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Abstract

A goal in the search for lead-free piezoelectrics is to discover solid solutions
with temperature insensitive morphotropic phase boundaries, as this is likely to
enhance piezoelectric properties and promote temperature-stability. Furthermore, there
Is a high drive for developments of temperature stable dielectric ceramics which can
operate at temperatures > 200 °C, well above the limit of existing high volumetric
efficiency capacitor materials.

A new family of novel lead-free piezoelectric perovskite solid solutions in the
binary systems (1-x)KosBiosTiO3-xBi(MgosTios)O3, (1-X)KBT-xBMT and (1-
X)Ko:5BiosTiO3-xBa(Zro.2Tio.g)O3, (1-X)KBT-xBZT were fabricated. In the examination
of (1-x)KBT-xBMT ceramic system, a phase boundary (MPB) between tetragonal and
mixed phase tetragonal+cubic (pseudocubic) was identified at 0.025 < x < 0.03.
Compositions 0.03 < x < 0.08 were mixed, tetragonal and cubic phase. Compositions
close to MPB exhibited favourable piezoelectric properties, for example, the
piezoelectric charge coefficient, dss, was 150 pC/N for composition x = 0.03, and 133
pC/N for x = 0.04. A high bipolar electric field-strain was exhibited by MPB
compositions with strains of 0.25%-0.35%. Values of temperature dependent unipolar
strain for the (1-x)KBT-xBMT (x = 0.03 and 0.04) were retained ~ 0.18% at a
temperature > 185 °C. Thermally stimulated charge decay and ky,-T measurements
revealed full depolarisation at Tq ~ 220 °C. The overall properties are very promising
for electromechanical actuator applications.

In the binary (1-x)KBT-xBZT system, the mixed phase (tetragonal+cubic)
composition x = 0.1, demonstrated a piezoelectric charge coefficient, dss = 130 pC/N,

bipolar strain ~ 0.13% (60 kV/cm) and high depolarisation-temperature ~ 220 °C.
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Temperature stable dielectric systems; (1-x)Bao.gCap2TiO3-XBi(Mgo.5Tios)0s3,
(1-x)BCT-xBMT), 0.45Bao.sCao2TiO3-(0.55-x)Bi(Mgo.5Tios)O3-xNaNbOs, 0.45BCT-
(0.55-x)BMT-xNN, and (1-x)[0.5Ko5Bio5Ti03-0.5Ba(Zro.2Tio.g)O3]-xBi(Zn23Nb13)Os,
(1-x)[0.5KBT-0.5BZT]-xBZN were synthesised with near plateau in relative
permittivity-temperature response (e-T), giving a =£15%, or better, consistency in &r
across a wide temperature range, coupled with optimum dc resistivities. The
composition: 0.5BCT-0.5BMT indicated a temperature stability, & = 800+15% from
40-550 °C, with tand < 0.02 over the temperature range 100-400 °C. For a slightly
higher BMT content, the dielectric properties were superior to 0.5BMT, with & =
950+15% from 70 to 600 °C and tand < 0.02 from 160-550 °C. Achieving temperature-
stability down to -55 °C and below was accomplished in the 0.45BCT-0.55BMT
ceramic materials by the incorporation of NaNbOs at a level x > 0.2. Modification with
X = 0.3, led to the temperature stability in relative permittivity, with & = 550+15%
across the temperature range -70 °C-300 °C and tand < 0.02 from -60 °C to 300 °C, thus
achieving the goal of producing a temperature-stable relaxor dielectric to operate in a
range of harsh environments down to < -55 °C. Similarly, a near flat dielectric response
was exhibited by the ceramic system (1-x)[0.5KBT-0.5BZT]-xBZN ceramic system (x
= 0.2BZN) with & = 805+15% across a wide temperature range, from -20 °C to 600 °C;
with tand < 0.02 across from 50 °C to 450 °C. These temperature stable dielectric
materials were comparable to the best temperature stable dielectric materials for

example; 50BaTiO3-25Bi(ZnosTios)03-25BiScOs, &

1100+15% (80-500 °C),

0.85[0.6NaosBiosTi03-0.4Ko5BiosTiO3]-0.15K05NagsNbOs, & = 2167+10% (54-400 °C) and

highly attractive for the high temperature capacitor applications.
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Chapter 1 : Introduction

This thesis encompasses two important categories of electroceramics: lead-free

piezoelectrics and lead-free high temperature dielectrics.

1.1 Piezoelectric Materials

Piezoelectricity refers to the conversion of mechanical energy into electrical
energy and vice versa. Piezoelectric materials have diverse uses and applications;
examples includes high voltage generators, actuators, sensors, transducers, capacitors
and fuel injectors in automobile industries [Leontsev and Eitel (2010), Zhou et al.
(2012)]. The market-leading high performance piezoelectric, lead zirconate titanate,
PZT, is a perovskite solid solution between PbZrOs and PbTiOs in which a
morphotropic phase boundary, MPB, exists between rhombohedral and tetragonal
phase fields at around 52 mol% PbZrOs; compositions at this boundary have enhanced
electromechanical properties [Jaffe (1971), Noheda et al. (1999)]. For undoped PZT at
MPB, the reported piezoelectric properties were: Curie temperature, T¢ = 390 °C,
relative permittivity, & = 1600 at room temperature, piezoelectric charge coefficient,
dsz = 233 pC/N and planar electromechanical coupling factor, k, = 0.52 [Ansell et al.
(2014)].

A range of chemical dopants, commonly classified as donors (soft PZT) or
acceptors (hard PZT), have been used to optimise the piezoelectric properties of PZT
for specific applications. However, health and environmental concerns surrounding the
use of toxic lead oxide pose the threat of global restrictions under European Union and
other legislations [(Directive 2003a), (Directive 2003b)]. Therefore, an intensive search

is underway for lead-free alternatives to replace PZT-based materials.
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Numerous lead free barium titanate-based (BaTiOs) ferroelectric materials with
improved piezoelectric properties have been developed. Liu and Ren (2009) reported
excellent piezoelectric properties of the 0.5Ba(Zro.2Tio.g)O3-0.5Bao.7CaosTiO3 ceramic
system. A high value of dss ~ 620 pC/N was obtained due to the coexistence of
rhombohedral and tetragonal polymorphs at temperatures close to the cubic paraelectric
phase transition. However, because the Curie point T¢ (depolarisation temperature) is <
100 °C, these properties are highly temperature sensitive and degrade as temperature
increases above room temperature. A closely related piezoelectric properties with high
piezoelectric constant, dss ~ 530 pC/N was achieved in the binary system
0.7Ba(Sno.2Tio.8)03-0.3Bag.7CansTiO3 but at a phase convergence temperature close to
Te ~ 20 °C [Xue et al. (2011a)].

A number of other lead-free piezoelectrics have been proposed, for example
potassium sodium niobate (Ko.sNaosNbOz) based systems, a relatively high value of ds3
~ 230 pC/N and kp ~ 0.44 because of phase co-existence at a polymorphic phase
transition PPT rather than a temperature-invariant MPB [Guo et al. (2004), Skidmore et
al. (2009)]. More recent developments have further improved properties and improved
temperature stability, for example; the reported piezoelectric properties were for
0.92Ko5NaosNbO3-0.02Bio5Li05TiO3-0.06BaZrOs, dss = 348 pC/N and kp = 0.57 at
room temperature and retained up to ~ 200 °C [Wang et al. (2015)]. Similarly, in the
ternary system: 0.955K48Nao52NbO3-0.005BiScO3-0.04Bio.5(Nag7Ko2Lio.1)05Zr0Oz, a
high value of dss ~ 366 pC/N was reported at room temperature and retained (~ 319
pC/N) up to ~ 300 °C [Xiaojing Cheng et al. (2014)].

Piezoelectrics based on sodium bismuth titanate (NaosBiosTiO3) solid solutions
are another important class of material. Leading examples are the binary systems,
Nao.sBiosTiO3-BaTiOs and NaosBiosTiO3-KosBiosTiOs. These materials develop large

electromechanical strains, up to 0.3-0.45%, upon application of a high electric field (~
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80 kV/cm) and are of interest for actuator applications [Takenaka et al. (1991a), Chu et
al. (2002)]. The das values were reported to be in the range 122-176 pC/N for the MPB
compositions in NaosBiosTiO3-BaTiOs system, and 140-190 pC/N in NaosBiosTiOz-
KosBiosTiOs, but relatively low depolarisation temperatures, Tq of ~ 100 °C and < 170
°C respectively, are drawbacks since the temperature limit as a working piezoelectric
would be well below these T4 values [Rddel et al. (2009)].

A variety of chemical modifications to NaosBiosTiO3-BaTiOsz and
Nao.5BiosTiO3-KosBiosTiOz solid solutions have been investigated as means to enhance
the piezoelectric properties; examples includes NaosBiosTiO3-KosBiosTiO3-BaTiO3
[Nagata et al. (2003)] typically with d33 ~ 170 pC/N and T4 ~ 162 °C (determined from
the e-T plot), and NaosBiosTiO3-BaTiOs-KosNaosNbOs which develops giant
electromechanical strains, up to ~ 0.45%, at MPB compositions. This is reported to be a
consequence of an electric field-induced relaxor-ferroelectric phase transformation
[Zhang et al. (2007)]. This field-induced transformation gives rise to a characteristic
discontinuity and wide hysteresis in strain-electric field plots [Daniels et al. (2010),
Glaum et al. (2013)]. However, depolarisation temperatures for NagsBigsTiOs-

compositions with the best piezoelectric properties are modest.

1.2 High Temperature Dielectrics

There is a high impetus for the development of high permittivity dielectrics for
use in capacitors operating at higher temperatures than current commercial products.
The main predicted growth market is in power electronics due to advances made in
increasing the temperature limits of wide band gap semiconductors for transistors. The
lack of passive components capable of operating at 300 °C and above has restricted
developments in high temperature electronic systems [Watson and Castro (2012), Zeb

and Milne (2015), Turner et al. (1994), Dittmer et al. (2012)]. Capacitors for power
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conditioning, such as inverters for integrating renewable electricity generation with the
national grid are examples where higher temperature capacitors are required capable of
reliable operation at > 200 °C (due to heat generation and dissipation from high voltage
electronics).

Other application areas are for electronics operating in harsh environments
includes: distributed control and sensing systems in aviation, and aerospace. Electronic
controls placed close to the engine, at temperatures of 200-300 °C reduce weight by
removing the need for cabling. Deep well-drilling and space applications are other
technologies where high temperature electronics are required.

Examples of materials resulting from research into high temperature stable
dielectrics include: BaTiO3-BiScO3z [Ogihara et al. (2009a)]; KosBosTiOs-BiScOs
[Kruea-In et al. (2012)]; BiScOs3-BaTiO3-(K12Bi12)TiOs [Lim et al. (2009)]; and
BaTiO3-Bi(Zn12Ti12)03-BiScOs [Raengthon et al. (2012)]. These offer temperature-
stability (defined as a variation in relative permittivity within £15%) to a maximum
temperature of ~ 300-450 °C, but the performance fails to extend to the lower limit of -
55 °C required for commercial capacitors to satisfy military specifications. It should be
noted that Sc.O3 content in these material leads to high costs. Many of these materials
are relaxor dielectrics in which accepted knowledge of structure-property relationships
indicates a disruption of long range polar order (of a ferroelectric) due to substitution of
host ions by ions of different charge and radii to form polar nanoregions (PNRS).

Other complex solid solution perovskites with minimal temperature variation in
relative permittivity include: NaosBiosTiOs-BaTiOs-KosNaosNbO3z [Dittmer et al.
(2011)]; NaosBiosTiOs3-KosBiosTiO3-KosNaosNbOs [Dittmer et al. (2012)] with
optimum dielectric properties g = 2151+10%, from temperatures 43 °C to 319 °C and &
= 2167£10%, from 54 °C to 400 °C respectively. The lower limiting temperature was

decreased to well below the room temperature in the solid solution; NagsBiosTiOs3-



-5-
BaTiOs-CaZrOs [Acosta et al. (2012)]; and NaosBiosTiOsz-BaTiOs-KosNaosNbOs-
CaZrOs [Acosta et al. (2012)]. However, the dielectric losses substantially increased
above ~ 300 °C for this family of materials suggesting a practical working limit up to ~

300 °C.

1.3 Aims and Objectives

The aim of this research work was to develop new and improved lead-free
piezoelectrics, and to investigate compositional systems that may yield new and

improved high temperature dielectrics.

1.3.1 Objectives

1.3.1.1 Piezoelectrics

Explore novel perovskite titanate solid solution systems involving tetragonal and

rhombohedral end-members in the search for a morphotropic phase boundary akin to

that of lead zirconate titanate.

o Measure dielectric, ferroelectric and piezoelectric properties as a function of
composition and temperature.

e Study phase stability as a function of temperature.

e Investigate microstructure using scanning and transmission electron microscopy.

e Consider structure-property relationships.

e Compare performance of new lead-free piezoelectrics with the best materials from

other research laboratories.

1.3.1.2 High Temperature Dielectrics

e Fabricate novel relaxor dielectrics with high levels of charge and size disorder on the

perovskite lattice.
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Measure relative permittivity and dielectric loss tangent as a function of temperature
and different set of frequencies.

Determine temperature limits of +15% stability in relative permittivity; estimate
dielectric breakdown strength.

Establish effects of dc bias fields on relative permittivity values.

Investigate ceramic microstructures using scanning and transmission microscopy.
Compare properties to other high temperature dielectric ceramics reported by other

research groups.



Chapter 2

Background Science and Literature Review

2.1 Summary

This chapter outlines the basic concepts of dielectric and piezoelectric ceramic
materials. The early sections of this chapter describe the crystal structures, dielectric
properties and polarisation mechanisms, followed by the basics of ferroelectrics and
piezoelectrics. Later sections review published research literature on lead-free dielectric

and piezoelectric materials.

2.2 Crystal Structure

The physical properties of solids are closely related to their internal atomic
arrangement. Many solids possess a crystalline structure in which the atoms have long
range periodic arrangement in three dimensions [Stock and Cullity (2001)]. The three
dimensional periodic array of atoms is known as a lattice, and the simplest repetitive
portion of the lattice, is called the unit cell (which represents the overall lattice
symmetry). Unit cells are classified into seven crystal systems based on the shape of the
unit cell (cubic, tetragonal, orthorhombic, rhombohedral, hexagonal, monoclinic and
triclinic). The geometrical parameters that describe unit cells of different crystal
systems are: the three axial lengths (a, b c¢) and angles (o, B, v) including the location of
the body or face centred atom, Figure 2.1.

Lattices may be further classified according to the number of lattice points and

their distribution in a unit cell (each lattice point represents a repeating atom group-the
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motif of the 3D patterns). In total there are 14 combinations of crystal system and
lattice type that describe all crystal structures. These are the 14 Bravais lattices, named
after the French crystallographer Bravais in 1848, shown in Figure 2.2 [Stock and
Cullity (2001)]. In addition to this, based on different symmetry operations (e.g. mirror,
transitional, inversion), the fourteen Bravais lattices are further characterized into 32
crystallographic point groups, 11 of which are centrosymmetric and exhibit no
piezoelectricity due their non-polarity. The 21 crystal noncentrosymmetric point groups
demonstrate piezoelectricity with the exception of one, which does not exhibit a
piezoelectric effect due to combined symmetry elements [Moulson and Herbert

(2003)].

Figure 2.1 lllustration of the three axial lengths (a, b, ¢) and angle (a, B, y) of the

unit cell [Mitchel (2003)].
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Figure 2.2 The Fourteen Bravais lattices types [Hammond (2001)].
2.2.1 Perovskite Structure

Perovskite is the most widely investigated structure which displays ferroelectric
and piezoelectric properties [Paik et al. (1999)]. A perovskite structure has a general
formula of the form of ABXs, where A, B are cations and X is an anion (02, CI??, F?,
Brl) [Feng et al. (2008)]. The unit cell of the oxide perovskite ABOs typified by
CaTiOs, is cubic and usually represented with large A cations at the corners, small B
cation in the body centre and oxygen on the face centres, Figure 2.3. Alternatively, the
unit cell for perovskite structure may be described with small B cations at the corners,

large A cation in the body centre and oxygen at the midpoint of edges [Jaffe (1971)].
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The structure of perovskite can be visualized as a network of corner sharing
BOs octahedra (oxygen octahedra) with the small B cation in the centre of the oxygen
octahedral cage and large A cations occupying dodecahedral (12 co-ordinate) sites
[Ramadass (1978)]. It is also useful to consider perovskite as being related to cubic
close packing of atoms with O and the relatively large A ions in a pseudo close packed
array, and with B ions occupying a quarter of the available octahedral voids of cubic

close packing [West (2007)].

Figure 2.3 Perovskite structure with highlighted BOs octahedral cage [Cheng et al.

(2014)].

Although the idealized perovskite structure is cubic, many perovskite
compounds deviate from this high symmetry over certain ranges of temperature,
undergoing a transition to a lower symmetry phase with decreasing temperature
[Reaney et al. (1994)]. For example, BaTiOz, above a temperature of ~ 130 °C is cubic
perovskite, transforming to a lower symmetry tetragonal (non-symmetric) structure
below ~ 130 °C. Below ~ 0 °C a transition to orthorhombic (with monoclinic primary
cell, derived from the cubic parent cell) occurs, and below -90 °C a rhombohedral form

is thermodynamically stable. The non-cubic forms contain a Ti ion which is displaced
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from its standard central position in the BOe octahedra. This creates a charge
displacement in the unit cell, and a permanent or spontaneous dipole results (in practice
O and B ions may also be displaced relative to the parent cubic perovskite), Figure 2.4.
The position of the Ti ion, and dipole direction can be altered by applying an external
electric fields. The existence of spontaneous polarisation, switchable by an electric field
is the definition of a ferroelectric crystal. Hence, below ~ 130 °C BaTiOs3 is

ferroelectric. Above 130 °C it is paraelectric (non-ferroelectric).

Cubic ———— Cool below 130°C  — — — — Tetragonal

Figure 2.4 Crystal structure of BaTiOs, cubic above the Curie temperature (~ 130
°C) and ferroelectric below the curie temperature with Ti ion displacement

relative to Ba and O ions [modified as Damjanovic (1998)].

The perovskite structure can accommodate a variety of substituent ions of different
valence and ionic radii to the host structure. This allows electrical properties to be
manipulated. However, the stability of the structure depends on the ionic radii and often
this is explained on the basis of a tolerance factor (1) introduced by Goldschmidt, given
by a relation [Eitel et al. (2001)]:

(RA + RO)

T=—12—2 Equation 2.1
V2(R; +R;)

where Ra, Re and R, indicates the ionic radii of the A, B cations and oxygen anion

respectively. Based on the Shannon ionic radii, for stable perovskite structures, a
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perovskite structure may exist for a tolerance factor in the range of 0.88 <t < 1.09 [Lee
et al. (2009)]. It has been found that the tolerance factor for ideal cubic perovskite
structure is unity. If the tolerance factor is slightly greater than unity (t > 1), the
structure of perovskite is stabilized in tetragonal or hexagonal symmetry. However, if
the tolerance factor is smaller than one (t < 1), the structure is often considered as
rhombohedral or monoclinic [Snel et al. (2005)]. Table 2.1 illustrates some examples of
tolerance factor for different perovskite materials. It is noted that the tolerance factor is
a very basic tool, arising from geometric considerations.

Table 2.1 The tolerance factor (t) for some perovskite compounds [Bengagi et al.

(2012), Lee et al. (2009), Jarupoom et al. (2011)].

Perovskite Compounds  Tolerance Factor (t)  Structure

BaTiOs 1.06 Tetragonal
KosBiosTiO3 1.03 Tetragonal
PbTiO3 1.02 Tetragonal
SrTiO3 1.00 Cubic
NaosBiosTiO3 0.98 Rhombohedral
Bi(MgosTios)O3 0.94 Rhombohedral

2.3 Dielectrics

A dielectric is an electrically insulating material in which there is no appreciable
long range movement of charge carriers. An insulator can acquire a polarised structure
in the presence of external electric field [Moulson and Herbert (2003)]. The polarised
structure of dielectric material is the result of separation of negative and positive charge
centres. These charge displacements are known as dipole moments (see section 2.3.1

for details). Due to this electric polarisation phenomena, dielectric materials acquire
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opposite charges across their surfaces and are utilized for charge storage in capacitor
applications. The electric dipole moment per unit volume of a dielectric material, is
known as electric polarisation and is proportional to the external applied electric field

for linear dielectrics [Moulson and Herbert (2003)]:
P=y.sE Equation 2.2
where y,is the electric susceptibility, ¢. is the permittivity of free space or air

(8.85x10? F/m) and E is the electric field magnitude. Placing a dielectric between the
plates of a capacitor enhances the charge storage capabilities and supports an
electrostatic field. If € is the permittivity of the dielectric medium then the ability of the
dielectric material to store the electric charges, is known as relative permittivity (&r)

given by the following relation [Zhang and Yu (2011)]:

g =— Equation 2.3

where ¢ IS a dimensionless quantity depending on temperature, frequency and material
characteristics (polarisability). If a slab of dielectric is layered as an insulating material
between the two conducting plates of a capacitor, then the dielectric material becomes
polarized in the external electric field, this enhances the capacitance and reduces the

loss of charge on the plates, Figure 2.5, and Equation 2.4.



-14 -

’———————————r.‘\
;'r Charge == \
| - I
I |
I |
I |
I |
I |
I |
I |
| ¢ |
, field E I
I |
L - '
AN Plate separationd _*

L e

Figure 2.5 Polarisation of dielectric in parallel plate capacitor [Hao (2013)].

The capacitance value of a capacitor depends on geometrical factors and the

relative permittivity (&) given by the relation [Hao (2013)]:

C= grgog Equation 2.4

where C is the capacitance, A is the area of the electrode plate; d is the separation of the
plates/thickness of the dielectric material. The different polarisation mechanisms of a

dielectric are described in the following section.
2.3.1 Polarisation Mechanisms

In dielectrics, there are mainly four types of polarisation mechanisms
contributing to relative permittivity; these are atomic, ionic, dipolar and space charge

polarisation, Figure 2.6 [Moulson and Herbert (2003)].
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Figure 2.6 Illustration of different polarisation mechanisms in dielectrics

[Moulson and Herbert (2003)].
2.3.1.1 Atomic Polarisation

Atomic or electronic polarisation is based on the relative shift of negative
charges (electron cloud) and positively charged nucleus of the atom in the external

electric field. This type of polarisation occurs up to a frequency of ~ 10" Hz.
2.3.1.2 lonic Polarisation

In ionic materials, ionic polarisations frequently take place by the relative
displacement of positive and negative ions in the presence of an applied electric field.
This ionic polarisation responds to a frequency up to the order of ~ 10* Hz. Both
atomic and ionic polarisation mechanisms have are the main contributions to most

dielectrics [Zhang and Yu (2011)].
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2.3.1.3 Dipolar Polarisation

There are many dielectric materials found having permanent dipole moments
with random orientations, resulting zero net polarisation in the absence of electric field.
Ferroelectric materials (described below) are an example of this type of polarisation
mechanism. When such dielectric materials are subjected to an external applied electric
field, the dipoles tend to align in the direction of electric field, giving net polarization.
Dipolar polarization is temperature dependent and contributes to the dielectric and
ferroelectric properties at a frequency of up to ~ 10%° Hz [Barsoum and Barsoum

(2003), Zhang and Yu (2011)].
2.3.1.4 Space Charge Polarisation

In space charge polarisation, the charge carriers displaced by an electric field
are stopped (blocked) at the surfaces or grain boundaries of the material, Figure 2.6.
This movement of charge carriers to the surfaces creates dipoles. Space charge
polarisation mechanism is relevant at low frequency up to ~ 10° Hz.

These electric field induced polarisation mechanisms in dielectric materials are
highly frequency dependent on the applied field: their contribution to relative
permittivity occurs over different ranges of frequencies [Hass and Wadley (2011)]. In
summary, polarisability of atoms occurs up to ~ 101’ Hz and ionic polarisation up to ~
101 Hz respectively, Figure 2.7. Dipole realignment occurs up to ~ 10%° Hz, and for

space charge the limit is ~ 10% Hz
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Figure 2.7 Variation of real part (¢) and imaginary part (er'') of relative

permittivity with frequency [Moulson and Herbert (2003)].
2.3.1.5 Dielectric Loss

Dielectric losses are common alongside polarisation mechanism under an
applied alternating electric field. In case of ideal dielectric material (capacitor), the
phase angle between alternating current and voltage is 90°, Figure 2.8(a). But in real
dielectric case, the current has two components (i) capacitive, out phase by 90° with
voltage and (ii) lossy component, in phase with voltage, Figure 2.8(b). Therefore, the
relative permittivity (er) of the dielectric material is generally expressed in complex
form; the real part (¢r') and the imaginary part (&;"') represented by a relation [Hass and
Wadley (2011)];

g =€ —je Equation 2.5
where g is the real part and &/’ is the imaginary part of relative permittivity. The real
part corresponds to the charge storage ability while the imaginary part measures the
energy loss. The dielectric loss tangent (tand) is the ratio of the energy lost to the

energy stored in the electric field, given by a relation [Hass and Wadley (2011)];



-18-

I

&

=

tano = Equation 2.6

o |

Low dielectric loss tangent (tand) and high relative permittivity (er) of dielectric
materials are of primary interest for many capacitor applications (for miniaturization

and integrated components).
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Figure 2.8 Phasor diagram indicating the phase angle between alternating current
and voltage in case of: (a) ideal dielectric and (b) real dielectric [modified as

Moulson and Herbert (2003)].

2.4 Ferroelectricity

Ferroelectricity is characterized by the existence of at least two spontaneous
polarisation directions in the absence of an external field and their reversibility along
their polar axis parallel to the direction of an applied field [Damjanovic (1998)]. The
ability of polarisation reorientation of materials can experimentally be demonstrated by
a polarisation-electric field (P-E) curve, ferroelectrics give rise to a characteristic ‘S’
shape response showing broadening, it is known as a hysteresis loop as shown in Figure
2.10 (section 2.4.1).

Ferroelectric materials above their Curie point (Tc) possess no spontaneous

polarisation and are in a paraelectric phase, as in case of barium titanate the structure is
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highly symmetric (paraelectric) above ~ 130 °C. Cooling below the Curie point (~ 130
°C), ferroelectric phase(s) exist in BaTiOs which have of lower symmetry and possess
spontaneous polarisation due to the relative displacement of Ti ion from its
centrosymmetric position in the unit cell and result a creation of electric dipole, Figure
2.9 [Smith et al. (2008)]. A simple perovskite structure of BaTiO3z with tetragonal
symmetry, Figure 2.9, indicates the reversibility of the polarization caused by the
relative displacement of Ti ion in the octahedra. Ceramic materials of perovskite
structures like BaTiOs and Pb(Ti,Zr)Os are the common examples regarded as the

foundation stone of ferroelectric science.

(O Ba?
@ O*

e Ti*

Figure 2.9 Ferroelectric tetragonal distortion of perovskite structure with

polarisation switching [modified as Ahn et al. (2004)].
2.4.1 Ferroelectric Hysteresis

In ferroelectric materials, regions of aligned dipoles are referred to domains and
the boundary separating these domains is known as domain wall. The formation of
domains as a result of shifting of B cations according to allowed equivalent orientation
states in the absence of external field. Domains in ferroelectric materials are mainly
180° corresponding to lattice deformation and non 180° due to mechanical strain, and

can be switched to another state by an electric field [Gang Liu et al. (2015)].
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When ferroelectric materials are subjected to an alternating electric field at a
temperature below the Curie point, the domains start aligning in the direction of the
field, Figure 2.10. For small magnitude of electric field, the effect is linear due to non-
alignment of all domains. As the field strength is increased, a nonlinear increase in
polarisation occurs until it becomes saturated. At the saturated stage the polarisation is
known as saturation polarization (Psat). The spontaneous polarization (Ps) at this stage is
usually taken as an intercept on the polarization axis extrapolating from the tangent on
saturation polarisation [Damjanovic (1998)].

When the magnitude of the field is decreased gradually to zero, the polarization
starts to decline but polarization is not zero due to locking of some domains in the
direction of the field, termed as remanent polarisation (Pr). To get zero polarization, a
field of opposite polarity with specific strength is required, called coercive field (Ec).
Further increase of field strength in the negative direction initiates a new alignment of
domains in this direction and the cycle is completed reducing the field and reversing
the direction once again. Thus, the curve traced out as a result of the alignment and
disalignment of domains in positive and negative directions of field is known as
Hysteresis curve or P-E curve, Figure 2.10. Ideally, the polarisation-electric field
response (P-E loop) is symmetrical but the shape depends on the electric field,

temperature and field frequency.
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Figure 2.10 Polarisation-electric hysteresis loop [Yu et al. (2005)].
2.4.2 Ferroelectric phase transitions and Curie-Weiss law

The high symmetric polymorph for barium titanate (BaTiO3) is cubic and
paraelectric. It is stable at a temperature above T¢ ~ 130 °C [Shvartsman and Lupascu
(2012)], up to the onset of the hexagonal polymorph at > 1400 °C [Lee et al. (2007)]. A
transition from cubic to ferroelectric tetragonal occurs below ~ 130 °C. The other
ferroelectric phases are orthorhombic and rhombohedral at a temperature of ~ 0 °C and
~ -90 °C respectively, Figure 2.11. All these ferroelectric phase transitions are
attributed to the displacement of Ti** along different polar axes. The direction of
spontaneous polarization in BaTiOs, of tetragonal, orthorhombic and rhombohedral
symmetry is along the direction of the edge, face diagonal and body diagonal unit cell

respectively.
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Figure 2.11 Illustration of ferroelectric phase transitions in BaTiOs [Jaffe (1971)].

The relative permittivity of most ferroelectric materials is changed considerably
with changes in temperature and frequency [Moulson and Herbert (2003)]. As the
temperature changes, most ferroelectric materials show dielectric anomalies with
maxima at a certain temperatures corresponding to crystallographic phase transition
temperatures. The temperature corresponding to the maximum relative permittivity, at
the ferro-paraelectric transition is known as the Curie point (T¢). In the case of BaTiOs,
Te ~ 130 °C. A decrease in relative permittivity take place above the Curie point (T¢) in

accordance with the Curie-Weiss law [Zhu et al. (2011a)];

& =—— Equation 2.12

where C is the Curie constant for a given material, T, is the Curie-Weiss temperature, T

is the temperature at which relative permittivity is measured (T > T).
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2.4.3 Relaxor Ferroelectrics

In contrast to classic ferroelectrics, another group of dielectric materials display
broad frequency dependent relative permittivity-temperature peaks. These materials are
known as relaxors [Ravez and Simon (2001), Zeb and Milne (2014b)]. The distinctive
features of relaxors are broad dielectric peaks in the relative permittivity versus
temperature plots and strong frequency dispersion of both real and imaginary parts of
the relative permittivity close to the peak temperature, Tm, Figure 2.12. Relaxor
characteristics were first explored by Smolenskii and co-worker in lead magnesium
niobate (PMN) and this material received considerable attention due to favourable
dielectric and electromechanical properties [Smolenskii (1984), Zeb and Milne
(2014b)].

Several theories have been proposed to account for this relaxor behaviour,
based on concepts of compositional fluctuations and the formation of polar

nanoregions/domains [Bokov and Ye (2000), Badapanda et al. (2009)].

500

€103

100

Temperature/’C

Figure 2.12 Illustration of frequency dispersion in temperature-dependent real

and imaginary relative permittivity plot for PMN [Moulson and Herbert (2003)].
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Different relaxation times of the PNRs give rise to the broad dielectric peak and
frequency dispersion. In many relaxors, there are mixed valence multiple cation site
occupancies on the B sites of the perovskite ABOs [Bokov and Ye (2007), Bokov
(1992)]. This creates fluctuating electrostatic and stress fields which are thought to
perturb long range polar domains (of a ferroelectric), instead short range order exists
(PNRs). However, a number of perovskites have emerged in recent years, involving
both A and B site mixed valence occupancies. These complex perovskites display
relaxor-like frequency dependent decreases in & at T < T but for some solid solution
compositions the dielectric peak is supressed and the material shows little variation in
relative permittivity (er) over a wide temperature range, T > Tn.

For relaxor systems, the decrease in relative permittivity above the Tm does not
conform to the standard Curie-Weiss law, and is more effectively described by a

modified Curie-Weiss equation [Yiliang Wang et al. (2013)];

1 1 _ (T _Tgrmax)y
& C

r I max

Equation 2.13

For classic ferroelectric material, the » coefficient is equal to unity, increasing to ~ 2

for a typical relaxor [Wang et al. (2013)]. These types of relaxor dielectric materials are
of particular interest for high permittivity (Class 2) dielectrics operating at > 200 °C for
applications in power electronics and in control and sensing systems for deep-well

drilling and aerospace [Zeb and Milne (2014b)].

2.5 Piezoelectricity

Piezoelectricity is the capability of some materials to develop proportional
electric charges (potential difference) across it surfaces when subjected to mechanical
stress, termed as the direct piezoelectric effect. In effect, the polarity of the potential

difference produced depends on the nature of the applied stress (e-g compressive or
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tensile). Conversely, a mechanical deformation is produced in the same material with
the application of electric field, is known as the converse piezoelectric effect
[Damjanovic (1998)]. The sign of deformation in the material depends on the polarity
of the electric field. The generation of bipolar S-E loop (butterfly like loop) is the result
of the converse piezoelectric effect [Damjanovic (1998)]. Materials exhibiting both
these types of phenomena are considered piezoelectric materials and widely used for
variety of applications. The piezoelectric effects can be described by the following
relations [Moulson and Herbert (2003)];
P =dX (direct effect) Equation 2.7
where P is the polarisation, X is the mechanical stress (compression or extension). The
converse piezoelectric effect in terms of applied field (E) and strain (x) produced in the
material is given by;
x=dE (converse effect) Equation 2.8

The piezoelectric charge coefficient, d, used in the above two equations (2.7 and
2.8) have identical numerical equivalence and is the ratio of electric polarisation
produced to stress applied or the strain produced to the applied field. However, the
direct and converse piezoelectric effects are usually expressed with different units pC/N

and pm/V, respectively. Both direct and converse effects are illustrated in Figure 2.13.
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Figure 2.13 Illustration of (a) direct and (b) converse piezoelectric effect [Moulson

and Herbert (2003)].

The piezoelectric charge coefficient is a directional dependent quantity due to
anisotropic nature of materials [Haertling (1999)]. Therefore, usually, they are assigned
with two subscripts indices to indicate their directional characteristics of the two related
quantities (field and strain or stress and polarisation). For example, the piezoelectric
constant, ds3 represents the induced polarization per unit applied stress in direction 3 or
the induced strain per unit electric field whilst ds; is the induced polarization in
direction 3 per unit stress in direction 1.

For the piezoelectric constant which relates the electric and mechanical
quantities, the first subscript indicates the electric quantity (electric field or electric
polarisation) while the second, for the mechanical (strain or stress) [Jaffe (1971)].

