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Abstract

A goal in the search for leddee piezoelectrics is to discover solid solutions
with temperature insensitive morphotropic phase bourglads this is likely to
enhance piezoelectric properties and promote tempesstabgity. Furthermore, there
is a high drive fordevelopments of temperature stable dielectric ceramics which can
operate at temperatures > 200 °C, well above the limit istieg high volumetric
efficiency capacitor materials.

A new family of novel leadree piezoelectric perovskite solid solutions in the
binary systems (X)KosBiosTiO3-xBi(MgosTios)O3, (1-X)KBT-xBMT and (%
X)Ko.5Bio.5TiO3-xBa(Zro.2Tio.g) O3, (1-X)KBT-XBZT were fabricated. In the examination
of (1-x)KBT-xBMT ceramic systema phase boundary (MPB) between tetragonal and
mixed phase tetragonal+cubic (pseudocubic) was identified at 0.025<<0.03.
Composi ti »n08 @eredndxedDietragonal and auphase. Compositions
close to MPB exhibited favourable piezoelectric properties, for example, the
piezoelectric charge coefficientzdwas 150 pC/N for composition= 0.03, and 133
pC/N for x = 0.04. A high Ipolar electric fieldstrain was exhibited yo MPB
compositions with strains of 0.25%35%. Values of temperature dependent unipolar
strain for the (X)KBT-xBMT (x = 0.03 and 0.04) were retained ~ 0.18% at a
t emper at ur &herfallylsBnulatedd Charge decay andTkmeasurements
revealed full depolarisation atF 220 °C. The overall properties are very promising
for electromechanical actuator applications.

In the binary (IX)KBT-xBZT system, lhe mixed phase (tetragonal+cubic)
compositionx = 0.1, demonstrated a piezoelectric charge coefficieats d30 pC/N,

bipolar strain ~ 0.13% (60 kV/cm) and high depolarisatemperature ~ 220 °C.



IX

Temperature stablélielectric systems; (X)Bap.eCa 2TiO3-xBi(Mgo.5Ti0.5)Os,
(1-X)BCT-xBMT), 0.45Ba ¢Ca02TiOs-(0.55X)Bi(Mgo.sTios)Os-xNaNbQs, 0.45BCT
(0.55x)BMT-xNN, and (1x)[0.5Ko.5Bio.5TiO3-0.5Ba(Zb.2Tio.8)O3]-XBi(ZNn2/3Nby/3)Os,
(1-x)[0.5KBT-0.5BZT}-xBZN were synesised with near plateau in relative
permittivity-t e mper at ur €T )r,esgpovnisneg (a0 N15%, or be
across a wide temperature range, coupled with optimum dc resistivities. The
composition: 0.5BCT0.5BMT indicated a temperature stahi t; y 800+15% from
40550 UC, with tant O 0. 02400®°C.eFor atsllghgly t e my
hi gher BMT content, the dielectrie=prop
950N15% from 70 to 600-530CC. Achievingeraperdtur®d 0 . O
stability down to-55 °C and below was accomplished in the 0.45BGBEBMT
ceramic materials by the incorporation of NaNtDa levex O 0 . 2 . Modi fica
x= 0. 3, |l ed to the temperatur e=55018%i | i t )
across the temperature rand®°G3 00 UC and t-80PQCito 8D0 X, tlu® f r ¢
achieving the goal of producing a temperatsiable relaxor dielectric to operate in a
range of harsh environments down te58 °C. Similarly, a near flat diele@tresponse
was exhibited by the ceramic systemxj[0.5KBT-0.5BZT}-xBZN ceramic systemx(
=0.2BZN)w i t,h 808#15% across a wide temperature range, f20?C to 600 °C;
with tani O 0.02 across from 50 U@ to ¢
materials were comparable to the best temperature stable dielectric materials for
example; 50BaTi®25Bi(ZnosTios)0:-25BiSc@, U = 1100:15% (80500 °C),
0.85[0.6Nao sBi0 sTiOs-0.4Ko $BiosTiO3]-0.1%K 0 sNao sNbOs, U = 216710% (54400 °C)and

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

This thesis encompasses two important categoriekedir@ceramics: leattee

piezoelectris and leaefree 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 usespplnchtions;
examples includes high voltage generators, actuators, sensors, transducers, capacitors
and fuel injectors in automobile industrigsepntsev and Eitel (2010¢hou et al.
(2012). The markefeading high performance piezoelectric, lead zirconate titanate,
PZT, is a perovskite solid solution between PhZréhd PbTIQ in which a
morphotropic phase boundary, MPB, exists between rhombohedral and tetragonal
phase fields at around 52 mol% PbZr@ompositions at this boundary have enhanced
electromechanical propertieddffe (1971)Noheda et al. (1999)For undoped PZT at
MPB, the reported piezoelectric properties were: Curie temperatyre, 390 °C,
rel ati ve p=1600iatroomemperature, Piezoelectric charge coefficient,
dsz = 233 pC/N and plameelectromechanicatoupling factor, k= 0.52 [Ansell et al.
(2014).

