values in the T phase. The O phase near PPBs also features 

the highest 𝑑33
𝑟𝑒𝑚 = 418 pC/N, which is 50 % higher than the 𝑑33

𝑟𝑒𝑚 values in the R phase and 25 % 

higher than the 𝑑33
𝑟𝑒𝑚 values in the T phase. Therefore, the O phase can be said to promote 

enhanced switching at reduced electric fields. 

 

 

Figure 5.16: Room temperature 𝒅𝟑𝟑
𝒎𝒂𝒙, 𝑬(𝒅𝟑𝟑

𝒎𝒂𝒙), and 𝒅𝟑𝟑
𝒓𝒆𝒎 parameters as a function of 

composition. 

 

The temperature dependence of 𝑑33 is displayed in Figure 5.17 for bias-field strengths between 

0.31 kV/mm and 2.97 kV/mm.  
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Figure 5.17: Small signal 𝒅𝟑𝟑 as a function of temperature at a given bias-field. Error bars 

in 𝒅𝟑𝟑 were omitted for clear visualization. 

 

The 𝑑33
𝑚𝑎𝑥 values above 𝑇𝐶  are associated with an electric field induced phase transition that occurs 

at 𝐸(𝑑33
𝑚𝑎𝑥) = (0.40 ± 0.12) kV/mm. It is revealed that the 𝑑33

𝑚𝑎𝑥 values are recorded at 

temperatures slightly higher than those of the zero-field phase transitions, as expected in 

ferroelectrics with weak first order phase transitions.408-410 The reduction in 𝑑33 for electric fields 

above 𝐸(𝑑33
𝑚𝑎𝑥) is attributed to a saturation of switching processes, leading to a reduced 

contribution of domain wall motion. As previously shown323, the intrinsic piezoelectric response of 

BZT-BCT can be estimated from the electromechanical response at high applied electric fields. 

Intrinsic 𝑑33 increase with increasing BCT content between 140 pC/N and 180 pC/N in the 

compositional range investigated, in good agreement with previous findings.323  

The values of 𝑑33
𝑟𝑒𝑚, 𝑑33

𝑚𝑎𝑥, and 𝐸(𝑑33
𝑚𝑎𝑥) are plotted as a function of temperature in Figure 5.18. 

Either local extrema or changes in slope are observed in all parameters near the zero-field phase 

boundaries. 

 

 

Figure 5.18: 𝒅𝟑𝟑
𝒎𝒂𝒙, 𝒅𝟑𝟑

𝒓𝒆𝒎, and 𝑬(𝒅𝟑𝟑
𝒎𝒂𝒙

 
) as a function of temperature. 

 

The difference between 𝑑33
𝑟𝑒𝑚 and 𝑑33

𝑚𝑎𝑥 is maximized at the paraelectric to ferroelectric phase 

transition due to the ferroelectric state decay upon removal of the electric field. Therefore, this 

process involves substantial switching, as demonstrated for BT.408,409 The BZT-0.45BCT displays high 

𝑑33
𝑟𝑒𝑚 and 𝑑33

𝑚𝑎𝑥 values below 40 °C, due to a high degree of poling achieved during the application 

of a bias-field. Applying a bias-field leads to comparable 𝑑33 values in both the convergence region 
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and near the O to T PPB, which is in sharp contrast to the trends observed for 𝑑33 obtained from 

quasi-static and dynamic properties (Figure 5.11). Coordinates of composition, temperature, and 

𝑑33
𝑚𝑎𝑥 can be extracted from the aforementioned results to visualize the different regions of 

maximized properties. Figure 5.19 displays the pseudo-binary phase diagram obtained from 

dielectric properties (Section 5.1.3.1) in the temperature range from 25 °C to 100 °C together with 

the combined two regions of maximized 𝑑33 superimposed in white. 

 

 

Figure 5.19: Pseudo-binary phase diagram obtained from dielectric properties between 

25 °C and 100 °C. A broad region and a line are superimposed in white indicating the 

highest 𝒅𝟑𝟑
𝒎𝒂𝒙 obtained at a given non-zero bias-field. 

 

The enhanced 𝑑33
𝑚𝑎𝑥 region marked with 𝑎  is ascribed to enhanced switching due to the proximity 

to the O to T PPB. It is noted, however, that an electric field induced nucleation of an O phase at 

expense of the T phase321 or a change in the relative content of R and T phases cannot be 

discarded. The peak in piezoelectric response observed above 𝑇𝐶  marked with 𝑏  indicates that the 

electric field induced paraelectric to ferroelectric transitions in BZT-BCT are of first order156,188,191, 

which is supported by the non-zero thermal hysteresis in dielectric properties.194 The high 𝑑33
𝑚𝑎𝑥 

values above 𝑇𝐶  that were obtained at finite bias-fields 𝐸(𝑑33
𝑚𝑎𝑥) = (0.40 ± 0.12) kV/mm implies a 

line of critical points.188-191 This observation casts doubt on the assertion that triple points of the 

zero-field pseudo-binary phase diagram are also tricritical points.194,333  

In order to allow a better understanding of the strain mechanisms in BZT-BCT, quantification of the 

intrinsic and extrinsic contributions to 𝑑33 is required. The extrinsic contributions can be separated 
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into irreversible and reversible domain switching processes such that the total piezoelectric 

response is given by Equation 5.2.405,406 

𝑑33 =  𝑑33
𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 + 𝑑33

𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐 +  𝑑33
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐 Equation 5.2. 

The d33
rem is comprised of intrinsic contributions and irreversible switching processes406, as given by 

Equation 5.3. 

𝑑33
𝑟𝑒𝑚 =  𝑑33

𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 +  𝑑33
𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐 Equation 5.3. 

Equation 5.3 is valid with the assumption that reversible switching is considerably reduced at zero 

bias-field. It should be noted that the probing sinusoidal wave chosen was below the Rayleigh 

threshold field of BZT-BCT. For BZT-0.44BCT, it was reported that the Rayleigh threshold field is 

0.04 kV/mm at 2 Hz.323 Since 𝑑33
𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 can be estimated323 and 𝑑33

𝑟𝑒𝑚 was explicitly measured, all 

contributions to the piezoelectric response of BZT-BCT measured under applied electric field can be 

quantified. Upon these considerations, it is also apparent for all compositions that the reduced 𝑑33 

values for electrics fields higher than 𝐸(𝑑33
𝑚𝑎𝑥) (Figure 5.15) is a consequence of the reduction of 

reversible switching due to a saturated domain state. Figure 5.20 displays percentage of intrinsic 

and extrinsic contributions to 𝑑33 as a function of composition. It is seen that the maximized 𝑑33
𝑟𝑒𝑚 

and 𝑑33
𝑚𝑎𝑥 correlate directly with a high irreversible switching contribution. These contributions 

become quite dominant and greatly surpass the intrinsic contribution near both PPBs. Intrinsic 

contributions seem especially enhanced in the T phase, where the lattice distortion is maximized 

and switching processes are relatively diminished.348 

 

 

Figure 5.20: Intrinsic, irreversible extrinsic, and reversible extrinsic contributions to 𝒅𝟑𝟑 

as a function of composition.  
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In order to investigate the effect of temperature on strain contributions, Figure 5.21 (a) to (c) 

depicts the percentage of intrinsic and extrinsic contributions to 𝑑33 as a function of temperature. 

Irreversible and reversible extrinsic contributions comprise more than 50 % of the 

electromechanical response of BZT-BCT (with exception of BZT-0.60BCT).323,326,327 However, Figure 

5.21 reveals that differing distribution of contributions are characteristic of each ferroelectric phase 

at a given temperature. 

 

Figure 5.21: Intrinsic, irreversible, and reversible contributions to 𝒅𝟑𝟑 as a function of 

temperature. 

 

Increasing temperature diminishes the intrinsic contributions and increases the reversible 

switching in the R phase, leading to reversible switching values between 30 % and 40 % below 𝑇𝐶. 

This means that the R phase features the highest reversible switching contribution at temperatures 

far from phase boundaries. The response in the O phase is characterized by high irreversible 

switching, ranging between 35 % and 55 % of the total piezoelectric response, as previously 

reported.321,339,348 When both irreversible and reversible switching processes are considered, 65 % 

of the total response arises from extrinsic contributions. If both irreversible and reversible 

contributions are summed, the fraction of extrinsic response in the R and O phases shows a linear 

increase with temperature (0.69 ± 0.03) %/°C. Based on these findings, the maximized 𝑑33
𝑚𝑎𝑥 and 

𝑑33
𝑟𝑒𝑚 in the O phase (Figure 5.16) can be assigned mostly to irreversible switching at room 

temperature that reduces with temperature and is compensated by increased thermally activated 

reversible switching. Moreover, high irreversible switching is also found at the O to T phase 

boundary, in agreement with literature.347 For the T phase close to the O to T PPB, 68 % of the total 

piezoelectric response is due to extrinsic contributions. When both irreversible and reversible 

switching processes are summed, the fraction of extrinsic response displays a linear decrease with 

temperature (– 0.24 ± 0.02) %/°C. This decay of switching with temperature is a result of a 

substantial decrease in irreversible switching upon approaching 𝑇𝐶, which is not fully 

counterbalanced by the thermally activated reversible switching. For a complete overview of the 
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strain mechanisms in the pseudo-binary phase diagram of BZT-BCT, Figure 5.22 displays contour 

plots of (a) intrinsic, (b) irreversible extrinsic, and (c) reversible extrinsic strain contributions as a 

function of composition and temperature. The R phase far from phase boundaries features a 

considerable contribution from reversible switching, which can be expected considering its high 

poling susceptibility328 and relatively small lattice distortions (Section 5.1.1). Intrinsic contributions 

are observed to be quite high in the T phase far from phase boundaries, as corroborated in the 

literature.348 This reconciles the high poling and thermal stability of this phase. It is observed that 

the O phase and the O to T PPB feature the overall highest irreversible switching contribution. 

Reversible switching is maximized above 𝑇𝐶  for all compositions due to the electric field induced 

ferroelectric phase transition that involves domain formation and switching. It is noted, however, 

that a source of error in calculating the reversible contribution at high temperatures could be 

generated due to the volume change associated with the electric field induced ferroelectric 

transition. 

 

 

Figure 5.22: (a) Intrinsic, (b) irreversible extrinsic, and (c) reversible extrinsic strain 

contributions to 𝒅𝟑𝟑 as a function of composition and temperature. The resolution of the 

contour plot in the compositional-temperature space is indicated by 7 x 9 experimental 

data points. 

 

Based on the aforementioned quantification, maximized properties of the region marked with 𝑎  in 

Figure 5.19 can be attributed to the considerably high degree of irreversible switching, as depicted 

in Figure 5.22 (b). Note that in case an electric field induced phase transition occurs near region 𝑎  

in Figure 5.19, it must be accompanied by considerable switching. At room temperature, 

irreversible switching plays the largest role, while contributions from reversible switching increase 

significantly with temperature. This can be attributed to the low 𝑇𝐶  of the system in this 

compositional range. The line of the enhanced 𝑑33 above 𝑇𝐶  marked with 𝑏  in Figure 5.19 features 

maximized properties due to reversible extrinsic switching, since this contribution accounts for 

more than 65 % of the total response at this temperature (Figure 5.22 (c)). Irreversible switching is 

negligible above 𝑇𝐶  due to the decay of the induced ferroelectric state with the removal of the 

electric field. Above the line of critical points, the reversible switching processes diminish and the 

relative intrinsic response increases monotonically due to a continuous decrease of extrinsic 

contributions. Reduced switching in the supercritical regime of BT was also previously 

demonstrated.408,409  
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5.1.3.3 Quasi-Static Large Signal Properties 

Figure 5.23 displays the (a) bipolar polarization, (b) bipolar strain, and (c) unipolar strain measured 

at 3 kV/mm and 5 Hz. Although neither long term reliability studies nor defect chemistry are 

treated in the present work, it should be noted that after the poling cycle BZT-BCT materials 

featured an internal bias-field leading to shifts of the bipolar polarization loops ranging between 40 

% for the R phase down to 10 % for the T phase relative to the 𝐸𝑐 values. 

 

 

Figure 5.23: (a) Bipolar polarization, (b) bipolar strain, and (c) unipolar strain for BZT-BCT 

measured at 5 Hz. 

 

Saturation of the electromechanical properties is attained at lower electric field for the R phase, 

indicated by BZT-0.30BCT. Moreover, this material features the lowest 𝑃𝑚𝑎𝑥 and 𝑆𝑚𝑎𝑥. Figure 5.24 

introduces the (a) 𝐸𝐶, (b) 𝑃𝑟 and 𝑃𝑚𝑎𝑥, and (c) 𝑑33
∗  as a function of composition. 

 

 

Figure 5.24: Room temperature (a) 𝑬𝒄, (b) 𝑷𝒎𝒂𝒙 and 𝑷𝒓, and (c) 𝒅𝟑𝟑
∗  at 1 kV/mm, 2 

kV/mm, and 3 kV/mm as a function of composition obtained at 5 Hz. Note that BZT-

0.52BCT was added in the 𝒅𝟑𝟑
∗  plot to visualize the PPBs effect on the electromechanical 

properties. 

 

A gradual increase of 𝐸𝐶  is observed with increasing BCT content ranging from 𝐸𝐶  = 0.18 kV/mm for 

the R phase up to 𝐸𝐶  = 0.60 kV/mm for the T phase (Figure 5.24 (a)). The 𝐸𝐶  of the O phase is 10 % 

lower than the 𝐸𝐶  of the R phase that immediately precedes it. It should be pointed out that 

𝐸(𝑑33
𝑚𝑎𝑥) (Figure 5.16) and 𝐸𝐶  display almost equal magnitudes (within experimental errors) for all 

compositions. This indicates that most of the switching processes occur at this electric field. The 𝑃𝑟 
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has maximized values in the O phase, which are 20 % higher than in the R phase and 10 % higher 

than in the T phase (Figure 5.24 (b)). The 𝑃𝑚𝑎𝑥 profile depicts the same compositional trend but the 

O phase features 6 % higher values than the R and T phases. Far from phase boundaries, the O 

phase features the highest 𝑑33
∗  = 630 pm/V at 1 kV/mm. The R phase displays the second highest 

values with 𝑑33
∗  = 600 pm/V at 1 kV/mm, whereas the T phase displays the lowest 𝑑33

∗  = 465 pm/V 

at 1 kV/mm (Figure 5.24 (c)). The overall highest 𝑑33
∗  value above 800 pm/V at 1 kV/mm is found 

for compositions near both PPBs. The fact that the highest 𝑑33
∗  is observed in BZT-0.40BCT rather 

than in BZT-0.45BCT suggests small shifts of the phase boundaries under electric field, which is 

expected for ferroelectrics with weak first order phase transitions.408-410 Therefore, it should be 

pointed out that the lowest 𝐸(𝑑33
𝑚𝑎𝑥) and 𝐸𝐶  are found for the O phase and correlate with the 

highest 𝑑33
𝑚𝑎𝑥, 𝑑33

𝑟𝑒𝑚, 𝑃𝑟, and 𝑃𝑚𝑎𝑥, as well as a high 𝑑33
∗ . 

Figure 5.25 introduces 𝑑33
∗  as a function of electric field, while the inset displays the electric field 

corresponding to the highest 𝑑33
∗  value of each composition. The maximized 𝑑33

∗  value at a given 

electric field is correlated to the 𝐸𝑐 of each composition and thus to the degree of extrinsic 

contributions. For all materials, with the exception of BZT-0.60BCT, increasing electric field above ~ 

1 kV/mm decreases the 𝑑33
∗  values. This indicates that at higher electric field the switching 

processes gradually saturate leading to a lower 
𝜕𝑆

𝜕𝐸
. It is noted that linearity in 𝑑33

∗  values is not 

achieved below ~ 1.2 kV/mm. Note that this electric field is at least 50 % higher than the 𝐸(𝑑33
𝑚𝑎𝑥) 

(Figure 5.16) and 𝐸𝐶  (Figure 5.24 (b)) of all compositions, indicating that switching processes 

remain active in a broad electric field range. For the T phase, 𝑑33
∗  is maximized only at 2 kV/mm 

due to the high 𝐸𝐶  of this phase. The different electric field profile of 𝑑33
∗  featured in this phase 

seems to suggest an even broader electric range where switching processes remain active. 

 

 

Figure 5.25: 𝒅𝟑𝟑
∗  as a function of electric field. Inset displays the electric field 

corresponding to the maximum 𝒅𝟑𝟑
∗  as a function of composition.  
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In order to explore the applicability of this system on the large signal regime, the effect of 

temperature on the electromechanical properties was investigated with unipolar polarization and 

strain curves. The contour plot of 𝑃𝑚𝑎𝑥 at 3 kV/mm as a function of temperature and composition 

is introduced in Figure 5.26. 

 

Figure 5.26: Contour plot of 𝑷𝒎𝒂𝒙 as a function of temperature and composition 

obtained at 3 kV/mm. The resolution of the contour plot in the compositional-

temperature space is indicated by 7 x 11 experimental data points. 

 

In contrast to the quasi-static (Section 5.1.3.2.1) and dynamic (Section 5.1.3.2.2) small signal 

properties measured, 𝑃𝑚𝑎𝑥 features maximized values of 0.14 C/m2 in the convergence region. 

These values are 45 % higher than the polarization values observed at room temperature. This can 

be ascribed to the high degree of reversible switching that was quantified near the convergence 

region (Section 5.1.3.2.3). The O to T phase boundary, characterized by the highest irreversible 

switching, does not feature maximized 𝑃𝑚𝑎𝑥 values. This indicates that reversible switching is the 

most preponderant mechanism responsible of polarization enhancements under an applied electric 

field. Figure 5.27 provides unipolar strain curves up to 3 kV/mm measured at 5 Hz at different 

temperatures.   
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Figure 5.27: Temperature-dependent large signal unipolar strain of representative 

compositions measured at 5 Hz. 

 

It is apparent that enhanced strain output is found at different temperatures for each composition. 

Therefore, 𝑑33
∗  was calculated as a function of temperature, as depicted in Figure 5.28. In order to 

facilitate a comparison in a fully saturated state, all 𝑑33
∗  values were calculated at 3 kV/mm.  

 

 

Figure 5.28: Large signal 𝒅𝟑𝟑
∗  as a function of temperature at 3 kV/mm. 

 

The correlation between 𝑑33
∗  and phase transitions is rather weak with only smooth changes 

around the transition temperatures. In all cases, a 𝑑33
∗  = 200 pm/V persists even at 10 °C above 𝑇𝐶, 

which can be ascribed to the electric field induced phase transition described in this temperature 

regime (Section 5.1.3.2.3). The R and O phases display considerable temperature stability below 𝑇𝐶. 

Nonetheless, the BZT-0.60BCT features higher stability over a broader temperature range due to its 

higher 𝑇𝐶. It should be pointed out that the thermal stability of 𝑑33
∗  in the R phase is considerably 

higher than the thermal stability of 𝑑33 (Section 5.1.3.2.1 and 5.1.3.2.2). However, for the T phase 
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the temperature stability of 𝑑33
∗  is reduced as compared to 𝑑33. More specifically for BZT-0.60BCT, 

a decay of 30 % in 𝑑33
∗  is observed from room temperature up to 95 °C, while 𝑑33 features a 

relatively insensitive temperature profile. The 𝑑33
∗  values from Figure 5.28 are used to construct the 

contour plot provided in Figure 5.29. 

 

Figure 5.29: Contour plot of large signal 𝒅𝟑𝟑
∗  as a function of temperature and 

composition obtained at 3 kV/mm. The resolution of the contour plot in the 

compositional-temperature space is indicated by 7 x 11 experimental data points. 