Conventionally, the three mutual orthogonal axes x, y and z are labelled as 1, 2
and 3 respectively, Figure 2.14. Another convention used for the direction of positive
polarization (Poling direction) which coincide with along 3-axis. The shear stress about
these axes are represented by 4, 5 and 6 which are perpendicular to directions 1, 2 and 3

respectively, Figure 2.14 [Moulson and Herbert (2003)].
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Poling axis

Figure 2.14 Poling axis and their orthogonal axes for strain [modified as Moulson

and Herbert (2003)].
2.5.1 Electrostriction

In piezoelectricity, the strain effect produced in a material is proportional to the
applied electric field and sign of deformation depends on the polarity of the applied
field. Electrostriction, is another electromechanical effect closely related to
piezoelectricity but the strain produced is proportional to the square of field and sign of
deformation is independent of the polarity of the field [Haertling (1999)]. Although all
dielectric materials exhibit a minimal electrostriction behaviour with the applied field,
this becomes more significant in dielectrics of high relative permittivity. In terms of
electrostriction, the relation of strain and the applied electric field can be expressed by
the following relation [Haertling (1999)];

X =mE?® Equation 2.9
where m is electrostrictive coefficient, x is the strain and E is the magnitude of the

applied electric field.
2.5.2 Electromechanical Coupling Factor (kp)

As mentioned above, piezoelectric materials couple the electric and mechanical

energies e.g. convert electrical energy into mechanical energy and vice versa. Thus to
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represent this conversion strength, an electromechanical coupling factor is used. This
coupling factor is always less than unity and defined as [Jaffe (1971)];

_ electrical energy converted into mechanical energy
input electrical energy

k2

p

Equation 2.10

or

> mechanical energy converted into electrical energy
input mechanical energy

k

p

Equation 2.11

A high coupling factor is often desirable in piezoelectric materials for different
applications, which are constantly required in new materials. The coupling factor is
dimensionless quantity, whose typical values of the order of ~ 0.4 for BaTiOsz and for

Pb(Ti,Zr)Os is ~ 0.5-0.7 [Jaffe (1971)].

2.6 Morphotrophic Phase Boundary(MPB) and Lead Zirconate

Titanate (PZT)

The term morphotrophic phase boundary (MPB) is usually specified as a vertical
or near vertical (temperature insensitive) phase boundary on the phase diagram of a
solid solution system. The phase content in the vicinity of a MPB varies with the
change in composition, but if a true vertical MPB, not with temperature up to the
maximum temperature of the MPB [Ahart et al. (2008)]. In perovskites, the coexistence
of ferroelectric phases with different symmetries at the MPB results in enhancement of
piezoelectric properties which allow for easy re-alignment of spontaneous polarisation
directions.

For example in PZT, six spontaneous polarisations from tetragonal coupled with
eight of rhombohedral symmetry during poling. The market-leading piezoelectric
material, lead zirconate titanate, PZT, is a solid solution between PbZrOs and PbTiOzin

which a phase boundary exists between rhombohedral and tetragonal phase fields at
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around ~ 52 mol% PbZrOs. This phase boundary is almost vertical on the PbZrOs-
PbTiOz phase diagram over a wide temperature range, and for this reason it is referred
to as a morphotropic phase boundary (MPB), Figure 2.15 [Jaffe (1971), Noheda et al.
(1999)]. Other examples of solid solutions which possess a MPB includes;
NaosBios5TiO3-BaTiO3, NaosBiosTiO3-KosBiosTiOsz, and the ternary NaosBiosTiOs-

BaTiO3-KosBiosTiOs [Leontsev and Eitel (2010)].
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Figure 2.15 Illustration of MPB in PZT [Moulson and Herbert (2003)].

Piezoelectric ceramic materials based on lead zirconate titanate, PZT, are well
known due to the very favourable electromechanical properties. The high
electromechanical performance of lead zirconate titanate (PZT), is the result of
coexistence of ferroelectric phases (MPB) [as discussed above] between rhombohedral
PbZrOs and tetragonal PbTiOz at around 52 mol% PbZrOs [Jaffe (1971)]. The reported
piezoelectric properties at the MPB for undoped PZT are; T = 390 °C, & = 1600 at

room temperature, dsz = 233 pC/N and kp = 0.52 [Ansell et al. (2014)].
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A range of chemical dopants, commonly classified as donors (soft PZT) or
acceptors (hard PZT), have been used to tailor the properties of PZT for specific
applications. In donor doping higher valence ions for example; La®* on the A site and
Nb°* on the B site whereas for acceptor doping, a lower valence ions such as K'* on the
A site and Fe* on the B site were employed. Soft PZT exhibit high piezoelectric
constant (ds3) with low coercive field due to cation vacancy and facilitate easy domain
wall motion. In contrast, in hard PZT, the observed loss tangent is low and they show
low piezoelectric performance along with high a poling field due to difficulty in
domain wall motion caused by oxygen vacancies [Damjanovic (1998), Ansell et al.
(2014), Panda and Sahoo (2015)].

Despite high piezoelectric performance and relatively high Curie temperature
(T¢), PZT based piezoelectric materials are facing global restrictions; owing to serious
environmental and health concerns regarding Pb toxicity [RoHS Directive (2003), Saito
et al. (2004)]. These global restrictions constantly drive in a search for lead-free

material systems.
2.6.1 Applications of Piezoelectricity

Piezoelectric materials have diverse uses and applications. The direct and
converse piezoelectric effects can be used for many practical applications ranging from
high voltage generators (transducers), electromechanical actuators, sensors, diesel fuel
injectors (actuators) and sonar [Haertling (1999), Aksel and Jones (2010)]. These
applications can be mainly classified into three categories: (i) generators (direct effect)
(it) motors (converse effect) and (iii) generator and motor combined. A summary of

each group applications is given in the flow chart, Figure 2.16.



-31-

Piezoelectricity

Applications of J

v

v

. Direct & Converse

Direct effect Converse effect
effect

Low voltage High voltage Actuators Transducers
Pressure
sensor, Knock Gas stoves, Micro and nano ul .
sensor, Shock Cigarette positioning of I tra sonic
sensors, lighter, Fuel micro pumps & ¢ eanlrfg, spray
Automobile lighter, Welding camera lenses, automizers,

seat belt

devices

ink jet printers y

sonars

J

!

Multi-layered ceramics

capacitors,
Piezoelectric
transformers

Figure 2.16 Flow chart represents the applications of piezoelectricity.
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2.7 Lead-free piezoelectric ceramics

Piezoelectric ceramics having no lead oxide (PbO) content are referred to as lead
free piezoelectric ceramics. Common examples includes; barium titanate (BaTiO3),
sodium bismuth titanate (NaosBiosTiO3), potassium sodium niobate (KosNaosNbO3)
and potassium bismuth titanate (KosBiosTiO3). The regulations on the PZT-based or
PMN-based materials have motivated researchers to search for lead free piezoelectric
materials to replace the toxic Pb-containing materials. At the time of writing this thesis
the European Union has granted exemptions from relevant health and safety regulations
surrounding lead and lead oxide to permit the ongoing use of Pb-containing

piezoelectrics.
2.7.1 Barium Titanate (BaTiOs)

Barium titanate, BaTiOz (BT) was the first ferroelectric perovskite to be used as
a piezoelectric, and was employed in sonar applications in the 1940s. The reported
piezoelectric constant (ds3) for pure BaTiOs by solid state processing route is ~ 190
pC/N with an electromechanical coupling factor kp ~ 0.35-0.4 [Moulson and Herbert
(2003), Coondoo et al. (2013)]. Intensive research and efforts have been made for
improving dielectric and piezoelectric performance of BaTiOs-based materials and its

applications in a wide working temperature range.
2.7.2 BaTiOs-based piezoelectric ceramics

Numerous barium titanate-based ferroelectric materials with improved
piezoelectric properties have been developed. Liu and Ren (2009) reported excellent
piezoelectric properties of 0.5Ba(Zro2Tio.g)03-0.5Bag7Cap3TiOs ceramic system. A
high dss ~ 620 pC/N was obtained for ceramic composition at x = 0.5 based on the

coexistence of rhombohedral and tetragonal polymorphs combining with the cubic



-33-
paraelectric phase (tri critical point), Figure 2.17. These piezoelectric properties were
attributed to the enhanced polarisation rotation in the vicinity of triple point at room
temperature. However, these properties are temperature sensitive and the depolarisation
temperature is low, below 100 °C [Liu and Ren (2009)]. A similar result of high
piezoelectric constant, dss ~ 530 pC/N was achieved in the binary system
0.7Ba(Sno.2Tio.g)03-0.3Bag.7CansTiO3 in the vicinity of room temperature [Xue et al.
(2011a)]. Other workers reported the composition Bag.93Cao.07Tio.95Zr0.0s03 exhibited
daz ~ 387 pC/N and kp ~ 0.44. However, the working temperature was again limited to
below 100 °C [Li et al. (2011)]. These findings further drive research to achieve high
electromechanical properties coupled with the stability in properties over a wider

working temperature range.
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Figure 2.17 Illustration of phase diagram for lead free 0.5BZT-0.5BCT

piezoelectric ceramic system [Liu and Ren (2009)].
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2.7.3 NagsBiosTiOs-based lead-free piezoelectric ceramics

2.7.3.1 Sodium bismuth titanate (NaosBiosTiOs3)

Sodium bismuth titanate, NaosBiosTiOs (NBT) is a ferroelectric perovskite first
reported by Smolenskii and co-workers in 1960s [Smolenskii et al. (1961), Hiruma et
al. (2009)]. The structure of NBT is complex and still under debate. Based on the
neutron diffraction experiments, NBT is rhombohedral at room temperature while high
resolution synchrotron X-ray diffraction study proposed a monoclinic phase for NBT
[Li et al. (2015)]. NBT has relatively high remanent polarisation, Pr ~ 38 uC/cm?,
coercive field, Ec ~ 73 kV/cm and low piezoelectric charge coefficient, dss ~ 73 pC/N.
For NBT, the phase transition temperature from rhombohedral to cubic paraelectric
phase takes place at T¢ ~ 320 °C [Hiruma et al. (2009)]. Relative permittivity versus
temperature plots demonstrate relaxor character and an additional inflection peak
appears in e~ T plots at ~ 200 °C [Dorcet et al. (2008)]. Numerous research studies have
been focussed on modifications to NBT. These NBT-based solutions have attracted
much attention over the past decade. Leading examples are the binary systems,
NaosBiosTiOs-BaTiOsz (NBT-BT) and NaosBiosTiOs-KosBiosTiOs (NBT-KBT), and
the ternary NaosBiosTiO3-BaTiOs-KosNaosNbOz (NBT-BT-KNN).

The solid solution of NBT-BT was studied by many research groups and a MPB
is reported between the rhombohedral and tetragonal solid solution phase at 6-7 mol%
BT [Takenaka et al. (1991b), Xu et al. (2008)]. The reported piezoelectric properties for
NBT-BT at the MPB are, ds3 ~ 122-176 pC/N, P; ~ 37-40 nC/cm?, kp ~ 0.21-0.36, Tg ~
90-105 °C and Tm ~ 225-288 °C [Rodel et al. (2009), Leontsev and Eitel (2010)].

In solid solution of NBT-KBT a MPB was found at ~ 20 mol% KBT, exhibiting

piezoelectric properties: dsz ~ 140-192 pC/N, P ~ 20-38 pC/ecm?, kp ~ 0.27-0.35, Tm ~
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280-300 °C and depolarisation temperature Tq ~ 140 °C [Leontsev and Eitel (2010),
Rddel et al. (2009), Coondoo et al. (2013)].

A variety of chemical modifications to NBT-BT and NBT-KBT have been
made as means to enhance the piezoelectric properties. The promising pseudoternary
systems include; NBT-KBT-BT, typically with dss ~ 170 pC/N, k, ~ 0.35 and Tq ~ 162
°C (determined from the &~T plot) [Nagata et al. (2003)]. The ternary system NBT-BT-
KNN demonstrated ‘giant’ electromechanical strains, up to ~ 0.45%, in the MPB
region. This is reported to be a consequence of electric field-induced phase
transformation from ferroelectric to relaxor [Zhang et al. (2007)]. This field-induced
transformation gives rise to a characteristic discontinuity and wide hysteresis in strain-
electric field plots.

However, NBT-based piezoelectrics exhibit relatively low depolarisation
temperatures at MPB compositions: Tq ~ 90-105 °C, and the lossy S-E response (wide
hysteresis in S-E plots, ~ 69%) risks self-heating induced depolarisation making the

materials unsuitable for high power applications [Rddel et al. (2009)].
2.7.4 KosNaosNbOs-based lead free ceramic systems

Potassium sodium niobate, KosNaosNbO3 (KNN) is formed as a result of a solid
solution between potassium niobate (KNbO3) and sodium niobate (NaNbO3). KNN is
orthorhombic/monoclinic at room temperature and exhibits modest piezoelectric
properties, dss ~ 92-117 pC/N; and kp ~ 0.32-0.44 [Egerton and Dillon (1959), Zuo et
al. (2006)]. To enhance piezoelectric properties, KNN has been modified by many
dopants, Table 2.2. Modification by LiTaOz and LiShOs leads to a relatively high value
of ds3 ~ 300 pC/N, which arises because of phase co-existence at a polymorphic phase
transition PPT (an inclined boundary on the phase diagram) rather than a temperature-

invariant MPB [Skidmore et al. (2009)]. The PPT between orthorhombic and tetragonal
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phases occurs near room temperature for a narrow band of KNN-LT compositions, and
hence dss values of these compositions measured at room temperature are enhanced,
but properties degrade as the temperature is raised above room temperature.

Recent research has demonstrated a promising combination of high ds3 ~ 263-
321 pCIN, kp ~ 0.40 and good temperature stability up to temperature ~ 200 °C in the
ceramic  system  KNN-BaZrOs-(Bi,Li)TiOs due to development of a
tetragonal/rhombohedral MPB [Zushi et al. (2013), Shi et al. (2016)]. More recent
developments have further improved properties and improved temperature stability, for
example; the reported piezoelectric  properties for  0.92KosNagsNbOs-
0.02Bio5Lio5Ti03-0.06BaZrO3z, dss = 348 pC/N and kp = 0.57 at room temperature and
retained up to ~ 200 °C [Wang et al. (2015)]. Similarly, in the ternary system:
0.955K.4sNao.52Nb03-0.005BiScO3-0.04Bio 5(Nao.7Ko.2Li0.1)05Zr0O3, a high value of ds3
~ 366 pC/N was reported at room temperature and retained (~ 319 pC/N) up to ~ 300

°C [Xiaojing Cheng et al. (2014)].

Table 2.2 Piezoelectric properties of KNN-based ceramic materials [Panda and

Sahoo (2015)].
Composition ds3 (pC/N)
(Ko .44Nag 5oL 04) (Nbg g6Tag 10Sbp 04)O3 300416
(Ko.45Nag 55)0.98Li0.02(Nbg 77Tag 185b0.05)O3 413
(Ko.45Nag 55)0.908L10.02(Nbg 77 Tag.185Sbg.05)O3 263413
(Nagy 5K 48-x)(NDb 92« Sbg 03)O3-xLiTaO3 375
(NaK)(NbSb)O5-LiTaOs—BaZrOs 365
(1-x)K.47Nag 4711y 06NbO3—xNaSbO; 305
().9525(Nao5K05Nb03)-0.()475Li(Ta(),f;SboA(,)O; 296
( l-X)(Nﬂ()_535 I(()_@g)NbOg—XLleO; 280
Lig.0s8(Nag 52Ko.48)0.942NbO3 279
(Nag 535K0.485)0.926L10.074(Nbp 042 Tag 058)O3 276
(Nag 535K0.485)1-xLix(Nbg g Tag )O3 243
Nag 475K 475L10.0sNbO3 + 0.4 wt% CuO 285
[Lio.03(Ko.48Nag 52)0.97](Nbg.97Sbg 03)O3-(Bag g5Cay.15) 237

(Tig.90Zro.10)O3
(1—x) [0.95K sNag sNbO3-0.05LiSbO5]-xBiScO; 265-305
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2.7.5 KosBiosTiOz-based lead free ceramic systems

2.7.5.1 Potassium bismuth titanate (KosBiosTiOz3)

Potassium bismuth titanate, KosBiosTiOs (KBT) is ferroelectric perovskite
fabricated first by Popper et al. in 1957 [Popper et al. (1957), Rodel et al. (2009)]. KBT
Is tetragonal at room temperature and dielectric data has revealed a relatively broad
peak in &-T plots with phase transition temperature at T ~ 380 °C with room
temperature relative permittivity, &r < 800 [Hiruma et al. (2005), Otonicar et al. (2010)].
The reported value of piezoelectric charge coefficient, dsz is ~ 31 pC/N and kp ~ 0.18
for ceramics prepared by a conventional processing route.

Generally, KBT is less studied than NBT because it can be difficult to fabricate
dense ceramics by conventional solid state methods due to weight loss of volatile
constituents during sintering processing [Isupov (2005), Wada et al. (2002)]. However,
hot pressing techniques and Bi-excess are reported to enhance the densification of KBT
ceramics which led to promising ferroelectric and piezoelectric properties [Hiruma et
al. (2007a)]. Dielectric, ferroelectric and piezoelectric properties of KBT, KBT hot

pressed (HP) and Bi-excess KBT are summarized in Table 2.3.
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Table 2.3 Dielectric (1 MHz), ferroelectric and piezoelectric properties of the KBT
ceramics [Kim et al. (2010), Sasaki et al. (1999)] KBT-HP and KBT-Bi-excess

[Hiruma et al. (2007a)].

Properties KBT KBT-HP KBT (Bi-excess)
erat RT 800 520 764

Tmax (°C) 380 410 391

Pr (uC/cm?), Emax=150 kV/cm - 22.2 28

das (pC/N) 31 82 101

Kp 018 - -

Smax (%) (Emax = 80 kV/cm) - 0.1 0.13

2.75.2 Ko,5Bio,5TiO3-BaTiO3

Buhrer (1962) first reported the solid solution of (1-xX)KosBiosTiO3-xBaTiOa.
It was found that the Curie temperature and the tetragonality decreased with the
increase of BaTiOs content. Later, the dielectric and piezoelectric properties in (1-
X)KosBios5TiO3-xBaTiO3z has been reported by Hiruma et al. (2004). A solid solution
between the two tetragonal end members was formed across the whole compositional
range. X-ray diffraction data revealed the decrease in tetragonality (c/a) in the BT-rich
compositions. Values of piezoelectric constant, dss were modest, ~ 60 pC/N similar to
unmodified KBT, increasing to ~ 100 pC/N for a composition with minor levels of
doping of manganese oxide [Hiruma et al. (2004)]. There are also reports about (1-
X)KBT-xBT solid solutions fabricated by textured and grain oriented techniques. An
improved piezoelectric constant, dss of ~ 85 pC/N and 121 pC/N was achieved by
textured and grain oriented techniques respectively at 10 mol% of BT content [Nemoto

et al. (2008), Nemoto et al. (2009)].
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2.7.5.3 KosBiosTiO3-Bi(ZnosTios)Os

Huang et al. (2009) synthesised the solid solution of KBT and Bi(ZnosTios5)O3
(BZT). A single phase of (1-x)KosBiosTiO3-xBi(ZnosTios5)O3 was obtained at < 20
mol% of BZT content. It was found that the tetragonality was supressed while the cell
volume increased with the addition of BZT content. The reported dielectric data
indicated broad peaks in the &-T plots, with a linear decrease of Tm. A peak value of
remanent polarisation, Pr ~ 12 uC/cm? (Emax = 80 kV/cm) was observed for
composition x = 0.1. It was also found that composition x = 0.1 exhibited a bipolar

strain of ~ 0.18% (Emax = 80 kV/cm) and a value of coupling factor, k, = 0.18.
2.7.5.4 KosBiosTiO3-BiFeOs

The solid solution of (1-x)KosBiosTiOs-xBiFeOs was studied by a number of
research groups. Kim et al. (2010) investigated the dielectric and piezoelectric
properties in binary system (1-x)KosBiosTiOs-xBiFeOs. It was shown that relative
permittivity &-T plots displayed broad peaks for x = 0.6. The piezoelectric constant, das
increased from 31 pC/N at x = 0 to a peak value of 64 pC/N for x = 0.06 [Kim et al.
(2010)]. Matsuo et al. (2010) reported a large remanent polarisation, Pr = 52 uC/cm?
(Emax = 100 kV/cm) in (1-x)Ko.sBiosTiO3-xBiFeOs for the BiFeOzs rich region (x = 0.6).
There are also some reports about large electric field induced bipolar strain ~ 0.18%

(Emax = 50 kV/cm) for composition x = 0.25 [Morozov et al. (2012)].
2.7.5.5 KosBios5TiO3-BiScOs3

KBT modified with BiScO3, (1-x)Kos5BiosTiO3-xBiSO3 was studied by [Kruea-
In et al. (2012)]. Incorporation of BiScOs effectively induced relaxor behaviour with
strong frequency dispersion in g-T plots. Compositions x = 0.15 and x = 0.2 presented

a flat &-T response: for example x = 0.15 exhibited a +3% variation in relative
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permittivity about & = 2880 across the temperature range 227 °C to 427 °C.
Independently, Martin-Arias et al., reported a similar temperature stable dielectric

response for composition x = 0.2 [Martin-Arias et al. (2012)].
2.7.5.6 KosBios5TiO3-(KosBios)ZrOs

The structural and electrical properties of KBT-modified with KosBiosZrOs
(KBZ) were investigated by Bengagi et al. (2012). XRD data revealed a single phase
over the entire compositional range, changing from tetragonal to pseudocubic at x >
0.05. Addition of KBZ resulted a relaxor behaviour in the &-T plots. The reported value
of piezoelectric constant, dzz was 31 pC/N for x = 0 and decreased to ds3 ~ 2 pC/N for

composition x = 0.1.
2.7.5.7 KosBiosTiO3-Bi(NiosTios)O3

Zhao and Zuo studied KBT modified with the Bi(NiosTios5)O3 [Zhao and Zuo
(2013)]. In this binary (1-x)KosBiosTiOs-xBi(NiosTios)Os ceramic system, a single
phase solid solution was obtained up to 20 mol% of Bi(NiosTio5)Os. Based on the XRD
data, a coexistence of tetragonal and rhombohedral phases (MPB) was identified at
compositional range of x = 0.05-0.07.

Plots of relative permittivity versus temperature exhibited broad frequency
dependent peaks. Values of Tm were found to decrease with the addition of
Bi(NiosTios)Os. Among all these compositions of this system, sample x = 0.06

displayed a high piezoelectric constant with value of d33 = 126 pC/N and kp, = 0.18.
2.7.5.8 KosBiosTiO3-LINbO3

Zuo et al. (2013) synthesised the relaxor solid solution of (1-x)KosBiosTiO3-
XLiNbO3s. A MPB between the tetragonal KBT and rhombohedral LiNbO3 was found in

the compositional range at 0.015 < x < 0.03. All compositions of this binary system
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were characterized with diffuse, frequency dependent dielectric peaks. Values of
remanent polarisation for KBT (x = 0) were ~ 5 uC/cm? increasing to a maximum value
of ~ 7.1 pC/cm? at x = 0.015 (Emax = 60 kV/cm). It was also shown that composition x =

0.015 exhibited enhanced piezoelectric properties of dzs ~ 75 pC/N and k, = 0.18.
2.7.5.9 KosBiosTiO3-(BiosNaos)ZrOs

The solid solution (1-x)KosBiosTiO3z-x(BiosNaos)ZrOz was fabricated by
Wefring et al. (2014) who studied the dielectric and ferroelectric properties. It was
reported that the end member KBT (x = 0) was tetragonal and changed to pseudocubic
at x = 0.1. The ceramic system exhibited relaxor dielectric behaviour evident from the
broad dielectric peaks and frequency dispersion below Tm. From polarisation-electric
field response, a maximum electric field induced remanent polarisation, Pr = 20.6

nC/em? (Emax = 60 kV/cm) and bipolar strain of ~ 0.08% was reported for x = 0.1.
2.7.5.10 KosBiosTiOs-Bi(MgosTo5)O3-BiFeOs

The ternary KBT-based ceramic system, KosBiosTiO3-Bi(MgosTos5)03-BiFeO3
was studied by Kamei et al. (2014). Dielectric data revealed broad peaks of relative
permittivity and the peak temperature was higher than 300 °C for all studied
compositions. The room temperature reported electric field induced unipolar strain at
Emax = 50 kV/ecm was ~ 0.113% for 0.45KBT-0.1BMT-0.45BF and 0.07% for

0.85KBT-0.075BMT-0.075BF.
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2.8 Lead-free temperature stable dielectrics

The term ‘temperature stable’ relates to a variability in capacitance or relative
permittivity, & within +15% (for R-type) across a wide temperature range. The
Electronic Industries Alliance, EIA, coding uses the letter R to designate +15%
specification (P £10%, F £7.5%); a lower working temperature of -55 °C is represented
by X; the upper temperature is represented by a number. For example, existing high-
volumetric-efficiency capacitors based on ferroelectric barium titanate, such as X7R,
X8R, X9R are specified to operate at temperatures from -55 to +125 °C, +150 °C and
+175 °C respectively [Zeb and Milne (2015)].

Numerous compositional systems have been reported to display near-flat relative
permittivity over a wide temperature range. These are mostly based on relaxor
dielectrics: classic relaxors such as lead magnesium niobate (PMN) exhibit broad
frequency dependent &(T) peaks. The broad frequency dependent & relaxor peak is
thought to originate from temperature-dependent changes in the length scales and
coupling dynamics of polar nanoregions. The diffuse & relaxor peak can be further
broadened and suppressed by additional cation substitutions on A and B sites to
develop a temperature-insensitive &(T) plateau.

This section focusses on different lead-free polycrystalline ceramic compositional
systems that offer promise as high volumetric efficiency Class Il capacitor materials.
Relative permittivity er, loss tangent tand, electrical resistivity (p) versus temperature
and capacitive time constant (RC) are described and compared. A comparison of
temperature range of £15% or better stability in & and tand < 0.02 for potential
temperature stable dielectrics are presented in Table 2.4 and a bar plot, Figure 11.10

[Chapter 11].
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2.8.1 BaTiOs-based dielectrics

2.8.1.1 BaTiO3-BiScOs3

Ogihara et al. studied the binary system (1-x)BaTiO3-xBiScOz: samples were
prepared with 3 mol% excess Bi»Os [Ogihara et al. (2009b)]. The Curie peak for x = 0
(BaTiO3) at ~ 130 °C became diffuse as x increased to 0.02 and at x = 0.05 an
additional lower temperature frequency-dependent peak appeared, associated with core-
shell microstructures. The shell region of the grains was enriched in BiScOz and
considered to be responsible for the frequency dependent dielectric anomaly. A single,
very diffuse relaxor &-T peak occurred around x = 0.2. This gave rise to near-stable &
values, 800-1000; over a wide temperature ~ 0-350 °C (estimated). A similar dielectric
behaviour had previously been reported for thin film samples [Tinberg and Trolier-
McKinstry (2007)]. A & value of ~ 1000 from 0 to 300 °C was found for sample
composition x = 0.3 with high electrical resistivity of 101 Q cm at 250 °C. The energy
density of bulk and tape-cast thick film x = 0.03 samples was investigated. A 15 pm
dielectric layer has a room-temperature energy density of 6.1 J/cm?at 730 kV/cm (just
below the breakdown field). Reasonably stable energy densities of 2-3 J/cm?® were

observed from 0 to 300 °C (bias fields E = 30-40 kV/cm).
2.8.1.2 BaTiO3-Bi(MgosTios5)O3

A solid solution in the binary system (1-x)BaTiO3-xBi(Mgos5Tio5)O3, (1-x)BT-
XxBMT was studied by a number of research groups. Wada et al. focussed on the
piezoelectric properties, but noted a changeover from ferroelectric to relaxor
characteristics occurred at 0.1BMT. A plot of &-T at 1 MHz showed a very diffuse
dielectric response for compositions 0.2BMT and 0.3BMT, with &-values of 600-1000
at temperatures from approximately 25 to 400 °C. Dielectric loss tangent at 100 Hz was

in the range 0.05-0.1 [Wada et al. (2010)].
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Zhang et al., provided a detailed account of the temperature stability of
dielectric properties [Zhang et al. (2011)]. Compositions x = 0.5BMT and 0.6BMT
displayed a plateau in &-T response: for x = 0.5, values of & ~ 2400£15% (1 kHz) were
observed for temperatures 167 to 400 °C, with tand < 0.02 (100 kHz) for temperatures
238-400 °C. For x = 0.4, & ~ 2200+15% at temperatures of 175 to 400 °C; low losses
occurred over most of this temperature range, with tand < 0.02 from 197-400 °C (at 100

kHz).

Choi et al., investigated (1-x)BT-xBMT bulk ceramics and multilayer capacitors
(20x129 um layers) [Choi et al. (2013)]. They found the solubility limit of BMT to
occur around x = 0.4-0.5. Highly diffuse relaxor-like behaviour was observed for
compositions x = 0.1 to 0.4. Different compositions displayed distinctive temperature
ranges of stable e values, depending on the Tm for each specific composition.
However, temperature ranges over which ¢ varied within +15% were not commented

upon in detail.

Xiong et al., examined the effect of Nb>Os and Co0203 co-dopants on the
properties of (1-x)BT-xBMT: similar dopants are incorporated into BT to develop core-
shell structures and X7R temperature-stable performance [Xiong et al. (2012), Xiong et
al. (2011), Hao et al. (2012)]. These authors reported that composition x = 0.15BMT
doped with 2 wt% Nb2Os produced & ~ 1000+15% over the temperature range -55 to
+155 °C: tand = 0.09 at room temperature. Microstructures were presented indicating

core-shell characteristics.
2.8.1.3 BaTiO3-Bi(Mg2;sNb1/3)Os

Wang et al., examined the solid solution, (1-x)BaTiO3-xBi(Mg23Nb1/3)O3,
reporting basic dielectric properties and energy storage capabilities [Wang et al.

(2014)]. Composition x = 0.2 exhibited temperature-stable dielectric response with &r



-45 -

varying from 628-787 in the temperature range -50 to +300 °C: tand < 0.025 over the
temperature range 0-150 °C (estimated). Values of dc resistivity were of 7.4x10'? Q ¢cm
at room temperature and an energy density of 0.74 Jlcm® (Emax = 160 kV/cm) was
recorded for x = 0.2. However, all compositions of this system showed a sharp increase

in dielectric loss tangent at temperature > 200 °C.

2.8.1.4 BaTiO3-Bi(Mg23Tausz)Os

Ma et al., studied the dielectric properties of the (1-x)BaTiO3z-xBi(Mg23Taw3)O3
ceramic system [Ma et al. (2015)]. Composition x = 0.1 exhibited dielectric stability
across the temperature range 30 to 150 °C (£15%), with &r max = 1278: tand < 0.02 over
the temperature range 30 °C to 195 °C. There was a sharp rise in dielectric loss tangent

at a temperature of > 200 °C.

2.8.1.5 BaTiO3-Bi(ZnosTios)Os

The (1-x)BaTiOs-xBi(ZnosTios)Os system, (1-x)BT-xBZT, was studied by
Huang and Cann at Oregon State University, who determined the solid solution limit to
occur at x = 0.33BZT [Huang and Cann (2008)]. The crystal system changed from
tetragonal for x < 0.1 compositions to mixed tetragonal and rhombohedral at x ~ 0.1.
The ferroelectric Curie peak became broad at x = 0.05, T decreased relative to BT, and
the lower temperature & discontinuities due to tetragonal-orthorhombic-rhombohedral
polymorphic phase transitions disappeared. Further increases in the BZT content
caused dielectric peaks to become increasingly diffuse, and relaxor behaviour was
reported at x = 0.2BZT.

A subsequent study by Raengthon and Cann investigated the effect of
introducing Ba vacancies (2-8 mol%) into 0.8BT-0.2BZT ceramics [Raengthon and
Cann (2011)]. Compositions with 2 mol% Ba-deficiency were claimed to give

improved temperature stability in e, with a nearly flat response from temperatures of
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100 °C to 350 °C. Designing compositions with Ba vacancies also increased electrical
resistivity: for the optimum x = 0.2BZT composition (2 mol% Ba deficient) resistivity
was of the order of ~ 7x10%° Q c¢m at 270 °C, decreasing to 5.78x10° Q c¢m at 335 °C
and with a RC time constant of 1.47 s (335 °C). The same research group have
proceeded to further characterise BT-BZT ceramics. They studied the effects of
incorporating Zr and Mn excess into the BT-BZT based system, but found no
significant improvements in temperature stability [Raengthon and Cann (2011)]. The
group also reported the (1-x)[0.5BaTiO3-0.5Bi(Zno5Tio.5)03]-XKosBiosTiO3 system: a
relatively stable dielectric response was found for composition x = 0.6KBT.
Approximate values (estimated by interpolation of diagrams) were & mig ~ 2400£15% in
the temperature range from 150 to 450 °C with tand ~ 0.02 from 200-350 °C

[Prasatkhetragarn et al. (2012)].
2.8.1.6 BaTiO3-Bi(ZnosZros)O3

The dielectric properties of (1-x)BaTiO3-xBi(ZnosZros)0z [(1-X)BT-xBZZ]
were studied by Yiliang Wang et al. (2013). Increasing the BZZ content induced
relaxor behaviour in &-T plots, with supressed values of & max. Good temperature
stability in er was reported for x = 0.6, with &rmia = 1000£15% from 200 to 450 °C, with

tand < 0.25 from room temperature to 300 °C (estimated).
2.8.1.7 BaTiO3-BiAIO3

Liu et al., fabricated the binary (1-x)BaTiOs-xBiAlOz ceramic system by solid
state and sol-gel processing routes [Mengying Liu et al. (2015)]. The temperature
stability in &-T plots increased with increases in the BiAlOz content. The best
temperature stability in & was demonstrated for ceramic samples fabricated using
powders prepared by a sol-gel method. At x = 0.3BiAlOs, & max = 660£15% over the

temperature range -55 to 440 °C: tand ~ 0.012 at room temperature. However,
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conventional solid state methods for producing the starting powders failed to achieve
this level of temperature range of stability. The reported relative permittivity for the
solid state route for composition x = 0.3 was & = 1558+15% across the temperature
range, -55 to 124 °C. These researchers also studied the effect of Nb incorporation to
0.8BaTiO3-0.2BiAlOs (x = 0.2) to try to extend the working temperature range. A
sample composition containing 4 mol% Nb displayed & = 925£15% from -55 to 178

°C, and tand ~ 0.004 in the temperature range -20 to 200 °C (estimated).
2.8.1.8 BaTiO3-BiScOs3-Bi(ZnosTios)Os

The incorporation of BiScOz into the BaTiO3-Bi(ZnosTios)Os (BT-BZT)
system further flattens the &(T) response [Raengthon et al. (2012)]. The solid solution
composition, 50BaTiOs3-25Bi(ZnosTios)03-25BiScOs, compositionally engineered to
have 2 mol% Ba-deficiency exhibited & ~ 1100 from 80 to 500 °C (estimated from
published plot) with a temperature coefficient of permittivity TCer = -182 ppm/°C
[TCer = 1/&r mid{ervri-er2m2}] [Raengthon et al. (2012)] which corresponds to 5%
variation (estimated). Dielectric losses were low, with tand = 0.007 at 335 °C. High
electrical resistivity was reported by Raengthon et al., for this temperature stable
composition: 4.1x10° Q cm at 335 °C. However, a disadvantage of this material lies in

the very high costs of Sc.O3 [Raengthon et al. (2012)].