A range of chemical dopants, commonly classified as dorswf RZT) or
acceptorsi{ard PZT), have been used to optimise the piezoelectric properties of PZT
for specific applications. Howevgehealth and environmental concerns surrounding the
use of toxic lead oxide pose the threat of global restrictions under European Union and
other legislationg(Directive 20033 (Directive 2003h]. Therefore, an intensive search

is underway for leadree alternatives to replace PHased materiga.
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Numerous lead free barium titandtased (BaTiG) ferroelectric materials with
improved piezoelectric properties have been developedand Ren (2009jeported
excellen piezoelectric properties of the 0.5Ba{ZF¥i0.8)03-0.5Ba.7Ca.3TiO3 ceramic
system. A high value ofzg ~ 620 pC/N was obtained due to the coexistence of
rhombohedral and tetragonal polymorphs at temperatures close to the cubic paraelectric
phase trarison. However, because the Curie poigt(Td e po |l ari sati on t e
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, 3¢l ~ 530 pC/N was achied in the binary system
0.7Ba(Sn.2Tio.g)Os-0.3Ba.7Ca 3TiO3 but at a phase convergence temperature close to
Tc~ 20 °C Kue et al. (20113)

A number ofother leaefree piezoelectrics have been proposed, for example
potassium sodium niobafkosNao.sNbOs) based systems, a relatively high value sf d
~ 230pC/N and k ~ 0.44 because of phase -existence at a polymorphic phase
transition PPT rather than a temperatumeariant 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 propewves for
0.92Ko.5Nao.sNbOs-0.02Bb sLio5TiO3-0.06BaZrQ, dsz = 348 pC/N and k= 0.57 at
room temperature and retained up to ~ 200\8@rjg et al. (201%) Similarly, in the
ternary system: 0.95%KadNapsNbOs-0.005BiScG-0.04Bi.s(Nao.7Ko.2lio.1)0sZrOz, a
high value of & ~ 366 pC/N was reported at room temperature and retained (~ 319
PC/N) up to ~ 300 °CXiaojing Cheng et al. (201}1)

Piezoelectrics based on sodium bismuth titanate #BiasTi103) solid solutions
are another important class of material. Leading examples are the binary systems,
Nap.sBiosTiO3-BaTiOsz and NasBiosT103-KosBiosTiOs. These materials develop large

electromechanical strains, up to @.35%, upon application of a high electric field (~
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80 kV/cm) and are of interest for actuator applicatidrekgnaka et al. (1991,ahu et
al. (2002). The &3 values were reported to be in the range-12@ pC/N for the MPB
composiions in Nap.sBio.5TiO3-BaTiOs system,and 140190 pC/N inNao.sBiosTiO3-
Ko.sBiosTiOs, but relatively low depolarisation temperaturesoTf ~ 100 UC an
°C respectively, are drawbacks since the temperature limit as a working piezoelectric
would bewell below these Jvalues Rodel et al. (2009)

A variety of chemical modifications to MNeBiosliOs-BaTiO; and
Nao.sBiosTi03-Ko.5BiosTiO3 solid solutions have been investigated as means to enhance
the piezoelectric properties; examples includes sBiasTiOs-Ko sBiosTiO3-BaTiOsz
[Nagata et al. (200Bjypically with dsz ~ 170 pC/N and J~ 162 °C (determined from
the O-T plot), and NasBiosTiO3-BaTiOs-KosNasNbOs which develops giant
electromechanical strains, up to ~ 0.45%, at MPB compositions. This is reported to be a
consequence of an electric figltduced relaxcferroelectric phase transformation
[Zhanget al. (2007) This field-induced transformation gives rise to a characteristic
discontinuity and wide hysteresis in stralectric field plots Daniels et al. (2010)
Glaum et al. 2013). However, depolarisation temperatures for oMo s5TiOs-

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 capacitar 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 coponents capable of operating at 300 °C and above has restricted
developments in higkemperature electronic systefWatson and Castro (2012Jeb

and Milne Q015), Turner et al. (1994)Dittmer et al. (2013) Capaciors 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 andatissifirom high voltage
electronics).

Other application areas are for electronics operating in harsh environments
includes:distributed control and sensing systems in aviataod aerospace. Electronic
controls placed close to the engine, at temperafr@90300 °C reduce weight by
removing the need for cabling. Deep wailling and space applications are other
technologies where high temperature electronics are required.