 

A broad region of high 𝑑33
∗  values is apparent around the O phase and at both PPBs. Nevertheless, 

maximized 𝑑33
∗  values still follow the phase boundaries to a significant degree. In contrast to the 

trends observed in the quasi-static and dynamic small signal 𝑑33 measurements (Figure 5.11), 

where maximized properties were only observed along the O to T phase boundary, maximized 𝑑33
∗  

is featured at both R to O and O to T PPBs. The region where maximized dynamic 𝑘33 values are 

found (Figure 5.12) resembles the region of maximized 𝑑33
∗  values. 

 

5.1.4 Strain Mechanisms of the (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 System 

Based on the thorough characterization performed on the BZT-BCT system, it is possible to 

construct a model that rationalizes the origin of the small and large signal electromechanical 

properties of BZT-BCT. In order to achieve this goal, the existing model proposed by Liu and Ren194 

is analyzed, followed by the reconciliation of small and large signal trends. It should be pointed out 
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that both regimes are treated separately since their strain contributions differ significantly. Figure 

5.30 uses a schematic phase diagram to summarize the experimental observations for the different 

regions of BZT-BCT analyzed in this work. 

 

 

Figure 5.30: Summary of properties featured in the BZT-BCT system. 

 

Comments on the state-of-the-art knowledge of the (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 system: 

One of the preferred strategies to enhance electromechanical properties in ferroelectrics is to 

design materials near phase boundaries (Section 2.3). The BZT-BCT constitutes a rich system to 

study the influence of longitudinal and transverse instabilities of 𝑃𝑠
𝑖  due to the presence of a phase 

convergence region and two PPBs, which should theoretically promote each of these type of 

instabilities.169 From a simple inspection of Figure 5.30, it can be discerned that the existing model 

proposed by Liu and Ren (described in Section 3.1.4)194 to rationalize the electromechanical 

response of BZT-BCT lacks a fundamental basis and is not able to describe properly all of the 

diverse features of the system. The so called tricritical point in BZT-BCT was labeled as such due to 

a reduced thermal hysteresis, which was actually non-zero.194 The maximized 𝑑33
𝑚𝑎𝑥 values under 

electric field provided in Section 5.1.3.2.3, however, suggest the presence of a line of critical points 

at non-zero electric field and at temperatures higher than 𝑇𝐶, implying that no critical points are 

featured in the temperature-composition pseudo-binary phase diagram of BZT-BCT at zero electric 

field. 

The model proposed by Liu and Ren194 indicated that phase boundaries originating from a tricritical 

point feature negligible free energy anisotropy. However, the existence of such a phase boundary is 

not a necessary condition for vanishing of the free energy anisotropy.156,157,159-165 In fact, a reduction 

of the free energy anisotropy is an inherent feature of all phase boundaries, as demonstrated by 
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phenomenological approaches.156-162 Heitmann and Rossetti156 estimated the free energy along the 

isopleth corresponding to BZT-BCT with Landau coefficients obtained from BZT and BCT. A nearly 

degenerate free energy surface was obtained in the O phase region with respect to the R and T 

phases indicating negligible free energy anisotropy. This broad region of reduced free energy 

anisotropy is a direct consequence of the tilted PPBs of BZT-BCT.156,159,161 If only the free energy 

profiles are considered, BZT-BCT should depict maximized properties at both PPBs, in the O phase, 

and at 𝑇𝐶  (including the convergence region). It has been shown, however, that the convergence 

region and PPBs feature different electromechanical properties. Hence, the electromechanical 

properties of BZT-BCT cannot be fully reconciled solely by a reduction in the free energy anisotropy 

near the phase boundaries, although this concept is key for a complete physical understanding. It 

should also be considered that phenomenological models, such as the one proposed by Liu and 

Ren194, were developed to rationalize the intrinsic properties of a monodomain single crystal.159,193 

In polycrystalline materials, however, extrinsic contributions and intergranular constraints can play 

a considerable role on the electromechanical properties, as shown for BZT-BCT in Section 5.1.3.2.3 

and in the literature.302,305,306 Further features of the BZT-BCT recall for a reconsideration even of its 

ferroelectricity due to the presence of features common to relaxor materials. Based on 

considerations from literature and the results from the current work, a complete model that 

accounts for intrinsic and extrinsic contributions to the electromechanical response of BZT-BCT was 

developed to reconcile all the experimental observations. 

The cubic phase: Residual piezoelectricity347,349,352, differences in the magnitude of 휀𝑟
´  and 휀𝑟

´´ above 

𝑇𝐶  (Figure 5.4), weak dielectric relaxations (Appendix III), and persistence of domains347 above 𝑇𝐶  

all together point towards the existence of weak relaxor features, as previously proposed.115,116,334 

The weak relaxor features depicted in BZT-BCT can be ascribed to the relative content of Zr4+ and 

Ca2+.115,116,334 The non-zero 𝑑33
∗  above 𝑇𝐶  is a result of a considerable amount of reversible switching 

(Figure 5.21), which is attributed to an electric field induced phase transition leading to 

criticality.408,409 Criticality is apparent in the C phase above 𝑇𝐶  under electric fields of (0.40 ± 0.12) 

kV/mm and was also observed for other relaxors and BT.107,188,191 The 𝑑33 at the line of critical 

points is maximized and comparable to the values observed at the O to T PPB due to high reversible 

switching and intrinsic contributions. 

The rhombohedral and tetragonal phase regions far from phase boundaries: The reduced free 

energy anisotropy156, higher amount of crystallographically allowed polarization directions, reduced 

lattice distortion (Figure 5.2 (b))328, and soft elastic character (Figure 5.14)318,322,349 of the R phase 

implies that the transverse instability of 𝑃𝑠
𝑖  is enhanced leading to a favorable orientation of 𝑃𝑠

𝑖  

along the applied electric field. This determines the low 𝑇𝐶  (Figure 5.5), intermediate intrinsic 

response (Section 5.1.3.2.3), low 𝐸(𝑑33
𝑚𝑎𝑥) (Figure 5.16) and 𝐸𝑐 (Figure 5.24 (b)), high poling 

susceptibility328, as well as the low thermal stability of 𝑑33 (Sections 5.1.3.2.1 and 5.1.3.2.2). 

Although the free energy anisotropy of the R phase should promote a high degree of poling, this 

was not observed (Figure 5.10). The low poling state of the R phase is a direct consequence of the 

high degree of reversible switching (Figure 5.21). This indicates that although switching and spatial 

orientation of polarization is promoted, it is not stable upon removal of the electric field due to 

back switching. This was corroborated by the findings of a relatively constant ferroelastic texture 

after high temperature poling treatment.303,307 An opposite trend is expected for the T phase for all 
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of the aforementioned features due to free energy and elasticity considerations, as well as a larger 

lattice distortion (Section 5.1.1).328 This means that the applied electric field to promote switching 

in the T phase is the highest among all phases, as indicated by the high 𝐸(𝑑33
𝑚𝑎𝑥) (Figure 5.16) and 

𝐸𝑐 (Figure 5.24 (b)).328 The enhanced thermal stability of the T phase is a result of the intrinsic 

contribution. In order to understand why the T phase has the highest intrinsic contribution, it 

should be noted that generally an intermediate lattice distortion is optimal for promoting switching 

and therefore maximum 𝑑33 or 𝑑33
∗ . A high distortion provides a high strain per switching event but 

only few domains switch, whereas a lower distortion provides many switching events albeit with 

smaller individual contributions.411 Although these are general concepts known from lead-

containing ferroelectrics, Tutuncu et al.348 corroborated that the BZT-BCT exhibits higher switching 

with reduced lattice distortion, indicating that small extrinsic contributions in the T phase are a 

result of its higher lattice distortion (Section 5.1.1).328 It was also noted that the T phase features 

the so called hard-spring effect.403 This terminology was employed since it was recognized that 

increasing temperature did not lead to increased 𝑠33
𝐸  values (Figure 5.13 (a)), while properties such 

as 𝑄𝑚 (Figure 5.9 (e)) and 𝑁33 (Figure 5.13 (b)) increased with temperature or remain relatively 

constant. In general, 𝑄𝑚, 𝑁33, and other features such as the high power vibration velocity, are 

determined to a great extent by switching processes.402,403,412 Quantification of extrinsic 

contributions (Section 5.1.3.2.3) indicated that the hard-spring effect featured by the T phase is a 

result of an overall decreased switching with increasing temperature. The overall decreased 

switching with temperature is ascribed to a considerable decrease of irreversible switching upon 

approaching 𝑇𝐶, which is not fully counterbalanced by the thermally activated reversible switching. 

The temperature profile of these extrinsic processes should also aid the thermal stability of the T 

phase. Although not treated here, defect chemistry of R and T phases may play an additional, 

distinct role on the properties of each phase and switching activity, since the internal bias-field 

developed is higher in the R phase as compared to the T phase. Moreover, highly asymmetric loops 

were reported after prolonged and/or high temperature poling treatments.324,328 

The orthorhombic phase: Even with the consideration of the currently disputed symmetry of the 

interleaving region between R and T phases318,322,325,331,333,341, it can be stated that it consists of a 

phase/s with the lowest average symmetry in all the pseudo-binary phase diagram of BZT-BCT. The 

role of low symmetry phases such as O or M has been pointed out in several works as a 

fundamental aspect to realize a high electromechanical response due to facilitated reorientation of 

𝑃𝑠
𝑖.170-176 The results of this work indicate that the low symmetry interleaving region promotes non-

180° domain switching (Figure 5.22) at reduced electric fields, indicated by the lowest 𝐸(𝑑33
𝑚𝑎𝑥) 

(Figure 5.16) and 𝐸𝐶  (Figure 5.24 (b)). The high degree of non-reversible switching enables a 

maximized 𝑑33
𝑟𝑒𝑚 and 𝑃𝑟, while the high overall switching contribution leads to considerably 

enhanced 𝑑33
𝑚𝑎𝑥, 𝑃𝑚𝑎𝑥, and 𝑑33

∗ . It is also apparent that the retained 𝑃𝑟 and reversible switching 

contributes significantly to achieving the highest 𝑘33 in the same region. The relative difference 

between 𝑑33
𝑟𝑒𝑚 and 𝑃𝑟 of the O phase and the other phases is twice as much as the relative 

difference between 𝑑33
𝑚𝑎𝑥 and 𝑃𝑚𝑎𝑥. This indicates that the predominant enhancement of 

electromechanical properties of the O phase is due to irreversible extrinsic switching contribution 

rather than reversible (Section 5.1.3.2.3). The high switching degree is ascribed to the high 

multiplicity of polarization states and considerably lower free energy anisotropy156, which in turn 
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leads to a low barrier to reorient 𝑃𝑠
𝑖  and hierarchical domain morphology.319,347 A reduced domain 

size was previously shown to affect mostly irreversible switching, leading to a pronounced 

enhancement of this strain contribution.227 Moreover, the soft character (Figure 5.13 (a)) of the O 

phase and low thermal energy at room temperature are expected to favor irreversible switching 

due to the stress relief inherent to ferroelastic switching.413,414 It should be pointed out that the low 

symmetry interleaving region does not depict the highest 𝑑33 (without bias-field input). Therefore, 

it is suggested that this region and its inherent domain morphology is more relevant to promote 

extrinsic contributions rather than intrinsic contributions to strain. 

Polymorphic phase boundaries: The electromechanical response of the compositions close to the 

two PPBs is considerably distinct and warrants a separate analysis. The R to O PPB displays the 

highest 𝑑33
∗ . In contrast, the O to T PPB features the highest 𝑑33 values, highest 𝑑33

𝑚𝑎𝑥, and nearly as 

high 𝑑33
∗  as at the R to O PPB. Therefore, the strain contributions of both PPBs differ, as 

demonstrated in Figure 5.22. The main contribution at room temperature at the R to O phase 

boundary electromechanical response is intrinsic. This is considerably diminished with 

temperature, leading to thermally activated reversible switching becoming dominant. Irreversible 

switching is pronounced at the O to T phase boundary and additionally this boundary has a 

considerable reversible switching contribution, leading to the highest overall switching of BZT-BCT. 

The high irreversible switching of the O to T PPB near room temperature is ascribed to the same 

fundamental reasons as in the case of the O phase previously treated. However, multiplicity of 

polarization states should further increase the amount of crystallographically allowed switching 

possibilities due to phase coexistence. Moreover, softening along this phase boundary seems to be 

more dominant than at the O phase (Figure 5.13 (a)). The low thermal energy at room temperature 

promotes the irreversible nature of the switching processes. This makes sense, considering that 

high reversible switching would be indicated by lower 𝑃𝑟. The high reversible switching at the O to 

R PPB and irreversible switching at the O to T PPB are in agreement with the poling state found 

around the phase boundaries indicated by 𝜃 (Figure 5.9 (a)) and 𝑃𝑟 (Figure 5.24 (b)) values. Similar 

to the O phase, the O to T PPB features a high 𝑑33
𝑚𝑎𝑥 due to high overall switching contributions. 

Overall, enhanced extrinsic contributions also lead to large and almost equivalent 𝑑33
∗  values at 

both PPBs, with reversible switching at the R to O PPB compensating for the lower amount of 

irreversible switching. Further analysis is required to elucidate the 30 % higher 𝑑33 at the O to T 

PPB, as compared to the R to O PPB. In fact, the relative difference of 𝑑33 reported in this work is 

quite similar to the 40 % difference reported in the literature.322 It is noted that reversible switching 

contributes to the small signal properties. When the higher reversible switching observed at the R 

to O PPB is taken into consideration, the lower 𝑑33 of this phase boundary does not seem justified. 

Therefore, further reasoning will neglect extrinsic contributions and will be formulated for a 

monodomain single crystal. For ferroelectrics that have a centrosymmetric paraelectric phase, 

phenomenological piezoelectric and elastic equations are given in Table 5.2.415 
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Table 5.2: Electromechanical equations for ferroelectrics with different phases. Note that 

equations are valid for distorted materials arising from a centrosymmetric high 

temperature phase.415 

Piezoelectric Coefficient 

R phase: 𝑑33 ∝ 𝑃𝑠(𝑄11휀11 + 𝑄12휀12) Equation 5.4. 

O phase: 𝑑33 ∝ 𝑃𝑠(𝑄11휀33 + 𝑄12휀23) Equation 5.5 

T phase: 𝑑33 ∝ 𝑄11𝑃𝑠휀33 Equation 5.6. 

Elastic Compliance 

R phase: 𝑠33
𝐸 ∝ 𝑠11

𝐷 + {(𝑄11
2 + 𝑄12

2 )휀11 + (𝑄11𝑄12 + 𝑄12
2 )휀12}𝑃𝑠

2 

     𝑠33
𝐸 ∝ 𝑠11

𝐷 + 𝑑33 + 𝑄11𝑃𝑠 + (휀12 + 휀11)𝑄12
2 𝑃𝑠

2 
Equation 5.7 

O phase: 𝑠33
𝐸 ∝ 𝑠11

𝐷 + {𝑄11𝑄12휀23 + (𝑄11
2 + 𝑄12

2 )휀33}𝑃𝑠
2 

        𝑠33
𝐸 ∝ 𝑠11

𝐷 + 𝑑33 + 𝑄11𝑃𝑠 + 𝑄12
2 휀33𝑃𝑠

2 
Equation 5.8. 

T phase: s33
𝐸 ∝ 𝑠11

𝐷 + 𝑄11
2 𝑃𝑠

2휀33 

                       𝑠33
𝐸 ∝ 𝑠11

𝐷 + 𝑑33𝑄11𝑃𝑠 
Equation 5.9 

 

Equations in Table 5.2 indicate that 𝑑 in all phases is proportional to 𝑄, 𝑃𝑠, 휀, and 𝑠 (note that 

indexes are omitted to refer to norm of the coefficients). The values of 𝑄33 = 0.04 m4/C2 for BZT-

BCT were reported and are relatively insensitive to variations of composition and temperature.350 

This suggests that 𝑄 is not the parameter determining differences in electromechanical properties. 

Therefore, as a first approximation, variations in the 𝑄 values are neglected. For all symmetries the 

proportionality of 𝑑 with 𝑃𝑠 and 휀 is given as 𝑃𝑠휀, thus the multiplication of these parameters is 

analyzed. Considering that 휀 ∝ 휀𝑟
´ , either parameter could be chosen for the analysis. According to 

Zhang et al.322 the O to T PPB features 15 % higher 𝑃𝑟휀𝑟
´  than the R to O PPB at room temperature 

(Figure 3.6). For further discussion the difference between 𝑃𝑠 and 𝑃𝑟 should be noted. The former is 

an intrinsic property; however, the latter is determined by back switching processes (Section 2.2.1). 

Therefore, all ferroelectrics are characterized by 𝑃𝑠 ∝ 𝑃𝑟 and 𝑃𝑠 ≥ 𝑃𝑟. This indicates that the 

treatment from Zhang et al.322 may underestimate the intrinsic contribution 𝑃𝑠휀. Apart from this 

polarization contribution, it is also seen from the equations in Table 5.2 that 𝑑 ∝ 𝑠. Several reports 

from literature found that the O to T PPB is elastically softer than the R to O PPB318,322,349, in 

agreement with the results of Section 5.1.3.2.2. In order to evaluate the relative importance of 

both 𝑃𝑠휀𝑟
´  and 𝑠33

𝐸 , Table 5.3 introduces the compositional and temperature coordinates for both 

PPBs and the ratios of each intrinsic contribution (i.e., 
(𝑃𝑠𝜀𝑟

´ )
𝑅−𝑂

(𝑃𝑠𝜀𝑟
´ )

𝑂−𝑇

 and 
(𝑠33

𝐸 )
𝑅−𝑂

(𝑠33
𝐸 )

𝑂−𝑇

). Note that due to the 
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limited compositional range investigated, approximation of the actual compositional coordinates of 

the PPBs was done. Comparisons were made at the same temperature to minimize thermal effects.  

 

Table 5.3: Relative contribution of 𝑷𝒔𝜺𝒓
´  and 𝒔𝟑𝟑 to the intrinsic contribution of each PPB. 

Note that 𝜺𝒓
´  values were taken at 1 kHz and 𝑷𝒔 was estimated as the value at zero-field 

derived from the tangent line drawn from the saturated polarization of bipolar loops 

measured at 5 Hz. Coordinates of PPBs and compositions considered for the analysis are 

provided. 