2.8.1.9 NaNbOz-doped BaTiO3-Bi(ZnosTios)O3

Raengthon et al., found that incorporation of small amounts of NaNbO3s into
BaTiOs-Bi(ZnosTios5)O3 (BT-BZT) according to a compositional formula expressed in
mol% terms as, 70BaTiOsz-(30-y)Bi(ZnosTios)O3-yNaNbO3, y = 5-25 shifted Tm to
lower temperatures, thereby decreasing the lower temperature limit of stable & to -103
°C from a value of ~ 100 °C without NaNbO3s modification [Raengthon et al. (2013),

Huang and Cann (2008)]. Dielectric properties (&-T plots) were shown from -150 °C to
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+200 °C: a number of NaNbOs modified compositions e.g. 70BaTiOs-
5Bi(Zno5Tios)03-25NaNbO3 displayed a temperature range of stable & better than X9R
(-55-175 °C). The average &r values fell from ~ 1500 in BT-BZT to < 700 for the

NaNbO3z modified compositions with the best low-temperature performance.

2.8.2 NaosBiosTiOz-based temperature stable dielectrics

2.8.2.1 NaogsBiosTiO3-NaNbO3

The system (1-x)NaosBiosTiOs-xNaNbOs (NBT-NN) was investigated for
NaNbO3z contents up to x = 0.08 [Li et al. (2004)]. The NBT end-member is a relaxor
dielectric with a broad & peak at ~ 300 °C, and shoulder at ~ 180 °C. Incorporation of
NaNbO3 in the range x = 0.01-0.03 shifts the peak and shoulder to lower temperatures;
both features become increasingly diffuse for NaNbOs modified samples [Li et al.
(2004)]. At x = 0.08, a broad &(T) plateau extends from ~ 200-400 °C but with
continued evidence of two distinct humps.

Bridger et al., patented a series of high temperature dielectric materials based on
the relaxor sodium bismuth titanate (NBT) [Bridger et al. (2008)]. A variety of
substituents and dopants were used to broaden and adjust the temperature of the &r(T)
shoulder and main peak. Example of minor substituents included Sr, Ca, Ba. A further
flattening of the dielectric response, along with increases in electrical resistivity, was
achieved through the use of dopants (Mn, Cu, Co). In agreement with earlier work by
Li et al. (2004), the binary solid solution between NaosBiosTiOs and NaNbOs was
found to give a near flat dielectric response over a wide temperature range [Bridger et
al. (2008)]. Optimum compositions gave & > 1000, and tand < 0.02 over the

temperature range -30 to +200 °C: resistivity was > 10° Q m.
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2.8.2.2 NaosBiosTiO3-KTaOs

Konig et al., reported trends in &(T) peak temperatures and widths of &r peaks of
various (1-x)NaosBiosTiO3-xKTaO3z binary compositions [Konig et al. (2011)].
Increasing the KTaOs content resulted in a fatter &-T response: for composition x = 0.2,
& mid = 2000£15%, in the temperature range 80-300 °C (estimated) with tand < 0.02
over a narrower temperature range, from 200 to 300 °C. For composition x = 0.05
annealed at high temperatures, a broad dielectric maxima & max = 2700, from 160 to 260
°C was reported with tand < 0.02 spanning temperatures from 100 to 300 °C

(estimated).
2.8.2.3 NaosBiosTiO3-BaTiO3-KosNaosNbOs

Dittmer et al., Technical University Darmstadt, studied the ternary system, (1-
X)[0.94Nao sBiosT103-0.06BaTiO3]-xKo.sNaosNbOs, (NBT-BT-KNN) for compositions
X < 0.18KNN [Dittmer et al. (2011)]. In a similar manner to NBT-based materials
reported by Li et al., for the NaosBiosTiO3-NaNbOs system, and by Bridger et al., for
complex compositions based on NBT [Li et al. (2004), Bridger et al. (2008)], Dittmer
et al. (2011) observed a &(T) plateau which exhibited two broad humps originating
from shoulder and broad &r peak in the base material. However, the width of the &-T
plateau was greater in the NBT-BT-KNN system. Optimum properties occurred at x =
0.I8KNN, with & = 2151+10%, from temperatures of 43 °C to 319 °C: tand < 0.025
from ~ 50 to < 300 °C (estimated from published plot). For (1-x)[NBT-BT]-xKNN at x
=0.18, electrical resistivity was p = 108 Q m at 300 °C, and RC time constant ~ 1.13 s.
For x = 0.15, the reported properties were, €150 = 2349+10% from 49 to 313 °C, with

tand < 0.025 from ~ 100-300 °C (estimated) (150 = mid temperature), Table 2.4.
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2.8.2.4 NagsBiosTiO3-KosBiosT103-KosNaogsNbO3

The Darmstadt group subsequently studied (1-x)[0.6NaosBiosTiOs-
0.4Ko:5Bio5TiO3]-xKosNaogsNbOs, x = 0.08-0.015 ceramics, reporting & = 2167+10%,
from 54 to 400 °C for the best composition, x = 0.15KNN. Compositions with the
widest temperature range of stability in &, namely x = 0.12 and 0.15KNN exhibited
tand < 0.025 (1 kHz) over what appeared to be a narrow temperature span, ~ 100-250
°C (estimated) [Dittmer et al. (2012)].

It appears that dielectric losses show a greater temperature fluctuation in NBT-
KBT-KNN than for the leading BaTiO3-Bi(MgosTios)O3 or BaTiO3-Bi(ZnosTios)O3
based dielectric ceramics. In NBT-KBT-KNN low loss occurs over a significantly
narrower temperature range than the full range of the & plateau. Hence, working

temperature ranges may be more restricted that at first appears from &, stability data.

2.8.2.5 CaZrOsz-modified NBT-BT and NBT-BT-KNN

The effect of incorporating CaZrOs into NBT-BT and NBT-BT-KNN was to
decrease the lower operating temperature and also to decrease &r values [Acosta et al.
(2012), Zang et al. (2014)]. The ceramic materials were fabricated according to the
solid solution formula: (1-x)[0.94NagsBiosTiO3-0.06BaTiOsz]-xCaZrOs and (1-
X)[0.82(0.94Nap5Bio5Ti03-0.06BaTiO3)-0.18KosNaosNbO3]-xCaZrOs,  respectively.
Ceramics with different CaZrOs [CZ] contents exhibited different combinations of &
max and plateau temperature ranges. For the NBT-BT-CZ compositional series, the
lower limiting temperature of near flat &(T) decreased with increasing amounts of
CaZrOs3 substitution, from 109 °C at 0.05CZ to -97 °C at 0.2CZ. For NBT-BT-KNN-CZ
solid solutions, the variation was from -6 °C to -69 °C with increasing levels of CaZrOs
incorporation. Dielectric losses (1 kHz) increased sharply at temperatures above 200-

300 °C in both NBT-BT-CZ and NBT-BT-KNN-CZ. The NBT-BT-CZ composition x =
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0.2CaZrO3 gave the flattest &-T response, with a £15% consistency in & (550 mid)
from -97 to +371 °C, with tand = 0.7% at 300 °C (1 kHz). Dielectric losses (deduced
from &”-T plots) increased substantially above 300 °C, suggesting a practical upper
working temperature (combination of stable &r and low loss) may be ~ 300 °C.

In the NBT-BT-KNN-CZ system, the flattest &-T response again occurred for x
= 0.2CZ [Acosta et al. (2012)]. In this case, the temperature range of £15% consistency
in & (467 mid) extended from -69 °C to +468 °C; dielectric loss at 1 kHz (tand = &/"/&/’)
increased sharply above 300 °C. An electrical resistivity of ~ 10" Q m at 300 °C was
recorded for the NBT-BT-CZ composition x = 0.2 which had the most stable dielectric
properties. For the NBT-BT-KNN-CZ compositions, the electrical resistivity was ~ 108
Q m at 300 °C for x = 0.2CZ: other compositions with less favourable &-T response

exhibited higher resistivity, up to 10° Q m (e.g. NBT-BT-KNN-0.05CZ).

2.8.2.6 NaosBiosTiO3-BaTiOs3-Bio2Sro7TiO3

Shi et al., reported the electrical properties for the Bi-deficient solid solution
series  ‘(Nao.5Bio.5-y)o.04xBao.os(Bio.2Sro.700.1)xTiO3’(where o = A-site strontium
vacancy) derived from a NBT-BT composition at the morphotropic phase boundary
[Shi et al. (2015)]. The system demonstrated promising temperature stable dielectric
properties with low loss tangent. A flat dielectric response with very high relative
permittivity, & = 4884+10% was reported for composition x = 0.26, y = 0.07 over the
temperature span 50 °C to 270 °C: tano < 0.02 from 100 to 300 °C (estimated). A rapid
decrease in &r occurred for temperatures outside this range. The value of time constant

(RC) was 5.96 s at a temperature of 300 °C.
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Table 2.4 Comparison of temperature stability of relative permittivity within +£15% or less and tand < 0.02 at 1 kHz for potential dielectric

systems.
Material system ermid (T-range, °C) T-range (°C) References
tand < 0.02
0.7BaTi03-0.3BiScOs 1000+15% (0-300) 50-400 Ogihara et al. (2009a)

0.5BaTi03-0.5Bi(Mgo5Tio5)O3

2400+15% (167-400)

238-400 (100 kHz)

Zhang et al. (2011)

0.8BaTi03-0.2Bi(ZnosTio5)O3 (Ba-deficient)

1150+15% (100-350)

tand~0.05 (100-460)

Raengthon and Cann (2011)

50BaTi03-25Bi(ZnosTio.5)03-25BiScO3 (Ba-deficient)

1100+15% (80-500)

~100-450

Raengthon et al. (2012)

0.9Nag5Bip5TiO3-0.1KTaOs3

>2500+15% (80-340)

tan6~0.05 (80-300)

Bridger et al. (2008), (2010)

0.82(0.94Nap sBio5Ti03-0.06BaTiO3)-0.18Ko.5Nao.sNbO3

2151+10% (43-319)

tand < 0.025 (50-300)

Dittmer et al. (2011)

0.85[0.6Nag.5Bio5Ti03-0.4Ko 5Bio5TiO3]-0.15K0 5NaosNbO3

2167+10% (54-400)

~100-250

Dittmer et al. (2012)

0.8[0.82(0.94Na0.sBiosTiO3-0.06BaTiO3)-
0.18Ko.5NaosNbO3]-0.2CaZrOs

467+15% (-69-+468)

Acosta et al. (2012)
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2.8.2.7 BiScO3-BaTiOs-(K12Bi12)TiOs3

Lim et al. investigated the ternary (1-x)[0.4BiScO3-0.6BaTiO3]-xKo:sBiosTiO3
series [Lim et al. (2009)]. The x = 0.2KBT material displayed a temperature-insensitive
response with &rmax = 1750, and TCer = -800 ppm/°C across the temperature range 200-
400 °C: tano < 0.02 for the equivalent temperature range. The energy density increased
from 0.3 J/cm?3 at 50 kV/cm to 4.0 J/cm?® at 220 kV/cm. An electrical resistivity of 10°

Q cm and RC constant of 0.8 s at 300 °C were reported.
2.8.2.8 KosNaosNbOs-LiTaOs

Another approach to achieving wide-ranging temperature stability is not reliant
on relaxor behaviour. Instead ferroelectrics with high T¢ offer stable properties with
moderate e values below Tc. This is illustrated by the (1-x)KosNaosNbOs-xLiTaOs3
solid solution series (KNN-LT), taking advantage of the high ferroelectric Curie
temperature of KNN (T. ~ 420 °C). However, unmodified KNN displays an
orthorhombic <« tetragonal polymorphic phase transition at ~ 200 °C creating a &
discontinuity which prevents temperature stability in ervalues at T < Tc. This transition
can be shifted to much lower temperatures through appropriate levels of LiTaO3
incorporation, as demonstrated by Skidmore [Skidmore (2009)]. The polymorphic
phase transition can be shifted to below 0 °C by incorporation of between 0.7LT and
0.1LT, thereby imparting improved temperature stability. A flat &-T response was
obtained for x = 0.1LiTaOsz from temperatures -50 °C to 350 °C with &r ~ 480+£15%: the
upper temperature limit lies at the onset of the tail to the ferroelectric Curie peak (T¢ ~
450 °C). For the composition x = 0.07, a slightly narrower temperature-stable range
occurred, with & = 630-700+15% from -15 °C to +300 °C. [Skidmore et al. (2009),

Skidmore (2009)].
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2.8.2.9 KosNagsNbOs3-LiTaO3-BiScOs

Skidmore et al., also studied dielectric and piezoelectric properties in the ternary
compositional system (1-x)[(Ko.sNao.sNbO3)o.93-(LiTaO3)o.07]-xBiScOs [Skidmore et al.
(2010)]. Addition of BiScOs led to a decrease in values of & max from ~ 3600 at x = 0 to
~ 1800 at x = 0.02 and the creation of a diffuse &-T peak. The dielectric response
become flatter at x = 0.05 with estimated & values of ~ 1150+15% from ~ 20 °C to 450
°C, [Skidmore et al. (2010), Skidmore (2009)]: tand values were 0.03-0.05 for

temperatures from 20-200 °C, decreasing to < 0.025 at 200-350 °C [Skidmore (2009)].

Zhu et al., studied dielectric and piezoelectric properties in the system, (1-
X)[0.98Ko.5sNaosNbO3-0.02BiScOs]-xLiTaOs [Zhu et al. (2011a), Zhu et al. (2011b)].
Values of & max decreased from an estimated 7000 at x = 0, to 2600 at x = 0.03LiTaOsa.
Composition x = 0.02LiTaO3 showed consistent &(T) response with e, estimated at
1000+15% from 0-300 °C. The x = 0.03 samples gave & ~ 700x15% from
approximately -55-200 °C. Values of tand were ~ 0.03 over these temperature ranges.
For certain compositions, the broad e-T response showed two sub-peaks. Analysis by
TEM-EDX indicated the origin of the sub-peaks in certain KosNagsNbOs-LiTaOs-
BiScO3 compositions, e.g. 0.98[0.95Ko.5NaosNbO3-0.05LiTa03]-0.02BiScO3, was due

to core-shell segregation [Zhu et al. (2015)].
2.8.2.10 Ko.5NaosNbO3-Bi(Zno.75\Wo.25) O3

The solid solution (1-x)KosNaosNbOs-xBi(Zno.7sWo.25)03, [KNN-BZW] was
synthesised by Chen et al. (2015). The crystal structure was identified as having
orthorhombic symmetry with no evidence of secondary phases. Plots of &-T indicated
two phase transitions above room temperature: orthorhombic-tetragonal and tetragonal-

cubic. These transitions became more diffuse with increasing BZW content.
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Composition x = 0.01BZW gave temperature-stable dielectric behaviour, with & ~
1300+15% from temperatures of 150 to 350 °C; tand < 0.04 across this temperature

range.

2.9 Conclusions

As mentioned above, a wide variety of compositionally complex perovskite solid
solutions display near-stable relative permittivity over wide temperature ranges with
upper temperature limits of & +15% at 300-500 °C. The materials with the widest
temperature range of stable and high relative permittivity (er ~ 1000), low dielectric
loss and high electrical resistivity were found in some materials; for example in
BaTiO3-BiZnosTios03-BiScOs system, exhibited & = 1000+15% across the
temperature range 80-500 °C. However, the lower temperature limit lies above room-
temperature. Moreover, the costly scandium content in these materials led to the
limitation for commercial applications. Materials which achieve stability down to -55
°C exhibit moderate relative permittivity values (er ~ 500) and low loss occurs over a
significantly narrower temperature range than the full range of the e plateau. Hence,
working temperature ranges may be more restricted that at first appears from ¢ stability
data.

Therefore, despite these advances in high temperature dielectric ceramics, further
improvements in basic dielectric properties and temperature ranges are required to
bring the materials to a stage where they can be considered for further evaluation and

implementation as practical high temperature capacitor materials.
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Chapter 3

Experimental Methods

3.1 Introduction

The performance of ceramic materials for various applications strongly depends
on the method of their processing. The production of a dense and chemically
homogeneous ceramics is the basic requirement for tailoring electrical properties for
different applications. This chapter outlines various steps used for processing raw
materials, sample preparation and different experimental techniques for their analysis,
conducted in this research. The flow chart, Figure 3.1, describes the key stages of

processing of raw powders and shaping of samples by a conventional solid state route

including sintering, grinding and electro

ding.
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Figure 3.1 Flow chart describes the key steps for powder processing including

shaping, sintering and electroding.
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3.2 Ceramics Fabrication

3.2.1 Powder processing

The raw powders were processed by a conventional mixed oxide route using
reagent grade carbonates and oxides. The details of starting reagents of the respective

elements, suppliers and their purity are listed in the Table 3.1.

Table 3.1 Carbonate, oxide reagents, purity and suppliers.

Raw powders Purity Supplier CAS Code
K2CO3 >99% Sigma Aldrich 584-08-7
BaCOs >99% Alfa Aeser 513-77-9
CaCOs >99% Sigma Aldrich 471-34-1
Na2CO3 >99.5% Sigma Aldrich 497-19-8
Bi2O3 99.9% Sigma Aldrich 1304-76-3
TiO: 99.9% Sigma Aldrich 1317-80-2
Nb20s 99.9% Alfa Aeser 1313-96-8
ZnO 99.9% Sigma Aldrich 1314-13-2
ZrO; 99% Sigma Aldrich 1314-23-4
MgO 99.9% Alfa Aeser 1309-48-4

The raw powders were dried overnight in an oven at a temperature of 250 °C to
remove moisture owing to the hygroscopic nature of some precursors and then cooled
to room temperature in a desiccator under reduced pressure. For each batch
formulation, the powders were weighed according to their respective stoichiometric
ratios, using a Sartorius electronic balance (Sartorius UK Ltd, UK) within the precision

limit of £0.001 g.
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3.2.1.1 Ball Milling

The mixing of raw powders was performed by conventional ball milling, in a
custom made plastic bottle (0.5 Litre) and yttria-stabilized zirconia (YSZ) cylindrical
balls ~ 7.3x7.2 mm (length. diameter) as a grinding media. All compositions were
milled for 24 hours using 2-propanol (Sigma Aldrich, purity 99.5%) as the milling
media. The raw powders, grinding media and 2-propanol together filled 2/3 of the
plastic bottle: this was then placed on the horizontal mechanical rollers for 24 hours

with speed of ~ 100 rpm.
3.2.1.2 Drying of milled slurry

The milled slurry for each composition was dried by using the electrothermal
reflux kit with magnetic stirrer at a temperature ~ 100 °C. In order to break
agglomerates and get finer particles size, the dried powders were sieved through 300

pm mesh size nylon, and then stored in air for further processing.
3.2.1.3 Calcination of powders

Before shaping and sintering, the milled powders were calcined at certain
temperatures. The main purpose of calcination of the milled powders is to cause
dehydration, removal of carbon in the form of carbon dioxide and thermo-chemical
reaction to form a desired solid solution. The homogenized milled powders were placed
in covered alumina crucibles with lids (Alsint, Fisher Scientific Ltd, UK) and calcined
at optimised temperatures in a box digital programmable furnace in air. In this study, a
heating, cooling ramp rate of 5 °C/min, dwell time 3-4 hours and calcination
temperature in the range of 800-1100 °C was used for most of compositions of different
systems, Figure 3.2 and Table 3.2. After calcination at appropriate temperature, the

powders were passed through 300 pum mesh, re-milled for 24 hours and 1 wt% binder
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was introduced (Ciba Glascol HA4: Ciba speciality Chemicals, Bradford, UK). To
facilitate compaction and shaping into pellets, re-milled powders were sieved again and

stored in air.
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Figure 3.2 A general scheme for calcination of powders during this research.

Table 3.2 Detailed summary of calcination of powders for different systems.

Material System Heating/ Calcination Dwell

coolingrate  Temperature  time

(1-X)Ko5BiosTiO3-xBi(Mgo.5Tio.5)O3 5°C/min 850 °C 3h
(1-x)Ko5BiosTiO3-xBa(Zro2Tio.s)O3 5°C/min 850-1000°C 4h
(1-x)Bao.sCao.2TiO3-xBi(MgosTio5)O3 5°C/min 800-1100°C 3h
(1-x)Ban.sCao.2TiO3-xBi(ZnosTio.5)O3 5°C/min 900 °C 3h
(1-x)BaTiO3-xBi(Mgo.5Zro5)O3 5°C/min 900 °C 4 h
0.45Bap.8Ca0.2TiO3-(0.55-X)Bi(Mgo5Tio5)Os- 5°C/min 900 °C 3h
XNaNbO3

(1-x)[0.5K0.5Bio5Ti03-0.5Ba(Zro.2Tio.s)O3]- 5°C/min 900 °C 3h

XBi(Zn23Nby13)O3
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3.2.1.4 Shaping of Powders/Pelletization

The shaping of powders in the form of pellets was carried out by uniaxial
pressing (Apex Construction Ltd, UK). Powders ~ 0.5 g were compacted into pellets of
thickness ~ 1.5 mm and diameter ~ 10 mm using a highly polished steel die, with a
uniaxial pressure of ~ 65 MPa. However, for full and uniform pressing, the green
pellets were further subjected to cold isostatic pressure by using an Isostatic Press
(Stanstead fluid power, Essex, UK). The green pellets were placed in finger pockets of
flexible rubber gloves to protect them from oil contamination and pressed to ~ 200-300
MPa for ~ 10 minutes. The green pellets after isostatic pressing were fired at various

temperatures for sintering.
3.2.1.5 Sintering

The most important and key stage of the ceramic processing is sintering, to
accomplish pore-free ceramics and to achieve a high quality material for various

applications.

In this work, the sintering of the green pellets was carried out in air in a closed
alumina crucibles at different appropriate temperatures and dwell times for each
composition of different systems using a box furnace. The green pellets were embedded
in “atmosphere” powders of the same composition to reduce the loss of volatile
substances and fired slowly with ramp rates of 50 °C/h up to 550 °C to burn out the
organic binder. The temperature was then subsequently raised with ramp rate of 300
°C/h to optimised high temperature limit with different dwell time hours for sintering
and then cooled to room temperature at 300 °C/h. The general scheme of the firing of

green pellets in this research is shown in Figure 3.3. A detailed summary of the
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sintering temperature and dwell time after burning the binder at slow ramp rate of 50

°C/h up to 550 °C is given in Table 3.3.
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Figure 3.3 A general scheme for sintering of green pellets in this research.
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Table 3.3 Summary of the heating/cooling rate, sintering temperature and dwell

time after binder burn out at 550 °C at slow ramp rate of 50 °C/h of different

system.

Chap Material System Heating/coo  Sintering Dwell

No. -ling rate Temperature  time

4 (1-x)KosBiosTiO3-xBi(Mdgo.5Tio.5)O3 5 °C/min 1050-1100°C 4h

5 (1-X) K0_5Bi0_5TiOs-XBa(Zro_zTio,s)Os 5 °C/min 1060-1350°C 4-6h

6 (l-X)B&o,gC&o,zTiOs-XBi(Mgo_sTio,s)Os 5°C/min 1000-1400°C 3h

7 (l-X) Bao_gcao_zTi03-XBi(Zno_sTio_s)O3 5°C/min 1050-1400°C 6h

8 (1-X) BaTi03-xBi(Mgo,5Zro,5)03 5 °C/min 1000-1350°C 6h

9 0.45Ba0 sCa0.2TiO3-(0.55-X) 5°C/min  1050-1150°C 3h
Bi(Mgo5Tios5)O3-xNaNbO3

10 (1-X)[0.5K0_5Bi0,5Ti03- 5 °C/min 1040-1100°C 4h

0.5Ba(Zro.2Tio.8)O3]-xBi(Zn23Nb13)O3

3.2.1.6 Finishing and Electroding

Before the electrical characterization of the ceramic sample, the pellets were
ground to flat surfaces of ~ 1 mm in thickness with grinding discs at grit 500 and 1200
(MD Piano Stainless strips GmbH, Willich, Germany), using Motopol 2000 (Buehler,
USA). The pellets were cleaned with acetone and dried at 200 °C for 1 h. The densities
of sintered ceramic pellets were determined geometrically for at least three pellets of
each sample type; relative densities were obtained by comparing these results with the
theoretical densities as estimated from unit cell parameters and the assumed cell

contents (Table A4, Appendix).
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For electrical measurements, a silver paste (Agar Scientific, Stanstead Essex,
UK) was applied to opposite parallel faces of the ground pellets and then the pellets
were heated in a furnace at 550 °C for 10 min to form electrodes. After firing, the edges
were cleaned by using silicon carbide paper (Buehler carbimet Grit 2500) to eliminate

any short circuiting during electrical testing/characterization.

3.3 Characterization

The fabricated ceramic compositions were routinely characterized by X-ray
diffraction (XRD) for determining phase purity and crystal system. Electrical
characterization of the ceramics, including the measurement of relative permittivity,
dielectric loss tangent, piezoelectric charge coefficients, polarization-electric field
response and other electrical properties like dc resistivity, SEM and TEM were also

used to investigate microstructure.
3.3.1 X-ray Diffraction (XRD)

The physical properties of the solids are strongly dependent on the internal
arrangements of the atoms and their crystal structure. Therefore, the identification of
the phase/crystal structure by XRD is the most commonly and widely used
characterization technique in material science. The main advantage of XRD technique
is that of the fast, non-destructive testing and small sample size required for the
analysis as compared to other conventional chemical analysis [Cullity and Stock

(2001)].

X-rays are electromagnetic radiation having wavelength of the order of ~ 1A

and of the same order as that of inter atomic planes distance of crystalline materials. X-
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rays are commonly generated when high energy electrons hit the metal target like

cupper etc., ionise the K-shells electrons, Figure 3.4.
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Figure 3.4 Characteristic X-rays production mechanism (a) electron interaction
(b) electron shell transition and (c) continuous and characteristic X-rays spectra

[modified as Stevenson (2010)].

Electrons from the outer shells (L, M, N) make transition to the K-shell vacancies and
high energy X-ray photons are emitted, known as characteristic X-rays. The most
probable transition is from outermost shells produce a K-series; Ky-radiation from L
while Kg emission occurs from M-shell respectively [Cullity and Stock (2001)]. Due to
sub energy levels of L-shell, Kq-consists of Kai (A ~ 1.5406 A) and Koo (A ~ 1.5443 A).
Since monochromatic radiation is used for diffraction research, Kg is filtered by Nickel
(Ni) while K is stripped by X’pert high score plus software. In addition to this, the
incident electrons when hitting the metal target, decelerate causing the emission of
another types radiation, known as continuous X-rays. A collimated beam of X-rays

incident on the crystalline material is diffracted by the crystal planes, Figure 3.5.
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AO+OB=dsinB+ dsin®

Figure 3.5 Bragg’s reflection by crystal [modified from Cullity and Stock (2001)].

The diffracted rays from different planes in phase are superimposed with each
other and resulting a diffraction pattern in the form of intense peaks. The intense peaks
in the diffraction pattern are due to constructive superposition and occur only when

Bragg’s law is satisfied (in phase) given by equation as [Cullity and Stock (2001)];
2dsind=nA Equation 3.1

where d is the inter planer distance, A4 is the wavelength of X-rays, 0 is the Bragg’s
angle and n is an integer which represents the order of diffraction. For constructive
interference, the path difference, Figure 3.5, must be equal to integral multiple of

wavelength of X-rays (n 4 ).

In this study, X-ray diffraction facilities were used to analyse the phase purity
and structural transitions in the powders of sintered ceramic materials. Clean sintered
ceramic pellets were grounded to fine powders in a mortar/pestle and then annealed at
300 °C for 1 h to release any stress/strain or texture effects. The fine powders were then
analysed by using X-ray powder diffractrometer Bruker D8 (Cu, Ka ~ 1.5406 A,

Karlsruhe, Germany) with scan speed, 1°/min and range of angles from 20-70° 26.
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High temperature XRD analysis was carried out for specific compositions at a
scan speed 1°/min over the temperature range 25 °C to 400 °C by using a PANalytical
X’pert Pro MPD diffractrometer (Philips, Almelo, Netherlands) fitted with a HTK 1200
oven and TCU 1000 controller (Paar Physica). Internal standard was not used for these
compositional comparison. The collected XRD patterns were analysed by using the
PANalytical X’pert Highscore Plus software and the unit cell parameters were obtained
by using WinPlotr (least square refinement method) and peak profile fit by X’pert

Highscore Plus software (Figure A5 and A6, Appendix).
3.3.2 Permittivity-Temperature Measurement

To study the Curie temperature (T¢) and characteristics of structural phase
transitions of a material, the temperature dependent relative permittivity (&) and
dielectric loss tangent (tand) is the common technique. The relative permittivity and
dielectric loss tangent (tand) as a function of temperature at various frequencies (1 kHz-
1 MHz) were measured by using an Impedance Analyser (HP Agilent, 4192A Hewlett
Packard, Santa Clara, CA) powered by LabVIEW software. The relative permittivity is
usually measured from the capacitance and dimensions of the ceramic discs using the

formula [Cai et al. (2011)];

~ Cxt
e xA

&£ Equation 3.2

where C is the capacitance measured in Farad (F), t is the thickness of the ceramic disc
in meter (m), A is the area of the face of the disc (m?) and ¢, is permittivity of the free

space/or air (~ 8.85x1012 F/m).

The dielectric measurements were carried out on fired silver electroded pellets

(thickness ~ 1 mm and diameter ~ 8 mm) with heating and cooling ramp rate of 2
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°C/min from room temperature to a maximum of 600 °C. Different limits of high
temperatures were set for some samples by using computer control programmable
temperature oven (Eurotherm 847 programmable controller).

Low temperature dielectric measurements for some samples were conducted
from -70 °C to 20 °C or 70 °C by using an environmental chamber (TJR; Tenney
Environmental-SPX, white Deer, CA) in University of Birmingham and Leeds.

The dc resistivity measurements were performed by applying a fixed voltage of
80 V, using a Keithley 617, programmable electrometer (Cleveland, OH) in the
temperature range from 25 °C to 550 °C. For each measurement, the temperature was

stabilised for at least 30 min and data was recorded with intervals of 20 °C.
3.3.3 Ferroelectric measurements

The polarisation-electric field (P-E) and strain-electric field (S-E) response were
studied simultaneously by an experimental setup consisting of an optical fibre
displacement sensor (MTI-2100, Fotonic Instrument, Albany, NY), a 5 kV amplifier
source (Model 5/80, Trek Inc., Medina, NY) and data aqusition hardware (Radiant
Technologies Inc., Albuquerque, New Mexico) which was controlled by computer
software package (Vision, Radiant Technologies, Albuquerque, New Mexico). The
sample was placed in silicone oil and data was collected for samples of thickness < 1
mm and area ~ 0.50 cm? at room temperature for a frequency of 1 Hz. The electric field

was increased with 10 kV/cm steps to a maximum of 50-80 kV/cm.

Polarisation-electric field response from 25 °C to 180 °C was also conducted for
some selected samples at the University of Manchester, using a custom made
polarisation setup. The latter P-E measurements were performed with a temperature

controlled silicone oil bath, using a computer-controlled Thurlby-Thandar TG1304
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function generator in combination with a HVALB high voltage (£50 kV/cm) amplifier

(Chevin Research, Otley, UK).
3.3.4 Poling and Piezoelectric Charge Coefficient (dss) measurement

For piezoelectric charge coefficient measurements dss, the samples were poled
by using a custom made poling rig, Figure 3.6. The electroded pellet of thickness ~ 1
mm with clean edges was clamped with the copper holder in the silicon oil bath at an
optimised temperature provided by the hot plate (different level of temperature used for
different systems). The temperature was checked by a K-type thermocouple before
applying the electric field. An electric field of 30-60 kV/cm was applied at ramp rate of
50 V/s for 20 min. The temperature was lowered to room temperature and then the field

reduced to zero for removal of the pellet.

After poling, the piezoelectric charge coefficient ds3 was measured at room
temperature after 24 h at a frequency of 110 Hz, using a PiezoMeter PM300, based on

the oscillating force and induced charge per unit applied force (ds3).

The electromechanical planar coupling factor, kp, as function of temperature
was measured using an electrical impedance analyser Agilent 4192A (Agilent, USA)
on poled discs (diameter: thickness ratio of 10:1) by the resonance method. Thermal
depolarisation measurements were conducted by measuring the electric charge released
during heating of a poled specimen at a ramp rate of 2 °C/min., using a Keithley 6512

electrometer.



Figure 3.6 Custom made poling rig for poling of ceramic samples.

3.3.5 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy

(EDS/EDX)

Scanning Electron Microscopy is one of the most widely used tools for the
analysis of surface topography of material. A scanning electron microscope produces
magnified images with high resolution for studying the surface characteristics or
topography of the bulk materials e.g. particle/grain size, porosity and possible existence

of the second phases [Goodhew et al. (2001)].

A scanning electron microscope mainly consists of an electron gun,
electromagnetic lens system (condenser and objective lens) and detectors. In the
electron gun, the electrons are ejected by field emission (FEG SEM) or from the
tungsten filament by thermionic emission and accelerated to the specimen with high
energy (1-30 keV). The condenser lens de-magnifies the accelerated electrons to
control the beam diameter (2-10 nm) before striking the sample. Below the condenser,
the objective lens further focuses the electrons on the surface of the sample. SEM also

consists of scanning coils which deflect the beam in opposite directions which allow
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the electrons always to pass through the optical centre of the objective, Figure 3.7. The
electron beam scans the sample when striking the sample, the beam position on the

sample and image is digitally controlled and displayed on the screen of the computer.

Electrongun

l . Condenserlens

Objectivelens

3\ S
_— (>

| & Scan coils

e =m—— Aperture

ODetector

2 .
/ /' Specimen

Figure 3.7 A block diagram for Scanning Electron Microscope [Prukop and

Barron (2011)].

The interaction of incident electrons with the sample results in the emission of
secondary electrons from the atoms of the sample. X-rays and some incident electrons
are bounced back (back scattered electrons) after inelastic scattering from the nucleus
of the sample atom. The secondary, backscattered electrons and X-rays signals are
detected in all microscopes by a detector, produce a magnified image and displayed on
the screen. Scanning electron microscopes give the magnified images with high

resolution of the sample and provide information about their particle size and shapes.

The SEM with X-ray detector is also used for phase analysis which in turn gives
the quantitative measurement of the amount of an element present in the sample

[Goodhew et al. (2001)]. Whenever, highly accelerated electrons hit the sample and
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knock out the inner shell electrons of the sample atoms, characteristic X-rays are
produced as a result of a vacancy filled by higher shell electrons (see Figure 3.4). These
lines of characteristic X-rays correspond to particular wavelength depend on the atomic
energy levels of the atom. The EDX (Energy Dispersive X-ray spectroscopy) X-ray
detector measures the number of X-rays versus their energy and produces an energy
distribution histogram which enables us to analyse the presence of elements and their

amount [Argast ( 2004)].