Examples of materials resulting from research into high temperature stable
dielectrics include: BaTi@BiScO; [Ogihara et al. (2009B) Ko.5BosTiO3-BiScOz
[Kruealn et al. (2017) BiScOG:-BaTiOz-(K12Biw2)TiOs [Lim et al. (2009); and
BaTiOs-Bi(Zn12Ti12)0s-BiScO: [Raengthon et al. (2012)These offer temperature
stability (defined as a variation in relative permittivity within £15%) to a maximum
temperature of ~ 30850 °C, but the performance fails to extendhi lbwer limit of-

55 °C required for commercial capacitors to satisfy military specifications. It should be
noted thatSeOs content in these material leads to high costs. Many of these materials
are relaxor dielectrics in which accepted knowledge otsiraproperty 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 nanore(ffdiRs)

Other complex solid solution perovskites with minirtemperature variation in
relative permittivity include: NgBiosTiO3-BaTiOs-KosNaosNbOs [Dittmer et al.
(2011); Nao.sBiosTiO3-Ko.sBiosTiO3-KosNapsNbOs [Dittmer et al. (2013) with
optimum diel eec251K1@%opferdometsedperatures
= 2167+10%, from 54 °C to 400 °C respectively. The lower limiting temperature was

decreased to well below the room temperature in the solid soliNi@BiosTiO3-
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BaTiOs-CaZrQ [Acosta et al. (2012) and NasBiosTiOs-BaTiOz-Ko.sNaosNbOs-
CazZrQ [Acoda et al. (2013) 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 improzadfree
piezoelectrics, and to investigate compositional systems that may yield new and

improved high temperature dielectrics.

1.3.1 Objectives

1.3.1.1Piezoelectrics

1 Explore novel perovskite titanate solid solution systems involving tetragonal and
rhombohedral enthembers in the search for a morphotropic phase boundary akin to
that of lead zirconate titanate.

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

1 Study phase stability as a function of temperature.

1 Investigate microstructure using scanning and transmission electron microscopy.

1 Consider structurproperty relationships.

1 Compare performance of new lefide piezoelectrics with the best materials from

other research laboratories.

1.3.1.2High Temperature Dielectrics

1 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 temperatar 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 propéies 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 tlukapter describe the crystal structures, dielectric
properties and polarisation mechanisms, followed by the basics of ferroelectrics and
piezoelectrics. Later sections review published research literature efndeatielectric

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 dimensi@tedk 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 représetme 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 ualtscof different crystal
systems are: the three axi al l engt hs ( a,
the body or face centred atom, Figure 2.1.

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

their distrbution in a unit cell (each lattice point represents a repeating atom-p@up
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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 FigureS2o2k and
Cullity (2001). In addition to this, based on different symmetry operations rf@rgpr,
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 nepolarity. The 21 crystal noncentrosymmetric p@raups
demonstrate piezoelectricity with the exception of one, which does not exhibit a
piezoelectric effect due to combined symmetry elemeMsul[son and Herbert

(2003].

Figure 2.1 lllustration of the three a x i al |l engt hs (a, b, c)

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

Perovskite is the most widely investigated structure which displays ferroelectric
and piezoelectric propertiePdik et al. (1999) A perovskite structure has a general
formula of the form of ABY%, whae A, B are cations and X is an anionq{QCl?, F?,

Brl) [Feng et al. (2008) The unit cell of the oxide perovskiteB®s typified by
CaTiG;, is cubic and usually represented with large A cations at the corneat,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 smaltidns at the corners,

large A cation in the body centre and oxygen at the midpoint of edigks (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 {d2linate) sites
[Ramadass (197B)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 occymg a quarter of the available octahedral voids of cubic

close packing\Vest (2007)

Figure 2.3 Perovskite structure with highlighted BOs octahedral caggCheng et al.

(2014).

Although the idealized perovskite structure is cubmany 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. (199%)For exampleBaTiOs, above a temperature of ~ 130 °C is cubic
perovskite, transfoning to a lower symmetry tetragonal (Rsymmetric) structure
below ~ 130 °C. Below ~ 0 °C a transition to orthorhombic (with monoclinic primary
cell, derived from the cubic parent cell) occurs, and beWC a rhombohedral form

is thermodynamically able. The noftubic forms contain a Ti ion which is displaced
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from its standard central position in the BOctahedra. This creates a charge
displacement in the unit cell, and a permanent or spontaneous dipole results (in practice
O and B ions may also laksplaced 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 defiition of a ferroelectric crystal. Henceébelow ~ 130 °C BaTi® is

ferroelectric. Above 130 °C it is paraelectric (fferroelectric).

Cubic ———— Cool below 13°C — — — — Tetragonal

Figure 2.4 Crystal structure of BaTiOs, cubic above the Curie temperatue (~ 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 ¢hhost structure. This allows electrical properties to be
manipulatedHowever, the stability of the structure depends ondhe radii and often
this is explained on the basis of a tol

by a relation Eitel et al. (2001)

- _(R+R))

\/E(RB “R) Equation 2.1

where R, Rs 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

e
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perovskite structure may exist for a tolerance factorinthgean of 0. 8Bee< U <«
et al. (2009) It has been found that the tolerance factoriftal cubic perovskite
structure is unity. If the tolerance fac is slightly greater thamni ty (U > 1
structure of perovskite is stabilized in tetragonal or hexagonal symmetry. However, if
the tolerance factor i's smaller than onc¢
rhombohedral or monocliniShel et al. (200%) Table 2.1 illustratesomeexamples of
tolerance factor for different perovskite materials. It is noted that the tolerance factor is
a very basic tool, arising from geometric considerations.
Table21The t ol erance factor (U) fBengagisebame p e

(2012) Lee et al. (2009)Jarupoom et al. (201)].