Temperature 

coordinate 

(°C) 

R to O PPB O to T PPB 

(𝑷𝒔𝜺𝒓
´ )

𝑹−𝑶

(𝑷𝒔𝜺𝒓
´ )𝑶−𝑻

 
(𝒔𝟑𝟑

𝑬 )
𝑹−𝑶

(𝒔𝟑𝟑
𝑬 )

𝑶−𝑻

 Composition 

coordinate 

(mol BCT) 

Composition 

considered 

for analysis 

(mol BCT) 

Composition 

coordinate 

(mol BCT) 

Composition 

considered 

for analysis 

(mol BCT) 

25 0.43 0.45 0.51 0.50 0.92 0.96 

30 0.42 0.40 0.5 0.50 0.72 0.81 

35 0.41 0.40 0.48 0.50 0.91 0.87 

40 0.4 0.40 0.46 0.45 1.02 0.93 

45 0.38 0.37 0.44 0.45 0.81 0.87 

50 0.37 0.37 0.41 0.40 0.86 0.95 

 

All of the 𝑃𝑠휀𝑟
´  and 𝑠33

𝐸  relative ratios are below 1 (with exception of 𝑃𝑠휀𝑟
´  at 40 °C, which is close to 

1) indicating that intrinsic contributions are higher at the O to T phase boundary rather than at the 

R to O phase boundary. In a similar BT-based system, Wang et al.342 also demonstrated that 

enhanced properties occurred along the O to T phase boundary. In fact, this general feature of BT-

based piezoceramics was first predicted by the Devonshire phenomenological theory for 

monodomain single crystals.415 From equations in Table 5.2 it is noted that both R and O phases 

possess shear components of 𝑄, 휀, and 𝑠. In contrast, the elastic and piezoelectric response of T 

phase can be described solely with hydrostatic components. This implies that the divergence of 

shear components of the elastic compliance 𝑠44
𝐸  = 𝑠55

𝐸  at the O to T phase boundary is much steeper 

than the divergence of 𝑠55
𝐸  = 𝑠66

𝐸  at the O to R phase boundary.415,416 This result can be qualitatively 

explained by enhanced elastic shear occurring in the yz or xz planes due to the transition from the T 

to the O phase rather than in the transition from the O to the R phase. In other words, as 𝑃𝑠
𝑖  

reorients between [100] and [110] directions, higher shear components are encountered than 
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when 𝑃𝑠
𝑖  reorients between [110] and [111] directions. Although enhanced elastic shear softening 

was predicted for monodomain single crystals, this effect was also shown experimentally in 

polycrystalline materials. Xue et al.341 demonstrated for BZT-0.50BCT, that at the O to T phase 

boundary 𝑠44
𝐸  = 37.6∙10-12 m2/N, which is comparable to soft PZT, and almost double that the 𝑠44

𝐸  of 

BT. This result is to be expected considering that the monodomain properties will be reflected in 

polycrystalline averages as obtained, for example, using the Voigt-Reuss-Hill method.41 Therefore, 

the fundamental reason behind higher values of 𝑠33
𝐸  and 𝑠33

𝐷  along the O to T phase boundary in BT-

based ceramics is due to enhanced shear components of electrostrictive coefficients and elastic 

compliances.160,163,415 Note that coupling between elastic and dielectric properties implies that the 

enhancement mechanism can be assigned to a dielectric transverse instability of 𝑃𝑠
𝑖. Previous works 

highlighted the role of the O phase in BZT-BCT or the M phase in PZT leading to enhancement of 

piezoelectric properties.318 This work reveals, however, that the interleaving region is not the 

fundamental reason for enhancement of transverse components but rather the phase boundaries 

are. Among several interferroelectric phase boundaries, maximization of intrinsic properties would 

be attained at those boundaries that maximize transverse instabilities more strongly. However, low 

symmetry phases will remain technologically relevant since they favor switching, as previously 

discussed. Therefore, maximized piezoelectric activity at phase boundaries is ascribed to an 

optimized combination of enhancement of both small and large signal properties, although 

different phase boundaries feature different strain contributions. 

Convergence region: The term “convergence region” was implemented to highlight the 

experimental difficulty to assess phase boundaries in this temperature and compositional range. 

Either two triple points or an invariant quadruple point are thermodynamically feasible (Section 

5.1.3.1). The high 𝑑33 featured in the convergence region may be partially ascribed to intrinsic 

contributions (Figure 5.22) due to maximized elastic softening (Figure 5.13 (a)) and to negligible 

free energy anisotropy, regardless of criticality.156 Nonetheless, the convergence region features 

𝑑33 values that are 30 % lower than the values at the O to T PPB. This cannot be reconciled with 

the aforementioned reasoning, since 𝑠33
𝐸  and 휀𝑟

´  values are maximized in the convergence region 

(Figure 5.22). Therefore, the parameter leading to reduced intrinsic contributions is the reduced 

poling state, which also results in a lower 𝑃𝑠 (Figure 5.10). In contrast to previous assumptions194, 

reduced free energy anisotropy is necessary160 for enhanced properties but not sufficient for 

achieving a maximized 𝑑33. In other words, considering that the elastic properties are comparable 

in the convergence region and at the O to T phase boundary, maximized 𝑑33 occurred along the O 

to T phase boundary due to a higher retained poling state (Figure 5.10) and 𝑃𝑠. The ability of the 

system to retain its poling state is, therefore, crucial in attaining a high 𝑑33. Although 𝑑33 values 

were reduced due to the thermal depolarization, the bias-field input effectively poles the material 

at each isotherm (Section 5.1.3.2.3) leading to comparable 𝑑33
𝑚𝑎𝑥 values between convergence 

region, PPBs, and O phase. Moreover, a high reversible switching contribution is depicted in the 

convergence region (Figure 5.22). Domain size, morphology, mobility, and activation barrier play a 

major role in determining the switching processes.73,165 All these variables are especially relevant 

for the convergence region due to free energy degeneracy leading to hierarchical domain 

morphology183 and the higher temperatures leading to increased mobility and lower activation 

barrier for switching. The high reversible switching enables a maximized 𝑃𝑚𝑎𝑥 (Figure 5.26). 
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Nonetheless, 𝑑33
∗  values are considerably lower than at either of the PPBs. These last two 

observations can be reconciled either by the assumption that reversible switching at convergence 

region has a considerable 180° domain contribution (not measurable with the technique of 𝑑33 

under bias-field) or by having relatively small contribution to the strain from non-180° reversible 

switching events. The latter can be explained by considering that a reduced lattice strain will 

promote switching although only small strain output (as previously discussed). Keeble et al.333 

revealed that local distortions from a C phase are very small at temperatures near the convergence 

region supporting the latter assumption. This means that the expected longitudinal instability of 𝑃𝑠
𝑖  

at the convergence region is not as effective for strain enhancement as the transverse instability of 

𝑃𝑠
𝑖  treated for PPBs. 

Implications: Although the findings of this section are mostly relevant for BT-based ceramics, an 

analogy to PZT can be made. Singh et al.417 found that the highest 𝑑33 does not occur in the M 

phase bridging the R and T phases in PZT. Rather the piezoelectric activity is highest in the T phase 

upon approaching the T to M phase boundary. This behavior was attributed to an anomalous 

softening reflected by an increased 𝑠11
𝐸 .417 Therefore, it can be suggested that an analogy may exist 

when the 𝑃𝑠
𝑖  shifts through shear from the [100] direction to another direction corresponding to 

the M phase. In fact, Sabat et al.401 showed that the 𝑠55
𝐸  is more than two times higher than all of 

the other elastic compliance components near the T to M phase boundary. This reasoning leads to 

a possible generalization: the different responses of the shear components of elastic compliance 

across differing types of phase boundaries involving a transverse instability of 𝑃𝑠
𝑖  are important 

considerations in attaining a maximized electromechanical response.187,416 If a change in 

composition and/or temperature leads to a transition from a T phase to a lower symmetry phase 

(such as O or M), an increase of shear constants is expected that is much more pronounced that it 

would be at a transition from a R phase to one of these lower symmetry phases. Maximization of 

intrinsic piezoelectric properties will be attained at phase boundaries that feature reduced free 

energy anisotropy, high softening, and high 𝑃𝑠 (𝑃𝑟). Neither the reduced free energy anisotropy, nor 

elasticity, nor high 𝑃𝑠 (𝑃𝑟) alone can be considered as sufficient conditions to attain maximized 

piezoelectric properties.318 Therefore, in a system with several interferroelectric phase transitions 

(such as BT, BZT-BCT, or PZT) it is expected that maximized properties occur at the phase boundary 

that gives the greatest shear softening, provided that similar levels of reduced free energy 

anisotropy and 𝑃𝑠 (𝑃𝑟) are maintained. 

This intrinsic strain mechanism rationalization mostly remains valid for commensurate materials 

that feature a FD transverse instability of 𝑃𝑠
𝑖. For the case of PbTiO3, for instance, which exhibits 

only a T ferroelectric phase below 𝑇𝐶, the shear effect described is absent.416 In this case, other 

competing instabilities such as the FD longitudinal instability of 𝑃𝑠
𝑖  or an AFD rotational instability of 

octahedra may be the source of strain mechanism enhancement. Although these implications are 

mostly relevant for intrinsic contributions, extrinsic contributions are in close relation to these 

instabilities since switching can in fact be considered as a collective instability of 𝑃𝑠
𝑖, although it also 

depends on extrinsic factors.157 It is apparent that the maximization of extrinsic properties will be 

preferentially achieved in low symmetry phases and at phase boundaries.227 The dominance of 

reversible or irreversible switching processes in general will be controlled by several other factors 

such as domain size, morphology, mobility, activation barrier, among others.73,165  
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5.2 The (1-x)(Bi1/2Na1/2)TiO3-xSrTiO3 System 

 

5.2.1 Synthesis Study 

Figure 5.31 (a) provides the TGA and DTA results obtained during heating of a homogeneous 

stoichiometric mixture of raw oxides and carbonates employed for the synthesis of BNT-0.25ST. 

The simultaneous FT-IR analysis of outgassing species is depicted in Figure 5.31 (b). The DTA curve 

indicates a process with three steps characterized by two exothermic peaks at 270 °C marked with 

𝑎 , and two endothermic peaks at 600 °C and 790 °C marked with 𝑏  and 𝑐 , respectively. 

 

 

Figure 5.31: Thermal analysis of a homogeneous stoichiometric mixture of raw oxides 

and carbonates employed for the synthesis of BNT-0.25ST. (a) TGA and DTA and (b) FT-IR 

gas analysis. The gas evolution curves were drawn from the integration of selected FT-IR 

band ranges along the temperature axis (H2O: 3753-3731 cm-1, CO: 2116-2094 cm-1, and 

CO2: 2378-2302 cm-1).  
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The initial mass loss of 2.2 % marked with 𝑎  is concluded at 330 °C and can be attributed to the 

evaporation of the adsorbed atmospheric water and CO2, as well as burn-out of minor amounts of 

organic contaminants. The main mass loss of 8.4 % detected in the temperature range between 

400 °C and 800 °C consists of two endothermic processes marked with 𝑏  and 𝑐 . The CO2 peaks in 

the FT-IR spectra indicate that these endothermic reactions are due to chemical decomposition of 

the raw carbonates. The 8.4 % mass loss of both processes is in good agreement with the 

theoretical mass loss of 8.6 %, calculated for the investigated stoichiometric mixture due to 

decomposition of the carbonates and CO2 evaporation. According to Kainz et al.418, the reaction 

between Bi2O3, Na2CO3, and TiO2 begins at 450 °C (for powders with an average particle size of 0.5 

μm) and leads to the first formation of the perovskite BNT phase at 530 °C. This result suggests that 

the mass loss below 600 °C can be mostly attributed to the decomposition of Bi2O3, Na2CO3, and 

TiO2. The endothermic peak marked with 𝑏  can be thus assigned to the formation of BNT. It 

should also be noted that the irreversible transformation of anatase to rutile is generally reported 

to be at ~ 600 °C and may also contribute to a certain extent to this endothermic peak.419 The 

initial reaction between SrCO3 and TiO2 (anatase) was found to begin at 560 °C (for an average 

particle size of 0.2 μm). It was reported that the decomposition of SrCO3 begins at 840 °C and leads 

subsequently to the formation of a pure ST perovskite phase at 1000 °C.360,361 Therefore, the mass 

loss above 600 °C can be mostly attributed to the decomposition of SrCO3. The endothermic peak 

marked with 𝑐  is thus a result of the chemical reaction between SrCO3 and TiO2 leading to the 

formation of ST, as well as the reaction between ST and the BNT formed at lower temperatures. 

In order to corroborate the sequence of reactions proposed from thermal analysis, Figure 5.32 (a) 

introduces the XRD patterns obtained from homogeneous stoichiometric mixtures of raw oxides 

and carbonates employed for the synthesis of BNT-0.25ST, heated to a given temperature, and 

subsequently quenched in air. Up to 450 °C, XRD patterns remain unaltered, confirming the 

evaporation of the adsorbed atmospheric water and CO2, as well as burn-out of minor amounts of 

organic contaminants previously suggested by thermal analysis. The XRD pattern corresponding to 

the powder quenched from 600 °C revealed decreased intensities of the main reflections of the raw 

powders Bi2O3, TiO2, SrCO3, and Na2CO3. Furthermore, the first indication of a perovskite phase is 

given by the reflection at 32.5° attributed to the (110)pc perovskite reflection. The XRD patterns 

obtained from the powder quenched from 700 °C and 850 °C already resemble the diffractograms 

of a perovskite phase, although the presence of unreacted SrCO3 powders is still observed. A close-

up of the angular range between 24° and 32° is displayed in Figure 5.32 (b). Normalized tick marks 

for Bi2O3 (crystallographic card: 03-065-2366), TiO2 (crystallographic card: 00-021-1272), SrCO3 

(crystallographic card: 00-005-0418), Na2CO3 (crystallographic card: 00-037-0451), BNT 

(crystallographic card: 01-089-3109), and ST (crystallographic card: 00-035-0734) are also provided 

for comparison. The peaks at 26.9°, 27.37°, and 28° can be attributed to Bi2O3 without any overlap 

(actually overlap of a peak corresponding to Na2CO3 occurs, but can be neglected due to its low 

intensity). The XRD pattern obtained from quenched powders from 700 °C indicates the complete 

reaction of Bi2O3. This suggests an almost complete formation of BNT, in agreement with the 

process marked with 𝑏  in Figure 5.31.  
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Figure 5.32: XRD patterns obtained from homogeneous stoichiometric mixtures of raw 

oxides and carbonates employed for the synthesis of BNT-0.25ST, heated to a given 

temperature, and subsequently quenched in air. (a) Complete angular range 

investigated. (b) and (c) close-up regions where the diffraction peaks with maximum 

intensity appeared. The sets of tick marks represent the reflections associated with 

relevant phases obtained from crystallographic databases. Tick lengths are proportional 

to diffraction peak intensities. 

 

A close-up of the angular range between 31° and 34° is displayed in Figure 5.32 (c), which 

corroborates the presence of BNT at 600 °C with appearance of a reflection at 32.48°. It is also 

found that the reflection corresponding to Na2CO3 at 30.15° features negligible intensity at 700 °C. 

Although the BNT perovskite phase is formed already at 700 °C, the reflection at 25.28° indicates 

the presence of TiO2 anatase phase at this temperature. Moreover, the reflections at 25.17° and 

25.81° also indicate the presence of SrCO3. Therefore, the decomposition and reaction between 

TiO2 and SrCO3 remains active above 700 °C in agreement with the process marked with 𝑐  in 

Figure 5.31. Note that for all temperatures the reflection corresponding to rutile at 36.5° (which is 

not overlapped) remained quite low (crystallographic card: 01-089-4920). This indicates that 

anatase reacted to form BNT rather than forming rutile as intermediary phase. The (110)pc 

perovskite reflection at 32.5° remains slightly asymmetric even at 850 °C, which suggests the 

presence of two perovskites phases with slightly different lattice parameters. Differences in lattice 

parameters can be ascribed to different ST contents throughout the powder considering that the 

formation of BNT and ST are diffusion controlled processes.360,361,418 Therefore, the different 

temperature formation characteristic for BNT and ST, as well as a diffusion controlled reaction, are 

suggested to be the origin of the formation of a heterogeneous microstructure for BNT-ST, as will 

become apparent in Section 5.2.3 and was previously observed in the literature.258  
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5.2.2 Atomic Characterization 

Figure 5.33 provides the XRD patterns for the calcined powder and sintered samples. Note that 

crushed and annealed sintered samples were used for the experiment. The diffractograms can be 

ascribed to a perovskite structure, although the presence of secondary phases in calcined powders 

is observed and marked with *. Indexing was performed for a pseudocubic structure, and pc 

denotes pseudocubic Miller indices.  

 

 

Figure 5.33: XRD pattern of calcined and sintered BNT-0.25ST. Second phases are marked 

with *. Magnification of the (222)pc peak is also displayed. Primary phase peaks are 

marked with the corresponding planes of the cubic perovskite structure. 

 

In contrast to XRD patterns displayed in Figure 5.32, a monochromator was employed to filter Cu 

Kα2 radiation in order to allow a better distinction of reflection splitting due to lattice distortions. 

The high angle reflections of the calcined powder indicates peak splitting, as visible in the 

magnified view of Figure 5.33 in the (222)pc reflection. The high angle peak splitting can be 

attributed to the diffraction of a heterogeneous material with the presence of two perovskite 

phases with different lattice parameters based on the results from the previous section, as well as 

the negligible non-cubic distortions of BNT-0.25ST reported in the literature.248,356 Moreover, in 

agreement with literature248,356, the sintered sample features sharp and narrow peaks ascribed to a 

pseudocubic perovskite structure with no obvious splitting in either the (111)pc, (222)pc, (100)pc, or 

(200)pc reflections. It should be noted that small FD distortions are a common feature of several 

BNT-based lead-free materials.141 In general, this is due to competing FD and AFD instabilities.367 In 

order to corroborate the existence of AFD instabilities leading to octahedral tilting, neutron 
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diffraction was performed because this technique is sensitive to the position of all O2- isotopes due 

to their relatively large neutron scattering length.420 In situ electric field and orientation-dependent 

neutron diffraction patterns are displayed in Figure 5.34 in the most relevant 2𝜃 angular range to 

investigate the presence and the changes under electric field of ½(311)pc, (111)pc, and (200)pc 

reflections. It is noted that no presence of ½(310)pc corresponding to a 𝑃4𝑏𝑚 symmetry was 

observed, thus the angle corresponding to this reflection is omitted. Figure 5.34 (a) provides the 

pattern under electric field and in the remanent state for the sample with an orientation angle 𝜔 = 

33°, whereas (b) introduces the pattern under electric field and in the remanent state for the 

sample with 𝜔 = -57°. The virgin state almost perfectly mimics the remanent state and is not 

displayed. Since a diffraction pattern in polycrystalline materials is composed of intensities of 

randomly oriented diffracting grains in space that fulfill the Bragg condition379, grains leading to 

½(311)pc, (111)pc, and (200)pc reflections do not necessarily coincide. The diffraction patterns 

presented in Figure 5.34 indicate the two extreme cases where the scattering vectors 𝑘ℎ𝑘𝑙 are 

parallel (𝜔 = 33°) or orthogonal (𝜔 = -57°) to the applied electric field, respectively. From now the 

scattering vectors are referred to as 𝑘, since the spatial grain orientation for the analyzed cases 

compensates the spatial orientation of 𝑘. 

 

Figure 5.34: Selected angular range of in situ neutron diffraction pattern depicting the 

most relevant reflections for (a) 𝝎 = 33° and (b) 𝝎 = -57°. 