In this research study, SEM was used to see grain morphology, grain size and
composition analysis using EDX, from thermally and chemically etched polished
surfaces. Samples were coated with a ~ 3-5 nm thin layer of platinum by using an Agar
High Resolution Sputter Coater (Essex, UK), to minimize the charging effect of
samples and then cleaned with ZONEsem (Hitachi, Japan). The specimen were analysed
by using LEO 1530 Gemini FEGSEM (Field Emission Gun Scanning Electron
Microscope, Zeiss, Germany) and Hitachi SU 8230 cold FESEM (Field Emission
Scanning Electron Microscope, Japan) in secondary electron and back scattered mode

with voltage settings of ~ 2 kV-3 kV and a working distance of ~ 3-7 mm.
3.3.6 Transmission Electron Microscopy (TEM)

In Transmission Electron Microscopy, a magnification down to atomic scale is
achieved when a highly focussed beam of electrons transmits through an ultra-thin
specimen (< 500 nm). Due to high electron beam energy, Transmission Electron
Microscopes (TEMs) generate magnified and highly resolved images in imaging and
diffraction modes, unlike Scanning Electron Microscopes (SEMSs). In TEM, images are
built up from diffracted electrons (dark field, STEM) and undiffracted electrons (bright

field electrons) due to elemental differences. The contrast of dark and bright fields
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gives the details of elemental differences and sample microstructure. For elemental

mapping, EDX is used with STEM.

In this work, the sintered ceramic samples were cut down to ~ 3 mm in diameter
by using a Disc Cutter (Model 601, Gatan, USA) and ground to ~ 70 um by using 40,
15 and 5 um grits. For electron transparency, the samples were dimpled and thin down
further at the centre by using Dimple Grinder (Model 656, Gatan, USA) with alumina
suspension polishing paste (~ 0.05 um). The samples were further polished and etched
using a Precision lon Beam Polishing System (PIPS, Model 691, Gatan, USA). A
Philips CM200 Field Emission Gun Transmission electron microscope (FEGTEM) was
used to study microstructure structure and compositional variations. All TEM

operations were conducted with the help of Dr. M. Ward, University of Leeds.
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Chapter 4
Phase Stability and Properties of the KosBiosTiOs-Bi(MgosTios)Os Ceramic

System

4.1 Summary

This chapter deals with the dielectric, ferroelectric and piezoelectric properties of
the relaxor (1-x)KosBiosTiO3-xBi(MgosTios)Os ceramic system, abbreviated (1-
X)KBT-xBMT.

Compositional disorder and the formation of polar nanoregions are the basis for
most models of relaxor dielectric behaviour where mixed ion valence and size
occupancy on A and/or B sites of the perovskite ABOs lattice are involved [Kleemann
(2012), Bokov and Ye (2006)]. In contrast, classic ferroelectrics exhibit long range
alignment of polar dipoles, forming microdomains.

X-ray powder diffraction, XRD, patterns exhibited single-phase perovskite for
compositions x < 0.1, but precise phase analysis proved difficult. The interpretation
reached from standard XRD data is that compositions x < 0.025 were tetragonal, and at
0.025 < x < 0.03 there was a phase boundary between tetragonal and mixed
tetragonal+cubic (or pseudocubic) phase fields. The high x limit of the mixed phase
field occurred at x ~ 0.08. Uncertainty surrounds the true symmetry of the ‘cubic’
phase, it may be globally cubic but randomly oriented localised non-centrosymetric
regions may exist and be responsible for its ferroelectric character (as evidenced for
ferroelectric behaviour in x = 0.08) which was predominantly cubic with a very minor
level of co-existing tetragonal phase. Future high resolution X-ray and neutron

diffraction, and short range structural analysis would be invaluable in understanding the
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structure of these materials. In-situ electric-field diffraction studies to investigate if any
field induced transition takes place.

The compositional position of the tetragonal/mixed phase boundary varied only
slightly with temperature up to the temperature of the transition to a high-temperature
cubic single-phase (~ 280-260 °C for x = 0.03-0.04). Hence, the boundary approximates
to a morphotropic phase boundary, MPB, but in this case the boundary most probably
represents the start of a transitional zone of phase coexistence of two relaxor phases,
each differing in local structure. These MPB compositions exhibited favourable
piezoelectric properties, for example, the piezoelectric charge coefficient, ds3, was 150
pC/N for composition x = 0.03. Large bipolar electromechanical strains of ~ 0.30% at
fields of 50 kV/cm were recorded, with das” (Smax/Emax) values of ~ 760 pm/V for
composition x = 0.04. Room-temperature unipolar strains at fields of 80 kV/cm were ~
0.30% for x = 0.03 and x = 0.04, with low hysteresis, which is of benefit for actuator
applications. High strains (unipolar) were retained to temperatures of at least 185 °C; a
slight increase in strain with increasing temperature was observed such that Smax =
0.18% at 185 °C for the MPB compositions.

The system’s distinctive high depolarisation temperature (superior to many
alternative Pb-free piezoelectric ceramics) was confirmed by thermally stimulated
charge decay measurements, and piezoelectric coupling coefficient kp, versus
temperature measurements, both techniques indicated a depolarisation (P = 0)
temperature Tq ~ 220 °C. At room temperature, values of k, were ~ 0.16 for KBT (x =
0), increasing to a peak value of ~ 0.18 for x = 0.03. The 0.03 < x < 0.06 materials
sustained polarisation at low electric fields at room-temperature (no constriction being
observed in P-E loops), with remnant polarisation ~ 18 pC/cm? for x = 0.04 and 0.06;

the coercive fields were 28 kV/cm and 23 kV/cm for x = 0.04 and 0.06 respectively. On
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heating to maximum test temperatures of 180 °C, P-E constriction became evident in x

=0.04 at 180 °C.

4.2 Results and Discussion

4.2.1 Phase Relations

Figure 4.1 shows X-ray diffraction patterns obtained at room-temperature for
crushed sintered pellets. XRD patterns indicated that (1-xX)KBT-xBMT compositions
with 0 < x < 0.03 were tetragonal. For x = 0.04, comparisons of the peak profiles in the
~ 45-47 °26 range (0027/2007) indicated a third peak was present between the
tetragonal doublet, Figure 4.2. The third peak became more prominent as X increased to
0.07. Initially rhombohedral or other lower symmetry (single) phase was suspected
(monoclinic) [Skidmore (2009)], but there was no associated splitting or broadening of
the {111} peak. The conclusion is that compositions 0.03 < X < 0.08 were mixed phase,
tetragonal and cubic (there was only a hint of tetragonal in the x = 0.08 pattern). Close
inspection of x = 0.03, showed evidence of a shoulder consistent with the presence of

cubic phase coexisting with tetragonal phase, Figure 4.2(b).

A minor amount of secondary bismuth titanate (BisTizO12) phase, along with a
cubic KBT-BMT phase was evident for the x = 0.1 and 0.12 sample compositions
(Figure Al, Appendix), implying the solid solution limit was at x < 0.1, but the
equilibrium solid solution limit was not studied in detail as the best piezoelectric

properties were found at x = 0.03 and 0.04.

The variation in lattice parameters for different samples is shown in Figure 4.3.
For KBT (x = 0), the tetragonal lattice parameters were a = 3.907+0.002 A and ¢ =

3.979+0.003 A changing to a = 3.914+0.003 A and ¢ = 3.972+0.001 A at x = 0.03. The
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contraction in tetragonal c/a ratio with addition of BMT content into the solid solution
is shown in Figure 4.3 (inset). For KBT c/a ~ 1.02, decreasing to 1.015 at x = 0.03. The
observation that lattice parameters vary across the two phase region shows the region is
not a typical equilibrium two-phase zone. Instead it implies the compositions of each

phase change progressively.

The classic relaxor Pb(Mgw3Nb23)O3 (PMN) also diffracts as cubic (in PMN the
space group is Pm3m). Randomly oriented polar nanoregions form by cation
displacements from standard crystallographic positions [Bonneau et al. (1989),

Bonneau et al. (1991)].
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Figure 4.1(a) Room temperature XRD patterns for (1-x)KBT-xBMT ceramic
system; (b) highlighted {111} and {200} reflections (arrows indicate the cubic

phase coexisting with tetragonal phase).
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4.2.2 High Temperature XRD and Phase Diagram

High temperature X-ray powder diffraction data are presented on an expanded
scale for {111} and {200} reflections in the 38-48 °26 range in Figure 4.4. These data
were used to construct a phase stability diagram, as shown in Figure 4.6. The variation
of unit cell parameters and their c/a ratios for compositions x = 0-0.07 measured over

the temperature range 25-400 °C are shown in Figure 4.5.

The temperature variable XRD was conducted on the Philips X’pert Pro MPD
diffractrometer, while the room-temperature data reported in Section 4.2.1 on the
Bruker D8. Comparisons indicated an offset of ~ 0.15 °20 between the two instruments.
Internal standards were not used: key samples should be re-run using a standard in
future to obtain highly accurate lattice parameters. However, the existing data is

considered sufficient to highlight trends with changing composition or temperature.
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The phase diagram showed the existence of a phase boundary between
tetragonal and mixed tetragonal+cubic phase with only a slight deviation from vertical.
Overall, the boundary position varies by < 1 mol% for temperatures from 25 °C to 300
°C, Figure 4.6, and thus it can be considered to approximate to a MPB which is a prime
goal in developing new piezoelectric solid solution systems. However, it is not a MPB
between two ferroelectric phases of different polarisation directions, as in PZT, since
the (1-x)KBT-xBMT system may show co-existence of two different relaxor phases,
one which diffracts as tetragonal, the other showing no deviation from cubic diffraction
patterns (the other boundary between mixed and cubic was also reasonably temperature
insensitive).

The ferroelectric and piezoelectric properties were enhanced at the MPB, but
the mechanisms are not known; arguments of polarisation rotation used for PZT at its
MPB are unlikely to apply. Local structure analysis (nanoscale) is required. For
whatever reason, experimentally it is demonstrated that ferro- and piezoelectric
properties are enhanced near the KBT-BMT MPB, showing that the specific local
structure or co-existence of two different local structures (one diffracting as tetragonal,
the other cubic) enhances the polarisability of the bulk structure. It is thought this is
because of the beneficial effects in reducing coercive field by reductions in c/a ratio
from 1.02 in KBT to < 1.015 at x = 0.03 (so energy barriers to dipole switching are
reduced) as well as easier re-orientation of dipoles due to the presence of a small
amount of cubic phase (polar tetragonal regions may move more easily in the biphasic
structure).

The relaxor end member KBT (x = 0) was tetragonal at room temperature and
retained its tetragonal symmetry up to temperature < 260 °C. A mixed phase

tetragonal+cubic appeared at temperature of > 280 °C and became cubic at 320 °C.
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Composition x = 0.02 remained single-phase tetragonal from room temperature up to

300 °C above which single phase cubic patterns appeared. Composition x = 0.03

showed a mixed-phase tetragonal+cubic from room temperature (25 °C) to 260 °C,

transforming to single phased cubic at ~ 280 °C. Composition x = 0.04 exhibited a

mixed phase from room temperature to 240 °C, above which it existed as single phase
cubic. The mixed phase temperature span reduced to 25-220 °C at x = 0.06 and 25-160

°C for x = 0.07.

A significant variation in the tetragonal lattice parameters a and c were
observed as a function of temperature for all studied samples, Figure 4.5. The
tetragonal distortion contracted as the temperature of the high temperature cubic phase
was reached (insets to Figure 4.5). Measurements became more difficult as peak

overlap increased and/or peak intensities decreased.

The mixed phase tetragonal+cubic are highlighted with shaded regions in
Figure 4.5. For the KBT end member (x = 0) the lattice parameters were a = 3.907 A
and ¢ = 3.979 A at room temperature, decreasing to values of a = 3.928 A and ¢ =
3.944 A at a temperature of 300 °C. A similar trend occurred for compositions x = 0.02
and 0.03, where the tetragonal lattice parameters converged to cubic at a temperature of

300 °C and 260 °C, respectively.
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Figure 4.4 High temperature XRD patterns from 25 °C to 400 °C for (1-xX)KBT-
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at 38-48 °20 range (arrows indicate cubic phase coexisting with tetragonal phase).
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Figure 4.5 Variation of estimated lattice parameters versus temperature for (1-

X)KBT-xBMT system: (a) x =0 (b) x =0.02 (c) x = 0.03 (d) x = 0.04 (e) x = 0.06 and

(f) x = 0.07 (inset displays c/a ratios). For x = 0 and x = 0.04, six peaks were used

with least square refinement (WinPlotr) to calculate lattice parameters. For other

samples lattice parameters were simply estimated from 111 (for cubic) and

002/200 peaks (tetragonal)-hence error statistics are not available.
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Figure 4.6 Phase diagram for (1-x)KBT-xBMT ceramic system based on high

temperature XRD data.

A summary of the dielectric, ferroelectric and piezoelectric data presented in the

following sections is given in Table 4.2 (page 112).
4.2.3 Dielectric properties

Plots of temperature-dependent relative permittivity, & and loss factor (tand) at
different frequencies are presented in Figure 4.7. The dielectric response of unmodified
KBT, with peak temperature Tm ~ 380 °C (1 kHz) is shown in Figure 4.7(a). The (1-
X)KBT-xBMT solid solutions also exhibited broad frequency-dependent peaks in the &r-
T plots and dispersion in tand at T ~ Tm, characteristic of a relaxor. For (1-x)KBT-
XBMT, the dielectric peak temperature Tm decreased from ~ 380 °C for KBT (x = 0) to
~ 330 °C-340 °C for compositions in the range 0.02 < X < 0.08. There was no
correlation between Tm values and the boundary temperature of the high temperature

cubic phase for x < 0.08 in the phase diagram (Figure 4.6).
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A discontinuity or inflection at > 260 °C (heating onset) appeared in &-T plots
of KBT unpoled (onset temperature on heating), Figure 4.7(a), but not in the BMT-
modified samples. A similar inflection to unpoled KBT exists in alternative lead-free
piezoelectric NagsBiosTiO3-BaTiOs (NBT-BT), where samples of NBT-BT near the
MPB (6 mol% BT) have &(T) inflections in the range 90-105 °C; the inflection
temperature is reported to correspond to the depolarisation temperature T4 [R6del et al.
(2009)].
Plots of tand gave a clear indication of a discontinuity below T in the unpoled
KBT- a broad peak onset temperature was similar to the & inflection temperature; the
peak centre was ~ 300 °C (1 kHz) which may signify the end of any atom
rearrangements that cause the dielectric discontinuity in KBT, Figure 4.8. A correlation
exists between the temperature of the discontinuities in tand at T < T, for KBT and the
cubic boundary temperatures on the phase diagram exist (this aspect is considered

further in Section 4.2.7, Figure 4.20).
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Figure 4.7 Relative permittivity and loss tangent versus temperature at different
frequencies for: (a) x = 0 (KBT), (b) x = 0.02, (c) x = 0.03, (d) x =0.04 (e) x = 0.06

and (f) x = 0.08 (arrow indicates the onset temperature of the inflection in KBT).

The temperature of dielectric inflections in poled KBT shifted by ~ 50 °C
toward lower temperatures ~ 200 °C, with tand peak at moving ~ 250 °C in poled KBT,
Figure 4.8. In KBT-BMT unpoled samples, there was no inflection, but a faint &-T
discontinuity appeared in poled samples. For poled x = 0.03, there was a discontinuity

at 180-200 °C (1 kHz data), Figure 4.8.
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For (1-X)KBT-XBMT ceramic samples, values of tand were < 0.07 (1 kHz) at <

350 °C and increased sharply above ~ 400 °C, this increase may relate to the loss of

some bismuth oxide and potassium oxide during high temperature calcination/sintering

and consequent changes to defect chemistry, resulting in ionic or electronic conduction

which gives rise to high measured values of dielectric loss [Ranjan and Dviwedi

(2005)]. A similar sharp rise in tand values was also reported for NBT-BT at the MPB

composition (6 mol% BT), where tand > 0.25 at > 400 °C (at a frequency of 10 kHz)

[Wang et al. (2003)].
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Figure 4.8 Relative permittivity and loss tangent versus temperature for: (a) x =0

(KBT-unpoled), (b) x =0 (KBT-poled), (c) x = 0.03-unpoled and (d) x = 0.03-poled

(arrow indicates the onset temperature of the inflection in &r and tané.
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4.2.4 Ferroelectric Properties

4.2.4.1 Room Temperature Ferroelectric Properties

Figure 4.9 shows the P-E response for the (1-x)KBT-xBMT system measured at
room temperature (Emax < 50 kV/cm, 1 Hz). There was no clear evidence of
ferroelectric switching in KBT (x = 0) or in single-phase tetragonal x = 0.02 ceramics.

The ellipsoid loops were typical of a lossy dielectric. However, for x > 0.03 samples the

shape of the P-E loops indicated ferroelectric behaviour, Figure 4.9.

Values of remnant polarisation were Pr ~ 14 uC/cm? for x = 0.03, increasing to
~ 18 uC/em? for x = 0.04, with coercive fields ~ 25 kV/cm and 28 kV/cm, respectively.
In the example of the x = 0.06 composition, the remnant polarisation, P, was ~ 18
HC/cm? and coercive field, Ec ~ 23 kV/cm. One possible explanation for the evolution
of ferroelectric P-E loops with increasing BMT content is that the coercive field of the
tetragonal phase (co-existing with cubic) decreases with increasing BMT content due to
a contraction in the c/a ratio (Figure 4.3 inset). However, the reason may be more
complicated as the true, or local symmetry, of the low-temperature phase, which
appears cubic by standard XRD, is not known: a slight distortion from true cubic
symmetry may exist and/or may develop on application of an electric field, as for
example during P-E measurements. But many relaxors including lead magnesium
niobate (PMN), diffract as cubic despite containing polar (and non polar) regions due to
the short polar length scales. Thus KBT-BMT may be similar in this regard. Others
have reported that ‘tails’ on diffraction peaks of PMN are indicative of the existence of
polar nanoregions, arising from disordering of cations [Bonneau et al. (1989), Bonneau

etal. (1991)].
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Figure 4.9 Room-temperature polarisation-electric field hysteresis loops for (1-

X)KBT-xBMT: (@) X < 0.03 and (b) X > 0.04 (at 1 Hz).
4.2.4.2 Effect of Temperature on P-E Response

Polarisation-electric field response was also studied as a function of temperature
(50, 100, 150, 180 °C in a silicone oil bath) for selected samples, x = 0, 0.03, 0.04 and

0.06, Figure 4.10. These high temperature experiments were conducted with D A Hall’s

help at Manchester University.
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For KBT (x = 0), there was no ferroelectric switching at 50 °C (Emax = 50
kV/cm), but at 100 °C-180 °C, typical ceramic ferroelectric P-E loops were observed,
with Pr ~ 14 puC/em? and E; < 20 kV/cm at 100 °C, Figure 4.10(a). Composition x =
0.03 displayed standard ferroelectric P-E loops up to 180 °C; loops became narrower
(less lossy) as the temperature increased in this range consistent with easier
nanodomain mobility/reorientation as temperature rises. For composition x = 0.03,
values of remanent polarisation, Pr were ~ 14 pC/cm? at 25 °C increasing to 18 uC/cm?

at temperature 150 °C, with a decrease in coercive field from 28 kV/cm to 17 kV/cm.

Possibly KBT is a ferroelectric below the ¢ inflection temperature but coercive
field at < 100 °C is too high to show ferroelectric P-E loops (c/a ~ 1.02 at 25 °C) but as
temperature rises to ~ 100 °C and c/a decreases to ~ 1.015 switching is possible under
the measurement condition (Emax = 50 kV/cm). The &-T inflection temperature is 260-
300 °C for KBT- possibly above this temperature the P-E loops would constrict (see
below for KBT-BMT). It is noted that 260 °C-300 °C corresponds to a narrow mixed

phase tetragonal+cubic region for KBT on the phase diagram.

Compositions x = 0.04 and 0.06 each exhibited normal (non-saturated)
ferroelectric loops to temperatures of 150 °C, but the 180 °C loops for x = 0.04 showed
pinching or constriction, Fig 4.10(c), (d), suggesting proximity to the onset temperature
of depolarisation. The reason this was more obvious in x = 0.04 than 0.06 is not clear
(Tq values of x = 0.06 were not recorded) but experimental variations in the oil bath

temperatures close to Tq may be responsible.
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Figure 4.10 Polarisation-electric field loops as a function of temperature for: (a) x

=0, (b) x=0.03 (c) x =0.04 and x = 0.06 at 50 kV/cm.

4.2.5 Electromechanical Properties

4.2.5.1 Strain-Feld Response

Bipolar strain-electric field, S-E, loops for the (1-x)KBT-xBMT system
measured at room temperature are presented in Figure 4.11. For unmodified KBT the
maximum electric field-induced bipolar strain values were < 0.05% (50 kV/cm, 1 Hz),
and for x = 0.02 BMT, Smax ~ 0.07% (from electroconstriction). Butterfly loops
showing positive and negative strains of a piezoelectric were recorded for x > 0.02.
Strains (positive strains) were ~ 0.25% for x = 0.03; ~ 0.35% for x = 0.04 and ~ 0.30%
for x = 0.06. Peak-to-peak strains were up to ~ 0.45%, Figure 4.11. The d33* (Smax/Emax)

values from bipolar S-E loops were ~ 760 pm/V and 660 pm/V for x = 0.04 and x =
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0.06 respectively. The x = 0.08 which was near-single phase cubic also gave a strong
piezoelectric S-E response, Figure 4.11.

These strain values at moderate drive fields are comparable to the best NBT-BT
MPB compositions [Guo et al. (2010)] and ternary NaosBiosTiO3-KosBiosTiOs-
Bi(M’05Tios)Os systems [Hiruma et al. (2007b), Ma et al. (2010), Maurya et al.
(2013)]. But lower than the ‘giant’ strains of 0.45-0.48% developed (80 kV/cm, 50
mHz) in NagsBiosTiO3-BaTiO3-KosNagsNbO3 and NaosBiosTiO3-KosBiosTiOs-
Ko.sNaosNbO3 ceramics, which arise from an electric field-induced phase transition that

gives a different shape of S-E loop [Zhang et al. (2007)].
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Figure 4.11 Electromechanical bipolar strain versus electric field for (1-x)KBT-

XBMT ceramic system.

Unipolar strains-field plots for compositions x = 0-0.06 at progressively
increasing fields (Emax) from 10 kV/cm to 80 kV/cm are shown in Figure 4.12 and 4.13
(different presentational styles). The maximum strain obtained for x = 0 was ~ 0.15% at

80 kV/cm, 1 Hz. For composition x = 0.03 and 0.04, the strain level was ~ 0.30% at
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fields of ~ 80 kV/cm, Figure 4.13(b) and (c). In all cases standard deviation calculated
from 10 repeat in-situ measurements was ~ 0.02% (without removing the sample from
the sample holder). In another set of experiment, unipolar strain for x = 0.03 was tested
by removing the pellet from the rig and placing back, then re-measuring 3 times. The
variation in maximum unipolar strain was about ~ 0.03%; the lowest strain in the set of
three was ~ 0.14%. Hence, the relative error was ~ 25%, Figure 4.15. The
corresponding dzs* values (Smax/Emax) from unipolar S-E loops were from 370-

280pm/V for x = 0.03 (see Figure 4.16 and Table 4.2).

Unipolar strains at 50 kV/cm were in the range 0.14-0.17 % for x = 0.03
(measured in Leeds), and 0.11 % for samples sent to Tsinghua. Ageing studies (below)

showed little variation (other than standard scatter) over a 6 week period, Figure 4.25.

The unipolar S-E loops were relatively narrow, with hysteresis of ~ 7% at 20
kV/cm and 13% at 50 kV/cm (% hysteresis defined as width at 1/2Smax divided by
Smaxx100%) [Zhang et al. (2008)]. Independent researchers have commented that strain
hysteresis of > 60% occurs for ternary NBT-BT-KNN ‘giant’ strain materials [Zheng
and Zuo (2015)]. Self-heating leading to possible depolarisation may result from wide

hysteretic S-E response.

The low S-E hysteresis values are in some ways similar to hard PZT (Chapter
11) which has low dielectric losses but for KBT-BMT, the dielectric losses were
moderately high (Figure 4.7). The reasons for this are uncertain but it is noted that loss
values were measured routinely at 1 kHz and strain at 1 Hz. Future work should include
the study of frequency effects. The variation in room-temperature strains in (1-x)KBT-
XBMT, x = 0.03 versus drive field (< 80 kV/cm, 1 Hz) is presented in Figure 4.14,

suggesting a discontinuity at E > 60 kV/cm.
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Figure 4.12 Evolution of unipolar electric field induced strain for (1-xX)KBT-xBMT

ceramic system: (a) x =0, (b) x =0.03, (c) x = 0.04 and (d) x = 0.06.
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Figure 4.13 Unipolar electric field induced strain for (1-X)KBT-xBMT ceramic

system: (a) x =0, (b) x =0.03, (c) x = 0.04 and (d) x = 0.06.
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times under the same conditions but by taking out the sample from the rig and

placing back.
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4.2.6 Measurement of Piezoelectric Charge Coefficient (dss)

The measurement of piezoelectric charge coefficient, dss, was carried out using
the Berlincourt method. The poling conditions (electric field and temperature) were
optimized for composition x = 0.03, Table 4.1. The samples were poled at a
temperature of ~ 80 °C at an applied field of 60 kV/cm for 20 min, this condition was
used for other compositions except x = 0 and 0.02 which were poled at ~ 40 kV/cm due
their breakdown at higher fields. For poling, the pellets were heated on a hotplate, a
field was then applied at a ramp rate of ~ 50 V/s to a maximum value. After 20 min the

temperature was then reduced to room temperature whilst the field was still applied.

Sample x = 0 had a piezoelectric charge coefficient, dss of 44 pC/N (poled at 40

kV/cm); x = 0.02 was similar. VValues of dss reached a maximum of 150 pC/N for x

0.03 (poling field, 60 kV/cm). Compositions with high BMT content had a

piezoelectric charge coefficient, dss of 133 pC/N for x = 0.04 and 100 pC/N for x
0.06. A progressive decrease in ds3 was observed with the further addition of BMT. The
effective dss values (ds3”) for the converse piezoelectric effect, determined as Smax/Emax
(bipolar and unipolar) are also presented in Figure 4.16 and Table 4.2 (bipolar and

unipolar data).
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Figure 4.16 Variation of piezoelectric charge coefficient, dss and effective das”
(bipolar, Smax/Emax) and dss* (unipolar, Smax/Emax) versus xXBMT for the (1-x)KBT-

XBMT system.

Table 4.1 Optimum poling conditions for composition x = 0.03.

Temperature  dzz (pC/N) dz3 (pC/N) ds3 (pC/N) ds3 (pC/N)

at 50 kV/cm at 60 kV/cm at 70 kV/cm  at 80 kV/cm

25°C 134 137 139 143
60 °C 137 142 140 140
80°C 140 150 145 Breakdown
100 °C 138 140 Breakdown Breakdown

4.2.7 High Temperature Performance

Many lead-free piezoelectric systems with interesting properties at room

temperature undergo a severe degradation in piezoelectric properties on heating, for
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example (Ba,Ca)(Zr,Ti)Os with high dsz ~ 620 pC/N is reported to undergo thermal
depolarisation at temperatures below 100 °C [Xue et al. (2011b)]. The MPB displayed
by (1-x)KBT-xBMT system (Figure 4.6) suggests that consistent ferroelectric and
piezoelectric performance may be possible over a relatively wide temperature range.
The high temperature P-E loops (Figure 4.10) were evidence that polarisation without
loss of remnance was retained to ~ 180 °C for x = 0.03. Systems such as NBT-BT show

P-E constriction linked to depolarisation at < 100 °C.
4.2.7.1 Coupling coefficient ky versus temperature

Both KBT (x = 0) and x = 0.03 and x = 0.04 (1-x)KBT-xBMT exhibited similar
trends in kp as a function of temperature, Figure 4.17. Researcher at Tokyo University
have selected KBT for development of lead-free actuators, despite its modest strain,

due to its Tq value being higher than alternative materials [Nagata et al. (2013)].

At room temperature, values of kp, were: ~ 0.16 for KBT (x = 0); 0.18 for x =
0.03; and 0.15 for x = 0.04. On heating all samples exhibited similar trends in kp values,
with a slight increase up to ~ 100 °C, Figure 4.17. Above 100 °C, k, began to decrease,
the rate of decrease increasing above 150 °C. Values approached zero at ~ 210-220 °C,
(signifying Tq) Figure 4.17 for all three samples. The similarity in T4 to KBT is very
promising for the KBT-BMT system, since strains are up to ~ 2-3 times higher than

KBT (depending on drive field), would be attractive for actuator devices.

A rapid drop in kp values in the NBT-BT system (6 mol% BT) was reported to
take place below 100 °C [Xu et al. (2008)]. The values of k; at room temperature for x
= 0.03-0.06 are comparable to a number of other KBT-based ceramics KosBigsTiOs-
Bi(NiosTio5)O3 and Ko sBiosTiO3-LiNbO3 (kp = 0.18) [Zhao and Zuo (2013), Zuo et al.

(2013)], but lower than for 94NaosBiosTiO3-6BaTiOs (kp ~ 0.36) [Xu et al. (2008)],
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80Nao5BiosTiO3-20Ko5BiosTiOz  (kp ~ 0.27) [Yoshii et al. (2006)] and

93Nao5BiosTiO3-5BaTiOs-2KNN (kp ~ 0.27) [Zhang et al.(2008a), Rddel et al. (2009)].
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Figure 4.17 Variation of electromechanical coupling factor, kp vs temperature for

x = 0-0.04.
4.2.7.2 Thermally Stimulated Charge Decay Measurements

The thermal charge decay data (obtained at Manchester University) for x = 0.03
and 0.04 are shown in Figure 4.18. These samples had been poled under a static electric
field of 60 kV/cm, at a temperature of 80 °C for a period of 20 min. The poled x = 0.03
sample had lost all polarisation by ~ 220 °C (Tq). For x = 0.04, the Tq value was slightly
lower, ~ 200 °C, in agreement with trends in kp data. The maximum rate of
temperature-induced depolarisation, -dP/dT, for x = 0.03 occurred at ~ 190 °C, Figure
4.18(a) (inset), but by this temperature the sample had lost ~ 75% of its original
polarisation. The corresponding maximum rate of thermal de-poling occurred at ~ 170

°C for sample x = 0.04. In contrast, the 94NBT-6BT sample, had lost its polarisation at
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a temperature ~ 60 °C, Figure 4.19, although kp-T data from other laboratories suggest

Tq could be ~ 100 °C [Xu et al. (2008)].
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Figure 4.18 Thermally stimulated depolarisation as a function of temperature for:

(a) x =0.03 and (b) 0.04 (inset shows the differential plots vs temperature).
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Figure 4.19 Differential plots of polarisation versus temperature for 94NBT-6BT
indicating maximum rate of depolarisation at ~ 60 °C [Courtesy D.A Hall and Ge

Wang, University of Manchester).

Depolarisation temperature, Tq can also be derived from the inflection in the -
T plots (below the & peak temperature), although this method of determining Tq can led
to an overestimate [Anton et al. (2011)]. There was no inflection in unpoled KBT-BMT
samples (Figure 4.7), but a faint &-T discontinuity appeared in poled samples, Figure
4.20. For x = 0.03, there is some suggestion of a discontinuity at 180-200 °C (1 kHz
data), but it is difficult to accurately determine the onset temperature. A similar profile
occurred for poled x = 0.04. A well-defined inflection has been reported in the literature
in &-T plots for the NBT-BT ceramic system at a temperatures ~ 100 °C for MPB

compositions [Xu et al. (2008)].

A corresponding discontinuity in tand data can also signify Tq of polar

materials. For KBT-BMT this proved more useful, and temperatures of the loss
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anomaly below Tm were in general agreement with Tq values from thermal charge
decay measurements. Comparing poled tand-T plots to unpoled plots, the poled plots
for x = 0.03 showed a hump, with a maximum at ~ 200 °C (1 kHz). The x = 0.04 plot
gave a less-defined hump, around the same temperature as x = 0.04. The start
temperature of the anomaly (‘hump’) was ~ 150-170 °C (1 kHz). Further analysis

appears in Appendix, Figure A7.

The start temperature of the broad hump in tand-T (on heating) and ¢ inflection
approximate to the to the onset of a rapid decrease in k, (Figure 4.17) and the onset of

the -dP/dT peak (Figure 4.18).

There are also correlations between the dielectric discontinuity temperatures
and the onset of constriction in P-E loops (x = 0.04, 180 °C and predicted constriction
in x = 0.03 at just above 180 °C, Figure 4.10). Hence, a common mechanism links these
effects- presumably atoms rearrange and the sample loses polarisation (long range
ferroelectric) at these temperatures and becomes a relaxor (short range polar order) at

temperatures above the g inflection and P-E pinching onset (x = 0.03-0.04).

The phase diagram shows a correlation to the dielectric anomaly temperatures
in unpoled KBT at ~ 260 °C, Figure 4.8 (2-phase boundary starts at ~ 260 °C; single
cubic phase starts ~ 300 °C) but in poled KBT the dielectric anomalies are 50 °C lower
than in unpoled and the fit to the (unpoled) phase diagram is not obvious. Likewise, in
KBT-BMT there is no obvious correlation between temperature of dielectric and
ferroelectric anomalies in poled samples and the phase diagram (dielectric and
ferroelectric change at ~ 180 °C in x = 0.03-0.04 but no phase boundary is located near

this temperature-the cubic boundary occurs at 260-280 °C for x = 0.03-0.04). The high-
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temperature phase diagram for poled samples was not determined but is recommended

in future work.

In this work, the T4 (P—0) of KBT was not tested by charge decay (there were
problems with this sample’s connections experimentally, this should be carried out in
future). However, from kp-T data the KBT poled inflection occurred at ~ 200 °C and Tq
from kp appeared similar in temperature to x = 0.03-0.04 ~ 220 °C. For KBT-BMT the
onset inflection temperatures in & and tand plots were slightly lower than Tq obtained

from kp and charge decay data.

Reference to the phase diagram shows that the depolarisation temperatures for x
= 0.03 and 0.04 are ~ 100 °C lower than the phase boundary temperature between
mixed and high temperature cubic phase. Reasons are not understood but mechanisms
may be different, especially since inflections (weak) in & were only observed after

poling KBT-BMT in contrast to strong inflections in KBT unpoled.
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Figure 4.20 Temperature dependent relative permittivity for poled samples: (a) x
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4.2.8 Piezoelectric Measurements: Temperature Effects

The thermal stability of piezoelectric properties was first of all studied by
measuring das before and after heat treatment (annealing) sample compositions x = 0.03
and 0.04, Figure 4.21. Pellets were annealed in a box furnace for 20 min at 25 °C
increments. The percentage loss in ds3 values was ~ 10% up to a temperature of ~ 150
°C, and ~ 20% from 25 °C to 190 °C. On increasing temperature further > 190 °C, ds3
decreased sharply. The observation of a dsz ~ 70 pC/N at 225 °C is inconsistent with Tq
measurement, as is the modest but finite dss value after heating to 275 °C. This implies
reversibility in polarisation on cooling. However, it is noted that the temperature
reading from the furnace was not checked independently by a separate thermocouple,
so there could be a large error in actual temperature. More rigorous testing was carried
out by in-situ S-E measurements at Tsinghua University, China courtesy of Dr F JY

Zhu and Prof J-F Li.
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Figure 4.21 Variation of piezoelectric charge coefficient, dss versus temperature

after thermal depoling for x = 0.03 and 0.04.
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Unipolar electric field induced strain curves were examined as a function of
temperature at 50 k\V/cm (1 Hz) for poled samples x = 0.03 and x = 0.04 (fabricated in
Leeds) in the temperature range from 25-185 °C are shown in Figure 4.22. At room
temperature, both samples had similar values of unipolar strain ~ 0.11%, but this is
slightly lower than equivalent value obtained at room-temperature in Leeds, ~ 0.14%
(Figure 4.12, 4.13). The results for x = 0.03 indicate strains increase in a linear manner
between temperatures of 25 °C to 150 °C (Smax ~ 0.11% at 25 °C and 0.15% at 150 °C),
increasing more steeply above 150 °C, reaching 0.18% at 185 °C, Figure 4.22(a) and
4.23(a). The variation in corresponding ds3* is shown in Figure 4.23(b), along with

values normalised against room-temperature.