Perovskite Compounds Tol er an c e Structure

BaTiOs 1.06 Tetragonal
Ko.sBio.sTiO3 1.03 Tetragonal
PbTiGs 1.02 Tetragonal
SrTiOs 1.00 Cubic
Nao.sBio.sTiO3 0.98 Rhombohedral
Bi(Mgo.5Ti0.5)O3 0.94 Rhombohedral

2.3 Dielectrics

A dielectric isan 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 fieMdulson and Herbert (200B3)The polarised
structure of dikectric 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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oppositecharges 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§oulson and Herbert (20013)

P=c eAéJ Equation 2.2

e
where C,is the electric susceptibilitye- is the permittivity of free space or air

(8.85x10' F/m) and E is the electrfield magnitude. Placing a dielectric between the
plates of a capacitor enhances the charge storage capabilities and supports an
el ectrostatic field. If U is the permitt

dielectric material to store thel ectri ¢ char ges, I's known

given by the following relationghang and Yu (2011))

e =

r

£ Equation 2.3
eA

w h e riga dinensionless 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 dielectricahb&smomes
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.
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Figure 2.5 Polarisation of dielectric in parallel plate capacitor [Hao (2013).

The capacitance value of a capacitor depends on geometrical factors and the
rel ati ve pgvembythe rélatidnHay (2013}

C= ereAg‘ Equation 2.4

whereC is the capacitance, A is the area of the electrode pl&ghe separation of the
plates/thickness of the dielectricatarial. 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 atomanic, dipolar and space charge

polarisation, Figure 2.@8oulson and Herbert (2003)
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Figure 2.6 lllustration of different polarisation mechanisms in dielectrics

[Moulson and Herbert (2003).
2.3.1.1Atomic 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 ~HD

2.3.1.2lonic 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-*Hk0 Both
atomic and ionic polarisation mechanisms have are the main contributions to most

dielectrics ghang and Yu (2011)
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2.3.1.3Dipolar 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 oftype 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 aontrioutes to the dielectric and
ferroelectric properties at a frequency of up to <18z [Barsoum and Barsoum

(2003) Zhang and Yu (201})
2.3.1.4Space 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 difgpese charge
polarisation mechanism is relevant at low frequency up to*+H20

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 frequencidgags and Wadley (2@)]. In
summary, polarisability of atoms occurs up to <"Hx and ionic polarisation up to ~
10" Hz respectively, Figure 2.7. Dipole realignment occurs up to*2 H®, and for

space charge the limit is ~38z
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permittivity with frequency [ Moulson and Herbert (2003).
2.3.1.5Dielectric Loss

Dielectric losses are common alongside polarisation mechanism under an
applied alternating eledtr field. In case of ideal dielectric material (capacitor), the
phase angle between alternating current and voltage is 90°, Fig(ae B& in real
dielectric case, the current has two components (i) capacitive, out phase by 90° with
voltage and (ii) Issy component, in phase with voltage, Figur€®.8rherefore, the
rel ati ve p efrtmidieléciriormateryal i génerally expressed in complex
form; the) ramd tpletitdyi napyepanHass@Gnidby a
Wadley (2011];

e =6- jéi Equation 2.5
wheries Ut he r guagl ipsarttheanidmadgi nary part of
part corresponds to the charge storage ability while the imaginary part measures the
energy | oss. The dielectric | osdgtothangent

energy stored in the electric field, given by a relatidagds and Wadley (201]1)
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materials are of primary interest for many capacitor applications (for miniaturization
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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 fiédhjanovic (19983) The
ability of polarisation reorientation of materials can experimentally be demonstrated by

a polarisatiorelectric field (PE ) curve, ferroelectrics gi

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) (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 Bagi®hich have blower 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 ofaBiOz with tetragonal
symmetry, Figure 8, indicates the reversibility of the polarization caused by the
relative displacement of Ti ion in the octahedra. Ceramic materials of perovskite
structures like BaTi®@and Pb(Ti,Zr)@ are the common examples reded as the

foundation stone of ferroelectric science.

(O Ba?
@ O*

® 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 tleedomains 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 materialsaary m
180° correspondintp lattice deformation and non 180° due to mechanical strain, and

can be switcadto another state bgnelectric field [Gang Liu et al. (201%)
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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 magndite 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 untit becomessaturated. At the saturated stage the polarisation is
known as saturation polaation (Ra). The spontaneous polarization)(Bt this stage is
usually taken as an intercept on the polarization axis extrapolating from the tangent on
saturation polarisatiorDamjanovic (1999)

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 domaths i
direction of the field, termed as remanent polarisatioh {® get zero polarization, a
field of opposite polarity with specific strength is required, called coercive field (E
Further increase of field strength in the negative direction irsteateew alignment of
domains in this direction anithe 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 directiongietd is known as
Hysteresis curve or -E curve, Figure 2.10. Ideally, the polarisatelectric field
response (FE loop) is symmetrical but the shape depends on the electric field,

temperature and field frequency.
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polarization

electric field

Figure 2.10 Polarisation-electric hysteresis loop Yu et al. (2005).
2.4.2 Ferroelectric phase transitions and CurieWeiss law