 

In the remanent state, the (111)pc and (200)pc display features corresponding to a material with 

small non-cubic distortions. This result is in agreement with the high resolution XRD results from 

sintered samples (Figure 5.33). Even though patterns of Figure 5.34 are plotted in a logarithmic 

scale, the ½(311)pc SSR cannot be distinguished from the background indicating a commensurate 

phase. Upon the application of an electric field of 3 kV/mm, the ½(311)pc, (111)pc, and (200)pc 

reflection positions and intensities vary significantly from the remanent state and with sample 

orientation. For the case of 𝐸∥𝑘 (Figure 5.34 (a)), the maximized shift in position of the main 

reflections indicates a strong electric field induced lattice strain. Apart from lattice strain, the 

considerable shift of the (200)pc and the apparent asymmetry of the reflection indicates peak 
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splitting ascribed to texturing as indicated by the indexing performed for a T material with 

reflections corresponding to the (002)T and (020)T/(200)T lattice planes. The pronounced splitting of 

the (200)pc indicates the presence of a T phase. It is noted that the absence of ½(311)pc SSR 

indicates that the 𝑅3𝑐 symmetry previously observed in the BNT-ST with low ST content366 is not 

favored for this orientation and the electric field induced phase is commensurate. Moreover, since 

the ½(310)pc was not visible neither with nor without applied electric field, the most probable 

symmetry for the T phase is 𝑃4𝑚𝑚 with polarization along [001]. Although a certain small amount 

of asymmetry becomes apparent in the (111)pc is not as clear as in (200)pc. For the case of 𝐸⊥𝑘 

(Figure 5.34 (b)), main reflections are only slightly shifted from their positions. A considerable 

change of the (111)pc reflection is discerned for this sample orientation suggesting texturing. The 

two (111)R peaks resulting from the texturing effect under electric field are marked. The presence 

of the ½(311)pc SSR with a non-zero intensity indicates that an incommensurate phase was 

nucleated with electric field. The ½(311)pc SSR are a result of either an increase in the correlation 

length of the octahedral tilting with respect to the virgin/remanent state that was formerly below 

the detection limit of the measurement or to a non-zero (𝑎−𝑎−𝑎−) octahedral tilt angle.366 In 

either case, the results suggest the presence of a R phase with 𝑅3𝑐 symmetry and polarization 

along [111]. Therefore, the results indicate a selective orientation-dependent electric field induced 

phase transformation to either R or T phase. Moreover, the features of the ½(311)pc, (111)pc, and 

(200)pc reflections indicating a pseudocubic structure in the remanent state suggest that the 

electric field induced processes described are almost entirely reversible. In order to give further 

insight into the orientation-dependent phase transition, Figure 5.35 provides a contour plot of the 

½(311)pc, (111)pc, and (200)pc reflection intensities as a function of sample orientation 𝜔 and 2𝜃 

angular range. The cases previously analyzed for 𝐸∥𝑘 and 𝐸⊥𝑘 are marked by a white line. Note 

that the lines indicating each orientation with respect to the applied electric field have a non-zero 

slope since 𝜔 = 90° represents the electric field vector parallel to the incident beam. The contour 

plot in the remanent state (Figure 5.35 (a)) displays orientation independent intensities and 

positions corroborating the reversibility of the phase transition. In contrast, application of an 

electric field leads to a maximized shift in the peak position observed for 𝐸∥𝑘, although 

considerable peak shift is featured in a relatively broad 𝜔 range of 60° around the 33° sample 

orientation (Figure 5.35 (b)). This angular range indicates negligible intensity of the ½(311)pc SSR, 

similar to the virgin and remanent states. Note that the negligible intensity of the ½(311)pc SSR 

cannot be assigned to texturing, since this reflection does not admit splitting. Vanishing of the 

½(311)pc SSR intensity may be explained by considering that this reflection is closer to 〈00𝑙〉 family 

of directions, than to the 〈ℎℎℎ〉 ones. Therefore, the pseudocubic phase seems to transform 

preferentially under electric field to the T phase for the grains satisfying the Bragg condition 

oriented along the ½(311)pc. For the 𝜔 range near 𝐸⊥𝑘, the main reflections are slightly shifted to 

higher diffraction angles indicating macroscopic shrinking perpendicular to the electric field 

direction. Meanwhile, the ½(311)pc SSR display a non-zero intensity in a considerably broad 𝜔 

range. Therefore, it can be concluded that an orientation-dependent reversible phase 

transformation from a commensurate virgin state to an incommensurate state under electric field 

is observed, with the exception of grains satisfying the diffraction condition of the ½(311)pc for 𝐸∥𝑘 

where the intensity of the SSR remains negligible.   



 

 

105 

 

 

Figure 5.35: In situ neutron diffraction patterns of the remanent state at 0 kV/mm and 

applied electric field at 3 kV/mm for different sample orientation angles. The cases 

corresponding to 𝑬∥𝒌 (𝝎 = 33°) and 𝑬⊥𝒌 (𝝎 = -57°) are marked. The resolution of the 

contour plot in the 𝝎-𝜽 space is indicated by 274 x 12 experimental data points. 

 

5.2.3 Microstructure Characterization 

The heterogeneity of BNT-0.25ST discussed in Sections 5.2.1 and 5.2.2 is revealed by BF TEM of 

calcined powders in Figure 5.36 (a), which was taken along <112>pc zone axis. Figure 5.36 (b) 

introduces a DF micrograph obtained using the R ½{ooo} SSR. The difference in contrast in both 

images is ascribed to different crystallographic orientations of the core and shell suggesting the 

presence of an incoherent interface. This result is in agreement with the XRD results of calcined 

powders (Figure 5.33). 

 

 

Figure 5.36: (a) BF micrograph of calcined powder particles taken along <112>pc zone 

axis. (b) DF image using ½{ooo} SSR.  
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Figure 5.37 (a) displays the polished surface of BNT-0.25ST obtained using the BSE mode of the 

SEM. An average grain size of (2.2 ± 0.4) μm and a relatively dense microstructure with relative 

density above 95 % were obtained in the sintered samples. The heterogeneous structure of the 

calcined powder persists in the sintered samples. The secondary phase inside several grains has an 

average size between 180 nm and 360 nm. From here on, this chemically heterogeneous 

morphology will be termed a core-shell structure, as pointed out in Figure 5.37 (a). The core-shell 

microstructure is characterized mostly by (14;  1∞)𝑠 and (15;  1∞)𝑠 geometries (Appendix I 

introduces the nomenclature proposed), although several shells with further mirror planes are also 

found. In order to obtain a statistical representative qualitative view of the compositional 

difference between core and shell, EDS experiments were performed in several core and shell 

constituents. Figure 5.37 (b) provides an average EDS spectra in the energy range of interest. The 

peak marked with * corresponds to the signal of Al obtained from the sample holder. No 

differences in the amount of Ti4+ were observed between core and shell. However, the core 

features a higher Bi3+ and Na+ content, while shell features a higher Sr2+ content. Since Bi3+ is the 

element with highest atomic number in BNT-ST, it determines the bright contrast of cores in Figure 

5.37 (a). It should be noted, however, that quantification of the chemical composition of core and 

shell with EDS is avoided since it would give incorrect results because the volume of interaction of 

secondary electrons is expected to be higher than the core size. It should also be noted that the 

different absorption rates of the species involved would lead to artifacts without a proper 

calibration step.421 

 

 

Figure 5.37: (a) As-sintered, polished surface of BNT-0.25ST sintered for 2 h at 1150 °C. 

The image was taken with a SEM in the BSE mode. (b) Average EDS spectrum obtained 

from several cores and shells. *Indicates that the peak at 1.48 keV corresponding to Al is 

observed due to the signal obtained from the sample holder.   



 

 

107 

 

Figure 5.38 (a) provides a BF TEM image of the core-shell microstructure of the sintered sample. A 

strong diffraction contrast indicates local deviations from cubic symmetry in terms of R and T 

octahedral tilting. The core contains a set of complex and irregular aligned domains with the size of 

several hundred nanometers. The shell exhibits a finely dispersed grainy contrast. No dislocation 

contrast could be observed suggesting a semicoherent interface between the core and 

shell.253,257,285,422-425 It was demonstrated that dislocations, which lead to a gradual increase of 

incoherency, are a result of local strains.426 This supports the findings of the XRD studies in the 

sintered samples (Figure 5.33) considering that the beam coherence length (~ 80 nm) should allow 

partial detection of core and shell. Domains tend to smear out at the outer edges of the core, 

indicating that there is no sharp boundary between core and shell.427 Towards the core-shell 

interface, the tips of the domain walls feature a wedge-shaped. This morphology reduces the 

electrostatic energy in comparison to that of charged fine domain walls, since the charges involved 

can be distributed over a larger area.428 Formation of these types of domain morphology indicates 

the presence of charge carriers and/or local stresses.37,428 Note that the latter should not be 

considerably high since no dislocation contrast was observed. However, both effects may play a 

role in BNT-0.25ST, since local strain gradients are a common feature in core-shell materials427 and 

the difference in polarization states of the constituents leads to a Maxwell-Wagner effect.429 

 

 

Figure 5.38: (a) BF micrograph of one representative grain with a core and a shell. SAED 

patterns of core and shell were obtained along <112>pc zone axis and depict the presence 

of two particular types of SSR. (b) DF micrograph using ½{ooo} SSR. (c) DF micrograph 

using a weak ½{ooe} SSR. 

 

Figure 5.38 (b) depicts a DF micrograph obtained using the R ½{ooo} SSR revealing an excited 

contrast in the core region marked with an arrow. The discussed wedge-shaped nanodomain 

morphology becomes clearer in this image. Encompassing the weaker T ½{ooe} SSR for image 

formation, however, results in a faint stimulation of the nano-sized platelets marked with an arrow 

in the shell region of Figure 5.38 (c). The contrast of these platelets is attributed to the existence of 

a fine nanodomain-like pattern of much smaller size than in the core. The associated SAED patterns 

of core and shell along the <112>pc zone axis are introduced as insets in Figure 5.38 (b) and (c), 

respectively. Bright fundamental perovskite reflections without indication of spot splitting are 

visible. By overexposure of the SAED patterns two types of SSR can be discerned. As previously 
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reported in other BNT-based lead-free systems, T ½{ooe} and R ½{ooo} SSR are observed.430,431 

Similar to the XRD patterns, indexing was performed for a pseudocubic structure. The SSR are 

induced either by (𝑎0𝑎0𝑐+) octahedral tilting corresponding to a 𝑃4𝑏𝑚 symmetry or (𝑎−𝑎−𝑎−) 

octahedral tilting corresponding to a 𝑅3𝑐 symmetry.432,433 It was noted that in the virgin state the 

average structure of BNT-0.25ST is pseudocubic (Section 5.2.2). From TEM studies, however, it 

becomes apparent that even the virgin state displays tilt systems corresponding to the 𝑅3𝑐 and 

𝑃4𝑏𝑚 space group. Similar discrepancies were reported in a comparative study between TEM and 

neutron diffraction in other BNT-based materials.434 Discrepancies between both experimental 

techniques can be understood by recognizing the relatively short length-scale that TEM analyses in 

comparison to the larger volume averaged probed by neutron diffraction. In other words, the short 

correlation length of (𝑎0𝑎0𝑐+) and (𝑎−𝑎−𝑎−) octahedral tilting systems in BNT-0.25ST leads to an 

overall negligible contribution to the diffraction patterns depicted in Section 5.2.2. The differences 

in crystallographic structure between core and shell are ascribed to difference in the chemical 

composition between these constituents, as statistically treated in Figure 5.37 (b). In order to 

corroborate the chemical difference between core and shell locally, EDS in STEM mode was 

performed on a representative core-shell (Figure 5.39).  

 

 

Figure 5.39: BF STEM micrograph of a representative grain with chemical element maps 

recorded for Bi3+, Na+, Ti4+, O2-, and Sr2+. 

 

The results are consistent with the statistical analysis depicted in Figure 5.37 (b). This indicates that 

the diffraction contrast of the core is a result of a lower Sr2+/(Bi3+,Na+) ratio, as compared to the 

shell. Therefore, two different physical features distinguish the core and shell: chemical contrast 

and diffraction contrast. It was corroborated that increasing the content of Sr2+ substitution leads 

to the weakening of dipoles and disturbance of the long-range coupling between Na+ and Bi3+.365 
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Therefore, similar to the investigation of Lee et al.365, shells characterized by a higher Sr2+/(Bi3+,Na+) 

ratio feature only nano-sized platelets indicating an area devoid of domains. This entails that the 

non-ergodic relaxor state of BNT-0.25ST can be mostly correlated with a Sr2+/(Bi3+,Na+)-depleted 

core embodying domain-like contrast (Figure 5.38 (b)). On the other hand, the ergodic relaxor state 

is attributed mostly to the shell since it displays nano-sized platelets (Figure 5.38 (c)). The non-

ergodic cores and ergodic shells lead to a distribution of ergodicity on the macroscopic scale that 

determines the functional properties of the system, as it will become apparent in the subsequent 

sections. The in situ evolution of the core-shell as a function of temperature is introduced in Figure 

5.40.  

 

 

Figure 5.40: In situ BF hot-stage TEM imaging series. Corresponding SAED patterns of the 

core and shell obtained along <112>pc zone axis are displayed in the right top and bottom 

corner, respectively. Left top image displays a magnified view of the core.  
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Increasing temperature up to 165 °C leads to a gradual disappearance of the irregular nanodomain 

configuration in the core, as well as disappearance of the nano-sized platelets in the shell. The 

SAED patterns reveal that T ½{ooe} SSR become detectable within the core and persist up to 345 

°C. At 245 °C, the original appearance of a domain-like contrast within the core is replaced by a 

blurred contrast that is slightly softened upon approaching 345 °C, indicating a gradual phase 

transformation into a state of homogenized absence of domain morphology.435 At 345 °C, only 

minor contrast is visible in both the core and the shell. Moreover, the SSR fade, indicating that the 

tilting has either vanished or is at least reduced to a level below the detection limit of the TEM. 

During cooling a similar domain configuration and contrast redeveloped, indicating that the 

thermally induced changes to the tilting systems are reversible (not shown). It is deduced from 

these experiments that all temperature anomalies detected by TEM can be attributed to changes in 

the octahedral tilts, as previously found in other BNT-based ceramics.367,436 The persistence of the 

chemical heterogeneity between core and shell leads to the reversibility of the process. 

 

5.2.4 Electrical Characterization 

 

5.2.4.1 Temperature- and Frequency-Dependent Dielectric Properties 

Figure 5.41 provides the 휀𝑟
´  and 휀𝑟

´´ as a function of temperature and frequency for the unpoled and 

poled states of BNT-0.25ST. Solid arrows indicate the shift of the 휀𝑟
´  and 휀𝑟

´´ curves with increasing 

frequency. Two frequency-dependent local maxima are found in the 휀𝑟
´  and 휀𝑟

´´ curves. The 휀𝑟
´´ signal 

at 1 kHz was used to define the temperatures corresponding to the relaxation processes. The first 

local maxima are found at 𝑇𝑓𝑚 = 110 °C and the second local maxima at 𝑇𝑠𝑚 = 320 °C. The 

relaxation process found at 𝑇𝑓𝑚 occurs in a broad temperature range of 30 °C for the frequency 

range between 1 kHz and 1 MHz, while in the case of 𝑇𝑠𝑚 the temperature range is over 80 °C. The 

휀𝑟
´´ values indicating both anomalies are shifted to higher temperatures with increasing frequency. 

The magnitude of the 휀𝑟
´´ peak at 𝑇𝑓𝑚 increases with frequency, while the magnitude of the peak at 

𝑇𝑠𝑚 decreases. The poling process increases the magnitude of the overall 휀𝑟
´  response but the 

increase at 𝑇𝑠𝑚 is more preponderant, whereas the 휀𝑟
´´ values at 𝑇𝑓𝑚 are increased and at 𝑇𝑠𝑚 

reduced. Dielectric relaxations with the features described above are generally considered as the 

fingerprints of relaxors (Section 2.2.2). This behavior is also common to other lead-free 

materials119,121-123,127,135,437 and was associated with the relaxation of PNRs; i.e., a dynamic slowing 

down of the PNRs thermally activated fluctuations.437 Therefore, as the temperature decreases, 

either a spontaneous transformation into a long-range ferroelectric order (non-canonical relaxor) 

or freezing of the PNRs fluctuations (canonical relaxor) can be expected (Section 2.2.2).51 There is 

no indication of a transformation into a long-range order ferroelectric state and thus the BNT-

0.25ST is hereafter classified as a canonical relaxor. The poled sample depicts a diffuse shoulder in 

휀𝑟
´´ at ~ 50 °C, which is related to the decay of the induced ferroelectric state. The thermally 

stimulated loss of the electric field induced ferroelectric state of BNT-based materials has been 

generally recognized as a two-stage process.108,109 Upon heating, the ferroelastic texture of the 

induced ferroelectric state of BNT-based materials is generally lost at the depolarization 
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temperature 𝑇𝑑.108 Further temperature increase leads to domain fragmentation and PNRs 

formation at 𝑇𝑓−𝑟.108 Due to the experimental difficulties of the poling process, it was not possible 

to measure 𝑇𝑑. Since transition from the ferroelectric state to the relaxor state at 𝑇𝑓−𝑟 is generally 

found a few degrees above 𝑇𝑑, 𝑇𝑓−𝑟 is assumed to be associated with the diffuse peak in 휀𝑟
´´ at ~ 50 

°C and can be attributed mostly to the retained ferroelectric state in the cores. It is noted that even 

above 𝑇𝑓−𝑟, the values of 휀𝑟
´  and 휀𝑟

´´ are slightly different before and after the poling treatment. This 

implies the discussed distribution of ergodicity. 

 

 

Figure 5.41: Temperature- and frequency-dependent 𝜺𝒓
´  and 𝜺𝒓

´´ of poled and unpoled 

BNT-0.25ST. Trends in frequency and dielectric anomalies are marked with solid and 

dashed arrows, respectively. 

 

Canonical relaxors generally feature a freezing temperature 𝑇𝑓𝑟 associated with the divergence of 

their correlation length and thus relaxation time.85,86,104,105 In lead-containing relaxors, 𝑇𝑑 coincides 

with 𝑇𝑓𝑟, and were proposed to determine a considerable thermally stimulated decrease of the 𝑃𝑟 

values.85 Figure 5.42 displays the 휀𝑟
´´ measured on cooling in a broad frequency range (from 1 Hz to 

100 kHz). The inset displays the Vogel-Fulcher102,103 fitting that indicates a 𝑇𝑓𝑟 = (17 ± 18) °C. 

Therefore, it becomes apparent that the 𝑇𝑓𝑟 and 𝑇𝑓−𝑟 are in proximity but, considering 

experimental errors, do not seem to coincide. It is noted that 𝑇𝑓𝑟 should be mostly related to the 

shell of the materials since they represent the ergodic state of the system. Therefore, it is 

suggested that PNRs in poled BNT-0.25ST diminished considerably their correlation length at 𝑇𝑓𝑟 ~ 

20 °C leading to detexturing of domains within the core. Upon further heating the detexturized 

domains decay into PNRs at 𝑇𝑓−𝑟 ~ 50 °C. 
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Figure 5.42: Low temperature frequency dispersion of 𝜺𝒓
´´ for unpoled BNT-0.25ST 

measured upon cooling. Inset displays the local maxima fitted by the Vogel-Fulcher102,103 

relationship. 

 

5.2.4.2 Bias-Field- and Temperature-Dependent Quasi-Static Small Signal Properties 

Figure 5.43 introduces the quasi-static (a) 𝑑33 and (b) tan (𝛿) measured as a function of bias-field 

and temperature. The 𝑑33 curve at room temperature is prototypical for incipient piezoelectrics 

(Section 2.2.2.2). BNT-0.25ST at room temperature features a 𝑑33
𝑚𝑎𝑥 = 238 pC/N and 𝐸(𝑑33

𝑚𝑎𝑥) = 

1.37 kV/mm, while the 𝑑33
𝑟𝑒𝑚 = 80 pC/N corresponds to only 30 % of the 𝑑33

𝑚𝑎𝑥 value and can be 

attributed to the retention of the poled state in the cores. Moreover, it is also in agreement with 

the proximity of the 𝑇𝑓𝑟 and 𝑇𝑓−𝑟 to room temperature found in the previous section. The tan (𝛿) 

curves (Figure 5.43 (b)) display four local maxima. The electric field induced ferroelectric state is 

obtained at 𝐸𝑟−𝑓 = 2.42 kV/mm, as indicated by the first local maxima of tan (𝛿). Upon removal of 

the electric field, the local maximum at 𝐸𝑓−𝑟 = 0.40 kV/mm suggests the decay of the induced 

ferroelectric state of shells. It is noted that the 𝑑33
𝑚𝑎𝑥 values does not coincide either with 𝐸𝑟−𝑓 or 

with 𝐸𝑓−𝑟. Since 𝑑33
𝑚𝑎𝑥 values were recorded on decreasing electric field, it is apparent that the 

system has maximized reversible switching processes prior to its decay into a largely ergodic 

relaxor state below 𝐸𝑓−𝑟. Reversing the polarity of the applied electric field leads to an analogous 

process resulting in two further, mirrored anomalies. The electric field induced phase transition 

and its decay are accompanied by a large degree of domain switching, as demonstrated by the 

aforementioned local maxima values of tan (𝛿)𝑟−𝑓 = 0.19 % and tan (𝛿)𝑓−𝑟 = 0.22 %.438 It is relevant 

to note that tan (𝛿)𝑓−𝑟 is 15 % higher than tan (𝛿)𝑟−𝑓, indicating that the initial coherent switching 

following the electric field induced phase features a gradual increase in domain switching with 
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further electric field. Thus, upon electric field removal a higher degree of back switching leads to 

higher losses. The negligible 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 at 110 °C suggest that the applied electric field is not 

high enough to induced a long-range ferroelectric order at this temperature, indicating that the 

thermal energy is too high. The electric field induced phase transition and its reversibility depicted 

in the bias-field-dependent small signal properties are consistent with results in other BNT-based 

materials121,149 and the diffraction studies from this work (Section 5.2.2). 