Low S-E hysteresis was retained across the full temperature range, but evidence
of differences in strain-field behaviour were observed at >150 °C, Figure 4.24; at 175
°C and 185 °C tear-drop S-E loops with curvature at high fields were observed, but with
relatively low hysteresis, Figure 4.24. This type of S-E loop, albeit usually with much
greater hysteresis, has been observed in NBT- based piezoelectrics and is attributed of a
field induced phase change. In KBT-BMT at 175 °C and 185 °C, it is assumed to
represent a relaxor (low field) to ferroelectric (high field transition): the dielectric
anomaly and P-E pinching temperatures were ~ 160 °C and > 180 °C: given deviations
in temperature measurements in different tests this seems self-consistent findings.
Presumably the 175 °C and 185 °C S-E test samples were above the changeover

temperature at zero and low fields < 20 kV/cm approximately.

The interpretation of this change in S-E loop at > 150 °C, and the changes to
dielectric and ferroelectric properties is that a transition from relaxor to ferroelectric

phase occurs in (1-x)KBT-xBMT, x = 0.03 at temperatures > 150 °C with increasing
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field. The thinking is that applied field aligns dipoles to form longer range domains

similar to a ferroelectric.

For sample x = 0.04, the unipolar strain-temperature data showed more scatter
than for x = 0.03. Strain increased from ~ 0.1% at 25 °C to a peak value of ~ 0.17% at
175 °C and then slightly decreased to a value of 0.16% with further increase of
temperature to 185 °C. The latter decrease may be due to the lower T4 (dP/dT) for x =

0.04 as described above.

This retention of high strain compares well to other Pb-free piezoelectrics,

including a number of KNN-based materials, as discussed in Chapter 11.
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Figure 4.22 Unipolar strain curves versus temperature measured at 50 kV/cm (1

Hz) for poled samples: (a) x = 0.03 and (b) x = 0.04.
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Figure 4.23 (a) Temperature dependent unipolar strain, Smax(%0) at 50 kV/cm (1

Hz), (b) variation of effective dss* (Smax’/Emax) and normalized, dss*T/dss*RT

versus temperature for x = 0.03.
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Figure 4.24 Unipolar strain versus temperature for x = 0.03 indicating a tear-drop

like behaviour at temperature > 175 °C.
4.2.9 Aging Study (room-temperature)

The effect of aging-time (room-temperature in air) was studied by measuring
the unipolar strains for x = 0.03 and 0.04 over the time period 0-45 days (where O
represents the normal measurement 24 h after poling). For composition x = 0.03, the
value of unipolar strain was ~ 0.12% (50 kV/cm) at un-aged condition (0 day). As the
project developed it became apparent that the equipment occasionally gave unreliable
readings. This was also noted by colleagues working with other materials. A 0.02%
relative error mentioned earlier in this chapter relates to repeat measurements whilst the
pellets remains in the rig. It is possible that extra error occurs by inconsistency in

locating pellets in the rig, or by inconsistencies concerning the electromechanical
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linkage used to measure dimensional changes. The plots shown in Figure 4.25(b) and
(d) show scatter but no falling trend. Longer term ageing tests would be important in
future, as would multicycle fatigue testing. The latter could not be carried out due to

software problems.
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Figure 4.25 Electric field induced unipolar strain for unaged and aged ceramic

samples: (a-b) x = 0.03 and (c-d) x = 0.04.
4.2.10 XRD of Poled Samples

For this experiment pellets were electroded using air-drying silver paint, so the
electrode could be removed without grinding after poling. Grinding to remove normal
fired-on silver introduces strain which changes the diffraction patterns. Instead acetone

was used to remove the air-dried electrodes. The results are shown in Figure 4.26.
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There was peak broadening due to strain in poled ceramic samples. Poling
relative increase in intensity of {002} tetragonal peaks confirmed the effectiveness of
poling. The position of the MPB did not appear to change in poled samples (although

broadening prevented accurate analysis).

(111) (200),

Intensity (a.u.)

N

20 (degree)

Figure 4.26 (a) Room temperature XRD patterns for poled ceramic samples of (1-

x)KBT-xBMT (x = 0-0.08) with (b) highlighted 111 and 002/200 peaks.
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Table 4.2 Summary Table of Dielectric, Ferroelectric and Piezoelectric properties

of (1-X)KBT-xBMT system.

Parameters x=0 0.02 0.03 0.04 0.06 0.08
Tm (°C, 1 kHz) 380 330 334 336 333 308
&r (20 °C, 1 kHz) 620 1020 1050 1050 1190 1015
ermax (1 KHz) 4080 5070 5970 6240 5840 5220
tand (20 °C, 1 kHz) 0.04  0.07 0.06 0.06 0.07  0.07
Pr (UC/cm?) 4.1 5.5 13.5 18 18 11
Ec (kV/cm) - - 25 28 23 20
dss (PC/N) 44 59 147 133 100 60
Kp 0.16 0.16 0.18 0.15 011 -

Tq (°C) from kp-T - 220 200 - -
Bipolar strain (%, 50 kV/cm)  0.04  0.07 0.25 0.35 032 0.23
dss”(pm/V) 87 137 520 760 660 490
Unipolar strain (%, 80 kV/cm) 0.15 - 0.30 0.32 023 -
ds3"(pm/V) unipolar 190 - 370 406 288 -

4.2.11 Microstructural analysis

Microstructural information was obtained for polished and thermally etched
samples. The grain size was estimated by the linear intercept method. Figure 4.27
shows the SEM micrographs for samples x = 0, 0.04, 0.06 and 0.08. Average grain size
(estimated) increased from ~ 0.5 pum for x = 0 (KBT) to ~ 1 um for solid solutions x >
0.02. The geometric densities were 5.1 g/cm? for KBT, and 5.6-5.8 g/cm? for the x =
0.03-0.08 samples, Table 4.3, representing ~ 90-94% of theoretical density (estimate

based on assumed unit cell contents, Table A3 and A4, Appendix).
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Figure 4.27 Microstructure from SEM micrographs for (1-x)KBT-xBMT:(a) x = 0,

(b) x = 0.04, (c) x = 0.06 and (d) x = 0.08.

Table 4.3 The average grain size and geometrical densities for (1-x)KBT-xBMT

system.
Composition(x)  Ave. grain size (um) Density (g/cm?®)
x=0 0.5 5.13
x=0.02 1 5.52
x=0.03 1 5.64
x=0.04 1 5.78
x =0.06 1 5.86
x=0.07 1 5.80

x=0.08 1 5.84
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4.2.12 Conclusions

The novel solid solution system (1-x)KBT-xBMT offers very favourable
piezoelectric properties with high depolarisation temperature. The phase diagram based
on the high temperature XRD revealed a morphotropic phase boundary, MPB, for x ~
0.03, between tetragonal and mixed tetragonal+pseudocubic phase fields.

The highest values of piezoelectric charge coefficient, dsz and electric field-
induced strains were found in biphasic compositions located close to the MPB. The
speculative reason for this may be that the contraction in c/a ratio of the tetragonal
phase (from 1.020 in KBT, x = 0 to 1.015 for x = 0.03) brings a decrease in coercive
field which facilitates polar reorientation; also it seems the presence of a small amount
of cubic phase may allow easier realignment of tetragonal polar regions (domains) i.e.
increases extrinsic contribution to piezoelectric properties. In combination these
factors enhance measured ds3 and strain values. At x > 0.04 c/a decreases further, as
does the amount of tetragonal phase, so piezoelectric properties decline.

The MPB between tetragonal and biphasic is almost vertical, varying from
0.025 < x < 0.03 (room temperature) and 0.02 < x < 0.025 at ~ 300 °C. The boundary
between mixed and cubic phase at x ~ 0.08 is also nearly vertical. Maximum ds3 values
were 150 pC/N for x = 0.03, with bipolar positive strains of 0.25% (Emax = 50 kV/cm, 1
Hz), and unipolar strains of 0.30% (Leeds, Emax = 80 kV/cm, 1 Hz). At 50 kV/cm the
strain was ~ 0.14% (Leeds data) and 0.11% (Tsinghua). The x = 0.04 composition gave
ds3z = 133 pC/N, bipolar strain of 0.35% and unipolar strains of 0.30%. These values are
competitive with other lead-free piezoceramics.

It became apparent during the research and from discussions with other users of
the strain measurement equipment, there was a large variation in strain values between

repeat measurements, Multiple repeat measurements suggested a variation of 25%
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(relative error). The duplicate measurements in Tsinghua were ~ 25% below Leeds’
maximum values. Hence, the lowest repeat values from Leeds is quoted as a reliable
value.

The temperature stability of properties was determined using a variety of
techniques. Unipolar strain values of ~ 0.18% were measured for x = 0.03 at a
temperature of 185 °C (maximum temperature tested). The depolarisation temperature,
Tq obtained from kp-T and thermally stimulated charge decay measurements was ~ 220
°C for x = 0.03 and ~ 200 °C for x = 0.04. These depolarisation temperatures are ~ 100
°C higher than for the widely cited NBT-BT morphotropic phase boundary system, and
50 °C higher than NBT-KBT lead-free piezoceramics. The high Tq4 and retention of
piezoelectric properties to > 150 °C is potentially useful for lead-free actuator and

sensor devices.
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Chapter S

Dielectric, Ferroelectric and Piezoelectric Properties of the

KosBiosTiOs-Ba(Zro2Tios)Os Ceramic System

5.1 Summary

This chapter focusses on the dielectric, ferroelectric and piezoelectric properties
in the ceramic system, (1-x)KosBiosTiO3-xBa(Zro2Tiog)O3. The properties of relaxor
ceramics in the compositional series (1-x)KosBiosTiOs-xBa(Zro.2Tiog)Os, abbreviated
as (1-x)KBT-xBZT have been investigated. Composition x = 0 was tetragonal; changed
to mixed phase (tetragonal+cubic) at 0.05 < x < 0.4 and then single phase cubic for
compositions x > 0.5.

Values of Trm, the temperature of maximum relative permittivity, decreased from
~ 380 °C at x = 0 to below room-temperature, -10 °C, for x = 0.8. Compositions x = 0.1
and 0.2 were piezoelectric and ferroelectric. The maximum value of ds3 piezoelectric
charge coefficient, 130 pC/N, and bipolar strain, 0.13%, occurred at x = 0.1.

Values of k, were 0.16 at room temperature for compositions x = 0 and 0.1. The
variation of kp versus temperature suggested a depolarisation-temperature ~ 220 °C for
x = 0.1, consistent with results from high-temperature X-ray diffraction indicating a

transition to single-phase cubic at > 250 °C.
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5.2 Results and discussion

5.2.1 Phase analysis

X-ray diffraction patterns for the crushed sintered pellets of the (1-x)KBT-xBZT
compositional series are shown in Figure 5.1. All studied compositions in the solid
solution were single phase perovskites. Composition x = 0 (KBT) was tetragonal at
room temperature. A close analysis for composition x = 0.05 revealed a cubic phase
coexistence with tetragonal phase. For compositions 0.1 < x < 0.4, an extra reflections
in ~ 45 °20 range signified a phase coexistence region of tetragonal and cubic phases.
The (1-x)KBT-XxBZT solid solution, for compositions 0.5 < X < 1 had single-phase

cubic.
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Figure 5.1 (a) X-rays diffraction patterns for the (1-x)KBT-xBZT ceramic system
at room temperature (b) {111} and {200} peaks highlighted (arrows indicate the

cubic phase coexisted with tetragonal phase).
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Lattice parameters of the (1-x)KBT-xBZT ceramic system were deduced from
the XRD patterns by least square refinement method are plotted as xBZT, Figure 5.2.
The tetragonal lattice parameters changed from a = 3.907+0.002 A and ¢ =
3.979+0.003 A for x = 0 [Chapter 4], to a = 3.911+0.003 A and ¢ = 3.986+0.002 A for
x = 0.05. Adding BZT content from 10 mol% to 40 mol% led to further decrease of c/a
ratios. Compositions of cubic structure, 0.5 < x < 1 had lattice parameter a increasing

linearly from 3.999+0.004 A for x = 0.5 to 4.033+0.002 A for x = 1.
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Figure 5.2 Variation of room temperature lattice parameters as a function of

XBZT for (1-xX)KBT-xBZT ceramic system (inset show c/a ratios).
5.2.2 High Temperature XRD and Phase Diagram

Figure 5.3 indicate the high temperature X-ray diffraction patterns for
compositions x = 0-0.2. The end member KBT (x = 0) retained its tetragonal structure
from room temperature up to < 280 °C, then changed to mixed phase tetragonal+cubic

at temperature > 280 °C and become cubic at > 320 °C, Figure 5.3(a) [as discussed in
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Chapter 4]. Composition x = 0.05 was mixed phase tetragonal+cubic at room
temperature and change to cubic at a temperature > 250 °C. Samples x = 0.1 and 0.2

indicated mixed phase tetragonal+cubic from room temperature to a temperature of <

250 °C.
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Figure 5.3 High temperature XRD patterns in 38-48 °20 range for (a) x =0 (b) x =
0.05 (c¢) x = 0.1 and (d) x = 0.2 (arrows indicating cubic phase between tetragonal
peaks).

Lattice parameters as function of temperature for samples x = 0-0.2 are

presented in Figure 5.4. The measured lattice parameters for x = 0 were a

3.907+0.002 A and ¢ = 3.979+0.003 A at room temperature changed to a
3.928+0.003 A, ¢ = 3.944+0.002 A at 300 °C [as discussed in Chapter 4]. For

composition x = 0.05, the tetragonal lattice parameters converged from a =
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3.926+0.001 A and ¢ = 3.987+0.002 A at room temperature to a = 3.939+0.003 A and ¢
= 3.970+0.001 A at ~ 250 °C. Similar trend was observed for x = 0.1, with tetragonal

contraction (c/a ratio) from ~ 1.014+0.002 at room temperature to ~ 1.006+0.003 at ~

200 °C.
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Figure 5.4 Variation of lattice parameters as a function of temperature for KBT-
xBZT: (a) x =0, (b) x = 0.05 (c) x = 0.1 and (d) x = 0.2 (shaded regions indicate

mixed phase tetragonal+cubic phase and insets show c/a ratio).

Based on the high temperature XRD data, phase diagram have been constructed
for (1-x)KBT-XxBZT, x < 0.2. Figure 5.5 displays temperature-composition dependence
phase transitions from tetragonal to mixed phase tetragonal+cubic and then cubic for
compositions x < 0.2. The phase transition from tetragonal to mixed phase
tetragonal+cubic take place at ~ 280 °C for composition x = 0 and at room temperature

for x = 0.05. Other compositions x = 0.1 and 0.2 also exhibited mixed phase
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tetragonal+cubic from room temperature up to ~ 200 °C. Therefore, the phase boundary
between the tetragonal and mixed phase tetragonal+cubic was nearly vertical and varies
only by < 0.05% over the temperature range from 25 °C to ~ 280 °C. The compositions

(x = 0.1 and 0.2) located at this phase boundary exhibited favourable electromechanical

properties.
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Figure 5.5 Temperature-composition dependent phase transitions for (1-x)KBT-

XBZT, x<0.2 based on high temperature XRD data.

The data of the following sections is summarised in Table 5.1.
5.2.3 Dielectric properties

Plots of relative permittivity, &, and tand versus temperature at different
frequencies for the (1-x)KBT-XBZT system are shown in Figure 5.6 and 5.7. The &-T
plot for KBT (x = 0) showed diffuse peaks, with Tm ~ 380 °C, (1 kHz) [as discussed in
chapter 4]. The &-T plot for x = 0.05 was similar to KBT, but Tm was slightly lower,
370 °C, Figure 5.6(b). A much stronger frequency-dependence in Tm values was

observed for compositions x > 0.1, Figure 5.8. This, together with the relaxation in tand
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at temperatures around T, is typical of a relaxor dielectric. The change in frequency-
dependence of Tm as the BZT constituent increased from x = 0.05 to 0.1 correlates to

the emergence of the cubic phase as the dominant phase in XRD patterns (Figure 5.1).
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Figure 5.7 Relative permittivity and loss tangent as a function of temperature at
different frequencies for: (a) x = 0.5, (b) x = 0.6, (c) x = 0.7, (d) x = 0.8, (¢) x = 0.9

and (f) x =1 (insets show &r-T from -70 °C to 25 °C).

Room temperature relative permittivity was ~ 700 for x = 0.1, and ~ 1000 for x
= 0.2 (1 kHz); with tand (25 °C) values of 0.06-0.07 (1 kHz). Higher values of tand ~
0.1, were recorded for compositions 0.4 < X < 0.6: this is due to the effects of the

relaxor loss tangent dispersion peak as Tm decreased. Peak values of relative

tand

tand

tand
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permittivity decreased from &r max ~ 4000 (1 kHz) for x < 0.2, to ~ 3000 for 0.3 < x <
0.5, and then to < 1500 at X > 0.6, Figure 5.6 and 5.7. The trend of falling Tm with
increasing XxBZT was such that Tm decreased to -10 °C for x = 0.8, Figure 5.9. Plot of
relative permittivity versus temperature for the BZT (x = 1) displayed a broad peak at

50 °C with no frequency dispersion; behaves as a diffuse ferroelectric (T ~ 50 °C).
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Figure 5.8 Temperature of maximum relative permittivity, Tm versus log

frequency for x = 0-0.4BZT.
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Figure 5.9 Temperature of maximum relative permittivity as a function of xBZT.
5.2.4 Ferroelectric Properties

Polarisation hysteresis loops versus electric field of the (1-xX)KBT-XBZT system
measured at room temperature (60 kV/cm, 1 Hz), Figure 5.10. Sample x = 0 and 0.05,
exhibited no polarisation switching at field of 60 kV/cm. Compositions x = 0.1 and 0.2
were ferroelectric; remanent polarization, Py, values were ~ 12 uC/cm? and ~ 14
uC/cm? with coercive fields, Ec ~ 30 kV/cm and ~ 20 kV/cm respectively, Table 5.1.
Compositions 0.3 < x < 0.5 exhibited slim P-E loops with little evidence of ferroelectric
character. Linear P-E response of typical of dielectric capacitor was observed for
samples x = 0.6-0.9. The BZT (x = 1) showed a P-E response like a pinch shape with

remanent polarisation, Pr ~ 8 nC/cm? at coercive field of 50 kV/cm, Figure 5.10(d).
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Figure 5.10 Polarisation-electric field response for (a) x = 0-0.2, (b) x = 0.3-0.5, (c)

x=0.6-0.9and (d) x =1 (BZT).
5.2.5 Electromechanical Properties

Figure 5.11 shows the bipolar electromechanical strain curves for the (1-x)KBT-
XBZT ceramic system. Sample x = 0 and 0.05 exhibited a negative strain but with no
classic butterfly shape like loops with strain of ~ 0.05% at 60 kV/cm. A typical
butterfly loops were observed for compositions x = 0.1 and 0.2. Composition x = 0.1
had maximum strain value ~ 0.13%, with dss” ~ 200 pC/N (Smax/Emax) and 0.14%, and
dss” ~ 230 pC/N (Smax/Emax) for x = 0.2, Figure 5.11(a). Negative strains recorded for x
= 0.1 and 0.2 samples, were of the order of ~ 0.07% and 0.05% respectively consistent
with piezoelectric behaviour. Other compositions 0.3 < x < 0.9 were non-piezoelectric,

displayed an electrostrictive behaviour with strain values < 0.08%, Figure 5.11(b).
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Figure 5.11 Electromechanical strain response for: (a) x = 0-0.2 and (b) x = 0.7-0.8.
5.2.6 Measurement of Piezoelectric Charge Coefficient(dss)

Samples of the (1-X)KBT-XxBZT ceramic system were poled in silicon oil at a
temperature of ~ 50 °C at an applied field of ~ 40 kV/cm. Poling at high fields > 40

kV/cm and temperature (> 50 °C) led to the breakdown of the samples. Trends in

measured dsz values from composition x = 0 to x = 0.5 are shown in Figure 5.12.
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Values of piezoelectric charge coefficients, dss were increased from 44 pC/N
for x = 0 (KBT) to a peak of 130 pC/N for x = 0.1, Table 5.1. For composition x = 0.2,
value of piezoelectric charge coefficient, ds3 was ~ 100 pC/N and then dropped sharply
to < 10 pC/N for compositions X > 0.3. Hence, the optimum ferroelectric and
piezoelectric properties in (1-X)KBT-xBZT occurred around the changeover in phase

content from tetragonal to mixed phase (tetragonal+cubic) for x = 0.1.
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Figure 5.12 Variation of piezoelectric charge coefficient, dss versus xBZT (x = 0-

0.5).
5.2.7 Electromechanical coupling factor (ky)-Temperature

Figure 5.13 shows the electromechanical coupling coefficient, kp as a function
of temperature for samples x = 0, 0.1 and 0.2. Values of kp at room temperature were ~
0.16 for samples x = 0 and 0.1, and kp, = 0.12 for x = 0.2. On increasing temperature, a
slight increase in the k, values occurred up to temperature of ~ 100 °C for x = 0 and ~
70 °C for x = 0.1, then decreased progressively with increase of temperature reaching

zero at a temperature ~ 220 °C. The variation of kp versus temperature for this (1-
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X)KBT-xBZT samples indicated a similar trend and depolarisation temperature ~ 210-
220 °C as observed for (1-x)KBT-xBMT system [Chapter 4] but had higher
depolarization temperature (Tq) than NaosBiosTiOs-BaTiOs (NBT-BT) (Tq ~ 100 °C)
and NaosBigs5TiO3-KosBigsTiO3 (NBT-KBT) (Tg ~ 170 °C) MPB compositions [Rddel

et al. (2009)].
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Figure 5.13 Variation of electromechanical coupling factor kp versus temperature

for compositions x =0, 0.1 and 0.2.
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Table 5.1 Dielectric, ferroelectric and piezoelectric properties of the (1-x)KBT-xBZT ceramic system.

Parameters x=0 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Tm (°C, 1 kHz) 380 370 310 240 220 160 130 90 30 -10 -50 Tc~55
&r (25°C, 1 kHz) 620 750 780 1040 1080 1240 1510 1790 1540 1140 450 3150
ermax (1 kHZ) 4080 4100 4260 4560 3840 3140 3080 2070 1560 1190 482 16200
tand (25°C, 1 kHz) 0.04  0.05 0.07 0.07 0.08 0.09 0.1 0.08 0.031 0.003 0.003 0.03
P (UC/cm?) 4.1 5.4 12.3 14.4 4.5 2.5 - - - - - 8

Ec (kV/cm) - - 30 20 13 8 - - - - - 5

ds3 (PC/N) 44 88 130 100 10 - - - - - - -

kp (25 °C) 0.16 - 0.15 0.12 - - - - - - - -

Ta (°C) ky-T 210 - 220 - - - - - - - - -

Bipolar Strain(%, 50 0.04 0.06 0.13 0.14 0.08 0.08 0.06 0.06 0.05 0.03 - -
kV/cm)

dss (pm/V) 87 100 200 230 - - - - - - - .
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5.2.8 Microstructural analysis

The microstructure of polished and thermally etched ceramic samples was
analysed by using SEM. The average grain size was estimated by linear intercept
method. The grain size was of the order of ~ 0.5 um for KBT (x = 0), Figure 5.14,
increased slightly to ~ 0.7 um for X = 0.1 and then increased to ~ 1 um for compositions
0.2 <x <0.9. However, an average grain size of ~ 30 um was observed for BZT (x =
1). The densities of sintered ceramic pellets were 90-92% of theoretical. Values of

geometrical density were measured for at least three pellets, summarised in Table 5.2.

LEMAS 2.0kV 7.4mm x30.0k SE(U) 1.00um LEMAS 2.0kV 7.1mm x30.0k SE(U)

Figure 5.14 SEM micrographs of polished and thermally etched samples for (a) x

=0 (b) x = 0.1.
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Table 5.2 Average grain size and geometrical density for the (1-x)KBT-xBZT

system.
Composition (x)  Average grain size (pum) Density, p (g/cm?®)
x=0 0.5 4.9
x=0.1 0.7 5.4
x=0.2 1 55
x=0.3 1 5.1
x=0.4 1 5.5
x=0.5 1 5.4
x=0.6 1 53
x=0.7 1 55
x=0.8 1 5.4
x=1 30 5.1

5.2.9 Conclusions

The solid solution system, (1-x)KBT-xBZT has been investigated. XRD patterns
at room temperature revealed a tetragonal structure for composition x = 0.
Compositions 0.05 < x < 0.4 exhibited a mixed phase tetragonal+cubic. A single phase
cubic was obtained for samples x > 0.5. The temperature of peak relative permittivity,
Tm, decreased with increasing levels of BZT, with T, ~ 380 °C for x = 0, decreasing to
Tm~-10°C for x = 0.8.

A narrow range of compositions, x = 0.1 and 0.2, were ferroelectric with
remanent Pr ~ 12 uC/cm? and ~ 14 puC/cm?, respectively. The maximum piezoelectric
charge coefficient, ds3 was 130 pC/N with bipolar strain 0.13% (Smax/Emax = 200 pm/V)
for x = 0.1. The corresponding values for x = 0.2 were 100 pC/N and 0.14% (Smax/Emax
= 230 pm/V). Values of kp were ~ 0.16 for compositions x 0 and x = 0.1. Based on the
ko-T data, the depolarisation occurred at a temperature (Tq) ~ 220 °C for composition x

= 0.1, in contrast to other lead-free NBT-BT piezoelectrics (Tq ~ 100 °C).
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Chapter 6
Dielectric and Ferroelectric Properties of the (1-x)Bao.sCao2TiOs-xBi(Mgo.sTio0.5)Os3

Ceramic System

6.1 Summary

This chapter describes the dielectric and ferroelectric properties of the (1-
X)Bao.gCao2TiO3-xBi(MgosTios5)O3 ceramic system, abbreviated as (1-x)BCT-xBMT.
X-ray diffraction data revealed single phase perovskite patterns for compositions x <
0.6. Compositions x = 0 (BCT) and x = 0.05 were tetragonal; a change to single-phase
cubic X-ray patterns occurred for x > 0.1. Compositions X = 0 and x = 0.05 exhibited
typical ferroelectric polarisation-electric field loops, with remanent polarisation, Py ~ 12

uC/cm?, coercive field, Ec ~ 7 kV/cm and ~ 16 kV/cm, respectively.

Dielectric measurements indicated sharp Curie peak at T ~ 130 °C for x = 0 and
a broad peak at ~ 110 °C for x = 0.05. A relaxor behaviour occurred for compositions x
> 0.1. Increasing the BMT content improved the temperature stability of relative
permittivity, & at high temperatures. For composition x = 0.5, a near plateau in the &-T
plot occurred; e = 800+15%, across the temperature range, 40 °C to 550 °C, the
corresponding loss tangent, tand, was < 0.02 for temperatures between 100 °C and 400
°C. Composition x = 0.55 gave & = 950£15% over a temperature range from 70 °C to

600 °C and loss tangent, tand < 0.02 from 160-550 °C.

Values of dc resistivity for x = 0.5 and x = 0.55 were ~ 10° Q m at a temperature

of 300 °C, and ~ 10° Q m at 500 °C. The (1-x)BCT-xBMT (x = 0.5 and 0.55) ceramic
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materials, indicated electrical breakdown to occur at an electric field 258+30 kV/cm for

x =0.5and 204+14 kV/cm for x = 0.55.

6.2 Results and discussion

6.2.1 Phase analysis

Room temperature X-ray diffraction patterns for the crushed sintered pellets of
the (1-x)BCT-xBMT ceramic system are shown in Figure 6.1. The x = 0 (BCT) and x
= 0.05 compositions were tetragonal perovskite. Further incorporation of BMT
content x > 0.1, induced a change to cubic single-phase XRD patterns with no clear
evidence of {200} peak splitting in the peak at ~ 45 °20. Secondary peaks of similar
d-spacings belong to bismuth oxide [ICDD card number 00-029-0236, Figure A2,
Appendix] began to appear for x = 0.6 and increased in relative intensity at higher

XBMT content.
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Figure 6.1(a) Room temperature XRD patterns for the crushed sintered pellets

of (1-x)BCT-xBMT and (b) highlighted 111c and 200c reflections.
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Lattice parameters are plotted as a function of xBMT content in Figure 6.2. It
can be seen from the plot that a slight contraction in tetragonal ¢ and increase in a
lattice parameters occurred between x = 0 and x = 0.05, giving overall decrease of c/a
ratio from 1.013+0.003 at x = 0 to 1.010+0.003 for x = 0.05. For cubic compositions
X > 0.1, a progressive increase in cubic a lattice parameters from 3.972+0.002 A at x

= 0.1 to 3.988+0.003 A for x = 0.5 was observed.
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Figure 6.2 Variation of lattice parameters for the (1-x)BCT-xBMT ceramic system

as a function of xBMT.

The data from the following sections are summarized in Table 6.1.

6.2.2 Relative Permittivity

Plots of relative permittivity, & and loss tangent (tand) versus temperature at
various frequencies are shown in Figure 6.3. Composition x = 0 (BCT) showed a sharp
Curie peak, typical of a normal ferroelectric with Curie point, T ~ 130 °C, Figure
6.3(a). The & peak become more broad, and T decreased to ~ 110 °C for composition x

= 0.05, Figure 6.3(b). A change over to relaxor dielectric behaviour occurred for x =
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0.1, with a frequency-dependent dielectric response below the temperature of peak
permittivity, Tm with Try at ~ 0 °C. Further incorporation of BMT content, depressed the
peak values of relative permittivity and a gradual decrease in the temperature-
sensitivity of relative permittivity at T > T, occurred for compositions x > 0.2, with a

minimum temperature-dependence for x > 0.5, Figure 6.3.

For x = 0.5, the relative permittivity values were & = 800+15% in the
temperature range 40 °C to 550 °C. Relative permittivity was found slightly greater
with less variability with temperature for composition x = 0.55, for which & =
950+15% over the temperature range 70 °C-600 °C. For x = 0.6, the maximum & values
(at > Tm) were higher, 2270, with an overall consistency, & = 2100+£15%, for
temperatures from 120 °C to 450 °C. The peak values of relative permittivity, &r max
decreased from ~ 2100 for x = 0.1 to 875 at x = 0.5, then & max increased to ~ 2270 for x

= 0.6. Values of Tr increased from ~ 40 °C to ~ 160 °C for x = 0.2-0.6, Figure 6.4.
6.2.3 Loss Tangent

Values of loss tangent (tand) as a function of temperature for (1-x)BCT-xBMT
are shown in Figure 6.3. For compositions x < 0.1, tand values were < 0.05 in the
temperature from 25 °C to ~ 250 °C at 1 kHz and then increased sharply above ~ 250-
300 °C. For higher BMT content, tand values remained low < 0.02 across the
temperature from > 50 °C to temperature < 400 °C for compositions 0.2 < X < 0.4. At
low temperature (< 50 °C) tand values were higher due to dispersion in loss tangent
peak at ~ Tm. A relatively constant and low tand values < 0.02, were recorded across
the temperature range ~ 100 °C to 400 °C for x = 0.5 and 160-550 °C for x = 0.55. For
composition x = 0.6 the loss tangent, tand < 0.02 in the temperature range from 170 °C

to 300 °C at 1 kHz. Above these upper limiting temperatures, tand rose sharply in the
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manner usually associated with lattice defects arising from loss of bismuth oxide during

high temperature calcination/sintering.
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Figure 6.3 Relative permittivity and tand versus temperature for: (a) x =0, (b) x =

0.05(c)x=0.1; (d)x=0.2; () x=0.4; (f) x=0.5. (g) x=0.55 and (h) x = 0.6.
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Figure 6.4 Variation of temperature corresponds to maximum

permittivity versus xBMT.

6.2.4 Ferroelectric Properties

relative

Figure 6.5, shows the polarisation-electric field response for the ceramic

samples x = 0-0.5, measured at room temperature (50 kV/cm, 1 Hz). The samples x =0

and 0.05 exhibited typical ferroelectric behaviour. Both compositions gave rise to

similar values of remnant polarisation, P; ~ 11 nC/cm? but with different coercive fields

(Ec) of ~ 8 kV/cm for x = 0 and ~ 16 kV/cm for x = 0.05. Composition x = 0.1 exhibited

slim P-E loop with little or no indication of ferroelectric behaviour. Further addition of

BMT to the solid solution gave a linear P-E response typical of a low loss dielectric,

Figure 6.5(b).



(@ 20

104

P (uClcm?)
o

-10 -

P (uC/cm?)

-40 -20 0 20 40
E (kV/cm)

60

Figure 6.5 Polarisation-electric field response for ceramic compositions: (a) x = 0-
0.1 and (b) x =0.2-0.5.

6.2.5 Piezoelectric Properties

The values of piezoelectric charge coefficient, dss were measured by using
Berlincourt method for compositions x < 0.3, are presented in Figure 6.6. All these
ceramic samples were poled for a period of 20 min at an applied electric field of ~ 40

kV/cm at a temperature of 30 °C. Poling at higher fields led to the breakdown of
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ceramic samples. For BCT (x = 0), value of piezoelectric charge coefficient, dsz was
116 pC/N. Incorporation of 5 mol% BMT to the solid solution led to decrease of ds3
value to 92 pC/N and then very small values of ds3 < 10 pC/N were obtained for relaxor

compositions x > 0.1, Figure 6.6.
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Figure 6.6 Variation of piezoelectric charge coefficient, dss versus xBMT for
compositions x < 0.3.

The strain-electric field response for the (1-x)BCT-xBMT system was recorded
at room temperature (E ~ 50 kV/cm, 1 Hz) as presented in Figure 6.7. Typical butterfly
like strain-field loops were observed for compositions x = 0 and 0.05. The maximum
strain values were ~ 0.12% for x = 0 and 0.14% for x = 0.05 at an applied electric field
of 50 kV/cm. Samples x > 0.1 revealed an electrostrictive behavior with strain values <

0.11%.
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Figure 6.7 Electric field induced strain curves for compositions x = 0, 0.05 and 0.1,

measured at room temperature (1 Hz).
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Table 6.1 Summary of dielectric (1 kHz) and ferroelectric and piezoelectric properties of (1-x)BCT-xBMT ceramic system (x < 0.6).