The high symmetric polymorph for barium titanate (Bag)i® cubic and
paraelectric. It is stable at a temperature abave T30 °C Ehvartsman and Lupascu
(2012}, up to the onset of the hexagonal polymorph at > 140QL€€ ¢t al. (2007) A
transition from cubic to ferroelectric tetragonal occurs below ~ 130TP@. 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 of4Tialong different polar axes. The direxti of
spontaneous polarization in BaEkiOof tetragonal, orthorhombic and rhombohedral
symmetry is along the direction of the edge, face diagonal and body diagpinedl|

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

The relativepermittivity of most ferroelectric materials is changed considerably
with changes in temperature and frequen®lodilson and Herbert (200B8)As the
temperature changes, most ferroelectric materials show dielectric anomalies with
maxima at a certain temperatsireorresponding to crystallographic phase transition
temperatures. The temperature corresponding to the maximum relative permittivity, at
the ferreparaelectric transition is known as the Curie poigj.(lh the case of BaTi§)

Tc~ 130 °C. A decrease elative permittivity take place above the Curie poiry) (i
accordance with the Cureiss law Zhu et al. (2014)];

C
er:
T-T,

Equation 2.12

where C is the Curie constant for a given materigis The CurieWeiss temperature, T

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

In contast to classic ferroelectrics, another group of dielectric materials display
broad frequency dependent relative permittit@ynperature peaks. These materials are
known as relaxorsHavez and Simon (20014eb and Milne (2014k) The distinctive
features of relaxors are broad dielectric peaks in the relative permittivity versus
temperature plotand strong frequency dispersion of both real and imaginaryg ghart
the relative permittivity close to the peak temperature, Figure 2.12. Relaxor
characteristics were first explored by Smolenskii andvodker in lead magnesium
niobate (PMN) and this aterial received considerable attention due to favourable
dielectric and electromechanical propertiggmolenskii (1984, Zeb and Milne
(2014b].

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

nanoregions/domain8pkov and Ye (200QBadapanda et al. (20Q9)

500

€103

<200

100

Temperature/’C

Figure 2.12 lllustration 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 mudtgbn site
occupantes on the B sites of the perovskite ABQBokov and Ye (2007)Bokov
(1992). This creates fluctuating electrostatic and stressidievhich 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 yearsinmvolv
both A and B sitemixed valence occupaigs These complex pevekites display
relaxorl i ke frequency deg EaTbuhforsane solidesalusions | n
compositions the dielectric pe&k supressed and the mateghbws little variation in
rel ati ve pevermvidettemperaturg rarfige, T= T
For relaxor systems, the decrease in relative permittivity aboventleds not
conform to the standard CwWeiss law, and is more effectively described by a

modified CurieWeiss equationYiliang Wang et al. (2013)

1 1 _ (T - Ter max)g
(&) C

r I max

Equation 2.13

For classic ferroelectric material, tlge coefficient is equal to unity, increasing to ~ 2
for a typical relaxor [Wang et 2013]. These types of relaxor dielectric madds 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 fowdkep

drilling and aerospac&gb and Milne (20145)

2.5 Piezeelectricity

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

difference produced depends on the nature of the applied strgsso(epressie or
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tensilg. Conversely, a mechanical deformation is produced in the same material with
the application of electric field, is known ahke converse piezoelectrieffect
[Damjanovic (1999) The sign of deformation in the material depends on the polarity
of the electic field. The generation of bipolar loop (butterfly like loop) is the result
of the converse piezoelectric effecDgmjanovic (1999) 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 (D3);
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 st&ppr@dduced in the
material s 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 stresapplied 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 lllustration of (a) direct and (b) converse piezoelectric effectNloulson

and Herbert (2003].

The piezoelectric charge coefficientaglirectional dependent quantity due to
anisotropic nature of materidlslaertling (1999) Therefore, usually, they are assigned
with two subscripts indices to indicate their directional characteristics of theetated
quantities (field and strain or stress and polarisation). For example, the piezoelectric
constant, ek represents the induced polarization per unit applied stress in direction 3 or
the induced strain per unit electric field whilsizds the indeed polarization in
direction 3 per unit stress in direction 1.