 

 

Figure 5.43: In situ small signal 𝒅𝟑𝟑 and 𝒕𝒂𝒏(𝜹) as a function of bias-field and 

temperature for BNT-0.25ST. 

 

The magnitude of 𝑑33
𝑚𝑎𝑥, 𝐸(𝑑33

𝑚𝑎𝑥), and 𝑑33
𝑟𝑒𝑚 vary with temperature, as displayed in Figure 5.44 (a). 

A monotonic increase of 𝐸(𝑑33
𝑚𝑎𝑥) values and a monotonic decrease of 𝑑33

𝑟𝑒𝑚 values with 

temperature are observed. In contrast, the overall highest 𝑑33
𝑚𝑎𝑥 value was obtained between 80 °C 

and 110 °C. This is the maximum temperature up to which a ferroelectric state is induced using 4 

kV/mm. Figure 5.44 (b) provides the tan (𝛿)𝑟−𝑓, tan (𝛿)𝑓−𝑟, 𝐸𝑟−𝑓, and 𝐸𝑓−𝑟 as a function of 

temperature. Increasing temperature leads to a monotonic decrease of tan (𝛿)𝑟−𝑓 and tan (𝛿)𝑓−𝑟, 

which indicates decreased switching with increasing temperature. In contrast, 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 

increase monotonically with temperature indicating that a higher electric field is required at high 

temperatures to induce the ferroelectric state accompanied by switching. The relative difference 

between 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 is diminished with increasing temperature leading to almost negligible 

hysteresis at 80 °C, which is considered the maximum temperature up to which the ferroelectric 

state is induced. It should be pointed out that the electric field hysteresis between 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 

suggests that the electric field induced phase transition is of first order. The gradual disappearance 

of this electric field hysteresis indicates that the first order phase transition evolves gradually into a 

second order.439 This indicates that at temperatures between 80 °C and 110 °C, the BNT-0.25ST 

features criticality and the overall highest 𝑑33
𝑚𝑎𝑥 = (436 ± 19) pC/N.  
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Figure 5.44: (a) 𝒅𝟑𝟑
𝒎𝒂𝒙, 𝒅𝟑𝟑

𝒓𝒆𝒎, and 𝑬(𝒅𝟑𝟑
𝒎𝒂𝒙

 
) as a function of temperature for BNT-0.25ST. 

(b) 𝒕𝒂𝒏(𝜹)𝒓−𝒇, 𝒕𝒂𝒏(𝜹)𝒇−𝒓, 𝑬(𝐭𝐚𝐧(𝜹)𝒓−𝒇), and 𝑬(𝐭𝐚𝐧(𝜹)𝒇−𝒓) for BNT-0.25ST. 

 

The BNT-based materials may feature a considerable volume change associated with their electric 

field induced phase transition.440 This volume change is a source of strain output that can lead to an 

inaccurate quantification of the strain mechanisms in these types of materials when using the 

procedure described in Section 5.1.3.2.3. Therefore, quantification of strain contributions in BNT-

0.25ST was not performed. 

 

5.2.4.3 Quasi-Static Large Signal Properties 

In order to give insight into the compositional range corresponding to the FD longitudinal instability 

of 𝑃𝑠
𝑖  in the BNT-ST258,275, electromechanical properties of BNT-0.25ST and BNT-0.28ST were 

measured. Figure 5.45 provides the (a) bipolar polarization, (b) bipolar strain, and (c) unipolar strain 

measured at 4 kV/mm and 1 Hz for BNT-0.25ST and BNT-0.28ST. For both materials, a pinched 

bipolar polarization and bipolar strain hysteresis loop with almost zero negative strain are depicted. 

These features are typical for incipient piezoelectrics.121 The 𝑃𝑟 = 0.13 C/m2 and 𝑃𝑚𝑎𝑥 = 0.33 C/m2 

values in BNT-0.25ST are 30 % higher than the values of BNT-0.28ST. However, the strain output of 

BNT-0.25ST, 𝑆𝑚𝑎𝑥 = 0.28 %, is 35 % higher than the strain output in BNT-0.28ST. It is apparent that 

the electric field induced phase transformation of the BNT-0.25ST entails considerable increase in 

polarization and strain values for an electric field input higher than 2 kV/mm. The inflection point of 

the unipolar strain curve was used to estimate the 𝐸𝑟−𝑓 = 2.85 kV/mm in BNT-0.25ST, which is in 

relatively good agreement with 𝐸𝑟−𝑓 = 2.42 kV/mm obtained from small signal tan (𝛿) as a function 

of bias-field in the previous section. The decay of the ferroelectric state obtained from large signal 

measurements at 𝐸𝑓−𝑟 = 0.60 kV/mm is also in good agreement with the results from the previous 

section. Discrepancies are inherent to the change in probing frequencies of the different 

characterization techniques employed.143,144 It is noted that the removal of the electric field leads 

to a decay of 65 % in the polarization of BNT-0.25ST, indicating that although 𝑃𝑟 in BNT-0.25ST is 

higher than in BNT-0.28ST, it still has considerably lower values than its 𝑃𝑚𝑎𝑥. For BNT-0.25ST a 𝑑33
∗  

value of 650 pm/V is obtained from the unipolar strain curve at 4 kV/mm and 1 Hz, while the value 
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for BNT-0.28ST is 430 pm/V. From the room temperature electromechanical characterization, it 

becomes apparent that the BNT-0.25ST is an appropriate selection for investigation of the FD 

longitudinal instability of the 𝑃𝑠
𝑖. 

 

 

Figure 5.45: (a) Bipolar polarization, (b) bipolar strain, and (c) unipolar strain for BNT-

0.25ST and BNT-0.28ST samples measured at 1 Hz. 

 

Domain switching is a time-dependent kinetic process73,441-443, while a first order phase transition is 

an infinitely fast discontinuous process occurring in the terahertz range.39,48,444 Therefore, a feasible 

way to give insight into the nature of the phase transition and the origin of the volume change is to 

perform polarization and strain measurements at a rate faster than the time domain where the 

switching processes should occur. It should be noted, however, that time-dependent phase 

transitions in relaxors with weak first order transitions were also reported.445-447 Figure 5.46 

introduces (a) polarization and (c) strain pulse experiments as a function of time for electric fields 

between 1.5 kV/mm and 4 kV/mm. An increase of 45 % in the polarization and 65 % in the strain 

values is observed when the electric field is increased from 1.5 kV/mm to 2 kV/mm. Further 

increases in the electric field only lead to smaller relative changes (below 15 %) in polarization and 

strain. This indicates that the 𝐸𝑟−𝑓 for pulse experiments is between 1.5 kV/mm and 2 kV/mm. The 

reason for the lower electric field required to induce the phase transition with pulse experiments is 

currently not understood. At a given electric field, polarization and strain increase with time, 

however, they nearly reach a flat saturation level by the end of the 10 second pulse, indicating 

negligible leakage current. Insets of Figure 5.46 (a) and (c) depict a close-up of the decay in 

polarization and strain upon removal of the electric field, respectively. Increasing electric field leads 

to a gradual increase in the 𝑃𝑟 values. However, the 𝑆𝑟 for all electric fields decays to the same 

value (within experimental errors), except for the pulse of 1.5 kV/mm where the 𝑆𝑟 value is lower. 

The 𝑃𝑟 and 𝑆𝑟 values 20 s after removal of the electric field are below 10 % of the maximum values 

under electric field. This indicates relatively high, although incomplete, reversibility of the electric 

field induced transition and switching processes. Figure 5.46 (b) and (d) depict the normalized 

polarization and strain, respectively, plotted in logarithmic scale. A close inspection for the electric 

field of 1.5 kV/mm indicates that the curve is non-linear up to ~ 1 s and subsequently follows a 

linear relation in the logarithmic scale. This seems to suggest a distinction between the electric field 

induced phase transformation of core regions from a non-ergodic relaxor state to a ferroelectric 

state (𝑡 < 1 s) and their subsequent switching to align with the electric field (𝑡 > 1 s). The lower 𝑆𝑟 
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value obtained at 1.5 kV/mm indicates that the phase transition of shells is not triggered at this 

electric field. For the case of an electric field of 2 kV/mm, two linear regimes for 𝑡 < 1 s and for 𝑡 > 

2.5 s are depicted. Note that the pulse of 2 kV/mm was applied after the 1.5 kV/mm, thus cores 

have an induced ferroelectric state prior to the 2 kV/mm pulse. Therefore, the initial linear regime 

could be attributed to switching of the core regions (𝑡 < 1 s), while the latter (𝑡 > 2.5) to the 

coherent switching of shell regions. The intermediate non-linear regime (1 s < 𝑡 < 2.5 s) suggests an 

electric field induced phase transformation from the ergodic state to the ferroelectric state in the 

shell regions. Coherent switching following the electric field induced phase was previously 

demonstrated in BNT-based materials.143,144 The non-zero, but considerably lower 𝑆𝑟 and 𝑃𝑟 values 

observed after 20 s of the removal of the electric field, can be attributed to certain irreversibility in 

the transformation of the core and presumably also in the shells adjacent to cores. Since negligible 

changes in 𝑆𝑟 are observed for the applied electric fields higher than 2 kV/mm, the 𝑃𝑟 values 

displayed in the inset of Figure 5.46 (a) seem to be related to a gradual increase of the electric field 

induced ferroelectric state at expense of the non-ergodic relaxor states near cores and/or to 

polarization induced due to enhanced intrinsic and extrinsic switching contributions. It is noted that 

even higher electric fields lead to slower reductions of 𝑆𝑟 and 𝑃𝑟 values, which can be attributed to 

switching kinetics. 

 

 

Figure 5.46: Pulse measurement of 10 s duration with electric fields ranging from 1.5 

kV/mm to 4 kV/mm for BNT-0.25ST. (a) Polarization, (b) polarization fraction, (c) strain, 

and (d) strain fraction as a function of time are displayed. Insets in (a) and (c) present a 

magnification of the polarization and strain decay upon electric field removal, 

respectively. Insets of (b) and (d) depict the polarization and strain fraction increase as a 

function of electric field for a constant time of 5 s.  
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The polarization and strain for a constant time 𝑡 = 5 s (marked with dotted lines) is introduced in 

the insets of Figure 5.46 (c) and (d). A discontinuous change in polarization and strain upon crossing 

𝐸𝑟−𝑓 at a constant time indicates that the reversible electric field induced transformation, mostly 

attributed to shells, is of a first order nature. This result is in agreement with the results from the 

previous section.  

In order to give further insight into the electric field induced phase transformation, Figure 5.47 (a) 

introduces an experiment performed using a continuous unipolar triangular wave with increasing 

amplitude from 1 kV/mm to 8 kV/mm (inset of Figure 5.47 (a)). A discontinuous change in strain is 

discerned at about 3 kV/mm suggesting the triggering of the electric field induced phase transition, 

in agreement with the 𝐸𝑟−𝑓 = 2.85 kV/mm obtained from previous large signal measurements 

(Figure 5.45). Saturation of unipolar strain is achieved at 4 kV/mm. For further increase in the 

applied electric field, a linear strain response is obtained, which was consistent with the observed 

saturation of the switching processes (Figure 5.43). The cycles were applied consecutively, thus the 

reproducible path of the loops indicates a certain reversibility of the phase transition at room 

temperature. The initial strain value after each cycle tends to increase, indicative of the presence of 

a slight but continuous increase of the 𝑃𝑟 values (not shown). Note that if this shift would be a 

result of leakage current and/or temperature, the loops should be linearly shifted upwards, 

considering the input signal employed. 

 

 

Figure 5.47: (a) Unipolar strain measured from a virgin state with successively increasing 

electric field amplitude for BNT-0.25ST. The inset displays the input waveform used for 

the measurement, which is characterized by voltage steps of 1 second and increasing 

electric field from 1 kV/mm to 8 KV/mm. (b) Unipolar strain and calculated 𝒅𝟑𝟑
∗  at each 

triangular step. (c) 𝑬𝒓−𝒇 obtained at each cycle. Green dotted line indicates a fitting 

performed with an Arrhenius function. Inset displays the induced ferroelectric state 

fraction upon successive cycles. For (b) and (c) the electric field regions with 

predominantly relaxor and ferroelectric states are marked, respectively. 

 

The 𝑆𝑚𝑎𝑥 and 𝑑33
∗  values obtained after each sub-cycle are introduced in Figure 5.47 (b). The 

electric field required to trigger the phase transition is discerned by a drastic change in 𝑆𝑚𝑎𝑥 and 

𝑑33
∗  values. Therefore, at electric fields below 3 kV/mm the BNT-0.25ST features a predominantly 

relaxor state, while above 3 kV/mm a ferroelectric state is stable under electric field. Although 

𝑆𝑚𝑎𝑥 for electric fields higher than 4 kV/mm is increasing monotonically, the 𝑑33
∗  decreases in the 
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same region. This is consistent with the observed saturation of switching processes (Figure 5.43). 

Determination of 𝐸𝑟−𝑓 was performed above 3 kV/mm for each triangular sub-cycle, as displayed in 

Figure 5.47 (c). A gradual decrease of 𝐸𝑟−𝑓 with increasing electric field amplitude of the successive 

sub-cycles is depicted giving rise to a saturation value of ~ 1.8 kV/mm. This is a conclusive proof 

that although reversibility of the phase transition is evident (Figure 5.47 (a)), the 𝑃𝑟 values are not 

equal after each sub-cycle which can be attributed to a gradually increasing retained ferroelectric 

state fraction. This presumably occurs in grain regions directly adjacent to the cores because their 

non-ergodicity facilitated heterogeneous nucleation.242 Although, the induced phase transition is of 

first order, the subsequent switching of the domains formed is a kinetic process that requires 

time.73,441-443 Therefore, it is expected that each sub-cycle allows a gradual increase in the amount 

of switching. The gradual increase of the 𝑃𝑟 values after each sub-cycle is analogous to the increase 

of the 𝑃𝑟 values observed with increasing field strength in pulse experiments (Figure 5.46). In order 

to assess this phenomenon, a qualitative approach was performed by fitting the resultant 𝐸𝑟−𝑓 

experimental points of each sub-cycle with an Arrhenius function. Considering that the shift of the 

𝐸𝑟−𝑓 was ascribed to a gradual increase of switching and thus of induced ferroelectric state 

fraction, the inverse mathematical function should represent their increase. A scheme of this 

phenomenon is provided in the inset of Figure 5.47 (c). From this reasoning, it follows that to 

obtain a saturated ferroelectric state, several cycles or longer times with sufficiently large electric 

field strengths are required. In order to depict this progression, Figure 5.48 (a) and (b) display the 

bipolar strain output obtained after several cycles (starting from a virgin state) at 3 and 4 kV/mm, 

respectively. The electric field strengths were selected taking into account the initial 𝐸𝑟−𝑓 = 2.85 

kV/mm required to trigger the phase transition in the Hz frequency range. 

 

 

Figure 5.48: 𝑺𝒎𝒂𝒙 values obtained as a function of bipolar electric field cycles at (a) 3 

kV/mm and (b) 4 kV/mm. Values were calculated considering the zero of the poling cycle 

as the reference point. Insets display strain hysteresis loops. Measurements were 

performed on virgin samples at 1 Hz.  
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For comparison, the 𝑆𝑚𝑎𝑥 values were calculated at each cycle by taking the zero of the poling 

cycle as the reference point. This means that the gradual phase transition of the material should be 

reflected in the strain output. Figure 5.48 (a) indicates that BNT-0.25ST requires 7 cycles at 3 

kV/mm to reach a stable strain of 0.17 %, whereas at 4 kV/mm a stable strain of 0.28 % (within 

experimental errors) is reached already after the second cycle. The gradual increase in strain at 3 

kV/mm after several cycles, in contrast to the already saturated strain value at 4 kV/mm achieved 

after the poling cycle, is an indication of the increase in the long-range ferroelectric state after each 

cycle. The almost constant strain obtained at the electric field strength of 4kV/mm confirms that 

the reversibility of the phase transition is fast enough for a 1 Hz input wave of this amplitude. Pulse 

experiments indicate that at 4 kV/mm, the 𝑆𝑟 is reduced to 30 % of 𝑆𝑚𝑎𝑥 0.15 s after electric field 

removal. This indicates that the reversibility of the electric field induced processes at 4 kV/mm are 

considerably below the Hz range. A brief corroboration of the long term reliability of the strain 

output is introduced in Appendix IV. 

Figure 5.49 displays the temperature-dependent (a) bipolar polarization and (b) bipolar strain loops 

from 25 °C to 170 °C. Increasing temperature leads to a gradual decrease of 𝑃𝑟, 𝑃𝑚𝑎𝑥, 𝑆𝑛𝑒𝑔, and 

𝑆𝑚𝑎𝑥 values. A considerable reduction of all the aforementioned parameters is observed for 

temperatures above 80 °C. This indicates that the applied electric field was not sufficient to induce 

the long-range ferroelectric order above this temperature, in agreement with the results from the 

previous section. 

 

 

Figure 5.49: (a) Bipolar polarization and (b) bipolar strain as a function of temperature 

for BNT-0.25ST measured at 1 Hz. 

 

In order to investigate the effect of temperature on the electric field induced phase transition, 

Figure 5.50 (a) introduces 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 as a function of temperature derived from the large signal 

measurements of Figure 5.49. The 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 obtained from large signal measurements depict 

very similar temperature profiles to those found from small signal measurements (Figure 5.44 (b)). 

In other words, both parameters increase monotonically with temperature and their relative 
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difference is diminished. This indicates that a higher electric field is required at higher 

temperatures to induce the ferroelectric state and that the phase transformation gradually shifts 

from first to second order, supporting the presence of a critical point in the temperature range 

between 80 °C and 110 °C (Section 5.2.4.2). 

 

 

Figure 5.50: (a) 𝑬𝒓−𝒇 and 𝑬𝒇−𝒓; (b) 𝑷𝒎𝒂𝒙 and 𝑷𝒓 parameters derived from large signal 

measurements as a function of temperature for BNT-0.25ST obtained from bipolar 

measurements up to 4 kV/mm. 

 

Temperature dependence of 𝑃𝑟 and 𝑃𝑚𝑎𝑥 is given in Figure 5.50 (b). Both parameters feature a 

monotonic decrease with increasing temperature, which is a consequence of the gradual 

suppression of the electric field induced ferroelectric state.112 The 𝑃𝑟 above 110 °C is 25 % of the 

room temperature value. This indicates that although a certain electric field induced ferroelectric 

state ascribed to the non-ergodic cores remains, its fraction is considerably reduced due to the high 

thermal energy. In order to give further insight into the strain mechanism of BNT-0.25ST, as well as 

its applicability, Figure 5.51 displays the unipolar strain as a function of frequency and temperature. 

 

 

Figure 5.51: Temperature- and frequency-dependent unipolar strain for BNT-0.25ST.  
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The strain obtained from switching arising due to the induced ferroelectric state is accompanied by 

high hysteresis and frequency dependence. The amount of induced ferroelectric state is negligible 

above 110 °C leading to a continuously reduced strain output and hysteresis, as expected in lead-

containing112 and lead-free120 relaxors. The observations made for unipolar measurements are 

consistent with bipolar measurements (Figure 5.49). Figure 5.52 (a) introduces the 𝑑33
∗  values 

calculated at 4 kV/mm for frequencies of 0.5 Hz, 5 Hz, and 20 Hz. In the temperature range 

between 25 °C and 80 °C, the values of 𝑑33
∗  are much higher than at higher temperatures. At 170 °C 

𝑑33
∗  reaches values that correspond only to 40 % of the room temperature values. Although the 

critical point found between 80 °C and 110 °C in BNT-0.25ST features maximized 𝑑33 values under 

bias-field (Figure 5.44), it does not depict the highest 𝑑33
∗  value. This observation is consistent with 

the critical points elucidated for the BZT-BCT system (Sections 5.1.3.2.3 and 5.1.3.3). Figure 5.52 (b) 

introduces the 𝑑33
∗  values normalized with respect to the room temperature 𝑑33

∗  value calculated at 

1 Hz. For temperatures below 80 °C, a decrease in 𝑑33
∗  values is observed with increasing 

frequency. In contrast, for temperatures above 80 °C the frequency dependence was not detected, 

although the 𝑑33
∗  values are lower. 