Measured Parameters x=0 0.05 0.1 0.2 0.3 0.4 0.5 0.55 0.6
Teor Tm (°C) 130 110 0 40 85 118 135 160 160
ermax (1 kHz) 12060 4230 2090 1485 1280 875 1060 2270
Pr (UC/cm?) at RT 11 12 - - - - - - -

Ec (kV/cm) 8 16 - - - - - - -

dss (pC/N) 116 92 10 8 5 - - - -
Strain(%, 50 kV/cm) 0.12 0.14 0.11 0.08 - - - - -

T-range (°C), & < +15% (40-550)  (70-600)  (120-450)

800+15%  950+15%  2100+15%

T-range (°C), tand < 0.02 100-400  160-550  170-300
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6.2.6 Dielectric Breakdown Strength

Dielectric breakdown strength was measured at room temperature for
compositions x = 0.5 and 0.55. Ten pellets of each composition with thickness of < 500
pum were tested in silicon oil. A high triangular electric field was applied with ramp rate
of 500 V/s. The dielectric breakdown strength was recorded by detecting the spike in
current displayed on the cathode ray oscilloscope. The estimated average dielectric
breakdown strength with mean standard deviation for composition x = 0.5 was 258+30
kV/cm and 204+14 kV/cm for composition x = 0.55. Details of the estimated
breakdown strength are given in Table 6.2.

Table 6.2 Estimated dielectric breakdown strength for compositions x = 0.5 and x

=0.55.

Pellet Estimated dielectric breakdown  Estimated dielectric breakdown

Number (kV/cm) x=0.5 (kV/cm) x = 0.55
1 280 220
2 230 210
3 210 190
4 275 195
5 283 180
6 250 210
7 233 180
8 333 220
9 216 220
10 267 210

6.2.7 Energy Density and dc bias Relative Permittivity

The high electric field polarisation response was studied at a maximum electric

field of ~ 90 kV/cm (20 Hz), for compositions x = 0.5 and 0.55 over the temperature
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from 20 °C to 150 °C, Figure 6.8. Composition x = 0.5 exhibited a nearly temperature
independent linear dielectric response with low loss. However, the P-E response for
composition x = 0.55 was little lossy at room temperature and then change to linear
dielectric with low loss at high temperatures.

Values of energy density as a function of applied electric field at various
temperature are presented in Figure 6.8(c) and 6.8(d). Energy density values were
calculated by integrating the area enclosed by the decreasing field part polarisation-
electric field as described in the literature [Wang et al. (2014), Hao (2013)]. The trend
of increasing energy density for both compositions was nearly the same up to a field of
~ 50 kV/cm at all temperatures. Increasing field further, values of energy density were
increased but became temperature dependent. Peak values of energy density were 0.44
Jlem?® for composition x = 0.5 and 0.5 J/cm? for x = 0.55 at room temperature (E ~ 90
kV/cm, 20 Hz). This difference in energy density was due to the difference in values of
relative permittivity and polarisation. The values of energy density decreased to 0.38

Jlem? for x = 0.5 and 0.36 J/cm? for x = 0.55 at temperature 150 °C.
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Figure 6.8 Temperature dependent polarisation-electric field response (E ~ 90
kV/cm) for: (a) x = 0.5 and (b) x = 0.55, and variation of energy density versus

electric field over the temperature from 20-150 °C for: (c) x = 0.5 and (d) x = 0.55.

Figure 6.9, shows the relative permittivity and loss tangent (tand) as a function
of dc bias field for x = 0.55 across the temperature from 20 °C to 150 °C. Values of
relative permittivity and loss tangent were abstracted from the polarisation-electric field
loops (~ 20 kV/cm, 20 Hz) at dc bias field of 40 kV/cm. Relative permittivity with dc
bias field exhibited a nearly stable behaviour with no significant change, in contrast to
other BaTiO3z and NaosBiosTiOs-based materials [Yu et al. (2002), Spreitzer et al.
(2007)].

Under dc bias field (40 kV/cm), values of relative permittivity were similar and

temperature dependent as in the absence of dc field with & ~ 930 at room temperature



increased to ~ 1070 at 140 °C and 180 °C. Values of loss tangent, tand (20 Hz) were

high ~ 0.15 at room temperature and then decreased to ~ 0.003 at 180 °C, Figure 6.9.
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Figure 6.9 Relative permittivity and dielectric loss, tand as function of dc bias

fields (20 Hz) over temperature range 20-150 °C for x = 0.55.
6.2.8 dc resistivity

Values of dc resistivity for temperature stable dielectric compositions x = 0.5,
0.55 and 0.6 were recorded as a function of temperature at fixed dc voltage ~ 80 V.
Values of dc resistivity are presented in the plots over the temperature range from 250
°C to 550 °C, Figure 6.10. For compositions x = 0.5 and 0.55, values of dc resistivity
were ~ 10° Q m at a temperature of 300 °C, and ~ 10° Q m at 500 °C. A slight decrease
in resistivity was recorded for sample x = 0.6, may be attributed to the charge carriers
concentration rather than different conduction mechanisms compared to x = 0.5 and
0.55. The activation energy abstracted from conductivity data for x = 0.5 and 0.55 was
~ 0.6 eV consistent with an oxygen vacancy migration mechanism [Selvamani et al.

(2012), Morrison et al. (1999)].
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Figure 6.10 Variation of dc resistivity as a function of inverse of absolute

temperature (1/T) for x = 0.5, 0.55 and 0.6.
6.2.9 Microstructural analysis

SEM micrographs for polished and chemically etched surfaces for samples x =
0, 0.1, 0.2 and 0.3 are presented in Figure 6.11. The grain size for each composition
was estimated by using the linear intercept method. For composition x = 0, SEM
micrograph revealed a domain structure and estimated average grain size of ~ 7 um. A
decrease in grain size occurred with the addition of BMT with average size of ~ 3 pm
for x =0.1 and ~ 2 pm for X > 0.3. The geometrical density estimated for at least three
pellets was 5.4 g/cm? for x = 0 increased to 6.1 g/cm? for x = 0.6, Table 6.3. Relative

densities of all samples were in the range of 90 to 95% of the theoretical.
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Figure 6.11 SEM micrographs of chemically etched surfaces for: (a) x = 0, (b) x

=0.1,(c)x=0.2and (d) x=0.3.

Table 6.3 Summary of the average grain size and geometrical densities for the

(1-x)BCT-xBMT system.

Composition (x) Ave. grain size (um)  Density, p (g/cm?®)
x=0 7 54
x =0.05 7 55
x=0.1 3 5.2
x=0.2 2 55
x=0.3 2 5.7
x=0.4 2 5.9
x=0.5 2 6.1
x=0.6 2 6.1
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6.2.10 SEM-EDX analysis

As a preliminary study, SEM-EXD was performed for selected samples x =
0.05, 0.1, 0.8 and 0.5 to examine any compositional variation inside the grains.
Figure 6.12 shows the SEM micrograph and EDX elemental mapping for x = 0.05. A
domain structure in several grains was evident from the SEM micrograph. A careful
analysis by SEM-EDX mapping showed that there was no detectable chemical non-

uniformity in the grains for composition x = 0.05.

Figure 6.12 Illustration of SEM-EDX elemental mapping for composition x =

0.05.
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Figure 6.13 and 6.14, shows the elemental mapping by SEM-EDX for samples x
= 0.1 and 0.2. Examination of composition x = 0.1 revealed a compositional contrast
in the grains. EDX mapping showed a segregation of Bi** and Ca?* in several grains.
However, there was little or no evidence of Mg?* non-uniformity in the grains of the
examined sample. Other elements Ba®* and Ti** were uniformly distributed

throughout the grains.

For composition x = 0.2, the SEM-EDX results demonstrated the existence of
all elements with appropriate concentration in all grains except for one grain in
which a slight difference in Bi®*, Ca** and Mg?* proportion was identified, Figure

6.14.

Figure 6.13 SEM-EDX scan and elemental mapping showing the segregation of

Bi%* and Ca?* for composition x = 0.1.
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Figure 6.14 SEM-EDX elemental mapping for composition x = 0.2.

SEM-EDX analysis of the pre-sintered powders and polished ceramic pellet was
also conducted for x = 0.5. Figure 6.15 shows the SEM micrograph and EDX
elemental mapping for pre-sintered powder for composition x = 0.5. The SEM image
revealed an agglomerated and irregularly shape particles. The examination of
elemental distribution by EDX-mapping revealed a slight Ca?* and Mg?* rich

concentration regions. However, the distribution for other elements was uniform.

Figure 6.16 shows the SEM image and elemental map for polished and
thermally etched sample x = 0.5. The SEM-EDX mapping confirmed little evidence

of Bi** non-uniformity in the grains. However, unlike the composition x = 0.1, there
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was no apparent deficiency of Ca?* in the grains with the detectable limit of SEM-

EDX. Other elements distribution was uniform throughout the grains.

Figure 6.15 SEM-EDX of pre-sintered powders for composition x = 0.5.
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Figure 6.16 SEM-EDX elemental mapping indicating Bi®* segregation in the

grains for composition x = 0.5.
6.2.11 TEM/EDX analysis

Composition x = 0.05 was also examined by TEM-EDX after preparation by
standard method; cutting, grinding, dimpling and ion beam polishing. Microstructural
information was obtained by using transmission electron microscopy (TEM; Philips,
CM200) as mentioned in section 3.37. A domain structure was evident from the TEM
micrographs, Figure 6.17. Elemental mapping by STEM-EDX confirmed that there was

no detectable elemental variation in the grains, Figure 6.18.



- 154 -

Figure 6.17 STEM micrographs for: (a) several grains and (b) single grain for

sample x = 0.05, indicating domain structure.

Figure 6.18 STEM-EDX elemental mapping showing no detectable elemental

variation in grain for composition x = 0.05.
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6.2.12 Conclusions

Ceramics in the system (1-x)BCT-xBMT have been fabricated and analysed.
Single-phase perovskite-type X-ray diffraction patterns were observed for x < 0.6, with
tetragonal structure for x < 0.05, changed to single phase cubic for 0.1 < x < 0.6. For
compositions x < 0.05, no frequency dispersion in relative permittivity was observed,
although x = 0.05 peaks were more diffuse than for a normal ferroelectric.

A change to relaxor dielectric behaviour occurred for the cubic ceramics, 0.1 <
X < 0.6. Diffuse, frequency-dependent permittivity-temperature plots exhibited near flat
responses in the frequency independent region T > T, for compositions x = 0.5 , 0.55
and 0.6. For x = 0.5, relative permittivity (1 kHz) was 800+15% for temperatures
extending from 40 °C to 550 °C.

A more stable temperature dependent relative permittivity response was found
for x = 0.55, 950£15% in a wide range of temperature from 70 °C to 600 °C.
Permittivity values were much higher for x = 0.6, in the range 2100+15% for
temperatures 120 °C to 450 °C. The loss tangent (1 kHz) values were < 0.02 for
temperatures 100 °C-400 °C for composition x = 0.5 and from 160-550 °C for x = 0.55.
Values of dc resistivities were in the range of 10° Q m at a temperature of 300 °C, and ~

108 © m at 500 °C.
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Chapter 7

Dielectric Properties of the NaNbOs;-modified (BaosCao2)TiOs-

Bi(MgosTios)Oz Ceramic System

7.1 Summary

This chapter deals with the dielectric properties of the 0.45Bag.sCao 2 TiO3-(0.55-
X)Bi(Mgo5Tios5)O3-xNaNbOs (x < 0.3) system, abbreviated as 0.45BCT-(0.55-X)BMT-
XNN. XRD patterns were indexed as cubic perovskite for all studied compositions.
Compositions in the solid solution system: 0.45BCT-(0.55-x)BMT-xNN, displayed a
relaxor character with temperature-stable dielectric properties. Ceramics of
composition x = 0 [Chapter 6] have a relative permittivity, &r = 950£15% over a wide
temperature range from +70 °C to 600 °C. For x = 0.1, the stability of relative
permittivity, within +£15% occurred over the temperature range < 20 °C to 550 °C.

Modification with NaNbO3, x = 0.2 decreased the lower limiting temperature to
-70 °C, but also decreased relative permittivity such that & = 600£15% over the
temperature range -70 °C to 500 °C. For composition x = 0.3, & = 550+15% occurred
across the temperature range, < -70 °C to 300 °C and tand values < 0.02, from -60 °C to
300 °C. This stability in ¢ allied to low loss occurred over a temperature range that
extends from below the military specification lower temperature limit for a capacitor,
-55 °C, to an upper limit of 300 °C, making the x = 0.2 and 0.3 sample relevant for
proposed aerospace and other applications.

Relative permittivity values under dc bias up to ~ 40 kV/cm was retained for all

compositions. The values of energy storage density for composition x = 0, were ~ 0.5
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Jlem® at an electric field of ~ 90 kV/cm and ~ 0.2 J/cm® and ~ 0.17 J/cm?® for x = 0.2
and x = 0.3 respectively. Values of dc resistivity for all samples were of the order of

101 Q m at 250 °C and 107 Q m at 400 °C.

7.2 Results and discussion

7.2.1 Phase analysis

X-ray powder diffraction patterns of the crushed sintered ceramics for the
0.45BCT-(0.55-x)BMT-xNN system are presented in Figure 7.1. The XRD patterns of
all studied compositions, x = 0-0.30, appeared cubic perovskite with no evidence of
{200} peak splitting. Minor second-phase XRD peaks suggested bismuth titanate in
some samples. The unit cell cubic lattice parameter decreased slightly from a =

3.983+0.001 A for x = 0 to a = 3.978+0.003 A for x = 0.3, shown in Figure 7.2.

@) i +Secondary phase | 1) i
’;:‘ | x=025 A l L
e Ees=tEs
2| ) o o .
£ TR SN S S |

N R 1 N

20 30 40 50 60 45 46

20 (degree)

Figure 7.1(a) XRD patterns of crushed ceramic pellets for the 0.45BCT-(0.55-

X)BMT-XNN system (x < 0.3) and (b) expanded scale for {200} reflection.
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Figure 7.2 Lattice parameters as a function of xNaNbO3 content for 0.45BCT-

(0.55-x)BMT-xNN compositions, x < 0.3.
7.2.2 Relative Permittivity and Loss Tangent

The temperature dependent relative permittivity (&) and loss tangent (tand) are
plotted at various frequencies (1 kHz-1 MHz), Figure 7.3 and 7.4. All compositions
displayed a strong frequency dispersion in &(T) plots at T < Tm and corresponding
dispersion in tand data, typical of a relaxor dielectric. The temperature of maximum
relative permittivity, Tm, was ~ 160 °C for x = 0: adding NN content to the solid
solution resulted in decrease of Tm to ~ 0 °C for x = 0.2 and -55 °C for x = 0.3, Figure
7.5 (all values in text refer to 1 kHz data, unless otherwise stated).

The least temperature-dependence of relative permittivity occurred for
composition X = 0 (0.45BCT-0.55BMT), for which & = 950£15% over the temperature
range 70 °C-600 °C. For x = 0.1, relative permittivity, e = 580+15% in the temperature

range < 20-550 °C. Achieving temperature-stability down to -55 °C and below was
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accomplished by the incorporation of NaNbO3 at a level x > 0.2. For composition X =
0.2, er = 600£15% over the temperature range -70 °C to 500 °C, thus achieving the goal
of producing a temperature-stable relaxor dielectric with the potential to operate in a
range of harsh environments down to < -55 °C. Modification with x = 0.3, led to the
temperature stability in relative permittivity, with &r = 550+15% across the temperature
range -70 °C-300 °C.

For x = 0, values of tand < 0.02, were in the temperature range 160-550 °C and
40 °C to 420 °C for x = 0.1. Further incorporation of NN content extended the
temperature range of tand < 0.02 from -20 °C to 400 °C for x = 0.2. For composition x =
0.3, the dispersion in tand (1 kHz) shifted to lower temperatures (-60 °C), such that a
combination of tand < 0.02 and &r = 550£15% occurred across the temperature range,
-60 °C to 300 °C. This combination of low tand and stable e from < -55 °C to 300°C
makes x = 0.3 promising for future development as a capacitor material, although the
moderate permittivity would require compensating dimensional engineering, for
example thin layers to achieve high capacitance. A sharp rise in loss tangent, tand at >
500 °C under low field ac signal may be attributed to electrical conduction mechanisms.

A summary of the dielectric properties of all studied 0.45BCT-(0.55-x)BMT-

XNN compositions are presented in Table 7.1.
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Figure 7.3 Temperature dependent relative permittivity and tand for: (a) x = 0

and (b) x = 0.05 (c) x = 0.1 and (d) x = 0.15 over the temperature range 25 °C to

600 °C (data set continued).

(a)1000 T T T T T — 1.0

x=0.20 — 1 kHz
8004 w10 kHz 0.8

100 kHz

— 1 MHZz

600+ f 0.6
o

400 0.4
200 0.2
0 0.0

2100 0 100 200 300 400 500

Temperature (°C)

(b) 1000 . . . . . .
x=0.3 — | kHz
800- e 10 kH2
100 kHz
— ] MHz
600 7
@ 400+
200
0N

4 — 7 T T —0.0
-100 0 100 200 300 400 500

Temperature (°C)

0.8

0.6

0.4

0.2

Figure 7.4 Temperature dependent relative permittivity and tand for (a) x = 0.20

and (b) x = 0.3, over the temperature range -70 °C to 550 °C (break indicates the

changeover of low and high temperature instruments).

tand

tand

tand



-161 -

OT,

----- linear Fit

-100

0.00

0.10

0.15
xNaNbO,

0.20

0.25 0.30

Figure 7.5 Trend of falling of temperature corresponds to maximum relative

permittivity, Tmas a function of NaNbOs content.

Table 7.1 Summary of the dielectric properties of 0.45BCT-(0.55-X)BMT-XNN; &r

and tand values measured at 1 kHz.

Sample Tn(°C)  &rmax T-range (°C) T-range (°C)
£+15% tand < 0.02

x=0 160 1060 70-600 160-550
950+£15%

0.05 115 850 50-600 80-490
830+£15%

0.10 75 665 ~ 20-550 40-420
580+15%

0.15 30 685 ~ 20-500 25-450
585+15%

0.20 0 650 -70-500 -20-400
600+£15%

0.25 -30 620 -70-330 -40-400
565+15%

0.30 -55 630 -70-300 -60-390

550+15%
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7.2.3 dc resistivity and RC constant

The dc resistivity values estimated using a Keithley electrometer were plotted as
a function of inverse absolute temperature, Figure 7.6. Values of dc resistivity were
similar in the high temperature regime for all studied compositions while different at
low temperatures. This difference in resistivity at low temperature, may be attributed to
the difference in charge carriers concentration rather than different conduction
mechanism which become similar by thermal assistance in the high temperature region
[EI-Mallah (2004)].

The recorded dc resistivity values were ~ 101° Q m at 250 °C, and 10’ Q m at
400 °C. The activation energy deduced from conduction data was ~ 0.6 eV consistent
with an oxygen vacancy migration mechanism [Acosta et al. (2012), Selvamani et al.
(2012), Morrison et al. (1999)].

Values of RC constant were calculated from dc resistance and capacitance (1
kHz). For unmodified composition x = 0, value of RC constant was 10.4 s, decreased to
~ 4 s for compositions x = 0.2 and x = 0.3. These values of RC constant were
comparable to reported other high temperature dielectric ceramics [Acosta et al. (2012),

Raengthon et al. (2012)].
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Figure 7.6 Logarithmic plot of dc resistivity as a function of 1/T for:(a) x =0, 0.05,

0.1 and 0.15, and (b) 0.20, 0.25 and 0.30.
7.2.4 Polarisation-Electric Field analysis

Figure 7.7, displays the polarisation-electric field response measured at room
temperature for an electric field of ~ 50 kV/cm (1 Hz). There was no evidence of

ferroelectric character in any sample. For compositions x < 0.1, P-E plots were narrow
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indicating low but significant leakage current. This may be due to the high dispersion
peak in tand around room-temperature. In the case of compositions x > 0.15, the P-E

response was linear and typical of a capacitor with negligible dielectric loss.

6 v T v T v 1 v 1

-60 -40 -20 0 20 40 60
E (kV/cm)
Figure 7.7 Polarisation-electric field response for the 0.45BCT-(0.55-X)BMT-XxNN

ceramic system (x < 0.3).
7.2.5 Relative Permittivity and Loss Tangent under dc Bias Field

Figure 7.8, shows the relative permittivity and loss tangent (tand) measured at
20 Hz as a function of dc bias fields over the temperature range from 20 °C to 180 °C
for x = 0, 0.1, 0.2 and 0.3. All ceramic compositions, under dc bias field up to 40
kV/cm (maximum studied), retained stability in relative permittivity with no significant
variation. This behaviour was in contrast to other ferroelectric materials, where a severe
decrease in relative permittivity occurred under dc bias [Yu et al. (2002)]. Values of

relative permittivity were consistent with the values of unbiased relative permittivity.
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The values of loss tangent, tand (20 Hz) were high ~ 0.15 at room temperature

significantly decreased to a value of 0.003 at 180 °C for composition x = 0. A similar

decreasing trend was also observed for compositions x > 0.1, Figure 7.8.
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Figure 7.8 Relative permittivity and dielectric loss, tand under dc bias fields (20

Hz) at different temperature for:(a) x =0, (b) x=0.1, (¢) x = 0.2 and (d) x = 0.3.

7.2.6 High Field P-E analysis and Energy Storage Density

The polarisation-electric field (P-E) behaviour was evaluated under high electric

field ~ 90 kV/cm (20 Hz) over the temperature range from 20 °C to 150 °C, Figure 7.9.

All studied ceramic compositions exhibited a linear behaviour and values of maximum

polarisation decreased with the addition of NN content.

Plots of electric field dependent energy density over the temperature from 20 °C

to 150 °C are presented in Figure 7.10. For unmodified composition x = 0, the energy

density was temperature independent with a field up to ~ 50 kV/cm and then became

tand

tand
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temperature dependent with further increase of electric field (> 50 kV/cm) [Chapter 6].
However, for compositions x > 0.1, the energy density up to maximum field (90
kV/cm) was nearly the same at all temperatures. The energy density at room
temperature for composition x = 0 was ~ 0.5 J/cm® at a maximum field of 90 kV/cm
decreased to 0.36 J/cm® at temperature of 150 °C. For x = 0.2, maximum values of
energy density were ~ 0.2 J/cm? decreased to ~ 0.17 J/cm® for x = 0.3, Table 7.2. This
decrease in energy density may be attributed to decrease of electric field induced
polarisation in these samples. Higher fields would needed to achieve higher energy
density for energy storage applications.

Table 7.2 Summary of the energy density (90 kV/cm) at different temperatures for

x=0-0.3.

Sample Density(J/cm®)  Density(J/cm®)  Density(J/cm®)  Density(J/cm?®)
(20 °C) 50 °C 100 °C 150 °C

0 0.5 0.4 0.4 0.36

0.1 0.3 0.28 0.26 0.27

0.2 0.21 0.2 0.2 0.19

0.3 0.17 0.16 0.15 0.157
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Figure 7.10 Energy storage density up to a field of 90 kVV/cm over temperature

from 20 °C to 150 °C for: (a) x =0, (b) x=0.1 (c) x=0.2 and (d) x = 0.3.
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7.2.7 Microstructural analysis

The grain microstructure of polished and chemically etched samples are shown
in Figure 7.11. The grain size was estimated by using linear intercept method. All
samples had relative densities of 91-94%. Values of the estimated average grain sizes
increased with NaNbOs (x > 0.1) content from ~ 3 um for x = 0 to ~ 7 um for x = 0.3,
Table 7.3. A minor second phase was also evident for compositions x = 0 and 0.1,
whereas, the tiny white spots on grains for x = 0.1 and 0.3 correspond to some

contamination during polishing or etching.

LEMAS 10.0kV 7.2mm x5.00k PDBSE(3D) 10.0pm

LEMAS 10.0kV 7.6mm x4.00k PDBSE(3D) 10.0pm LEMAS 10.0kV 7.4mm x4.00k PDBSE(3D) 10.0pm

Figure 7.11 SEM micrographs of chemically etched polished surfaces for: (a) x =

0, (b) x=0.1, (c) x = 0.2 and (d) x = 0.3.
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Table 7.3 Average grain size, absolute and relative densities for the 0.45BCT-

(0.55-x)BMT-XNN system.

Sample (X)  Average grain size (um) Density (g/cm?®) % relative density

0 3 5.4 91
0.05 3 5.9 93
0.1 3 5.8 93
0.15 4 5.9 94
0.2 6 5.6 91
0.25 6 5.8 93
0.3 7 5.7 91

7.2.8 Conclusions

A series of temperature-stable perovskite relaxor dielectrics have been
developed with wide operating temperature ranges. The temperature-dependence of
relative permittivity for composition x = 0, was & = 950£15% over the temperature
range 70 °C-600 °C. A composition x = 0.2 exhibited a variation in relative permittivity
within £15% from -70 °C to 500 °C, along with low dielectric loss. Composition x = 0.3
shifted Tm to even lower temperatures, extending the temperature range of tand < 0.02
to -60 °C and remain below 0.02 up to 300 °C, maintaining & = 550+15% from -70 °C
to 300 °C.

The loss tangent values were far lower, and the relative permittivity values
slightly higher than the reported CaZrOs-modified NaosBiosTiO3 ceramics which have
similar operational temperature ranges to the new materials: for example CaZrOs-

modified Nao.sBiosTiO3z have loss tangent up to 10% at < 400 °C compared to only 2%
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for the new BCT-BMT-NN compositions [Acosta et al. (2012)]; the upper temperature
in the &+15% specification range is also higher for 0.45BCT-(0.55-x)BMT-xNN.

Relative permittivity under dc bias up to maximum field tested 40 kV/cm
retained similar values as zero bias for all studied compositions. The values of energy
storage density for composition x = 0 were ~ 0.5 J/cm?® at a field of 90 kV/cm but
decreased to 0.2 J/cm® and ~ 0.17 J/cm?® for x = 0.2 and x = 0.3, respectively.

The dc resistivity values were of the order of 10*° Q m at 250 °C and 10’ Q m at
400 °C, with activation energy of conduction estimated at ~ 0.6 eV, and RC constants

of 10.4 s for x = 0 and ~ 4 s for compositions x = 0.2 and 0.3 (at 300 °C).
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Chapter 8

Dielectric and Ferroelectric Properties of the (1-x)BaTiOs-

XBi(Mgos5Zros5)Oz Ceramic System

8.1 Summary

This chapter outlines the dielectric and ferroelectric properties of the (1-
X)BaTiO3-xBi(Mgo.5Zro5)O3 ceramic system, abbreviated as (1-x)BT-xBMZ. Ceramics
in the solid solution series (1-x)BT-xBMZ, for x < 0.5, were fabricated by solid state
processing. A single-phase was confirmed by X-ray powder diffraction for
compositions x < 0.5. Ceramic samples x < 0.05 were indexed as tetragonal perovskite;

a change to cubic perovskite occurred for compositions x > 0.1.

Plots of relative permittivity (), versus temperature exhibited a sharp Curie peak
for x = 0, which changed to double peaks in the compositions x = 0.03 and 0.05. A
single frequency-dependent peak occurred for compositions x > 0.1. A progressive
decline in & max for compositions x > 0.1 led to near temperature-stable dielectric
properties over a wide temperature range. Composition x = 0.3, exhibited a temperature
dependent variation in & = 570 within £15% from -20 °C to 430 °C, and tand values <
0.02 across the temperature range 30 °C to 420 °C. At x = 0.4, & = 600+15% from 25
9C-420 °C with loss tangent, tand < 0.02 from 55 °C to 280 °C (at 1 kHz). Values of dc

resistivity were ~ 102 Q m at 250 °C and ~ 10° Q m at 400 °C.

Compositions x = 0 and x = 0.03 exhibited ferroelectric behaviour with similar

remnant polarization, Pr ~ 10 uC/cm? but different coercive fields of ~ 5 kV/cm and ~ 8
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kV/cm respectively. TEM-EDX analysis for the composition x = 0.05, which showed
double peaks in relative permittivity-temperature plots revealed a core-shell grain

structure.

8.2 Results and discussion

8.2.1 Phase analysis

The room temperature XRD patterns of the (1-x)BT-xBMZ crushed sintered
samples, are presented in Figure 8.1 for the compositions studied, 0 < x < 0.5.
Compositions x < 0.03 were tetragonal perovskite. Composition X = 0.05 appeared to be
cubic but with broadening to the {100} and {200} reflections (with no clear evidence
of peak splitting to confirm a tetragonal distortion). All (cubic) peaks were sharper in x
> 0.1 sample compositions. Peaks associated to secondary phase (bismuth titanate,
Figure A3, Appendix) appeared in the composition x = 0.5, implying a solid solution at

0.4 <x<0.5.
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Figure 8.1 (a) XRD patterns at room temperature for (1-x)BT-xBMZ compositions

X < 0.5 (b) highlighted {111} and {200} peaks.

The lattice parameters measured from the XRD data by least square refined
method are plotted as a function of xBMZ in Figure 8.2. For tetragonal composition x =
0, the unit cell lattice parameters were a = 3.986+0.002 A and ¢ = 4.028+0.002 A, and
a = 3.996+0.001 A and ¢ = 4.022+0.003 A for x = 0.03, illustrating a slight decrease in
tetragonal distortion (c/a) between x = 0 and 0.03. An increase in the cubic a-lattice

parameter was observed with increasing BMZ content for compositions x > 0.1.
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Figure 8.2 Variation of lattice parameters as a function of xBMZ content for the

(1-x)BT-xBMZ ceramic system.

A summary of data presented in the following sections appears in Table 8.1.
8.2.2 Relative Permittivity-Temperature

Figure 8.3, shows the temperature dependence of relative permittivity and loss
tangent (tand), measured at various single frequencies (1 kHz, 10 kHz, 100 kHz and 1
MHz) from room temperature (25 °C) to 500 °C. The end member BaTiOz (x = 0)
displayed a sharp peak at a temperature of T ~ 130 °C with a value of relative
permittivity ~ 10,000, consistent with previous reports [Shvartsman and Lupascu

(2012)].

The incorporation of x = 0.03 BMZ transformed the dielectric response from a
ferroelectric with a sharp Curie peak to a broad peak with two maxima, with &r peak1 =
2900 at T1 = 115 °C and &r peake = 2700 at T> = 150 °C, with a weak frequency

dependence in Ty, Figure 8.3(b). The x = 0.05 sample also displayed twin peaks with an
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increased dispersion in Ty, and a decrease in Ty to a 30 °C, Figure 8.3(c). The

temperature of the second peak, T, in x = 0.05 was similar to that of composition x =

0.03 (~ 150 °C).

Increasing the BMZ content to x = 0.1 produced a single, broad relaxor
dielectric peak, with Tm ~ -20 °C (1 kHz) and a reduction in &r max to ~ 1440, Figure
8.4(d). Further increase in xXBMZ continued to decrease &r max Creating a drop in the rate
of change in & with temperature at T > Tm. At x = 0.3, the temperature dependent
variation in & = 570 occurred within £15% from -20 °C to 430 °C and tand values were
< 0.02 across the temperature range 30 °C to 420 °C. For composition X = 0.4, & =
600£15% from 25 °C to 420 °C, however, at temperature > 280 °C dielectric losses

increased sharply.

The reason for these higher dielectric losses is thought to relate to electrical
conduction, which increases more sharply at high temperatures. Bismuth oxide
volatilisation may be responsible for oxygen vacancy formation and thermally activated

conduction [Skidmore et al. (2011), Bomlai et al. (2008), Bongkarn et al. (2008)].
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Figure 8.3 Temperature dependent relative permittivity (er) and loss tangent
(tand) for (1-x)BT-xBMZ compositions (a) x = 0, (b) x = 0.03, (¢) x = 0.05, (d) x =

0.1, (e) x =0.3, and (f) x = 0.4 (the inset shows &r-T plot from -70 °C to 20-70 °C.
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Table 8.1 Summary of dielectric properties (1 kHz) of the (1-xX)BT-xBMZ ceramic

system (x < 0.5).

Peak Temp €r max T-rang (°C) T-range (°C) & <
(°C) tand < 0.02 +15%

x=0 127 10,170 30-215
0.03 T1=115 ern = 2900 100-220

=150 = 2700
0.05 T:1=30 ern = 3300 <25-300

T=1500 ¢ = 2300
0.1 -20 1440 -15-350
0.2 10 680 5-380
0.3 20 630 30-420 -20-430
0.4 60 650 55-280 25-420
0.5 70 570 75-250 50-420

8.2.3 dc resistivity

Figure 8.4 displays dc resistivity values as a function of temperature, measured
at a fixed dc voltage of ~ 80 V for selected compositions x = 0.05 and x = 0.4 across the
temperature span from 200 °C to 550 °C. A decrease in resistivity was observed with
increasing x, most notably toward the lower range of temperatures. Composition x =
0.05 had a dc resistivity of ~ 10 Q m at 250 °C and ~ 10® Q m at 400 °C. The
corresponding values of dc resistivity for x = 0.4 were of the order of 10° Q m at 250 °C
and 10° Q m at 400 °C. There was an indication of a slight change in slope of resistivity
plots was observed at ~ 320 °C, corresponding to a change in activation energy of the

electrical conduction process [Selvamani et al. (2012), Morrison et al. (1999)].

For composition x = 0.05, activation energy, Ea = 0.54 eV in the low
temperature region (< 325 °C) and 0.68 eV at higher temperatures. Values of low-

temperature Ea, were 0.49 eV for x = 0.4 with corresponding high temperature Ea =
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0.64. These values fall in the range normally associated with the migration of oxygen

lattice vacancies [Selvamani et al. (2012), Morrison et al. (1999)].
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Figure 8.4 Variation of dc resistivity as a function of inverse of absolute

temperature for compositions x = 0.05 and x = 0.4.
8.2.4 Ferroelectric Properties

Polarisation-electric field hysteresis loops measured at room temperature at 1
Hz are presented in Figure 8.5. Compositions x = 0 and x = 0.03 displayed ferroelectric
behaviour with similar remnant polarization, Pr ~ 10 uC/cm? but with different coercive
fields of ~ 5 kV/cm and ~ 8 kV/cm respectively. Sample x = 0.05 also displayed a P-E
loop characteristic of a ferroelectric, but the loop was narrower than x = 0 and 0.03 and
remanent polarisation was smaller, P, ~ 4 pC/cm?. It is noted therefore that the true
symmetry of x = 0.05 cannot be centrosymmetric (at least under the application of a
field). The XRD pattern in Figure 8.1 was cubic but with some broadening to the 100
and 200 peaks (but not 111); the P-E response gives weight to the premise that

overlapping 200 and 002 tetragonal XRD peaks was responsible for this broadening.
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For compositions x > 0.1, there was no evidence of ferroelectric character and

the P-E response being that of a linear dielectric, Figure 8.5(b). The higher permittivity

of the x = 0.1 compared to x > 0.1 samples was reflected in the respective P-E

responses, Figure 8.5(b).
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Figure 8.5 Polarisation-electric field loops for (1-x)BT-xBMZ compositions: (a) x <

0.05 and (b) 0.1 <X < 0.4 at 50 kV/cm (1 Hz).
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8.2.5 Piezoelectric Properties

The measurement of piezoelectric charge coefficient, dss was carried out on
poled samples by Berlincourt method. The ceramic samples were poled in silicon oil at
a temperature of 30 °C for 20 min. The dc field was applied for all studied samples was
~ 40 kV/cm. The end member BT (x = 0) gave a peak value of dzs ~ 158 pC/N which
decreased to ~ 55 pC/N for composition x = 0.03 and then ~ 30 pC/N for composition x
= 0.05, Figure 8.6. Very small values of piezoelectric charge coefficients, dss < 10
pC/N were recorded for compositions at x > 0.1.