For the piezoelectric constant which relates the electric and mechanical
guantities, the first subscript indicates the electric quantity (electric field or electric
polarisation) while the sead, for the mechanical (strain or stresggpffe (1971)

Conventionally, the ttee 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 alongds. The shear stress about
these axes are repegged by 4, 5 and 6 which are perpendicular to diregfip® and 3

respectively, Figure 2.1Moulson and Herbert (20083)
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Polingaxis

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

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 electromechaniceffect closely related to
piezoelectricity but the strajproduced is proportional tihe square of field and sign of
deformation is independent of the polarity of the figth¢rtling (1999) Although all
dielectric materials exhibit a minimal electrostriction behaviour with the applied field
this become more significant in dielectrics of high relative permittivity. In terms of
electrostretion, 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,is the strain and E is the magnitude of the

applied electric field.
2.5.2 Electromechanical Coupling Factor (k)

As mentioned abovyeiezoelectric 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 definedafg (197 1]

» _ electricalenergyconvertednto mechanicaknergy
inputelectricalenergy

Kk

p

Equation 2.10

or

_ mechanicaknergyconvertednto electricalenergy
inputmechanicaknergy

k2

p

Equation2.11

A high coupling factor is often desirable in piezoelectric materials for different
applications which are constantlyequiredin new materialsThe oupling factor is
dimensionless quantity, whose typical values of the order of ~ 0.4 for Banhidior

Pb(Ti,Zr)Qs is ~ 0.50.7 Paffe (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 vicinitya dfIPB varies with the
change in composition, but if a true vertical MPB, not with temperature up to the
maximum temperature of the MPBHart et al. (2008) In perovskites, the coestence
of ferroelectric phases with different symmetries at the MPB results in enhancement of
piezoelectric properties which allow for easyat@gnment of spontaneous polarisation
directions.

For example in PZTsix spontaneous polarisatiofitem tetragnal coupled with
eight of rhombohedral symmetry during poling. The mailketding piezoelectric
material, lead zirconate titanate, PZT, is a solid solution between PBAdIPbTIQin

which a phase boundary exists between rhombohedral and tetragoralfipluss at
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around ~ 52 mol% PbZrO This phase boundary is almost vertical on the PbZrO
PbTiO: phase diagram over a wide temperature range, and for this reason it is referred
to as a morphotropic phase boundary (MPB), Figure 21a8€[ (1971)Noheda et al.
(1999). Other examples of solid solutions which possess a MPB includes;
Nao.sBiosTi03-BaTiOs, NaysBiosTiO3-KosBiosTiOs, and the ternary NaBiosliO3-

BaTiOs-Ko.5Bio.sTiO3 [Leontsev and Eitel (201)
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Figure 2.15Illustration 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 tita@&rl), is the result of
coexistence of ferroelectric phag®4PB) [as discussed abovegtween rhombohedral
PbzZrQ and tetragonal PbTiat around 52 mol% Pbze(Jaffe (1971). The reported
piezoelectric properties ghe MPB for undoped PZT are;cE 3 9 0, ={6DQ at U

room temperaturezgl= 233 pC/N and k= 0.52 Ansdl et al. (2014).



-30-

A range of chemical dopants, commonly classified as donors (soft PZT) or
acceptors (hard PZThave beenused to tailor the properties of PZT for specific
applications. In donor doping higher valence ions for exampf¥; drathe A site and
Nb°>* ontheB site whereas for acceptor doping, a lower valence ions such as the
A site and F& on the B site were employed. Soft PZKhibit high piezoelectric
constant (ek) with low coercive field due to cation vacancy and facilitate easyain
wall motion. In contrast, imard PZT the observed loss tangent is low dhedy show
low piezoelectric performance along with highpoling field due to difficulty in
domain wall motion caused by oxygen vacancieanjjanovic (1998)Ansell et al.
(2014) Panda att Sahoo (2015%)

Despite high piezoelectric performance and relatively high Curie temperature
(Tc), PZT based piezoelectric material® facing global restrictionspwing to serious
environmental and health concerns regard®goxicity [RoHS Directive (2003)Saito
et al. (2004) Thes global restrictions constantly drivén a search for leattee

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 practidalajmms ranging from
high voltage generators (transducers), electromechanical actuators, sensors, diesel fuel
injectors (actuatorspnd sonar[Haertling (1999) Aksel and Joneg2010). These
applications can be mainly classified into three categafilegenerators (direct effect)
(i) motors (converse effect) and (iii) generator and motor combined. A summary of

each group applications isvgn in the flow chart, Figure 2.16.
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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) contentefamred to as lead
free piezoelectric ceramics. Common examples includes; barium titanate ¢RaTiO
sodium bismuth titanate (MeBiosTiO3), potassium sodium niobate {KNao sNbOs)
and potassium bismuth titanateo@iosTiO3z). The regulations on theZFP-based or
PMN-based materials have motivated researchers to search for lead free piezoelectric
materials to replace the toxic fbntaining materials. At the time of writing this thesis
the European Union has granted exemptions from relevant healthfahdregulations
surrounding lead and lead oxide to permit the ongoing use efoftaining

piezoelectrics.
2.7.1 Barium Titanate (BaTiO3)

Barium titanate, BaTi@(BT) was the first ferroelectric perovskite to be used as
a piezoelectric, and was employed in @oapplications in the 1940s. The reported
piezoelectric constant 4¢) for pure BaTiQ by solid state processing route is ~ 190
pC/N with an electromechanical coupling factgr-k0.350.4 [Moulson and Herbert
(2003) Coondoo et al. (201B) Intensive research and efforts have been made for
improving dielectric and piezoelectric performance of Bali@sed raterials and its