 

 

Figure 5.52: (a) 𝒅𝟑𝟑
∗  at 0.5 Hz, 5 Hz, and 20 Hz as a function of temperature for BNT-

0.25ST. (b) Normalized 𝒅𝟑𝟑
∗  as a function of frequency at temperatures from 25 °C to 170 

°C for BNT-0.25ST. 

 

In the temperature range where a ferroelectric state is induced (below 80 °C), 𝑑33
∗  has maximized 

values and maximized frequency dependence due to the switching of the newly formed domains. 

As previously discussed, switching is the time-dependent component of the strain output and 

reconciles the high frequency dependence and hysteresis of 𝑑33
∗  below 80 °C. The strain at 

temperatures above 110 °C is attributed predominantly to electrostriction and consequently 

features negligible frequency dependence in the range investigated. 
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5.2.5 Effect of Microstructure on the Quasi-Static Large Signal Properties 

Considering that the core-shell microstructure is a result of a diffusion limited process (Section 

5.2.1), sintering time was modified to promote enhanced diffusion. Note that the sintering 

temperature was not modified to avoid changes in the sintering mechanism.390 Figure 5.53 displays 

the microstructure of the polished surfaces of BNT-0.25ST samples obtained by SEM in BSE mode 

after sintering for (a) 2 h, (b) 5 h, (c) 10 h, and (d) 20 h. All samples feature a relatively dense 

microstructure. An increase in grain size and a diminished core-shell density is observed in the 

images as a function of increasing sintering time. 

 

 

Figure 5.53: As-sintered, polished surfaces of BNT-0.25ST sintered for (a) 2 h, (b) 5 h, (c) 

10 h, and (d) 20 h at 1150 °C. Images were taken with a SEM in the BSE mode. 

 

Figure 5.54 displays the relative density, grain size, and core density as a function of sintering time. 

Increasing the sintering times leads to an almost linear increase of relative density from 96 % to 

more than 98 %. Grain size also increases nearly linearly from (2.6 ± 0.5) μm to (7 ± 1.2) μm. 

Generally, grain growth at a constant temperature follows approximately a parabolic dependence 

with time.390 However, this was not observed during this study, which could be related to the initial 

chemical heterogeneity of the calcined powders. The linear densification and grain coarsening of 

BNT-0.25ST warrant further studies and cannot be fully rationalized within the limited synthesis 

study of this work. The exponential decrease of cores indicates a considerable homogenization due 

to a thermally activated diffusion process. Increasing the sintering time from 2 h to 5 h leads to a 

75 % decrease of cores. Further increase of sintering time leads to a continuous homogenization 

that culminates with samples with nearly no cores after 20 h. 
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Figure 5.54: Relative density, grain size, and core density for BNT-0.25ST as a function of 

sintering time. 

 

Figure 5.55 provides the (a) bipolar polarization, (b) bipolar strain, and (c) unipolar strain loops 

measured at 4 kV/mm and 1 Hz for BNT-0.25ST samples sintered for different times. The 

modification of the microstructure performed by increasing time only has a minor effect on the 

electromechanical properties of BNT-0.25ST. Moreover, a certain degree of asymmetry can also be 

observed in the strain loops, in agreement with a minor internal bias-field detected in the 

polarization hysteresis. In general, increasing the sintering time leads to a gradual increase of 𝑃𝑟, 

𝑃𝑚𝑎𝑥, and 𝑆𝑚𝑎𝑥. In contrast, 𝐸𝑟−𝑓 is increasingly reduced. It is expected that the influence of the 

sintering time on the electromechanical properties is a result of the change in the interdependent 

parameters relative density, grain size, and core density. 

 

 

Figure 5.55: (a) Bipolar polarization, (b) bipolar strain, and (c) unipolar strain for BNT-

0.25ST samples sintered for 2 h, 5 h, 10 h, and 20 h at 1150 °C. 

 

Figure 5.56 provides 𝑆𝑚𝑎𝑥 and 𝐸𝑟−𝑓 as a function of the core density obtained from Figure 5.55. 

The values of 𝑆𝑚𝑎𝑥 indicate almost no variation as a function of core density, whereas 𝐸𝑟−𝑓 is 
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increased with increasing core density. In general a lower relative density and grain size result in 

diminished electromechanical properties.42,150 It is noted that since increase in the relative density 

and grain size are found for samples with lower core density, the effect of the most relevant 

microstructural parameter could not be reconciled. More detailed synthesis studies are required to 

give further insights on the role of the core-shell in the electromechanical properties. 

 

 

Figure 5.56: 𝑺𝒎𝒂𝒙 and 𝑬𝒓−𝒇 as a function of core density obtained from unipolar 

hysteresis loops measured at 4 kV/mm for the BNT-0.25ST samples sintered for 2 h, 5 h, 

10 h, and 20 h at 1150 °C. 

 

5.2.6 Strain Mechanisms of the (1-x)(Bi1/2Na1/2)TiO3-xSrTiO3 System 

The properties of relaxor materials are dictated by the correlations of features at different length 

scales. At the microscopic scale, atomic disorder as well as electrostatic and local strain fields 

determine to a great extent functional properties.51,53,57 In the mesoscopic scale, intergranular 

interactions are also relevant and must be considered.448 Investigations on the BNT-0.25ST were 

performed for both the long and mesoscopic length scales, as will be treated in the next 

paragraphs. 

Macroscopic long-range treatment: Figure 5.57 (a) from points 1  to 4  introduces the bipolar 

polarization, bipolar strain, small signal 𝑑33, and small signal 𝑡𝑎𝑛(𝛿) as a function of bias-field. 

Consistent with incipient piezoelectrics121, BNT-0.25ST features large 𝑃𝑚𝑎𝑥 = 0.35 C/m2 and 𝑆𝑚𝑎𝑥 = 

0.28 % at 4 kV/mm, with a reduced 𝑃𝑟 = 0.12 C/m2, and low 𝑑33 = 10 pC/N at 0 kV/mm that 

increases dramatically at 2 kV/mm leading to 𝑑33 = 200 pC/N. The induced long-range ferroelectric 
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order occurring for an electric field of 𝐸𝑟−𝑓 between 2.42 kV/mm and 2.85 kV/mm is indicated by a 

change in slope in polarization, inflection point in strain, a local maximum of 𝑡𝑎𝑛(𝛿)𝑟−𝑓 = 0.19, and 

diminished hysteresis in 𝑑33. The decay of this long-range order into a relaxor state at 𝐸𝑓−𝑟 

between 0.40 kV/mm and 0.60 kV/mm upon electric field removal leads to a 𝑃𝑟 value that is 65 % 

lower than 𝑃𝑚𝑎𝑥 and an overall maximized value of tan (𝛿)𝑓−𝑟 = 0.22. Note that upon electric field 

removal, the highest 𝑑33
𝑚𝑎𝑥 = 238 pC/N values are obtained for an electric field of 𝐸(𝑑33

𝑚𝑎𝑥) = 1.37 

kV/mm. This result contradicts the 𝑑33
𝑚𝑎𝑥 values previously obtained at the transformation electric 

field 𝐸𝑟−𝑓 in other BNT-based materials121,149 and may be ascribed to a maximization of the 

reversible switching processes prior to the destabilization of the ferroelectric state, similar to what 

was found near the line of critical points of BZT-BCT (Figure 5.22 (c)). The non-negligible 𝑃𝑟 

indicates a varying distribution of ergodicity, as previously reported in other materials.119,449 It 

should be pointed out that the described features do not characterize the electric field induced 

phase transition directly, but only indicate that this phase transformation is accompanied by a 

considerable degree of switching. Therefore, increasing electric field above 𝐸𝑟−𝑓 leads to 

saturation. Since switching is a thermally activated kinetic process73,441-443, the macroscopic 

observation of the anomalies ascribed to the development of the ferroelectric long-range order in 

the small and large signal properties depends on frequency. Since the small signal properties under 

bias-field were measured with a 0.05 Hz large signal base waveform (Section 4.4.2.2), inherent 

differences are expected with the large signal results performed at 1 Hz. This proves that the 

frequency dependence of the switching originates from the domains developed by the induced 

ferroelectric long-range order. A lower frequency allows a higher degree of switching, and thus at a 

given bias-field the polarization and strain outputs should be higher, as observed in Figure 5.51. 

The interdependent relation between switching and phase transition in relaxors may, in some 

cases, lead to considerably sluggish time-dependent phase transitions.445-447 Nonetheless, in 

general 𝑃𝑠
𝑖  rearrangements leading to weak first order phase transitions occur at extremely short 

time-scales in ferroelectrics on the order of terahertz.444 Pulse experiments indicate that for very 

fast electric field input, implying negligible time for switching processes, the phase transition of the 

BNT-0.25ST apparently occurs at electric fields between 20 % and 40 % lower than conventional 

measurements in the Hz range (Figure 5.46). This is justified considering that the small and large 

signal measurements indicate time-dependent switching processes that follow the phase transition 

rather than the phase transition that seems to be probed during the pulse experiments.143,144 This 

entails the cycle- and electric field-dependent 𝑃𝑚𝑎𝑥, 𝑃𝑟, 𝑆𝑚𝑎𝑥, and 𝑆𝑟 values observed in Section 

5.2.4.3. Note that pulse experiments lead to a much lower switching as indicated by a decay of 𝑃𝑟 

values that are 10 % of 𝑃𝑚𝑎𝑥, in contrast to the studies performed on the Hz range that indicated a 

decay of 𝑃𝑟 values that are 35 % of 𝑃𝑚𝑎𝑥. Further studies are required to shed light into the 

complex dynamics of the system. However, it should be pointed out that the reversibility of the 

polarization and strain outputs in the Hz range was proved (Appendix IV).140 Several BNT-based 

materials feature a similar electric field induced phase transition.125,130,138-140,275,434 Further details 

that point towards certain unique features of the BNT-ST system, will be discussed in the 

subsequent paragraphs.  

Figure 5.57 (b) provides an overview of the macroscopic average phenomena featured in BNT-

0.25ST as a function of temperature and electric field. Note that the terminology “temperature-
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electric field phase diagram” is avoided to highlight that the evolution of the material is not under 

thermodynamically stable conditions but rather depends on kinetics and history. It should be 

pointed out that the microstructural evolution under electric field was always examined under 

isothermal conditions. Isofield conditions will result in different transitions from the ones displayed 

(Section 2.2.2).106,107  

 

 

Figure 5.57: (a) Room temperature macroscopic polarization, strain, 𝒅𝟑𝟑, and 𝒕𝒂𝒏(𝜹) as a 

function of electric field. (b) Average phenomena in BNT-0.25ST as a function of 

temperature and electric field. 𝑭𝑬𝟏: stability region of the induced ferroelectric state, 

𝑭𝑬𝟐: stability region of the induced ferroelectric state when the applied electric field 

surpassed 𝑬𝒓−𝒇. 𝑹𝑬: ergodic relaxor state, and criticality: approximate temperature-

electric field region where transformation from a first order phase transition evolves to a 

second order leading to criticality. (c) Mesoscopic schematic representation of the core-

shell evolution under electric field and temperature. The Sr2+/(Bi3+, Na+)-depleted cores 

are depicted as a circular region within grains that is not modified by electric field or 

temperature. Domain-like contrast can be visualized by black (non-ergodic relaxor or 

ferroelectric state) or by red dots/dashes (ergodic relaxor state).  
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Due to an ergodicity distribution ascribed to the presence of a non-ergodic core and ergodic shell, 

the BNT-0.25ST features a non-zero 𝑃𝑟 that leads to variation of 휀𝑟
´  and 휀𝑟

´´ values in the poled state 

as compared to the unpoled state. The decay of the induced ferroelectric state to the relaxor state 

occurs at 𝑇𝑓−𝑟 ~ 50 °C (Figure 5.41) and is attributed mostly to core regions and regions of the 

shells adjacent to them. It is noted that this transition is dependent on poling conditions106,107 and 

thus a direct comparison between different studies should be made carefully. The freezing of PNRs 

into a non-ergodic state occurred at 𝑇𝑓𝑟 ~ 20 °C and is mostly attributed to shells. It is expected, 

that upon crossing 𝑇𝑓𝑟 on heating in any relaxor with an induced ferroelectric state, this state 

should become unstable due to thermal energy promoting frustration. Therefore, further increase 

of temperature leads to the decay of the ferroelectric state to an ergodic relaxor state at 𝑇𝑓−𝑟 and 

reconciles that 𝑇𝑓−𝑟 > 𝑇𝑓𝑟. Two typical dielectric relaxations found in lead-free ferroelectrics, 

termed in this work 𝑇𝑓𝑚 (~ 110 °C) and 𝑇𝑠𝑚 (~ 320 °C) are also observed at higher temperatures. 

The rationalization of these anomalies will become apparent in the mesoscopic treatment.  

The 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 at room temperature depicted in Figure 5.57 (a) display a temperature 

dependence, because they entail switching processes (Figure 5.57 (b)). Open symbols of 𝐸𝑟−𝑓 and 

𝐸𝑓−𝑟 were obtained from small signal properties, whereas solid symbols indicate values obtained 

from large signal properties. As described for room temperature, the 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 obtained from 

small signal properties are consistently depicted at lower electric field values due to the lower 

probing frequency. Increasing temperature leads to higher electric field values for the development 

and decay of the long-range ferroelectric order. The lower 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 values at room 

temperature can be ascribed to the near room temperature frustration of the ferroelectric state of 

BNT-0.25ST caused by the presence of Sr2+.365,366 Since BNT-0.25ST is the boundary between a 

ferroelectric and a frustrated ferroelectric state, a FD longitudinal instability of 𝑃𝑠
𝑖  is expected in 

this compositional range. This entails that the free energy anisotropy should be minimized in this 

compositional range.169 Therefore, increasing temperature leads to a gradual increase in the energy 

barrier required to develop a long-range ferroelectric order out of a relaxor state. The energy 

barrier arises from the energy required to promote the percolation of PNRs.104 Consequently, as in 

antiferroelectrics, increasing temperature leads to higher transformation electric fields because 

more energy is required to induce and keep the metastable ferroelectric state.450 This means that 

above 80 °C the electric field induced phase transition can no longer be triggered, and thus the low 

strain output can be ascribed to electrostriction predominantly (Figure 5.51). Increasing 

temperature also leads to a minimized hysteresis between the development and decay of the long-

range order, as indicated by diminished difference between 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟. This is directly related 

to a gradual transformation of the phase transition from first to second order. The culmination of 

this process occurs around electric fields of (3.7 ± 0.3) kV/mm and temperatures of (90 ± 20) °C and 

indicates criticality since 𝐸𝑟−𝑓 ≈ 𝐸𝑓−𝑟. This region features the highest 𝑑33
𝑚𝑎𝑥 ~ 436 pC/N (Figure 

5.44) and relatively low 𝑑33
∗  ~ 440 pm/V (Figure 5.52). Note that a supercritical region is not 

depicted in Figure 5.57 (b), since with 4 kV/mm it was not possible to induce a ferroelectric state at 

temperatures higher than the critical region. It is interesting to note, however, that the relative 

difference between the 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 obtained from small and large signal properties becomes 

gradually broader with increasing temperature. Moreover, extrapolation of small and large signal 

𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 seems to indicate that the critical points obtained at the two different frequencies 
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do not coincide. The latter two phenomena can be attributed to the complex switching dynamics 

described. The region between 𝐸𝑟−𝑓 and 𝐸𝑓−𝑟 denominated 𝐹𝐸2 could either depict a relaxor state 

or a ferroelectric state. If the applied electric field did previously not exceed 𝐸𝑟−𝑓, 𝐹𝐸2 will depict 

relaxor features in the regular experimental time scale. It is noted, however, that for considerably 

long times of applied electric field or with electric field cycling within 𝐹𝐸2 a long-range ferroelectric 

order may plausibly be induced.445 In the case where an electric field above 𝐸𝑟−𝑓 is applied, a 

ferroelectric state will be induced in the region marked as 𝐹𝐸1. If this is followed by a reduction of 

the electric field down to within the 𝐹𝐸2 region, a ferroelectric state will remain stable. Therefore, 

the phase corresponding to 𝐹𝐸2 depends on history and time. The region marked with 𝑅𝐸 is an 

ergodic relaxor state and in general no long-range ferroelectric order is expected with the 

application of electric field. 

Mesoscopic treatment: The BNT-0.25ST displays a relatively high strain and low hysteresis at lower 

electric field than most other incipient piezoelectrics (Figure 3.7). This is the result of the low 

electric field required to trigger its phase transition. The macroscopic analysis performed cannot 

reconcile these differences. For this purpose, the core-shell microstructural evolution was 

investigated by in situ TEM in Section 5.2.3. The mesoscopic view of BNT-0.25ST indicates the 

presence of an approximate (15;  1∞)𝑠 core-shell microstructure. Figure 5.57 (c) marked from 1  to 

10  schematically represents the expected temperature and electric field evolution of the core-

shell structure. The black color represents either non-ergodic relaxor or ferroelectric state 

depending on temperature and electric field, according to Figure 5.57 (b). The red color denotes 

the ergodic relaxor state, which is predominantly observed in the shell regions and at high 

temperature throughout all of the grains.  

Figure 5.57 (c) 1  depicts the core-shell structure of BNT-0.25ST below 75 °C and for electric fields 

below 2 kV/mm that features domain and chemical contrast. At temperatures considerably above 

𝑇𝑓𝑟 ~ 20 °C the core and shell should undergo a transformation to an ergodic state (Figure 5.57 (c) 

2 ). Increasing temperature up to 165 °C, leads to the gradual disappearance of the irregular 

wedge-shaped nanodomain configuration within the core and to the disappearance of the nano-

sized platelets in the shell (Figure 5.40). Moreover, T ½{ooe} SSR become detectable within the 

core at 165 °C (Figure 5.40). This means that the crystal structure of the core and the shell in Figure 

5.57 (c) 3  cannot be further discerned from the octahedral tilt system point of view. Note, 

however, that the chemical heterogeneity remains for temperatures where diffusion processes are 

not considerable and is what leads to the formation of reversible nanodomains within the core. The 

disappearance of (𝑎−𝑎−𝑎−) octahedral tilting and appearance of (𝑎0𝑎0𝑐+) tilting within the core 

at ~ 165 °C may be correlated to the first dielectric relaxation observed at 𝑇𝑓𝑚 ~ 110 °C, 

considering its broad frequency dispersion and the inherent experimental errors of the in situ TEM 

measurements of ± 20 °C. Further temperature increase up to ~ 345 °C indicates a gradual phase 

transformation into a state of homogenized absence of domain morphology (Figure 5.57 (c) 4  and 

5 ).435 The vanishing of SSR also indicates that the tilting becomes either negligible or is below the 

detection limit of the TEM. The disappearance of the SSR coincides, within experimental errors, 

with the second dielectric relaxation occurring at 𝑇𝑠𝑚 ~ 320 °C. It is inferred from these 

experiments that all anomalies detected by the in situ TEM experiments can be attributed to 
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changes in the octahedral tilt angles, which are related to the observed dielectric relaxations, as 

previously found for other BNT-based ceramics.367,436 This result is expected since changes in 

domain morphology indicate local changes of the polarization and thus of dielectric properties 

(휀𝑖𝑗 =
𝜕𝑃𝑖

𝜕𝐸𝑖
). Note that the poling process increases the 휀𝑟

´´ values preferentially at 𝑇𝑓𝑚, indicating 

that on the macroscopic scale the poling procedure favors the (𝑎−𝑎−𝑎−) octahedral tilting. This is 

suggested since this dielectric relaxation of 휀𝑟
´´ at 𝑇𝑓𝑚 seems to be mostly related to the 

disappearance of the (𝑎−𝑎−𝑎−) octahedral tilting (Figure 5.40). Moreover, neutron diffraction 

patterns confirmed that the (𝑎−𝑎−𝑎−) tilting is favored with the application of an electric field 

(Figure 5.35). Increase in the 휀𝑟
´  values in the poled state seems to indicate an increased presence 

of PNRs with domain-like dynamics, as previously proposed for prototypical lead-containing 

relaxor.451 The latter two phenomena warrant further investigations. 