180
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4
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0.00 0.05 0.10 0.15 0.20 0.25
—=xBMZ

Figure 8.6 Variation of piezoelectric charge coefficient, dss as a function of xBMZ

(x<0.2).

The electric field induced strain behaviour (1 Hz) at room temperature is shown
in Figure 8.7. A typical butterfly S-E loop of a piezoelectric material was observed for
composition x = 0 with maximum strain of ~ 0.25% at 50 kV/cm. The tetragonal
ferroelectric composition x = 0.03 also gave a strain level at room-temperature of ~

0.25% (at 50 kV/cm) but with an increase in negative strain compared to x = 0. These
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values were relatively high for a Pb-free piezoelectric [Skidmore et al. (2009), Royles
et al. (2010), Zhu et al. (2011b), Coondoo et al. (2013)]. The x = 0.05 sample, gave a
maximum strain of 0.32% (with little negative strain). Further incorporation of BMZ
content into the solid solution drastically decrease the strain values to < 0.03% with

electrictrostictive nature for compositions x > 0.1.
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Figure 8.7 Electric field induced strain for (1-x)BT-xBMZ system, x < 0.1 at room

temperature (50 kV/cm, 1 Hz).
8.2.6 Microstructural analysis

Microstructural information on polished and chemically etched samples was
obtained by using SEM. The grain size was estimated using the linear intercept method.
SEM micrographs for selected compositions of sintered pellets are presented in Figure
8.8. For composition x = 0, the average grain size estimated of ~ 10 um, but some
grains were up to ~ 20 um. A decreasing trend in grain size was observed by

incorporation of BMZ content and the average reduced to ~ 5 um for x = 0.4. For
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composition x = 0.2 and 0.3 some intergranular structure was evident in the SEM
micrographs. The holes at the grain boundary may be due to over etching which
destroyed the grain boundaries in composition x = 0.2. The grain size, geometrical and
the relative density (based on the ratio of geometrical and theoretical density) are

summarised in Table 8.3.

Figure 8.8 SEM micrographs for polished and chemically etched surfaces for: (a)

x=0,(b)x=0.2,(c)x=0.3and (d) x=0.4.
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Table 8.2 Summary of the absolute, relative density and average grain size of the

(1-x)BT-xBMZ ceramic system.

Sample(x) Density (g/cm®) Relative density Average grain
(%) size(um)

x=0 5.7 95 9.7

0.03 5.6 93 -

0.05 55 95 3.0

0.1 5.4 90 4.0

0.2 6.0 94 7.0

0.3 6.1 94 5.8

0.4 6.2 93 5.0

0.5 6.1 90 4.8

8.2.7 TEM/EDX analysis

Transmission electron microscopy analysis was carried out for composition x =
0.05. Based on the previous reports, double peaks in &-T plots were attributed to
compositional variation in grains (core-shell structure) [Ogihara et al. (2009b), Zhu et
al. (2011a)]. Therefore, composition x = 0.05 was selected for STEM-EDX analysis for

such core shell structure investigation.

The sample was prepared from the sintered pellet by standard method; cutting,
grinding, dimpling and ion beam polishing as described in section 3.37 [Chapter 3].
Analysis by STEM-EDX of x = 0.05 indicated a core-shell structure in many grains,
Figure 8.9. Elemental mapping exhibited a core deficient in Bi and Zr and Mg relative
to the grain shell, Figure 8.10. Hence, the double peaks in &-T plots may be attributed
to two different compositions, one from the core the other the outer regions of core-

shell grains. Given that the T> anomaly was the minor peak in & plots (Figure 8.3c),
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and that only a minor fraction of grains exhibited a core-shell structure, it is likely that

T corresponded to core material.

Figure 8.9 STEM micrographs for composition x = 0.05 (a) several grains and (b)

single grain showing the core-shell structure.

2um 2um 2um

Figure 8.10 STEM dark field micrograph and EDX elemental mapping showing
core-shell grain structures, with enhancement of Bi%*, Mg?*, Zr** in the outer shell

for x =0.05.
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8.2.8 Conclusions

Ceramic compositions in the (1-x)BT-xBMZ system, for 0 < x < 0.5 have been
fabricated and studied. XRD data revealed a tetragonal structure for composition x <
0.03, changing to cubic for compositions > 0.05. However, polarisation-electric field
measurements indicated x = 0.05 was non-cubic (which may explain broadening to 100

and 200 XRD peaks).

At low levels of BMZ substitution, x = 0.03 and 0.05, a double peak was
observed in plots of relative permittivity versus temperature. A change to normal
relaxor dielectric plots, with a single, broad frequency dependent relative permittivity
peak occurred for x = 0.1. For compositions x = 0.3 and 0.4 the peak relative
permittivity value decreased such that a low variation in relative permittivity with
temperature was observed over a wide temperature range. The values of & were in the
range ~ 600£15% from -20 °C to 430 °C for x = 0.3 and 25 °C to 420 °C for x = 0.4 (at

1 kHz).

The dc resistivity values recorded were of the order of 10'° Q m at 250 °C and
108 Q m at 400 °C. Composition X = 0.03, close to the tetragonal-cubic phase boundary,
with a &1 peak temperature of 115 °C, gave a piezoelectric strain of ~ 0.25% (at 50

kV/cm). Composition x = 0.05 gave a strain of ~ 0.32%.
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Chapter 9

Dielectric and Ferroelectric Properties of the (1-x)BaosCaoTiOs-

XBi(ZnosTio5)O3 Ceramic System

9.1 Summary

This chapter focusses on the study of dielectric and ferroelectric properties of the
ceramic system (1-x)Bao.sCao.2TiO3z-xBi(ZnosTio.5)O3 for compositions 0 < x < 0.4. The
binary system is abbreviated as (1-x)BCT-xBZT hereafter for simplicity.

Based on X-ray powder diffraction analysis, the solubility range for this system
was found at x ~ 0.3. The compositions x = 0 and 0.05 indicated tetragonal symmetry,
which switched to cubic at x > 0.1. The temperature dependent relative permittivity
plots exhibited a sharp Curie peak for x = 0, changing to a broad peak with no strong
frequency dispersion for x = 0.05. A change to normal relaxor with frequency
dependent peaks in plots of relative permittivity versus temperature occurred at x > 0.1.
A significant reduction in the temperature dependence of relative permittivity occurred
for x = 0.3, with & = 1030£15% over the temperature range ~ 25 °C-425 °C, and loss
tangent, tand < 0.02 from 90 °C to 460 °C. Values of dc resistivities at 300 °C were of
the order of 10° Q m and decreased to ~ 10° Q m at 450 °C.

From polarisation-electric field responses, the x = 0 and 0.05 samples were
ferroelectric with remanent polarisation, Py ~ 11 pC/cm? and 10 uC/cm? at coercive

fields, Ec ~ 8 kV/cm and 16 kV/cm, respectively. A change to a very narrow P-E loop
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occurred for composition x = 0.1 whilst linear dielectric behaviour was recorded for x >

0.1.

9.2 Results and Discussion

9.2.1 Phase analysis

For phase analysis, an X-ray powder diffractrometer (Bruker D8, Cu,
Ka~1.5406 A); was used with scan speed, 1°/min, at room temperature.

Figure 9.1, shows the perovskite XRD patterns for powders of sintered pellets
of (1-x)BCT-xBZT, x = 0-0.4 with highlighted {111} and {200} peaks. Single phase
perovskite patterns were obtained for compositions x < 0.3. A secondary phase
corresponding to the pattern of BisTisO1s5 [Figure A4, Appendix], first appeared for x =
0.34, increasing in proportion at x = 0.4 indicating a solid solution limit at x ~ 0.3
(XRD detection limits are a few wt%). It is evident from the splitting of, for example
the {100} and {200} peaks, that x = 0 and x = 0.05 samples showed tetragonal
symmetry, with a slight decrease in tetragonal distortion between x = 0 and 0.05. The
compositions x > 0.1 were indexed as a cubic perovskites with no evidence of peak
splitting of {200} peaks, but the peak showed slight broadening relative to x > 0.1

samples.
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Figure 9.1 XRD patterns of crushed sintered ceramic pellets of (1-x)BCT-xBZT

ceramic system, X < 0.4 (a) from 20-60 °20 and (b) 38-48 °20.

Lattice parameters were deduced from d-spacing based on the XRD data using
least square refinement method are plotted as function of xBZT, Figure 9.2.

Compositions x = 0 and x = 0.05 were of tetragonal symmetry with a =
3.948+0.002 A, ¢ = 3.996+0.002 A, c/a = 1.012+0.002 for x = 0, whilst for x = 0.05, a
= 3.962+0.002 A, ¢ = 3.994+0.003 A and c/a = 1.008+0.003. The cubic compositions x

> 0.1 showed little change in cubic lattice parameters: a = 3.976+0.001 A for x = 0.1

and a = 3.978+0.001 A for x = 0.3, Figure 9.2.
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Figure 9.2 Variation of lattice parameters as function of xBZT content for (1-

X)BCT-xBZT system.

The data from the following sections are summarized in Table 9.1.
9.2.2 Permittivity-Temperature and Loss Tangent

The relative permittivity, & and loss tangent, tand, were plotted as a function of
temperature at various frequencies (1 kHz-1 MHz), Figure 9.3. Composition x = 0,
exhibited a reasonably sharp Curie peak, typical of a normal ferroelectric with Curie
point, Tc ~ 130 °C in the range reported for BCT at this composition [Levin et al.
(2013)].

A change in relative permittivity to a broad peak, with little evidence of
frequency dispersion, and peak temperature ~ 100 °C occurred for x = 0.05. Further
addition of BZT content into the solid solution, transformed the system to a typical
relaxor at X > 0.1, with relative permittivity plots showing strong frequency dependence
at temperatures, T < Tm. The temperature dependence of relative permittivity, - at T >

Tm became less severe as the fractional substitution of Bi®* and Zn?* increased. The
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compositions x = 0.3 and 0.34 showing nearly temperature stable dielectric response
and low loss tangent (tand).

Values of Tm (1 kHz) initially decreased from 130 °C for x = 0 to 100 °C for x =
0.05. The composition x = 0.1 exhibited the &rmax at ~ 25 °C and then increased to 90 °C
for compositions x = 0.3 and x = 0.34, Figure 9.4. Values corresponding to maximum
relative permittivity, &r max decreased from ~ 12,000 for x = 0 to ~ 1180 at x = 0.3 (the
limit of the single phase solid solution), Figure 9.4.

The temperature stable composition x = 0.3, gave & = 1030+15% over the
temperature range < 25 °C to 425 °C measured at 1 kHz. Composition X = 0.34
exhibited a temperature stable relative permittivity &r = 960+15% over the temperature
range < 25 °C to 440 °C.

Low dielectric loss is important parameter for proposed capacitor applications.
For composition x = 0.3, tand < 0.02 over the temperature range 90-460 °C; tand < 0.01
over the range 110-420 °C while tand < 0.02 was remained across the temperature

range from 90 °C to 380 °C for x = 0.34 (a biphasic composition).
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Figure 9.4 Variation of temperature corresponding to & max along with &r max

values as a function of xBZT content.
9.2.3 Relaxor behaviour and Curie-Weiss analysis

As mentioned above, composition x = 0 exhibited a sharp Curie peak while for x
= 0.05 a broad permittivity peak with no clear evidence of frequency dispersion was
observed. A Curie-Weiss analysis was carried out for the (1-x)BCT-xBZT system. For
a typical ferroelectric, the relative permittivity above its Curie temperature obeys the

Curie Weiss law, Equation 9.1 [Zhu et al. (2011a)];
& =—— Equation 9.1

where C is the Curie-Weiss constant; T, is the Curie-Weiss temperature. Figure 9.5
shows the plots of inverse of relative permittivity (erl) versus T at 1 MHz for
compositions x = 0 to x = 0.3. Curie Weiss analysis confirmed typical ferroelectric
behaviour for x = 0 and x = 0.05 with a linear fit to plots of & versus T at T > T or Tn.

An alternative expression of the Curie Weiss law has proved popular for analysing
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ferroelectric and relaxor materials, Equation 9.2 [Zhu et al. (2011a), Morrison et al.

(1999)]:

-T 4
1.1 0 é'maX) Equation 9.2
gl’ grmax

For an ideal ferroelectric, the y coefficient is equal to unity, increasing to ~ 2
for a typical relaxor [Zhang et al. (2011), Bai et al. (2013)]. The experimental data for
(1-x)BCT-xBZT are plotted in Figure 9.6: values of y increased from y = 1.28 for x = 0

to 1.32 for x = 0.05, and then to y = 1.60-1.88 for the relaxor compositions x = 0.1-0.3.
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Figure 9.5 Plots of inverse of relative permittivity (1/er) as function of temperature

for x = 0-0.3 (1 MHZz) (solid lines fitting to Curie-Weiss Law).
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9.2.4 dc resistivity

The values of dc resistivity were measured at fixed voltage of ~ 80 V for
selected compositions x = 0.2 and x = 0.3 in the temperature range from ~ 250 °C to ~
550 °C. Values of activation energies were deduced from the slope on conductivities-
temperature versus 1/T (absolute temperature) plots. The logarithmic plots of dc
resistivity for x = 0.2 and x = 0.3 as a function of 1/T (absolute temperature) are given
in Figure 9.7.

Values of dc resistivities at 300 °C were of the order of 10° Q m and decreased
to ~ 10° Q m at 450 °C. For sample x = 0.2, a discontinuity occurred at ~ 325 °C;
activation energies, Ea, from corresponding conductivities, were 0.58 eV in the low and
0.79 eV in the high temperature region. Both values fall in the range normally expected
from oxygen ion migration in perovskites [Selvamani et al. (2012), Morrison et al.

(1999), Raengthon and Cann (2012)], thus the discontinuity may signifies a change in
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carrier concentration/mobility, rather than a difference in charge carrier type. For x =

0.3, there was no discontinuity, with Ea being 0.79 eV across the temperature range

measured.
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1012 T T T T T T T
1011 _ ]
7 ——x=0.2 E
1010}: —<4—x=0.3 © !

p(Q m)

1.2 13 14 15 16 17 18 19 20
1000/T (K1)
Figure 9.7 Logarithmic plot of dc resistivity versus inverse of absolute

temperature (1000/T) for x = 0.2 and 0.3 measured at 80 V.
9.2.5 Ferroelectric analysis

The polarization-electric field data for the (1-x)BCT-xBZT system for
compositions x = 0-0.3 are shown in Figure, 9.8. The data were obtained at room
temperature at a frequency of 1 Hz with maximum electric field of 50 kV/cm for each
composition. The compositions x = 0 and x = 0.05 exhibited a typical ferroelectric
hysteresis loops.

For x = 0, remnant polarisation was of the order Py ~ 11 uC/cm? and coercive
field, Ec ~ 8 kV/cm. For composition x = 0.05, Pr decreased slightly to 10 uC/cm? and
coercive field, E¢ increased to ~ 16 kV/cm indicating less facile ferroelectric domain

switching. The hysteresis data for the composition x = 0.1 revealed a slight bending at



-196 -
high fields that may indicate a small ferroelectric contribution. Further increases in
BZT content eliminated the ferroelectric properties, with a change to a low loss linear

dielectric P-E response for compositions x > 0.1.

E (kV/icm)

Figure 9.8 Room temperature P-E hysteresis response for (1-x)BCT-xBZT

ceramic system for x < 0.3.
9.2.6 Piezoelectric Properties

The piezoelectric charge coefficient, dss was measured by the Berlincourt
technique. The samples were poled at ~ 60 kV/cm for 20 min in silicone oil at
temperature of ~ 30 °C. The piezoelectric charge coefficient, ds3 for composition x = 0
was ~ 116 pC/N which decreased to a value of ~ 66 pC/N for x = 0.05, Figure 9.9.
Further incorporation of BZT, led to a decrease in dss to ~ 8 pC/N for relaxor
compositions x > 0.1.

Figure 9.10 shows the bipolar strain-electric field response for compositions x <

0.3 measured at room temperature (50 kV/cm, 1 Hz). For x = 0 and 0.05, the strain-field
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curves exhibited butterfly loops and negative strains consistent with ferroelectric and
piezoelectric behaviour. Other samples were electrostrictive in nature.
Values of maximum strain measured at 50 kV/cm were ~ 0.12% for x = 0, and ~
0.10% for x = 0.05, with effective high-field dss"(Smax/Emax) ~ 240 pC/N and ~ 180
pC/N respectively. Compositions x = 0.1 exhibited electrostrictive maximum strain
values of ~ 0.13% for sample x = 0.2 showed a very different S-E response, and a

maximum strain of < 0.04%.
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Figure 9.9 Variation of piezoelectric charge coefficients, dss as a function of xBZT,

x<0.3.
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Figure 9.10 Strain-electric field response for compositions x < 0.2 measured at 1

Hz.

Table 9.1 Summary of dielectric (1 kHz), ferroelectric and piezoelectric properties

of (1-xX)BCT-xBZT ceramic system (x < 0.34).

Measured Parameters x=0 005 01 0.2 0.3 0.34

Tcor Tm (°C) 130 100 25 45 90 90

&rmax (1 kHZ) 12060 4140 2260 1430 1180 1090
T-range (°C), - - - - 25-425 25-440

6 <+15% (1030+15%)  (950+15%)
T-range(°C), tand <0.02 - - - - 90-460 90-380

Pr (UC/cm?) at RT 11 10 - - - -

Ec (kV/cm) 8 16 - - - -

das (pCIN) 116 66 8 - - -

Strain (%, 50 kV/cm) 0.12 011 013 004 - -
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9.2.7 Microstructural analysis

The SEM micrographs of polished and chemically etched samples are shown in
Figure 9.11. A domain structure is evident for x = 0 (the ferroelectric sample).
Microstructural analysis revealed that the incorporation of BZT content led to a
decrease in grain size, Table 9.2. The average grain size estimated by the linear
intercept method was ~ 7 um for x = 0 (BCT) [Chapter 6] decreasing to ~ 2 pum for x =
0.3. For composition x = 0.3, the dark contrast grains may indicate a small amount of
secondary phase which was not detected by XRD. The estimated average grain size and

the values of geometrical densities are summarized in the Table 9.2.

Figure 9.11 Back scattered electrons SEM micrographs for (a) x =0 (b) x = 0.1 (c)

x = 0.2 and (d) x = 0.3 (arrows indicate the second phase).
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Table 9.2 Estimated average grain size and geometrical density for (1-x)BCT-

XBZT ceramic system.

Composition (x)  Grain size (um) Density, p (g/cm?®)
x=0 7 5.2
x=0.05 5 53
x=0.1 3 5.4
x=0.2 3.5 5.7
x=0.3 3.3 5.6
x=0.34 2 5.2

It is appropriate to compare the present results to a closely related solid solution
(1-x)BaTiO3-xBi(ZnosTios)Os, (1-x)BT-xBZT [Huang and Cann (2008)]. The
compositional range of tetragonal solid solution is more restricted and the cubic more
extensive in (1-x)BCT-BZT, with a phase boundary at 0.05 < x < 0.1 in (1-x)BCT-
XxBZT compared to 0.1< x < 0.2 for (1-x)BT-xBZT [Huang and Cann (2008)].

Ferroelectric properties are comparable, with Py ~ 10 uC/cm? for tetragonal
0.95BT-0.05BZT [Huang and Cann (2008)]. The Ca-modified ceramics displayed
lower values of & max temperatures, Tm. For example Tm ~ 25 °C for x = 0.1 in (1-
X)BCT-xBZT, compared to ~ 45 °C in (1-x)BT-xBZT for x = 0.1.

Importantly for proposed high temperature capacitor applications, the (1-
X)BCT-xBZT system gives rise to a much wider range of temperatures with near-stable
dielectric properties. In (1-x)BT-xBZT, the composition with least temperature
variability x = 0.34, shows a change in & from ~ 1600 to ~ 1200 in the temperature

range of ~ 120-400 °C; equivalent to a variation of 1400+15% about a mid-value. In
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contrast, the incorporation of Ca®" generates a wider temperature range with low

variability in permittivity, <25 °C to 425 °C, albeit with lower & values.
9.2.8 Conclusions

Electrical properties of the solid solution (1-x)BCT-xBZT have been studied.
The solid solution limit occurred for x ~ 0.3, as evidenced from XRD and SEM data.
Dielectric measurements revealed a change from normal ferroelectric to relaxor
behaviour for x > 0.1. Values of & peak temperature decreased from ~ 130 °C for x = 0
to ~ 25 °C for x = 0.1 and then increased to 90 °C for x = 0.3.

Polarisation-electric field measurement showed normal ferroelectric behaviour
in x = 0 and 0.05 samples, with Py ~ 11 pC/cm? for x = 0, and Pr ~ 10 uC/cm? for x =
0.05. Compositions x > 0.1 were linear dielectrics. Stability in relative permittivity over
a wide temperature range was demonstrated for x = 0.3, with, & = 1030£15% over the
temperature range < 25-425 °C, and tand < 0.02 from 90 °C to 420 °C. The dc resistivity

ranged from ~ 10° Q m at 300 °C to ~ 10° Q m at 450 °C.
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Chapter 10

Dielectric Properties of the (1-x)[0.5Ko5BiosTiO3-0.5Ba(Zro2Tio.s)Os]-

XBi(Zn23Nb13)Os Ceramic System

10.1 Summary

The dielectric properties of ceramics in the relaxor system (1-x)[0.5Kq5BiosTiO3-
0.5Ba(Zro2Tios)O3]-xBi(Zn23Nb13)O3, abbreviated as (1-x)[0.5KBT-0.5BZT]-xBZN
were studied for compositions x < 0.3. X-ray powder diffraction patterns displayed a
single phase cubic perovskite structure for x < 0.3 but secondary phases were present
forx=10.3.

The temperature corresponding to maximum relative permittivity, Tm, decreased
from 150 °C for x = 0 to 70 °C for x = 0.2. Composition x = 0.2 exhibited the least
temperature-dependence of relative permittivity, er, with & = 805£15% across a wide
temperature range, from -20 °C to 600 °C; with tand < 0.02 from 50 °C to 450 °C.
Values of dc resistivity were of the order of ~ 10° Q m at 300 °C for x = 0.1 and 0.2,

and ~ 108 Q m for x = 0.3.

10.2 Results and discussion

10.2.1 Phase analysis

Room temperature XRD patterns for crushed sintered ceramics are shown in
Figure 10.1. Ceramic compositions x < 0.2 exhibited a single-phase cubic perovskite

structure. Secondary phase of bismuth titanate appeared at composition x = 0.3.
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Detailed analysis of XRD patterns revealed no evidence of peak splitting; hence
all patterns were indexed according to cubic symmetry. Lattice parameters deduced by
a peak profile fitting method indicated an increasing trend as a result of the

incorporation of BZN.

The unit cell lattice parameters were found to be 3.990+0.002 A for x = 0

increased to 4.019+0.004 A for x = 0.3, Figure 10.2.

i (a) + Secondary phase (b)

Intensity (a.u.)

1 FF—F—% (200)

S-%% % — (111

50 60 45 48
20 (degree)

Figure 10.1 (a) XRD patterns for crushed sintered pellets of the (1-x)[0.5KBT-

0.5BZT]-xBZN ceramic samples, x < 0.3 (b) Highlighted {200} reflection.
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Figure 10.2 Variation of lattice parameters as a function of xXBZN (x < 0.3).
10.2.2 Relative Permittivity-Temperature

Plots of relative permittivity and tand as a function of temperature at various
frequencies are shown in Figure 10.3 and 10.4. All compositions exhibited strong
frequency dispersion below the temperature of maximum relative permittivity (Tm)
consistent with relaxor characteristics. For the base composition 0.5KBT-0.5BZT (x =
0) the peak temperature Tm = 150 °C [Chapter 5] and & max = 3080; in terms of its
temperature range of stable permittivity, & = 2750£15% occurred across a temperature
range of 70-250 °C. Incorporating 10 mol% BZN (x = 0.1) supressed the & peak
somewhat (er max = 1330) and T decreased to 90 °C, Figure 10.3(b). The temperature
range of stable & values was broader, 20-400 °C with a lower ¢ value of 1160 (i.e. & =
1160£15%) from 20-400 °C. Increasing the BZN level to x = 0.2 and 0.3, further
supressed the & peak; Tm was ~ 70 °C for both compositions. Dielectric measurements

were carried out to temperatures of -70 °C for x = 0.2 and 0.3, revealing & = 805£15%
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from -20 °C to 600 °C for x = 0.2, and & = 680+15%, from -20 °C to 380 °C for x = 0.3,

Figure 10.4 and Table 10.1.
10.2.3 Loss tangent-Temperature

As demonstrated throughout this thesis, for many temperature-stable dielectrics,
the characteristic tand peak at T ~ Tm is @ hindrance to achieving low dielectric loss
across the full temperature range of stable permittivity, and the (1-x)[0.5KBT-0.5BZT]-

XBZN system is no exception.

As a result of the tand dispersion, the temperature ranges of low loss, taken as
tand < 0.02 (1 kHz), was restricted to 70-350 °C for x = 0.2, and to 50-450 °C for x =
0.3, Table 10.1. At the other extreme of the temperature range, the sharp increase in
tand at above 300-400 °C, Figure 10.3 and 10.4, is most probably due to the effects of
mobile lattice defects which are introduced as a result of the loss of some of the volatile

oxide components during calcination and sintering, as described in earlier chapters.

These presumed process-related increases in tand were most pronounced in the
x = 0.3 data, to the extent that measured values of permittivity were affected above ~
300 °C, Figure 10.4(b). However, a detailed analysis of charge transport mechanisms
would be required to conform this interpretation (it is possible that defect chemistry

may involve electronic conduction).
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Figure 10.3 Temperature dependent relative permittivity and loss tangent (tand)

for:(a) x = 0 and (b) x = 0.1 across the temperature range 25-600 °C.
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Figure 10.4 Temperature dependent relative permittivity and tand for:(a) x = 0.2

and (b) x = 0.3 over the temperature range -70 °C to 600 °C (break indicating the

changeover of low and high temperature instruments).
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Figure 10.5 Variation of temperature corresponding to peak permittivity, Tm and

the value of peak relative permittivity, € max as a function of xBZN (x < 0.3).

Table 10.1 Summary of dielectric properties for (1-x)[0.5KBT-0.5BZT]-xBZN

ceramic system (1 kHz data).

Sample(x) Tm (°C)  &rmax T-range (°C) T-range (°C),
e<15% tand < 0.02
x=0 150 3080 70-250 (2750) 130-380
x=0.1 90 1330 <20-400 (1160) 70-350
x=0.2 70 910 -20-600 (805) 50-450
x=0.3 70 710 -20-380 (680) 65-240

10.2.4 dc resistivity

Figure 10.6 shows the temperature dependent dc resistivity measured at fixed dc

voltage of 80 V across the temperature range of 250-550 °C. As in other systems, a
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discontinuity in slope of the plot of resistivity was observed, on this occasion at
temperature ~ 350-400 °C. Compositions x = 0.1 and 0.2 exhibited slightly higher
resistivity than x =0 and 0.3.

Values of dc resistivity were of the order of ~ 10° Q m at a temperature of 300
°C for x = 0.1 and 0.2, compared to ~ 108 Q m for x = 0; the multiphase composition X
= 0.3 also had a resistivity of ~ 108 Q m at 300 °C. Activation energy values based on
the conduction data were in the range of 0.5-0.7 eV consistent with oxygen vacancies

migration [Selvamani et al. (2012), Morrison et al. (1999), Zeb and Milne (2014a)].

T(°C)
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p(2m)
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Figure 10.6 Variation of dc resistivity versus 1/T (absolute temperature) for (1-

X)[0.5KBT-0.5BZT]-xBZN system.
10.2.5 Polarisation-Electric Field analysis

Polarisation-electric field responses for (1-x)[0.5KBT-0.5BZT]-xBZN ceramics
were evaluated at room temperature and frequency of 1 Hz, Figure 10.7. A slim P-E

loop with a little evidence of ferroelectric nature was evident for composition x = 0 (E
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= 50 kV/cm, 1 Hz), Figure 10.7. Compositions x > 0.1, revealed a highly linear P-E

responses consistent with low loss capacitor.
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Figure 10.7 Polarisation-Electric field responses for x = 0-0.3 measured at field of

50 kV/cm (1 Hz).
10.2.6 Microstructural analysis

Figure 10.8 shows SEM micrographs of polished and thermally etched pellet
surfaces for x = 0-0.3. All SEM micrographs revealed a relatively dense microstructure,
except for composition x = 0.1, where higher levels of porosity were evident. The
rounded grains and intergranular material present in sample x = 0.3 (this sample
contained secondary phases by XRD, Figure 10.1) suggests liquid phase had formed
during sintering, which points to a decrease in melting temperature for this sample to
below the uniform sintering temperature of 1040 °C.

The average grain sizes estimated by the linear intercept method were < 1 um
for samples x = 0 and 0.1, increasing to ~ 2 um for sample x = 0.2. The estimated

relative densities from the geometrical method were estimated in the range 91-94%.
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Figure 10.8 SEM micrographs for polished and thermally etched surfaces for (a) x

=0, (b) x =0.10 (c) x = 0.2 and (d) x = 0.3,

10.3 Conclusions

Electrical properties of the relaxor system (1-x)[0.5KBT-0.5BZT]-xBZN, were
studied. X-ray powder diffraction analysis revealed a cubic structure for all
compositions studied, x < 0.3. Incorporation of BZN led to an improvement in the
temperature stability of relative permittivity, relative to the base 0.5KBT-0.5BZT
material. Composition x = 0.2 exhibited permittivity values of & = 805 within £15%
across a wide temperature range from -20 °C to 600 °C; with corresponding loss
tangent, tand < 0.02, over the temperature range from 50-450 °C.

Values of dc resistivity were of the order of ~ 10° Q m at temperature of 300 °C
for compositions for x = 0.1 and 0.2. The results suggest the new material has merit in
the context of developing dielectrics for capacitors operating from high (>> 200 °C) to

sub-zero temperatures.
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Chapter 11

Summary and Property Comparisons with Pb-free Piezoelectric and High

Temperature Dielectric Materials Published by Other Research Groups

11.1 Summary

A number of novel lead-free ceramic systems have been examined during this
research. Their structural, dielectric, ferroelectric and piezoelectric properties were
presented.

The study of (1-x)KosBiosTiO3-XxBi(Mgo5Tio5)O3 Ceramic system (0 <X < 0.12)
[Chapter 4], revealed distinctive piezoelectric features. Based on the high temperature
XRD data, a phase boundary between tetragonal and tetragonal+cubic phases was
located at 0.025 < x < 0.03 (at room-temperature). A peak value of piezoelectric charge
coefficient, d33 = 150 pC/N was obtained for MPB composition x = 0.03 and bipolar
strain of ~ 0.25% (50 kV/cm, 1 Hz). The mixed phase compositions x = 0.04 and 0.06,
exhibited high bipolar strains of ~ 0.35% and ~ 0.3%, respectively (50 kV/cm, 1 Hz).

Low hysteresis was present in unipolar strain-field loops: room-temperature
Smax (measured in Leeds) was ~ 0.14% for x = 0.03 (50 kV/cm, 1 Hz). Values of
unipolar strain of up to 0.18% for x = 0.03 were retained up to relatively high
temperature ~ 185 °C (measured at Tsinghua University).

Room temperature polarisation data for compositions x = 0.03 and 0.04
exhibited ferroelectric characteristics with peak value of remanent polarisation at room

temperature, Py of ~ 14 uC/cm? (Ec ~ 25 kV/cm) and ~ 18 pC/ecm? (Ec ~ 28 kV/cm),
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respectively. Temperature dependent polarisation analysis for these compositions
demonstrated no strong evidence of pinch shape P-E loops up to a temperature of 180
°C, but it is likely that 180 °C is the upper limit of normal P-E loops. Thermally
stimulated charge decay and kp-T measurements indicated full depolarisation (P = 0) at
Tq ~ 220 °C for x = 0.03 and ~ 200 °C for x = 0.04. This is similar to unmodified KBT

but higher than many other leading Pb-free piezoelectrics.

Taking all dielectric and ferroelectric results into account, the T4 values can
represent a change from ferroelectric < ~ 200 °C to relaxor > ~ 200 °C (x = 0.03). These
temperatures are ~ 100 °C lower than the high temperature boundary on the phase
diagram.

A study of (1-x)Ko.sBiosTiO3z-xBa(Zro.2Tio.g)O3 solid solutions was also carried
out and revealed reasonable ferroelectric and piezoelectric properties for composition x

= 0.1, with d33 = 130 pC/N and bipolar strain 0.13%.

11.2 Property Comparisons

11.2.1Dielectric, Ferroelectric and Piezoelectric Properties

A comparison of dielectric, ferroelectric and piezoelectric properties of (1-
X)KBT-xBMT (x = 0.03, 0.04) with widely studied other potential lead-free materials is
given in Table 11.1 for: NaosBiosTiO3-BaTiOs (NBT-BT); NaosBiosTiOz-
KosBiosTiOs (NBT-KBT); NaosBiosTiOs-BaTiOz-KosNaosNbOs (NBT-BT-KNN),

and some of the best KNN-based materials



-213 -

Table 11.1 Comparison of dielectric, ferroelectric and piezoelectric properties of (1-x)KBT-xBMT (x = 0.03, x = 0.04) with lead-free 94NBT-

6BT [Xu et al. (2008), Guo et al.(2011)], 8ONBT-20KBT [Yoshii et al. (2006)], 93NBT-5BT-2KNN [Zhang et al.(2008a), Zhang et al.(2008b)],

95LKNNT-5CZ [Ke Wang et al. (2013)] and 0.92KosNaosNbO3-0.02BiosLiosTiO3-0.06BaZrOs (92KNN-2BLT-6BZ) [Wang et al. (2015) ]

systems.
Parameters x=0.03 x=0.04 94NBT-6BT 80NBT-20KBT | 93NBT-5BT-2KNN | 95LKNNT-5CZ 92KNN-2BLT-6BZ
Tcor Tm (°C) 334 336 288 ~ 275 260 192 243
& (20°C), 1 kHz 1050 1050 826 884 2060 1735 2000 (1 kHz)
&rmax, 1 KHz 5970 6240 ~ 6500 ~ 7000 ~ 4800 ~ 7000 ~ 10, 000
tand (20 °C),1 kHz | 0.05 0.06 0.025 0.02 0.054 0.014 0.02 (1 kHz)
Pr (UC/cm?) 13.5 18 38 38 32 16 -
E. (kV/cm) 25 28 34 38 31 10 -
dsz (PC/N) 150 133 155 157 98 320 348
ko, RT 0.18 0.15 0.36 0.27 0.27 - 0.58
Ty (°C) (ko-T) 220 200 105 174 (K33-T) 117 (&-T) - -
Bipolar Strain (%) | 0.25(50kV/cm, | 0.35(50 kV/cm, | 0.25 (60 kV/cm, | 0.19 (80 kV/cm, | 0.29 (60 kV/cm, | ~ 0.13 (40 kV/cm, | -

1 Hz) 1 Hz) 1 Hz) 0.1 Hz) 0.05 Hz) 1 Hz)
Bipolar ds3"(pm/V) | 520 760 - 240 276 - -
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11.2.2 Temperature-dependent ferroelectric properties

Temperature-dependent P-E loops for (1-xX)KBT-xBMT, x = 0.03 and 0.04 are
compared with leading Pb-free piezoelectric materials at various temperatures in Figure
11.1.