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

Numerous barium titanateased ferroelectric materials with improved
piezoelectric properties have been developgd.and Ren (2009)eported excellent
piezoelectric properties of 0.5Ba(&lio.g)Os-0.5Ba Ca.3TiOs ceramic system. A
high &3 ~ 620 pC/N was obtained for ceramic compositiorx at 0.5 based on the

coexistene of rhombohedral and tetragonal polymorphs combining with the cubic
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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
temperatre. However, these properties are temperature sensitive and the depolarisation
temperature is low, below 100 °Ciy and Ren (2009) A similar result of high
piezoelectric onstant, e&& ~ 530 pC/N was achieved in the binary system
0.7Ba(Sn.2Tio.8)O3-0.3Ba.7Ca.3TiO3 in the vicinity of room temperatureXiie et al.
(2011a). Other workers reported the compositionoB&an.07Tio.952r0.0803 exhibited
d3z ~ 387 pCN and k ~ 0.44. However, the working temperature was again limited to
below 100 °C L[i et al. (2011). These findings further drive research to achieve high
electromechanical properties coupled with the stability in properties over a wider

working temperatureange.
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Figure 2.17 lllustration of phase diagram for lead free 0.5BZTF0.5BCT

piezoelectric ceramic systemLjiu and Ren (2009).
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2.7.3 NaosBiosTiO3-based leadfree piezoelectric ceramics

2.7.3.1Sodium bismuth titanate (NasBiosTiO3)

Sodium bismuth titanate, beBiosTiO3 (NBT) is a ferroelectric perovskite first
reported bySmolenskiiand ceworkers in 1960s§molenskii et al. (1961 Hiruma et
al. (2009). The structure of NBT is complex and still under debate. Based on the
neutron diffraction experiments, NB3$ rhombohedral at room temperature while high
resolution synchrotron Xay diffraction study proposea monoclinic phase for NBT
[Li et al. (2015). NBT has relatively high remanent polarisation,~P 38 % C/ ¢ m
coercive field, E~ 73 kV/cm and low piezoelectric charge coefficient €73 pC/N.
For NBT, the phase transition temperat from rhombohedral to cubic paraelectric
phase takes place at ¥ 320 °C Hiruma et al. (2009) Relative permittivity versus
temperature plots demonstrate relaxor character and an additional inflection peak
appe arTplots abh ~ AD0 °Chorcet et al. (2008) Numerous researctudieshave
been focussed on modifications to NBT. These Mf&fed solutions have attracted
much attention over the past decade. Leading examples are the binary systems,
Nao.sBiosTiO3-BaTiOs (NBT-BT) and NasBiosTiOs-KosBiosTiOs (NBT-KBT), and
the ternary NasBio sTiO3-BaTiOz-Ko.sNapsNbOs (NBT-BT-KNN).

The solid solution of NBIBT was studied by many research groups and a MPB
is reported between the rhombohedral sgtchgonal solid solution phase a¥ 6nol%
BT [Takenaka et al. (1991pXu et al. (2008) The reported igzoelectric properties for
NBT-BT at the MPB are,d~ 122176 pC/N, P~ 374 0 ¢ €k € 0r2%0.36, Ty ~
90-105 °C and  ~ 225288 °C Rodel et al. (2009)eontsev and Eitel (201p)

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

piezoelectric properties:sgl~ 140192 pCIN, P~ 203 8 ¢ €k ¢ 0270.35, Tn ~
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280-300 °C and depolarisation temperatuge~T140 € [Leontsev and Eitel (2010)
Roédel et al. (2009)Coondoo et al. (201B)

A variety of chemical modifications to NBBT and NBFKBT have been
made as means to enhance thezpelectric properties. The promising pseudoternary
systems include; NB'KBT-BT, typically with gz~ 170 pC/N, k~ 0.35 and ¥~ 162
UC (det er mic-iplal) [Ngata et al.t(20@R)The ternary system NBBT-
KNN demonstrated ¢gitraimstup toe-l 048%, rinotkeeMPB a n i ¢
region. This is reported to be a consequence of electric-ifidicced phase
transformation from ferroelectric to relaxatHang et al. (200)]. This field-induced
transformation gives rise to a characteristic discontinuity and wide hysteresis in strain
electric field plots.

However, NBTbased piezoelectrics exhibit relatively low depolarisation
temperatureat MPB compositions: I~ 90-105°C, and the lossy & response (wide
hysteresis in & plots, ~ 69%) risks seleating induced depolarisation making the

materials unsuitable for high power applicatioR$dlel et al. (2009)
2.7.4 KosNapsNbOs-based lead free ceramic systems

Potassium sodium niobat€y sNapsNbOz (KNN) is formed as a result of a solid
solution between potassium niobate (KNp@nd sodium niobate (NaNRBJ KNN is
orthorhombic/monoclinic at room temperature and exhibits modest piezoelectric
properties, ek ~ 92117 pC/N; and k~ 0.320.44 [Egerton and Dillon (1959)uo et
al. (2006). To enhance piezoelectric properties, KNN has been modified by many
dopants, Table 2.2. Modification by LiTa@nd LiSbQ leads to a relativeliigh value
of dsz ~ 300 pC/N, which arises because of phasexistence at a polymorphic phase
transition PPT (an inclined boundary on the phase diagram) rather than a temyperature

invariant MPB Bkidmore et al. (2009)The PPT between orthorhombic and tetragonal
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phases occurs near room temperature for a narrow bandfLKNcompositions, and
hence @& values of these compositions measured at room temperature are enhanced,
but properties degrade e temperature is raised above room temperature.