The electric field induced phase transformation of the core-shell at 4 kV/mm and 25 °C is 

schematically suggested in Figure 5.57 (c) 6 . The core and shell react differently to the electric 

field considering their different starting relaxor states, as was analyzed with pulse experiments 

(Figure 5.46). Initially the cores are expected to transform irreversibly to an induced ferroelectric 

state and experience switching along the electric field vector. Subsequently, the shell should 

feature an increased blurred contrast. Upon electric field removal, the ergodic shell should feature 

a reversible transformation to its initial contrast state (Figure 5.57 (c) 1 ), as proposed for other 

core-shell materials.253 It is noted, however, that certain irreversibility of the transformed shell 

regions adjacent to cores may also exist due to heterogeneous nucleation.242 Differences in 

polarization gradients between core and shell should lead to a higher electric field in the shell, 

thereby enabling the electric field induced phase transition at reduced electric fields.234,236 The 

ferroelectric state can still be induced at 80 °C and 4 kV/mm (Figure 5.57 (c) 7 ). Although, 

considering the lower values in the peak of 𝑡𝑎𝑛(𝛿) at 80 °C compared to room temperature (Figure 

5.43), a lower ferroelectric state fraction and switching processes are expected. Further 

temperature increases above 110 °C with an applied electric field of 4 kV/mm (Figure 5.57 (c) 8  to 

10 ) should not modify considerably the microstructural evolution described with no application of 

electric applied. Although electric field increases the correlation length of the (𝑎−𝑎−𝑎−) tilting 

system (Figure 5.34), the thermal energy is considerably high and restricts development of a long-

range ferroelectric order. 

Bridging the macroscopic and mesoscopic treatments: Although the core-shell microstructure of 

the BNT-0.25ST is instrumental to the high strain and seems to be responsible for the dielectric 

relaxations of the system, the reconciliation of the strain mechanism of this material solely by this 

approach neglects the fact that for compositions between 25 mol % and 28 mol % ST BNT-ST 

features a phase boundary.258,275,363 The presence of the core-shell contributed to the large 

electromechanical response of BNT-0.25ST only to a certain limited extent (Section 5.2.5), as 

compared to changes of 3 mol % ST (Figure 5.45). Therefore, it is apparent that the dominating 

reason behind the high strain output of BNT-0.25ST is the destabilization of the ferroelectric state 

ascribed to the high Sr2+ content. In situ electric field neutron diffraction was used to bridge 

mesoscopic scale treatment with the averaged long-range scale because the orientation-dependent 

study revealed information about the differently oriented grains (Section 5.2.2). More specifically, 
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this study revealed that the virgin and remanent states of BNT-0.25ST feature an average 

pseudocubic structure, although the mesoscopic TEM investigation indicated tilted structures. This 

can be ascribed to the short correlation length of the tilting system observed by TEM, indicating a 

contribution below the detection limit of the neutron diffraction.434  

In non-textured polycrystalline materials, grain orientations are random and fixed. Therefore, the 

interdependent relationship between grain orientation and constraints, switching events, and 

intergranular stresses should determine the relative content of electric field induced 

phases.144,452,453 BNT-based ceramics have been shown to feature either an electric field induced 

transformation into a single phase142 or a phase mixture141,143,145,146,434,454 depending on chemical 

composition.430 Moreover, the electric field required to induce a phase transition and its 

completeness depends on crystallographic direction.454,455 Despite the specifics described for the 

phase transition of BNT-based materials with a crystallographic dependence, it has been generally 

recognized that the electric field induced phase transformation in BNT-based materials occurs due 

to an average non-polar to polar phase or phases, indicating a FD longitudinal instability of 𝑃𝑠
𝑖.140 

Nonetheless, these materials may also feature AFD distortions considering that this is a feature of 

pure BNT.367 Generally covalency70 and anionic radii152 determine the prevailing type of instability. 

The Sr2+ was shown to promote AFD instabilities in perovskite ferroelectrics due to its relatively 

small cation radii.456 Together with considerations of the covalency of the bonds, it was determined 

that ST features prominent AFD distortions.70,371 The competing nature of both instabilities70 and 

the presence of Sr2+, implies that the electric field induced transformation and the predominant 

coupling between order parameters resulting in large strains in BNT-0.25ST must depend on grain 

orientation with respect to the applied electric field (Section 5.2.2). Figure 5.58 (a) provides a 

schematic representation of two grains, one with 〈ℎℎℎ〉 and the other with 〈00𝑙〉 oriented along 

the direction where the electric field will be applied. Figure 5.58 (b) displays a strain output 

(marked with 𝑆) that results from a selective transformation to either T (red) or R (blue) phases. 

Note that the two grains are meant as a representation of the core and shell microstructure but 

shown separately to allow for easier visualization. The representation considers reversibility of the 

phase transition from both constituents, as was seen from neutron diffraction (Figure 5.35).  

 

Figure 5.58: Schematic representation of the two ideal cases of grains with 〈𝒉𝒉𝒉〉 and 

〈𝟎𝟎𝒍〉 orientation along an applied electric field direction that respond with a strain 

indicated by 𝑺. Grains in the (a) virgin state (gray) transform preferentially and reversibly 

to either (b) tetragonal (red) or rhombohedral (blue) phases.  
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Both of the grain orientations provided in Figure 5.58 correspond to 𝑘∥𝐸, and the electric field 

directly affects the 𝑃𝑠
𝑖  since both first order tensors lie on the same spatial direction for T and R 

phases due to the grains’ different orientations in space. Note that the grains oriented along 

½(311)pc are not displayed since it was observed that they transform to a T phase due to the 

proximity of the ½(311)pc to 〈00l〉, rather than to 〈hhh〉. Since strain and polarization are coupled 

order parameters (as described in Section 2), a considerable lattice strain is promoted due to a 

longitudinal instability of 𝑃𝑠
𝑖, which leads to a maximized converse piezoelectric effect and 

electrostriction. Consequently, the case of 𝑘⊥𝐸 displays minimized lattice strain along [100] and 

[111] directions due to maximized shrinkage and thus compressive stresses. Nonetheless, intensity 

of ½(311)pc SSR is not maximized for a given direction in space. This indicates that the electric field 

induced phase transformation is active. In contrast, other BNT-based materials feature passive 

phase transformations as a consequence of compressive stresses.141,142 Since stresses seem to play 

a secondary role, the non-zero intensity of the ½(311)pc SSR indicates that the electric field is a 

conjugate thermodynamic variable of the octahedral tilt angle ∅. This entails that the correlation 

length of (𝑎−𝑎−𝑎−) tilting increases considerably upon application of electric field. Coupling 

between the electric field and ∅ in the T phase can be discarded since the ½(310)pc SSR 

corresponding to a 𝑃4𝑏𝑚 symmetry remained below the detection limit of the neutron diffraction 

experiment. Therefore, the strain of grains with 𝑅3𝑐 symmetry is a result of converse piezoelectric 

effect and/or electrostriction, as well as rotostriction. The latter is, to the author’s knowledge, the 

first experimental proof of the coupling between strain and ∅ in a bulk perovskite ferroelectric. The 

average pseudocubic phase of BNT-0.25ST can thus be indicated as a bridging phase between the 

FD longitudinal instability of 𝑃𝑠
𝑖  as well as of the AFD instability. This leads to an analogy between M 

and O phases that are generally considered to be bridging phases for FD transverse instabilities of 

𝑃𝑠
𝑖.173 Moreover, an orientation-dependent coupling between different order parameters implies a 

considerable degree of texturing since the development of polar phases is preferential in space 

(Figure 5.34). Therefore, the intrinsic nature of the orientation-dependent coupling promotes 

texturing, which is an extrinsic contribution. The switching associated with this texturing process 

was normally considered as indicative of the phase transition (Sections 5.2.4.2 and 5.2.4.3). Since 

the virgin state remains untextured, the reversible texturing of the bridging pseudocubic phase 

attributed mostly to the ergodic shells allows the FD longitudinal and AFD instabilities to be 

exploited at each cycle of applied electric field. The correlation between the development of the 

phase transition and subsequent switching was previously demonstrated in similar BNT-based 

materials.143,144 It seems feasible that the orientation-dependent phase transformation in BNT-

0.25ST is favored due to the core-shell microstructure, since it promotes competition between 

order parameters due different tilt systems and polarization gradients (Section 5.2.3). Therefore, 

the considerably high switching (and thus texturing) leading to the high electromechanical 

response of BNT-0.25ST is due to an orientation-dependent transformation facilitated by 

competing FD and AFD instabilities and the core-shell microstructure. This reconciles the low 

electric field required to attain the phase transformation into a long-range order in BNT-0.25ST as 

compared to the higher electrics fields needed for other BNT-based materials. The competing 

instabilities leading to a frustrated ferroelectric state should be also responsible for the reversible 

character of the phase transition that allows assessing a maximized strain output. 
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Implications: As treated throughout this entire work and specifically in Section 2.3, design of 

ferroelectrics around phase instabilities is one of the preferred choices to attain enhanced 

functional properties. So far AFD instabilities and their ability to generate strain have been largely 

ignored experimentally, although they have been treated theoretically in several phenomenological 

studies.58,457-459 It is interesting to note that even PZT, which is probably the most technologically 

relevant perovskite, features the presence of competing order parameters leading to FD and AFD 

instabilities depending on composition, temperature, and pressure.460-463 A literature survey 

indicated that this is a common feature of perovskite ferroelectrics that determines the stability of 

their ferroelectricity.456 A recent framework for frustrated ferroelectricity in tetragonal tungsten 

bronzes was developed based on competing instabilities.464 This suggests that a proper 

understanding of structural instabilities and associated order parameters, as well as their couplings, 

is mandatory in order to engineer the functionality of several classes of advanced ceramics. 

Ferroelectrics have been traditionally designed around FD phase instabilities169 to maximize strain 

output such as was treated for BZT-BCT (Section 5.1). However, the results of this section imply 

that AFD instabilities also contribute to the maximum achievable strain. 
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6 Conclusions 

In this work, the strain mechanisms of two different lead-free ferroelectrics, the (1-

x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 and the (1-x)(Bi1/2Na1/2)TiO3-xSrTiO3, have been thoroughly 

investigated and analyzed in order to identify the different contributions to the electromechanical 

output. With the purpose of describing the relations between functional properties, crystal 

structure, and microstructure various different techniques were employed on different length 

scales. Special emphasis was done to elucidate different types of phase instabilities and their 

influence on the electromechanical properties. Moreover, the broad range of experiments 

performed also enabled an application-oriented characterization, as given in Appendix V for 

interested readers. 

From the results obtained for the (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 system, it can be concluded 

that although both intrinsic and extrinsic contributions to the piezoelectric activity are relevant, 

extrinsic contributions are generally larger. It was observed that the rhombohedral phase is less 

distorted and much softer than the tetragonal phase, which means that the rhombohedral phase 

had higher extrinsic contributions and less temperature stability. In contrast, the tetragonal phase 

was observed to be much harder from a piezoelectric and elastic properties point of view. In this 

phase small signal, large signal, and elastic properties were shown to be quite insensitive to 

temperature up to the Curie temperature of 95 °C. This was attributed to a high intrinsic 

contribution and an overall decrease of switching processes with increasing temperature. The 

interleaving region between rhombohedral and tetragonal phases, termed in this work as an 

orthorhombic phase, displayed a large piezoelectric activity in the small and large signal regimes. It 

was observed that this phase features the highest irreversible switching in the compositional range 

investigated and high coupling coefficient values. These properties are a result of the high elastic 

softening of this phase as well as the high multiplicity of polarization directions. Three regions of 

the phase diagram near phase boundaries were investigated in detail. The convergence region, 

found between 0.65 mol fraction Ba(Zr0.2Ti0.8)O3-0.35 mol fraction (Ba0.7Ca0.3)TiO3 and 0.63 mol 

fraction Ba(Zr0.2Ti0.8)O3-0.37 mol fraction (Ba0.7Ca0.3)TiO3 at temperatures between 55 °C and 65 °C, 

was predicted to consist either of a quadruple point or two triple points. Without the presence of a 

bias-field, the convergence region displays relatively low 𝑑33 due to a reduction of the poling state 

at these temperatures. The low value of 𝑑33
∗  in this region is, however, the consequence of small 

non-cubic distortions. A line of critical points at a finite bias-field higher than the coercive field 

values was observed above the Curie temperatures of all the compositions investigated, revealing 

that the convergence region does not feature criticality. It was found that the line of critical points 

depicts maximized 𝑑33 and intermediate 𝑑33
∗  values. Maximized 𝑑33 at the critical line resulted 

from a high reversible extrinsic contribution, as well as intrinsic contributions although to a minor 

extent. Similarly, as the convergence region little non-cubic distortions led to non-maximized 𝑑33
∗  

values. Two polymorphic phase boundaries characterized by different electromechanical response 

were also found in the (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3. The rhombohedral to orthorhombic 

polymorphic phase boundary displays maximized 𝑑33
∗  ascribed to relatively high intrinsic and 

extrinsic contributions, the latter being mostly reversible switching. In contrast, the highest 𝑑33 and 

nearly equally large 𝑑33
∗  was observed in the orthorhombic to tetragonal phase boundary. This 
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enhancement of both measures of piezoelectric coefficient is a consequence of the maximized 

intrinsic properties and a high degree of irreversible extrinsic switching. The most relevant 

contribution to the intrinsic properties on the system near polymorphic phase boundaries was 

found to be the ferrodistortive transverse instability of the spontaneous polarization. 

From all the research performed for the (1-x)(Bi1/2Na1/2)TiO3-xSrTiO3 system, it can be concluded 

that the large signal strain output is a result of switching processes arising from a first order, 

orientation-dependent phase transformation from a macroscopically pseudocubic to a combination 

of tetragonal and rhombohedral phases. The orientation-dependent phase transformation evolves 

as a consequence of the competing ferrodistortive longitudinal and antiferrodistortive instabilities 

near room temperature ascribed to a pseudocubic bridging phase. In the mesoscopic scale, each 

grain will either transform to tetragonal or rhombohedral symmetry depending on grain 

orientation with respect to the electric field vector. This entails that grains oriented unfavorable to 

the electric field vector can still transform and contribute to the strain output. The intrinsic 

contributions resulting from the competing instabilities were found to be piezoelectricity, 

electrostriction, and rotostriction. Piezoelectricity and electrostriction were found for grains 

transforming to the tetragonal phase. Grains transforming to the rhombohedral phase display the 

latter strain mechanisms, as well as rotostriction. The competing instabilities mean that a relatively 

low electric field between 2.42 kV/mm and 2.85 kV/mm is required to develop the long-range 

ferroelectric state in the hertz frequency range. Moreover, the orientation-dependent 

transformation also results in a considerable degree of reversible texturing since each phase can 

nucleate preferentially in space with respect to the electric field vector. The 0.75(Bi1/2Na1/2)TiO3-

0.25SrTiO3 ceramics consist of a core-shell microstructure, which is a product of the limited 

diffusion between (Bi1/2Na1/2)TiO3 and SrTiO3 during processing. The core features a lower 

Sr2+/(Bi3+,Na+) ratio compared to the shell, which implies a non-ergodic relaxor state in the core in 

contrast to the ergodic relaxor state of the shell. Therefore, the electric field induced phase 

transformation described is mostly attributed to the shells. Differences in polarization gradient and 

tilting systems between core and shell are a consequence of their chemical difference and favor the 

coexistence of the discussed competing ferrodistortive and antiferrodistortive instabilities. 

Moreover, this microstructure imparts a higher local electric field distribution in the shells. This in 

turn promotes the reduction of the average electric field needed in order to induce the phase 

transformation. Criticality was found between 80 ° and 110 °C with electric fields between 3 and 4 

kV/mm. Similarly as found for (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3, maximized 𝑑33 and intermediate 

𝑑33
∗  values were observed in the critical region and were ascribed to the same fundamental reasons 

previously discussed.  

Analysis of the results presented in this work and the work performed within various collaborations 

led to several conclusions that, in the author´s opinion, may be considered as guidelines for the 

future design of ferroelectrics: 

 Maximization of the intrinsic contribution to 𝑑33 will be attained at phase boundaries that 

present a reduced free energy anisotropy, high softening, and high spontaneous/remanent 

polarization. Neither the reduced free energy anisotropy, nor elasticity, nor high 

spontaneous/remanent polarization can be considered as sufficient conditions on their own in 

order to attain maximized piezoelectric properties, but rather each part is necessary.  
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 The intrinsic contribution to 𝑑33 in a system with several interferroelectric transitions is 

expected to be maximized at the phase boundary that provides the greatest shear softening. 

This holds true only in cases where similar levels of reduced free anisotropy energy and 

spontaneous/remanent polarization are maintained. 

 Critical points entail maximized small signal 𝑑33 rather than 𝑑33
∗ . This statement is valid for 

ferroelectrics with first order (or weak first order) phase transitions that evolve to second order 

at relatively high temperature. The maximized small signal 𝑑33 is a consequence of the balance 

between a considerably high thermally activated reversible extrinsic switching with a minor 

proportion of intrinsic response. Since the non-cubic distortions are small at high temperatures 

maximized 𝑑33
∗  values should not be expected due to little strain per switching event. 

 Bridging phases are of fundamental importance since they facilitate instabilities of order 

parameters which is another key to achieving enhanced properties. These phases will promote 

switching processes and thus texturing due to the high multiplicity of polarization directions 

that they enable. 

 Maximizing the number of instabilities related to different order parameters may maximize 

outputs in several multifunctional ceramics. 

From an application point of view, the systems investigated can be considered as potential 

candidates for actuator applications mostly in low operational temperatures (up to ~ 100 °C). It 

was observed that the (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 system is a promising lead-free 

candidate for applications working in the quasi-static, dynamic, and potentially high power small 

signal applications. Large signal actuator applications requiring high strain output, but at reduced 

electric fields of 1 kV/mm, can also be considered as a potential field of application for this system. 

Large signal applications, requiring a considerably high strain output above 0.25 %, may implement 

the 0.75(Bi1/2Na1/2)TiO3-0.25SrTiO3 as a possible candidate. However, it should be taken into 

consideration that the optimal driving electric field for this material was found to be 4 kV/mm. The 

lack of the need for a dc bias poling process and reliable reversibility of the phase transition even 

after several cycles are beneficial for its implementation.  
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7 Remarks and Future Work 

Ferroelectric materials have been traditionally designed around phase boundaries to enhance 

electromechanical properties. The enhancement has been attributed to several fundamental 

reasons and remains an open research area. Namely, reduction of the free energy anisotropy, 

crystal softening, nanodomain formation, local chemical/structural ordering, and local low 

symmetry phases, among others have been evoked to reconcile the superior properties found 

around phase boundaries. Nevertheless, in the desperate search of finding the key fundamental 

reason behind exceptional electromechanical properties, the interdependent relation between 

them has been largerly ignored due to a limited view of the physical problem in question. This 

resembles the parable of the elephant: 

“Four blind men encounter an elephant. One grabs the leg and concludes it is a tree trunk. One 

holds the tail thinking it is a whip. Another touches the elephant’s trunk and decides it’s a hose and 

the fourth man pats the side concluding it’s a wall”.176 

Although the four blind men got a correct answer of what they hold, a more enriching view would 

have been made if they would have talked to each other and as a group discussed their findings 

trying to integrate their limited knowledge into a complete view. In general scientists have realized 

this concept, as the amount of peer reviewed papers with increasing scientific cooperation have 

increased in last years.465 Nonetheless, new multidisciplinary approaches should contemplate 

existing concepts and their interrelationships to construct a complete view of the “elephant”. 