For compositions x = 0.03 and 0.04, an increase in temperature resulted in an
increase of remanent polarisation and decrease in coercive field. Values of remanent
polarisation, Pr ~ 14 uC/cm? at 25 °C increases to ~ 18 uC/cm? at 150 °C for x = 0.03,
with decrease of coercive field, Ec from ~ 25 kV/cm to ~ 17 kV/cm. Similarly, for
composition x = 0.04, remanent polarisation P; was ~ 18 puC/cm? 25 °C increases to ~
20 uC/cm?. This indicates increased realignment of polar domains with increasing
temperature, consistent with other ferroelectric materials. However, for composition x =
0.04, a slight constriction in P-E loop was evident at a temperature of 180 °C.

The published literature for 94NBT-6BT [Guo et al. (2011)], 8ONBT-20KBT
[Seifert et al. (2010)] and 93NBT-5BT-2KNN [Zhang et al.(2008b)] ceramic materials
exhibited higher remanent polarisations, Pr < 30 uC/cm? with higher coercive fields, Ec
<30 kV/cm at room temperature, compared to KBT-BMT, Figure 11.1(c), (d) and (e).
However, an increase in temperature for 94NBT-6BT led to the pinched shape P-E
loops at a temperature between 60 and 100 °C, whilst loops were pinched at 75 °C for
80NBT-20KBT and 93NBT-5BT-2KNN with notable decrease in remanent
polarisation (< 10 pC/cm?).

There is  much  interest in the  piezoceramic  composition
95(Nao.49Ko.49Li0.02) (Nbo g Tan2)03-5CaZrOz+2 wt% MnO, (95LKNNT-5CZ) [Wang et
al. (2013)]. It shows remanent polarisation, Pr ~ 16 uC/cm? and E¢ = 40 kV/cm at room
temperature but P; decayed above room temperature, although no pinching was

observed up to 175 °C (Pr ~ 7 uC/cm? at 175 °C), Figure 11.1(F).
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Figure 11.1 Comparison of temperature dependent P-E loops for (1-X)KBT-xBMT
(a) x = 0.03, (b) x = 0.04, with (c) 94NBT-6BT, (d) 80ONBT-20KBT, () 93NBT-5BT-

2KNN and (f) 95LKNNT-5CZ.
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11.2.3 Room temperature unipolar strain comparison

Figure 11.2(a) and (b) shows unipolar strain curves for (1-x)KBT-xBMT (x =
0.03 and 0.04) ceramic samples at room temperature. For (1-x)KBT-xBMT ceramic
samples, a near-linear increase of unipolar strain (Smax) was observed with the
increasing electric fields (Emax = 50 kV/cm, f =1 Hz). Slim strain curves were retained
at all drive fields indicating low hysteresis, Table 11.2. This is important for actuator
applications since it allows accurate positioning and reduces self-heating which can
lead to partial or full depolarisation. Values of unipolar strain at fields 50 kV/cm were
~0.14% for x = 0.03 and ~ 0.16% for x = 0.04.

For NBT-BT system (at 6 mol% BT), the reported unipolar strain values was of
~ 0.1% at a field of ~ 60 kV/cm [Guo et al. (2011), Zhang et al.(2008)] which are lower
than the values (~ 0.16%, 50 kV/cm) for (1-x)KBT-xBMT (x = 0.04) materials.
However, it is noted that KBT-BMT samples sent to Tsinghua showed strains of ~
0.12% using their test facility. Calibration of the rigs requires further consideration in
future.

Comparison of unipolar strain for KBT-BMT with the lead free KNN-based:
[0.92(Nao.535K0.46)NbO3-0.08LiNbO3] (KNNL8) [Wang et al. (2011)], showed nearly
similar values (~ 0.17%) at 50 kV/cm, Figure 11.2(b). However, for composition:
0.965Ko.45Nao.55Nbo.96Sb0.0403-0.035Bio.sNagsHfO3 (KNNS-BNH) [Tao et al. (2015)],
the values of unipolar strain were higher (~ 0.30%, 50 kV/cm) than KBT-BMT. Other
KNN-based materials;  0.96(KosNaos)NbO3-0.04CaZrOs+0.03Zr  (KNN-CZ-2),
revealed a moderate unipolar strain (~ 0.10%) at low field of ~ 30 kV/cm [Kawada et
al. (2009)]. The shape of the S-E loops (and developed strains) are the closest to KBT-

BMT of any of these materials, but slightly more curved (non-linear).
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Ceramic materials based on the ternary system: 0.92NBT-0.06BT-0.02KNN
(NBT-BT-KNN) [Zhang et al. (2007)] exhibited a ‘giant’ electromechanical unipolar
strain ~ 0.45% (E = 80 kV/cm) arising from an electric field induced relaxor-
ferroelectric phase transition, Figure 11.2(f) [Wang et al. (2013)].

It is noted the measurement frequency was 0.05 Hz (which seems not to be
relevant test conditions for rapid response actuators). However, such high unipolar

strain suffers from high hysteresis (~ 69%), Table 11.2 [Zheng and Zuo (2015)].
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Figure 11.2 Comparison of room temperature unipolar strain for: (a) (1-x)KBT-

xBMT, x =0.03 (b) x = 0.04, (c) 0.965Ko.4sNao.55Nb0.96Sb0.0403-0.035Bi0.5sNaosHfO3

(KNNS-BNH) [Tao et al. (2015)], (d) 0.92(Nao.s35Ko.4)NbO3-0.08LiNbOs (KNNLS)

[Wang et al. (2011)], (e) 0.96(Ko.sNaos)NbOs-0.04CaZrO3+0.03Zr (KNN-CZ-2)

[Kawada et al. (2009)] and (f) NBT-BT-KNN [Zhang et al. (2007)] (Note: Unipolar

strain scale is different for this comparison).
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Table 11.2 Comparison of unipolar strain (%), dss* (Smax/Emax) and hysteresis (%) for x = 0.03 and 0.04 with other lead-free piezoelectric

materials.
Materials Unipolar Smax (%) (RT) Unipolar  dss* | Hysteresis (%) | References
(Smax/Emax)

x=0.03 0.14 (50 kV/cm, 1 Hz) (0.11% | 320 13 This work
Tsinghua) (50 kV/cm, 1 Hz)

x=0.04 0.16 (50 kV/cm (1 Hz) 340 11 This work

94NBT-6BT 0.10 (60 kV/cm, 0.05 Hz) 180 69 Zhang et al. (2008)

0.92NBT-0.06BT-0.02KNN | 0.45 (80 kV/cm, 0.05 Hz) 560 69 Zhang et al. (2007), Zheng and Zuo (2015)

95LKNNT-5CZ 0.16 (60 kV/cm, 1 Hz) 320 - Wang et al. (2013)

0.8928KNN-0.0672LN- 0.16 (50 kV/cm, 10 Hz) 320 25 (estimated) | Zhang et al. (2015)

0.04CZ

KNNS-BNH 0.31 (51 kV/cm, 10 Hz) 608 16 (estimated) | Tao et al.(2015)

92KNN-6BLT-2BZ 0.069 (20 kV/cm, 0.1 Hz) 530 28 (estimated) | Wang et al.(2015)
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11.2.4 Unipolar strain temperature stability

The temperature dependent unipolar strains curves were also compared with
lead free NBT and KNN-based materials, Figure 11.3 and 11.4.

For (1-x)KBT-xBMT (x = 0.03 and 0.04) ceramic samples, the values of
unipolar strain at a field of 50 kV/cm increased gradually from ~ 0.11% (Tsinghua
values for both samples) at room temperature to ~ 0.18% for x = 0.03 and 0.16% for x =
0.04 at a temperature of 185 °C. The change in Smax With temperature was
approximately linear for both samples with relatively low hysteresis in the loops (Hys ~

13-25%).

For NBT-BT at 6 mol% BT, the reported values of the unipolar strain at a field
of > 60 kV/cm increased from 0.10% at room temperature to peak value of ~ 0.40% at
a temperature of 100 °C, Figure 11.3(e). This high strain value is correlated with the
ferroelectric-relaxor induced phase transition near its Tq (~ 100 °C). However, further
increase of temperature resulted in the decay of strain values to ~ 0.35% at maximum

test temperature of 150 °C [Guo et al. (2011)].

The ternary 93NBT-5BT-2KNN system, with ‘giant electrostrictive strain’
Figure 11.3(f), exhibited a unipolar strain of ~ 0.15% at room temperature at a field of
~ 60 kV/cm. Values of unipolar strain reached to maximum of 0.40% at 75 °C and then
decayed to 0.30% at 125 °C. Both NBT-BT and NBT-BT-KNN systems exhibited large
electromechanical strain curves revealed similar large hysteresis ~ 69% [Zheng and

Zuo (2015) which is higher than the KBT-BMT system (13-25%).

In KNN-based ceramic materials, the maximum values of unipolar strain
obtained for composition: 95LKNNT-5CZ, Figure 11.4(c) [Wang et al. (2013)] was ~

0.12% (Emax = 30 kV/cm) at room temperature, then slightly increased to ~ 0.14% up to
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50 °C. Above a temperature of > 50 °C, a gradual decrease in strain values was evident
but retained high as ~ 0.12% till 175 °C and then decreased to ~ 0.09% at 200 °C,

Figure 11.4(c).

The other popular reported compositional systems based on KNN:
Lio.02(Ko.4sNaos5)0.98(Nbo.77Tao.18Sb0.05)O3  (KNNLTS) [Yao et al. (2014)] and
0.04Bio.5Ko5Zr0.85Sn0.1503 (KNNS-BKZS) [Zhou et al. (2015)], exhibited maximum
unipolar strain values ~ 0.12% (Emax = 30 kV/cm) and ~ 0.14% (Emax = 30 kV/cm) at
room temperature. On heating above the room temperature, values of Smax gradually
decreased to ~ 0.10% for both system up to ~120 °C and then become relatively stable

till 190 °C for the latter system.

In conclusion, the temperature stability in unipolar strain for (1-x)KBT-xBMT
samples was notably comparable to the best of KNN-based piezoelectric materials;
95LKNNT-5CZ, unipolar strain [Ke Wang et al. (2013)] and 0.92(Nao 535K0.48)NbO3-

0.08LiNbOs (KNNL8) [Wang et al. (2011)].
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Figure 11.5 and 11.6 show the temperature dependence of ds3* (Smax/Emax) and

Smax (%) for compositions x = 0.03 and 0.04 along with comparison of other lead free

materials. At room temperature, both compositions x = 0.03 and 0.04 exhibited a dz3*

values of ~ 220 pm/V, increases to 283 pm/V at 150 °C. On heating further, values of

das* reached to 381 pm/V for x = 0.03 and 328 pm/V for x = 0.04 at 185 °C.
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Figure 11.5 Comparison of temperature dependent dss* (Smax/Emax) for: (a) x =
0.03, 0.04, with (b) 95LKNNT-5CZ (c) NBT-KBTO, NBT-KBT10 and NBT-KBT20
(d) (1-x)Lio.02(Nao.53Ko.48)0.98Nbo.s Tao.203-xAgSbOs (e)

L.i0.02(Ko.45sNao.55)0.98(Nbo.77 T@0.185b0.05) Os3.

The temperature stability in dss* for KBT-BMT compositions are comparable to
the NBT-BT-KNN, LKNN-5CZ, Figure 11.5(b) and NBT-KBT, Figure 11.5(c), in
which dss* values showed stability over a broad range of temperature (linear from 20-

150 °C for KBT-BMT).

A comparison of maximum unipolar strain (%), Smax for x = 0.03 and 0.04 with
94NBT-6BT [Zhang et al.(2008)], (1-x-y)NBT-xBT-yKNN [Zhang et al.(2008b)] and
Nao.5KosNbO3-BiosLiosTiOz-BaZrOs (NKN-BLT-BZ) [Wang et al. (2015)] over the

temperature range 25 °C to <200 °C is presented in Figure 11.6.

For compositions x = 0.03 and 0.04, the maximum unipolar strain increases
from ~ 0.11% at room temperature to ~ 0.18% at 185 °C for x = 0.03 and ~ 0.16% for x
= 0.04. For NBT-BT (6 mol% BT) and 94NBT-5BT-01KNN, Figure 11.6(b) and (c),
the Smax increased first from > 0.1% at room temperature to a high value of > 0.40% at
100 °C and the decayed to value of Smax ~ 0.20% at 200 °C. However, for NKN-BLT-

BZ, a gradual decrease in Smax Values was evident above room temperature, 11.6(d).
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Figure 11.6 Maximum unipolar strain, Smax (%) versus temperature for: (a) x =

0.03, x = 0.04, (b) 94NBT-6BT, (c) (1-x-y)NBT-XxBT-yKNN and (d) NKN-BLT-BZ.

The recorded kp-T data for (1-x)KBT-xBMT, revealed kp values of ~ 0.18 for x
= 0.0.3 and 0.16 for x = 0.04. The trend in kp values versus temperature was nearly-
similar for all studied samples, with a slight increase up to ~ 100 °C, Figure 11.7(a).
Above 100 °C, kp started to decrease, the rate of decrease increasing above 150 °C and
then values approached zero at ~ 200-220 °C, which signifies similarly high

depolarisation temperature Tq for all three samples.

The trend of variation in kp versus temperature for KBT-BMT was comparable
with the trend in kss-T data, for (1-x)NBT-xKBT (MPB) [Yoshii et al. (2006)], Figure
11.7(b). However, for SONBT-20KBT, the depolarisation temperature, T4 was around ~

170 °C, some 50 °C smaller than KBT-BMT system.



- 227 -

0.24 ——————————————————
(a) 1 This work —8—x=0
0.20 —®—x=0.03 |
A x=0.04
1 o8 e
0.16- ﬁéﬂgieeso ]
1 ,SAQ
2 0.12 e '
=~ 1 E\EO\ -
0.08 .
. ARS
0.04 AE\A |
0.009 ' ' ' E%E&&—‘ A
0 50 100 150 200 250 300
Temperature (°C)
() 0.6
£ 05
5 04 r
E? 03 r 0.70 (Tetr. {/V//4, g;*th/
2 021 osomeB) | || A R%
o I \
0.1 ~082(MPB)\,. 1l P i
m A % +
O | 1
0 100 200 300

Temperature [°C]

Figure 11.7 Variation of kp versus temperature for (a) (1-x)KBT-xBMT and (b)
Kss versus temperature for (1-x)NBT-xKBT ceramic materials [Yoshii et al.

(2006)].

Unipolar strains for (1-x)KBT-xBMT, x = 0, 0.03, 0.04 and PZT806 from 10
kV/cm to higher fields up to 50 kV/cm (1 Hz) are shown in Figure 11.8. The PZT806
ceramic is a ‘hard’, low loss piezoelectric and provides a testing comparison for this

new lead-free KBT-BMT system. For this comparison, lower level of unipolar strain
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values for x = 0, 0.03 and 0.04 were considered with hard PZT806 as mentioned in

chapter 4 due to instrumental error.

Unmodified KBT (x = 0) gave a strain of 0.02 % at 20 kV/cm Hys ~ 4%), and
of ~ 0.06% strain at 50 kV/cm (Hys ~ 8%). For compositions x = 0.03 and 0.04, a

unipolar strain of < 0.02% at 10 kV/cm and < 0.16% at 50 kV/cm was observed.

The level of S-E hysteresis for samples x = 0.03 and x = 0.04 was low ~ 7-13%,
at low-moderate drive fields, slightly higher than the hard PZT806 ceramic sample
(Hys ~ 3-7%). However, against other high strain lead-free ceramics, KBT-BMT gave
narrow S-E loops than the best NBT-BT-KNN materials (hysteresis ~ 69%) which is

advantageous for device applications.
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Figure 11.8 Comparison of unipolar strain (%) for x = 0, 0.03 and 0.04 with hard

PZT806 (Courtesy Dr. James Bennet, Morgan ceramics, UK, for providing

PZT806 samples).
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11.3 Temperature stable dielectric systems

Solid solutions: (1-x)Bo.gCag2TiO3-XBi(Mgo.5Tios5)O3, 0.45Bag.sCao2TiOs-(0.55-
X)Bi(MgosTios)O3-xNaNbOs,  (1-x)BaTiO3-XxBi(MgosZros)Oz,  (1-x)BaosCao2TiOs-
XBi(ZnosTios)O3 and  (1-x)[0.5Ko5BiosTiO3-0.5Ba(Zro.2Tio.g)O3]-xBi(Zn23Nb1/2)O3
have been explored which exhibited temperature stable dielectric characteristics over a
wide range of temperature within £15% variation in the relative permittivity, &r. Values
of dc resistivity were of the order of ~ 10° Q m at temperature of ~ 300 °C for the best

ceramic compositions in these systems.

The best temperature stable dielectric characteristics were found in the systems:
(1-x)BCT-xBMT, at x = 0.5 and 0.55 [Chapter 6]; (1-x)BCT-xBZT at, x = 0.3 [Chapter
9] and (1-x)[0.5KBT-0.5BZT]-xBZN, at x = 0.2 [Chapter 10]. For example, values of
relative permittivity, e were in the range 800-1000, with the upper limit temperature
400-600 °C within £15% of & for (1-x)BCT-xBMT, x = 0.5 and 0.55. However, the
lower limit of temperature for these compositions was above room temperature with the

exception of (1-x)[0.5KBT-0.5BZT]-xBZN, x = 0.2 composition (-20 °C).

Stability to lower temperatures, -70 °C was achieved for 0.45BCT-(0.55-
X)BMT-XNN, x = 0.2 and 0.3 [Chapter 7], but relative permittivity values were lower

than the BCT-BMT system, & ~ 500.

A preliminary study of the breakdown strength of (1-x)BCT-xBMT ceramic
materials (x = 0.5 and 0.55) indicated electrical breakdown to occur at an electric field

258+30 kV/cm for x = 0.5, and 204+14 kVV/cm for x = 0.55.

A graphical comparison of these promising ceramic materials in terms of

temperature stability in e+15% and tand < 0.02 are presented in Figure 11.9.
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Figure 11.9 Comparison of temperature stable dielectric materials of the ceramic
systems developed during this research (green bars indicate temperature range

within £15% in &r and red bars for tano < 0.02).

The best temperature-stable high-temperature dielectric ceramics reported by
other laboratories include BaTiOz-BiScOz [Ogihara et al. (2009] and BaTiOs-
Bi(Zn12Tiw2)03-BiScOs [Raengthon et al. (2012)]. These offer temperature-stability in
relative permittivity to a maximum temperature of ~ 300-450 °C, and with a lower limit
of ~ 20 °C for 70BaTiOs-30BiScOz, and ~ 80 °C for 50BaTiO3-25Bi(Zn1/2Ti12)Oz-
25BiScOs. The BaTiOz-Bi(Zn12Ti12)03-BiScOs materials exhibit similar performance
to BCT-BMT (this work) but the Leeds’ material avoids costly raw materials: the high
price of Sc2O3 would limit commercial use.

Other complex solid solution perovskites with minimal temperature variation in
relative permittivity include: NaosBiosTiO3-BaTiOs-KosNaosNbO3z [Dittmer et al.
(2011)], NaosBiosTiO3-KosBiosTiO3-KosNagsNbOs  [Dittmer et al.  (2012)],

NaosBiosTiO3-BaTiO3-CaZrOz [Acosta et al. (2012)]; and NaosBiosTiOz-BaTiOs-
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KosNaosNbO3z-CaZrOs [Acosta et al. (2012)]. However, dielectric losses increase
sharply above ~ 300 °C for this family of ceramic materials, limiting the working
temperature to ~ 300 °C for practical uses. They achieve temperature-stability in
permittivity by compositional variation of the temperatures of Tm and a lower
temperature inflection (of NBT), as well as changes to the relative magnitude and
breadth of the dielectric anomalies.

A detailed comparison of the dielectric properties of the aforementioned
materials explored during this research against the best alternative high-temperature

dielectrics are presented in the bar plot, Figure 11.10 and Table 11.3.

50BT-25BZT-25BS | &-1100
70BT-30BS | &-1000

r Others work

NBT-BT-18KNN 7 ¢-2150:10% 7

NBT-KBT-15KNN | &-2167+10% C———
NBT-BT-20CZ | &= 467 e ——
80[KBT-BZT]-20BZN | =805 — 8
70BCT-30BZT | &=10%0  —
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-

A5BCT-55BMT | &= 950

l-1(|)0 | C; 1OIO | 20|O | 3(;0 | 4(;0 | 560 | 6OIO | 700

Temperature (°C)
Figure 11.10 Comparison of temperature stable dielectric materials of the ceramic
systems developed during this research with the others potential systems: NBT-
BT-20CZ [Acosta et al. (2012)], BNT-KBT-15KNN [Dittmer et al. (2012)], NBT-
BT-18KNN [Dittmer et al. (2011)], 70BT-30BS [Ogihara et al. (2009a)] and 50BT-

25BZT-25BS [Raengthon et al. (2012)] (green bars indicate temperature range in

erx15% or less and red bars for tano < 0.02).
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Table 11.3 Comparison of the temperature stable dielectric properties for the ceramic materials developed during this research, relative

permittivity within £15% variation at 1 kHz and tané < 0.02 (1 kHz), with other lead free potential temperature stable dielectric materials.

Material system T-range, & £15% (°C) | T-range (°C) References
tand < 0.02 (1 kHz)

0.5Ba0 sCap2Ti03-0.5Bi(MgosTios)Os 800+15% (40-600) (100-400) This work
0.45Bag5Ca02Ti03-0.55Bi(Mgo s Tios)Os 950+15% (70-600) 160-550 This work
0.45BapsCap 2 Ti03-0.35Bi(Mgo.sTio5)O3-0.2NaNbOs 600+£15% (-70-+500) | -20-+400 This work
0.7BaTi03-0.3Bi(MgosZros)Os 570+15% (-20-+430) | 30-420 This work
0.8[0.5K05Bi0sTiO3-0.5Ba(Zro2Tios)0s-0.2Bi(Zn2sNbys) Os 805+15% (-20-+600) | 50-450 This work
0.7BapsCao2Ti03-0.3Bi(ZNosTios)Os 1030+15% (25-425) | 85-460 This work
0.7BaTi0s-0.3BiScOs 1000+15% (0-300) 50-400 Ogihara et al. (2009a)

O.5BaTiOs-O.SBi(Mgo,sTio,s)Os

2400+15% (167-400)

238-400 (100 kHz)

Zhang et al. (2011)

0.8BaTi03-0.2Bi(ZnosTios)O3 (Ba-deficient

1150+15% (100-350)

tand ~ 0.05(100-460)

Raengthon and Cann (2011)

0.5BaTi03-0.25Bi(ZngsTios)03-0.25BiScO3 (Ba-deficient)

1100+15% (80-500)

~100-450

Raengthon et al. (2012)

O.82(0.94Nao,5Bio,sTiOs-0.0GB&TiOs)-O. 18 Ko,sNao,sNbO3

2151+10% (43-319)

tand < 0.025(50-300)

Dittmer et al. (2011)

O.85[0.6Nao,5Bio,sTi03-0.4Ko,sBio,sTiOs] -0.15 Ko,sNao,sN b03

2167+10% (54-400)

~100-250

Dittmer et al. (2012)

0.8[0.82(0.94Nao,5Bio,5Ti03-0.0GBaTi03)-O. 18K 5NagsN bO3] -0.2CaZr0O;

467+15% (-69-+468)

(Acosta et al. (2012))
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Future Work

(1-x)KBT-xBMT and (1-x)KBT-xBZT Piezoelectrics

Understanding the mechanisms behind the properties described in this thesis would

require further work.

For piezoelectric (1-x)KBT-xBMT and (1-x)KBT-xBZT ceramic systems, high
resolution diffraction experiments, including in situ synchrotron and neutron
experiments, would be important to understand the nature of the ‘cubic’ phase and its
response to an applied electric field, for example, the evidence of ferroelectric
character in the composition x = 0.08 [(1-x)KBT-xBMT], which is single phase cubic
by XRD.

High temperature XRD on poled samples will useful to correlate the depolarisation
temperature with the phase transitions.

Local structure analysis by X-ray absorption techniques (EXAFS, XANES), as well as
high resolution TEM (including atomic resolution imaging and chemical analysis) to
explore polar length scales and compositions of polar regions (especially at MPB
region of KBT-BMT) would be invaluable to formulating mechanistic understanding.
The piezoelectric materials developed exhibited useful features, for example the
favourable electromechanical strain make these systems compositions as a potential
candidate for the actuator applications. However, for durable actuator applications,
fatigue analysis at different temperatures must be carried out at different temperatures
(software problems with the Radiant prevented this within the thesis).

To further elucidate electrical properties of the piezoelectric systems, PFM
(Piezoresponse Force Microscopy) would be utilised to try to resolve polar nano

domains.
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Synthesis of single crystals for (1-x)KBT-xBMT system would be highly useful, to
have superior properties compared to polycrystalline ceramics because of the absence
of grain boundaries.

A detailed impedance spectroscopy analysis would be useful to understand the defect
chemistry and its effect on dielectric losses.

Thermally stimulated charge decay measurements for the end member KBT will be
useful as a future work.

Modification of the MPB compositions with other dopants like Lil*, Ta*" etc will be

helpful to enhance the piezoelectric properties.

(1-x)BCT-xBMT and other temperature stable dielectric systems

Further improvements in basic dielectric properties and working temperature ranges

are required for practical applications. Capacitor-grade testing is also essential to fully

evaluate the materials.

A fundamental study is also required to correlate the temperature stable dielectric
parameters with the nano/lattice scale by the use of high resolution transmission
electron microscopy (TEM) and elemental variation in the grains by electron probe
microscopy analysis (EPMA). Local structure analysis by EXAFS, XANES also would
be useful.

Optimise densification of the ceramic samples by the incorporation of glass additives
(e.g. B20s, SiO; and ZnO) may be useful to produce dense ceramics and to enhance
relative permittivity for capacitor applications.

Energy storage density measurements under high electric field at different temperatures
is important (thin layer samples are required to replicate real-life applications and
achieve high electric fields to be tested).

High insulation resistance and dielectric breakdown strength under high electric fields
at different temperatures are the key figures for capacitors applications. Manganese

(Mn) doping could be useful to increase the electrical resistivity and thus increasing the
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RC time constant (as may other variations of composition e.g. Ba vacancies and excess
volatile oxides).

Analysis at high field by standard equipment using thin layers made by tape casting
may be beneficial to minimise any defect in the samples and to enhance the dielectric
breakdown strength.

A detailed analysis by impedance spectroscopy in different environments (air, oxygen
and nitrogen) will be helpful to understand the defect chemistry and its correlation to

electrical properties.
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Appendix
The figures presented below consist of selected XRD patterns containing
secondary phases with closely possible matched ICCD patterns for different systems.
XRD profiles and peak fitting by WinPlotr and X’pert Highscore plus for (1-x)KBT-
XxBMT system (x = 0.04) along with the deduced unit cell parameters are also presented
below. Calculation of theoritical and geometrical density as an example for ceramics in

the (1-xX)KBT-xBMT system are given in the Tables Al and A2.
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Figure A1 XRD pattern for 0.9KBT-0.1BMT ceramic crush powder indicating

secondary phase of bismuth titanate.
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Figure A2 Room temperature XRD pattern for 0.3BCT-0.7BMT ceramic crush

powder with the secondary phase of bismuth oxide.
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Figure A3 XRD pattern for 0.5BT-0.5BMZ ceramic crush powder with the

secondary phase of bismuth titanate.
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Figure A4 XRD pattern for 0.66BCT-0.34BZT ceramic crush powder with the

secondary phase of bismuth titanate.
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0.96KBT-0.04BMT

Rwp =4.1%

Rwp = 3.2%

Figure A5 lllustration of XRD peak profile fitting by WinPlotr for 0.96KBT-
0.04BMT composition with 111 and 200 peaks (Rwp is the quality of fit, as an

example).
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Table Al Unit cell parameters deduced from XRD peak profile fitting by

WinPlotr for (1-x)KBT-xBMT, x = 0.04 (as an example).

Output from program UnitCell -

method of TIB Holland & SAT Redfern 1995

sample title: KBT-BMT tetragonal+cubic

refined in tetragonal system, using wavelength 1.540593 A

minimising the sum of squares of residuals in 2 theta

Cell parameter errors scale 1in

parameter value sigma
a 3.90581 0.00022
C 3.97714 0.00025
cell vol 00,9378 0. 0064

residuals: standard, average, and maximum deviations:-
sd (2T) = 0.1933 aad (21) =0.1383

sigmafit = 43.2298
students ©t = 2.31

correlation matrix :
a C
a 1. 000
C -0.373 1.000

Reciprocal cell parameters:

a® c®
params 0.2553748 0.2516267
sigma 0.0000142 0.0000161

95% conf

0. 00050
0.00058
0.0149

WEi?hted assuming a value of sigma(2theta) = 0.005 de
irect proportion to t

maxdev (2T) =0.4846

Observed and fitted results: {dependent-variable residuals

3

d{obs)
. B90E9
95022
. 77808
L 27020
. 98BOY
. 95439
. 77862
75411
. 61685
. 00292

[=Rt-F-RNY. NE RSNy
HroooorRooOT
N R N e e
HMEMOMNPRO R
R R R L

=

d{calc)
.97414
L91581
. 78929
27186
98707
L.95791
L77198
75033
.061438
00252

R R L

-0.
0.
-0.
-0.
0.
-0.
0.
-0.
0.
0.

res(d)
08326
04041
01121
Q0165
00100
Q0351
Qo6e4d
Qo222
Qoz47
Q0040

2T.
22.
22.
32.
39.
45,
46,
51.
52.
56.
57.

Eiﬁ weighting value

=25d are bulleted}

obs
837
455
1495
069
593
424
327
098
903
444

2T.calc

22.
22.
32.
39.
45.
46,
51.
32.
56.
57.

352
690
063
639
617
336
534
027
a9g
459

res(2T)
0.485

-0.
0.
0.

-0.
0.

-0.
0.

-0.

-0.

235
133
030
024
088
206
071
095
016
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Figure A6 XRD profile and peak fitting by X’pert Highscore plus for (1-x)KBT-

XBMT, x = 0.04 at room-temperature (as an example).

Table A2 Peaks position and d-spacing based on peak profile fitting by X’pert

Highscore plus for (1-x)KBT-xBMT, x = 0.04 (as an example).

Pos. [°2Th FWHM Leld-spacing | Assignmer Area [cps* Area [cts*  h

22.46(1) 0.31(2) 3.95487 9.56 1924.96
22.770(9) 0.23(2) 3.90222 14.63  2944.97
22.892(4) 0.09(2) 3.88166 2.43  489.08
32.2379(3) 0.2932(9)  2.77453 197.83 39821.94
39.7201(3) 0.134(1) 2.26743 40.67 8185.93
45.579(6) 0.51(2) 1.98864 3.97728 11.81  2377.8
46.177(2) 0.262(6) 1.9643  3.9286 26.78 5390.95
46.433(1) 0.211(4) 1.95405  3.9081 27.32  5499.49
51.44(1) 0.72(4) 1.77488 11.44 2302.16
52.11(1) 0.55(3) 1.75385 6.44 1296.45
56.969(5) 0.48(1) 1.61516 23.36 4701.45
57.316(5) 0.22(1) 1.60619 13.29 2674.38
57.475(3) 0.224(6) 1.60212 26.02 5238.34
66.925(5) 0.28(1) 1.39701 11.54 2323.63
67.181(4) 0.24(1) 1.39231 6.28 1264.62
67.584(5) 0.39(2) 1.38498 7.35 1479.26

a 3.9081

c= 3.97728

cla 0.017702
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Table A3 Theoretical density calculations for (1-x)KBT-xBMT system (unit cell

volumes measured from lattice parameters based on XRD data).

(x) | (1-x)KosBiosTiOs- ZA p=ZA/NV (g/cm®)
XBi(MgosTios)O3
0 KosBiosTiO3 39.0983x0.5+208.9804%0.5 219.905/(6.023x10%x60.90
+47.867+15.9994x3 =219.905 | 7x10%)=5.7

0.02 | Ko49Bio51Mgo.01Ti0.9903 221.368 5.8

0.04 | Ko4sBios2Mgo.02Ti0.9803 222.831 6.0

0.06 | Ko.47Bios3Mgo.03Tio.9703 224.294 6.1

0.08 | Ko.46Bios54Mgo.04Ti0.9603 225.757 6.2

A= sum of the atomic weights of the atoms in the unit cell, N = Avogadro number

(6.023x10% atoms/mol) and V is the volume of the unit cell.
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Table A4 Calculation of geometrical density, p (based on the dimension of the disc) and % density for (1-xX)KBT-xBMT system.

X Pellet thickness, | Pellet diameter, | Pellet mass, | Density, p= 4m/3.14xD?xt | Ave. density (g/cm®) | % density
t (mm) D (mm) m (9) (g/cm’)

0 1.069 8.453 0.305 5.09 5.13 90
1.075 8.387 0.302 5.12
1.040 8.394 0.297 5.17

0.02 |1.043 8.236 0.318 5.73 5.52 90
1.026 8.236 0.304 5.56
1.051 8.255 0.317 5.64

0.04 | 0.995 8.220 0.305 5.76 5.74 94
1.065 8.166 0.313 5.60
1.015 8.246 0.323 5.96

0.06 | 0.992 8.278 0.320 5.96 5.80 94
1.005 8.268 0.313 5.81
1.003 8.321 0.316 5.78

0.08 | 1.059 8.354 0.339 5.83 5.82 93
1.034 8.396 0.336 5.85
1.062 8.379 0.342 5.81

p = mass/volume = m/V=m/areaxlength = m/ r’xt = 4m/3.14xD?xt.
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Figure A7 Temperature dependent differential plots of relative permittivity and
tand for poled samples (a-b) x = 0.03 and (c-d) x = 0.04. This broadly confirms the
interpretation of inflection temperatures in &-T and tand plots quoted in in

Chapter 4.
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Tolerance Factor Considerations for Future Work

A plot of tolerance factor versus xBMT content for the temperature-stable
relative permittivity system (1-x)BCT-xBMT is shown in Figure A8. The tolerance
factor decreases with increasing X, as the &-T peak becomes progressively supressed.
However, during the research project, compositional disorder was the main selection
criteria when exploring new high-temperature dielectric solid solutions. For example,
in the (1-x)BCT-xBMT system increasing amount of BMT(x) led to the increase in
entropy and hence increased disorder on both A and B sites. In future it may be useful
to use tolerance factor, or more sensitive mathematical correlation using temperature
dependent ionic radii and polarisabilities to predict structures [Miller and Tidrow

(2015)].

1.05 . T

(i-x)BCIT-xBMT '[ A tolerance factor|

1.04 1 N -
1.03 - A

1.02 -

tolerance factor

1.01 A a

A .
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