Although a broad investigation from several perspectives was achieved during this work, the 

limited time duration of a doctoral degree entails restricted research and thus remaining open 

questions. In the case of the (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3, a synthesis study is required to 

elucidate consistently the effect of the variations of the secondary phase Ba6Ti17O40 content in the 

structural and functional properties, as actually modifications of Ba6Ti17O40 were shown to 

determine to a certain extent the functionality of the system.386 Variation of the synthesis 

conditions and secondary phases entails an effect in the defect chemistry. A non-negligible internal 

bias-field that varied with composition was observed in this work and indicates that defect 

chemistry should be analyzed since defects affect domain switching processes. In this work only 

processes related to non-180° switching and without variation of synthesis conditions were 

investigated. Future works relating point defects and all domain switching processes could be of 

great technological impact.328,466 Specifically, stabilization of an engineered domain structure 

through proper poling or defects could be seen as a promising approach to enhance 

electromechanical properties. Considering the almost degenerate free energy between 

rhombohedral and orthorhombic phases, in situ neutron diffraction studies are encouraged to 

explore the possible presence of an electric field induced phase transition on the system. This 

structural study, together with Rayleigh measurements, could lead to a much more fundamental 

understanding of the strain mechanisms of the system. Further insights into the relaxor-like nature 

of (1-x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 are also required and warrant further studies. The relaxor 

properties of the (1-x)(Bi1/2Na1/2)TiO3-xSrTiO3 system were found to be quite relevant in the 

determination of its functional properties. Therefore, a study of switching dynamics should be 

performed to expand the current knowledge on the relaxor physical features and the electric field 
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induced ferroelectric state. This approach could also provide relevant insights for its applicability. 

Engineering the core-shell microstructure of the 0.75(Bi1/2Na1/2)TiO3-0.25SrTiO3 remains an open 

research area and should be further investigated to evaluate the role of this microstructure on the 

system. Moreover, the core-shell microstructure of 0.75(Bi1/2Na1/2)TiO3-0.25SrTiO3 is a unique 

research platform for fundamental interface studies in two materials with different local structures 

and polarization states.  

Further studies are also required in case that technological implementation is desired. Reliability 

studies such as influence of humidity, aging, and fatigue were not treated in this work and 

constitute indispensable studies for the technological implementation of ferroelectrics. Scalability 

of synthesis processes is also a considerable technological challenge that was out of the scope of 

this work. Selection of proper electrodes is of crucial importance considering that most of the cost 

of an actuator is due to the metal electrodes.467 Biocompatibility studies also offer a great 

opportunity to implement lead-free piezoelectrics in medical applications. It was noted that for 

specific niche markets lead-free piezoceramic have superior properties than lead-containing 

counterparts.10 The perspective on the technological implementation of lead-free piezoelectrics, 

considering solely the foreseen niche markets applicability, indicates that device designers should 

produce by their own the materials with the specific requirements for each application in order to 

assure economic viability. This indicates that, unless a lead-free piezoceramic with a broad range of 

tunable properties becomes available, the market of lead-free piezoceramics will remain relatively 

small as compared to lead-containing materials. Nevertheless, considering the relatively “young” 

field of research of lead-free piezoelectrics further improvements are to be expected.10 It is 

interesting to note that in 1946 von Hippel, one of the most well-known scientists in the history of 

ferroelectricity, stated: “Barium titanate, on the other hand, cannot be recommended as a 

capacitor dielectric except in special cases”.260 Today barium titanate is the preferred material for 

ceramic capacitors worldwide.16 Therefore, one question that remains is: how will the 

implementation of lead-free piezoceramics evolve in the upcoming years? To the author´s opinion, 

further insight into the strain mechanisms of these materials should aid to achieve more attractive 

properties leading to their implementation. 
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8 Appendix I: Nomenclature for Core-Shell Microstructures 

Bulk core-shell dielectrics have shown to be technologically relevant for high temperature 

applications.285,468 With the advent of nanotechnology, there has also been a continuous increase in 

organic and inorganic core-shell nanoparticle discoveries with exceptional properties.8 This gave 

rise to the discovery of several types of core-shell microstructures, such as spherical256,284,285,468, 

hexagonal469,470, multiple cores within a single shell471,472, onion-like473,474, movable core within 

shell475,476, and 2-D structures such as rods477-479, among others. A general notation is described 

here in an attempt to standardize the nomenclature used to define core-shell microstructures. The 

complete nomenclature can be described as: 

(𝑆ℎ𝑛(𝑠ℎ), 𝐶𝑜𝑘(𝑐𝑜))
𝑖(𝑐𝑜)

, 

where 𝑆ℎ is the number of shells that can vary from 1 to ∞ and 𝐶𝑜 is the number of cores that can 

vary from 1 to (∞-1). The subscripts 𝑛 and 𝑘 define the number of mirror planes of each shell and 

core, respectively, where 𝑠ℎ and 𝑐𝑜 define the corresponding shell or core under consideration. In 

the specific case of a 2-D structure 𝑛 and 𝑘 can take values up to 𝑆ℎ + 1 and/or 𝐶𝑜 + 1, since a 

mirror plane exists along the longitudinal axis and normal to it. Core-shell structures with a 2-D 

dimensionality should be indicated with a bar; i.e., �̅� and �̅�. The final subscript 𝑖 defines the 

coherency of each interface between core and shell. The nomenclature should be only utilized 

under certain considerations: 

 Only a repeatable core-shell structure should be considered for the analysis. This is exclusively 

relevant for bulk core-shell materials in order to avoid the consideration of certain undesired 

inherent microstructural defects such as porosity as a core. 

 A core is defined as a region with chemical and structural properties differing from the material 

that surrounds it. The region that surrounds the core is defined as the shell. It is possible, for 

example in “onion/matryoshka-like” structures473,474, that several constituents can be 

simultaneously considered as both a core and a shell. 

 The order for counting different constituents should always be performed from the outermost 

to the innermost constituent. An intentional engineered “void” or “hollow”, such as in 

Refs.475,476 is considered an extra constituent that can be either core and/or shell.  

 The view of the core-shell structure during analysis should be such that the longest rotational 

axis of the core is parallel to the normal of the investigated surface. In the case of so called 2-D 

nanostructures, such as wires, rods, or tubes the extra dimension will result in an extra mirror 

plane perpendicular to the normal of the surface. 

 Core-shell bulk materials may present a shell distribution rather than a defined shell geometry. 

The reason for this is that grain geometries (i.e., shells) in bulk materials are expected to 

present a geometry distribution. 

 In the case of a change in the geometry of an internal core, the outer cores need to be 

mentioned to avoid misinterpretations of the structure. There is no need to repeat n and k 

indexes in case all inner constituents present the same number of mirror planes such as for 

instance in conventional “onion/matryoshka-like” structures.473,474 
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Based on these considerations, the generalized nomenclature for core-shell geometries proposed is 

exemplified in Figure 8.1. Examples of the core-shell geometries found in literature are also given. 

 

 

Figure 8.1: Representative core-shell geometries with their respective nomenclatures. 

  



 

 

140 

 

9 Appendix II: Electromechanical Equations 

Relevant electromechanical equations for this work are given in this section. Impedance and 

capacitance measurements enable the dynamic piezoelectric characterization from which a set of 

piezoelectric, dielectric, and elastic properties can be obtained for a specified geometry excited in a 

given vibration mode. Figure 9.1 (a) and (b) introduce reactance and impedance curves with 

relevant parameters to be considered, respectively. Figure 9.1 (c) displays the 33 mode employed 

for the measurements in this work. 

 

 

Figure 9.1: (a) Vector impedance diagram and (b) typical impedance and phase angle 

measurement curves. (c) scheme of 33 mode employed in this work indicating that the 

polarization 𝑷 and measured displacement ∆𝒙 are parallel. 

 

The resonance-antiresonance frequencies 𝑓𝑟 and 𝑓𝑎 correspond to a material with pure real 

resistance. The frequencies 𝑓𝑠 and 𝑓𝑝 represent the resonance-antiresonance values that would be 

measured in a material with no losses. The frequencies 𝑓𝑚 and 𝑓𝑛 depict the smallest and largest 

magnitudes of impedance, respectively. The frequencies 𝑓𝑚 ≈ 𝑓𝑠 ≈ 𝑓𝑟 and 𝑓𝑛 ≈ 𝑓𝑝 ≈ 𝑓𝑎 coincide 

approximately for a low loss piezoelectric resonator. Based on this assumption, it is possible to 

calculate 휀33
T , 𝑘𝑒𝑓𝑓, 𝑘33, 𝑑33, 𝑄𝑚, 𝑠33

𝐷 , 𝑠33
𝐸 , and 𝑁33 as displayed in Table 9.1.385,468,480 
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Table 9.1: Dynamic piezoelectric and elastic coefficients that can be calculated from a 33 

mode resonance measurement.385,480 𝒕: thickness, 𝒍: longitude, 𝒁: impedance. 

Denomination Equation Equation number 

Permittivity of the medium 휀33
𝑇 = 𝐶𝑇

𝑡

𝐴
 Equation 9.1 

Effective coupling coefficient 𝑘𝑒𝑓𝑓
        2 =  

𝑓𝑝
 2 − 𝑓𝑠

 2

𝑓𝑝
 2  Equation 9.2 

Coupling coefficient 𝑘33
    2 =  

𝜋

2

𝑓𝑟

𝑓𝑎
cot(

𝜋

2

𝑓𝑟

𝑓𝑎
 ) Equation 9.3 

Dynamic piezoelectric 

coefficient 
𝑑33 = 𝑘33(휀33

𝑇 𝑠33
𝐸 )

1
2⁄  Equation 9.4 

Mechanical quality factor 𝑄𝑚 =  
1

2𝜋𝑓𝑚|𝑍|𝐶𝑇𝑘𝑒𝑓𝑓
        2 Equation 9.5 

Open circuit elastic 

compliance 
𝑠33

𝐷 =  
1

4𝛿𝑠𝑓𝑝
 2𝑙2

 Equation 9.6 

Short circuit elastic 

compliance 
𝑠33

𝐸 =  
𝑠33

𝐷

1 − 𝑘33
     2 Equation 9.7 

Frequency constant 𝑁33 =  𝑓𝑝𝑙 Equation 9.8 
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10 Appendix III: Dielectric Relaxation in the (1-x)Ba(Zr0.2Ti0.8)O3-
x(Ba0.7Ca0.3)TiO3 System 

Ravez et al.115,116,334 reported that the ternary system between BT, BZ, and CT depicts relaxor 

features. Depending on the compositional range the relaxor features of the ternary system may be 

weak. An input signal in the frequency range between 1 Hz and 1 MHz was employed to 

characterize the dielectric properties as a function of temperature to elucidate the frequency 

dispersion of dielectric properties on the system, as introduced in Figure 10.1. Insets display the 

position of the 휀𝑟
´  maximum as a function of frequency. A non-zero frequency shift of the maxima is 

featured in all BZT-BCT compositions. The non-zero frequency shift does not follow for any 

composition the Vogel-Fulcher relationship indicating that the relaxation process does not seem to 

be a conventional relaxor-like type. It seems to shift from a thermally activated Arrhenius increase 

in temperature with increasing frequency for BZT-0.30BCT to an almost linear increase of the 

maxima for the BZT-0.45BCT. A detailed treatment of the non-conventional relaxor features of the 

BZT-BCT is out of the scope of this work. It should be noted that the dielectric relaxation depicted 

may also be related to a Maxwell-Wagner effect429 due to the presumably existent secondary 

phases at grain boundaries.386 

 

 

Figure 10.1: Temperature- and frequency-dependent 𝜺𝒓
´  measured over a broad 

frequency range between 1 Hz and 1 MHz for BZT-BCT measured upon cooling. Insets 

depict the maximum of 𝜺𝒓
´  as a function of frequency. 
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11 Appendix IV: Cycling Reliability of the (1-x)(Bi1/2Na1/2)TiO3-
xSrTiO3 System 

In order to study the cycling stability of BNT-0.25ST, Figure 11.1 introduces (a) bipolar polarization 

and (b) bipolar strain for the 2nd cycle, after 105 cycles, and after 106 cycles. It is depicted that the 

material features reliable cycle stability. It is actually found that polarization and strain output 

increases with increasing number of cycles. Fatigue-free BNT-based materials were also reported in 

the literature.481,482 The creation of fresh domains after each cycle due to the reversible character 

of the electric field induced phase transition in incipient piezoelectrics was proposed to be 

responsible for fatigue-free materials. Similarly as in BNT-BT-ST354, defects and charges 

accumulated at the core-shell interface may play a role in the fatigue effect. Further detailed 

studies are required to reconcile the fatigue behavior of BNT-0.25ST. 

 

 

Figure 11.1: Bipolar (a) polarization and (b) strain as a function of electric field for BNT-

0.25ST. Polarization and strain are displayed after virgin cycle, 105, and 106 cycles. 
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12 Appendix V: Application-Oriented Characterization 

A thorough research was performed on the BZT-BCT and BNT-ST systems in order to elucidate their 

strain mechanisms. However, the applicability of these materials for small and large signal 

applications was also investigated by these experiments. In this section a brief comparison 

between soft PZT (PIC 151), BZT-0.40BCT, and BNT-0.25ST is made to elucidate the applicability of 

the lead-free materials analyzed in the small and large signal regimes. Note that the BZT-0.40BCT 

was selected for comparison purposes since this composition features a compromise between 

enhanced properties and temperature stability. In case maximization of small signal properties is 

required at room temperature the optimum composition is BZT-0.50BCT, although for large signal 

applications either BZT-0.40BCT or BZT-0.50BCT can be considered. In the case that temperature 

stability is required, the BZT-0.60BCT could be selected due to the highest temperature stability, 

although with a lower electromechanical output. 

 

12.1 Small Signal Regime 

Apart from the electromechanical output, two of the most relevant parameters to elucidate the 

applicability of a ferroelectric material in small and large signal applications are the temperature 

and frequency operational ranges (Table 1.1). Figure 12.1 provides the normalized quasi-static 𝑑33 

of PIC 151 and BZT-0.60BCT as a function of temperature. Normalization was performed with 

respect to the room temperature 𝑑33 of each material. Note that the small signal 𝑑33 of BNT-

0.25ST is not shown because it is considerably low due to the discussed incipient piezoelectricity of 

this material. 

 

 

Figure 12.1: Comparison of normalized 𝒅𝟑𝟑 as a function of temperature for PIC 151 and 

BZT-0.60BCT.  
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Figure 12.1 specifies that PIC 151 features variation of 𝑑33 below ± 10 % in the temperature range 

between 25 °C and 120 °C. If ± 10 % variation of properties is set as an acceptable variation in 

service, the operational range of BZT-0.60BCT is between 25 °C and ~ 80 °C. Note that the small 

signal temperature range of applicability of BZT-BCT can be greatly enhanced by superimposing a 

bias-field with a proper temperature profile. Figure 12.2 displays the 𝑑33 as a function of bias-field 

obtained for BZT-0.30BCT at different temperatures. This composition was chosen to explain this 

concept since it displays a low 𝑇𝐶  = 61 °C. It is observed that it is possible to apply a bias-field at a 

given temperature even up to 105 °C such that 𝑑33 remains ~ 200 pC/N for a superimposed sinus 

wave function of 0.02 kV/mm. The bias-field required to obtain these intersections is displayed in 

the inset. It is observed that it displays a parabola profile (green dotted line indicates fitting 

performed with a parabola function). Note that with this approach temperature operability almost 

twice as high as without bias-field can be obtained for this composition with considerably low bias-

field voltages below 0.70 kV/mm. In the hypothetical case of a multilayer actuator with layers of ~ 

20 μm thickness483, a maximum bias-field input voltage of 14 V would be needed based on this 

analysis. This strategy seems feasible for BZT-BCT considering its low 𝐸𝑐 (Figure 5.24). A 

conventional proportional-integral-derivative controller would be required to regulate the bias-

field input. 

 

 

Figure 12.2: Small signal 𝒅𝟑𝟑 as a function of bias-field for different temperatures. Inset 

displays the bias-field input electric field required to obtain a 𝒅𝟑𝟑 ≈ 200 pC/N. Dotted 

lines indicate fitting performed with a parabola. 

 

During the dynamic characterization of BZT-BCT (Section 5.1.3.2.2), it was noted that the T phase of 

BZT-BCT features promising piezoelectric properties for high power applications. The positive 

temperature profile of 𝑄𝑚 with increasing temperature ascribed to the hard-spring effect can be 
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beneficial for high power applications due to an “auto regulation” of the temperature indicating 

that as the material temperature increases during service, the increase in 𝑄𝑚 should lead to a 

gradual stagnation of the self-heating process. Moreover, the relatively high and temperature 

stable 𝑁33 also indicates that the BZT-BCT can vibrate consistently at high frequencies.  

 

12.2 Large Signal Regime 

Figure 12.3 provides the (a) normalized 𝑑33
∗  as a function of temperature, (b) normalized 𝑑33

∗  as a 

function of frequency, and (c) heat dissipated per cycle. The shaded regions indicate the accepted 

stability of properties considering the stability of PIC 151. Normalization of 𝑑33
∗  was performed with 

respect to the room temperature 𝑑33
∗  of each material at the optimized operational electric field 

corresponding to 2 kV/mm for PIC 151, 1 kV/mm for BZT-0.40BCT, and 4 kV/mm for BNT-0.25ST at 

5 Hz. The heat dissipation was calculated by integration of the unipolar polarization loops ∮ 𝑃𝑑𝐸. 

 

 

Figure 12.3: Comparison of normalized 𝒅𝟑𝟑
∗  as a function of (a) temperature and (b) 

frequency for PIC 151 at 2 kV/mm, BZT-0.40BCT at 1 kV/mm, BNT-0.25ST at 4 kV/mm. (c) 

Introduces the energy dissipation per cycle on each material. All values are given at 5 Hz. 

 

PIC 151 features a ± 20 % variation of 𝑑33
∗  in the temperature range between 25 °C and 170 °C. 

Therefore, ± 20 % was set as the acceptable temperature variation in service. This indicates that 

the temperature working range of BZT-0.40BCT is between 25 °C and ~ 60 °C, whereas of the BNT-

0.25ST is between 25 °C and ~ 95 °C. Note that the lower limit of 25 °C is actually given due to the 

characterization performed and not due to 𝑑33
∗  variations. Encapsulation and/or coatings, apart 

from further properties optimization, are a viable strategy to reduce the impact of high 

temperature on these materials and to improve reliability.12,484 PIC 151 depicts ± 5 % variation of 

𝑑33
∗  in the frequency range between 0.05 Hz and 50 Hz (Figure 12.3 (b)). This is a similar frequency 

response than observed in BNT-0.25ST, whereas the BZT-0.40BCT has the lowest frequency 

stability. It is noted, however, that at higher frequencies PIC 151 should depict higher stability than 

BNT-0.25ST. Figure 12.3 (c) indicates that BZT-0.40BCT has the lowest heat dissipation, which can 

be attributed to the characteristic slim hysteresis loops of this system (Figure 5.23). In the 
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temperature region where the BNT-0.25ST features the highest strain outputs associated with the 

induced ferroelectric state, it also depicts higher losses, which are five times larger than in PIC 151. 

Nonetheless, it should be considered that other incipient piezoelectrics depict losses an order of 

magnitude higher than BNT-0.25ST, indicating the benefits of this system compared to other BNT-

based materials.485 It is noted that the heat dissipation is highly correlated to switching processes, 

which also entail non-linearity in the strain output that can be detrimental for certain applications. 

Nonetheless, there have been developments to compensate for non-linearity of ferroelectrics by 

driving electronics.486,487 
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