Recent research has demonstraguiomising combination of highsg~ 263
321 pCIN, k ~ 0.40 and good temperature stability up to temperature ~ 200 °C in the
ceramic system KNMNBaZrOs-(Bi,Li)TiOz due to development of a
tetragonal/rhombohedral MPBZ{ishi et al. (2013)Shi et al. (2014) More recent
developments have further improved properties and ingaré@mperature stability, for
example; the reported piezoelectric properties for QSR sNbOs-
0.02Bb.sLio.sTiO3-0.06BaZrQ, ks = 348 pC/N and k= 0.57 at room temperature and
retained up to ~ 200 °CWang et al. (201%) Similarly, in the ternary system:
0.955K.48Na0.52NbO03-0.005BiScQ-0.04Bb.s(Nao.7Ko.2Li0.1)0.52rOs, a high value of &
~ 366 pC/N was reported at room temperature and retained (~ 319 pC/N) up to ~ 300

°C [Xiaojing Cheng et al. (201})

Table 2.2 Piezoelectric properties of KNNbased 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 263-413
(Nagy 5K 48-x)(NDb 92« Sbg 03)O3-xLiTaO3 375
(NaK)(NbSb)O5-LiTaOs—BaZrOs 365
(1-x)K¢.47Nag 47Lio 0sNbO3—xNaSbO5 305
0.9525(Na()‘5K()ijO»g)'O.()475Li(TEl()A_f;Sb()A(,)O»; 296
( l-X)(Nﬂ()_535 I(()_@g)NbOg—XLleOg 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 KosBiosTiO3-based lead free ceramic systems

2.7.5.1Potassium bismuth titanate (K.sBiosTiO3)

Potassium bismuth titanate,o ¥iosTiOz (KBT) is ferroelectric perovskite
fabricated fist by Popper et al. in 195P¢pper et al. (1957Rd6del et al. (2009) KBT
is tetragonal at room temperature and dielectric data has revealed a relatively broad
p e a k Ti plots with phas transition temperature atc = 380 °C with room
temperature r elCatSiHiQmagal.r@20050t oai t gr Bt al
The reported value of piezoelectric charge coefficiestjsd~ 31 pC/N and k~ 0.18
for ceramis prepared by a conventional processing route.

Generally, KBT is less studied than NBT because it can be difficult to fabricate
derse ceramics by conventional solid state methdade to weight loss of volatile
constituents during sintering processitgupov (2005)Wada et al. (2002) However,
hot pressing techniques and@icess are reported to enhance the densification of KBT
ceramics which led to promising ferroelectric and piezoelectric propeHiasnja et
al. (2007a). Dielectric, ferroelectric and piezoelectric properties of KBT, KBT hot

pressed (HP) and Bixcess 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)
Uat RT 800 520 764

Tmax (°C) 380 410 391

P ( ¢ C#),Em=150 kV/icm - 22.2 28

dss (PC/IN) 31 82 101

Kp 0.18 - -

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

2.7.5.2Ko,5Bio,5TiO 3-BaTi03

Buhrer (1962first reported the solid solution of{Ko.sBio.sTiO3-xBaTiO:s.
It was found that the Curie temperature and the tetragonality decreased with the
increase of BaTi® content. later, the dielectric and piezoelectric properties in (1
X)Ko.5BiosTiO3-xBaTiOs has been reported iruma et al. (2004)A solid solution
between the two tetragonal end members was formed across the whole compositional
range. Xray diffraction data revealed the decrease indetmality /a) in the BTrich
compositions. Values of piezoelectric constass,veere modest, ~ 60 pC/N similar to
unmodified KBT, increasing to ~ 100 pC/N for a composition with minor levels of
doping of manganese oxidélifuma et al. (2004) There are also reports about (1
X)KBT-xBT solid solutions fabricated by textured and grain oriented techniques. An
improved piezoelectric constantzscbf ~ 85 pC/N and 121 pC/N was achieved by
textured and grain oriented techniques respectively at 10 mol% of BT cdd&nofo

et al. (2008)Nemoto et al(2009].
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2.7.5.3K05BiosTiO3-Bi(ZnosTios) O3

Huang et al. (20093ynthesised the solid solution of KBT and Bi§£hio.5)O3
(BZT). A single phase of (X)KosBiosliO3-xBi(ZnosTios)Oswas obtained a
mol% of BZT content. It wafound that the tetragonality was supressed while the cell
volume increased with the addition of BZT content. The reported dielectric data
i ndi cat ed br o&plotspwitasklinearidecreasenoh.TA Peak value of
remanent polarisation, P~ 12 e C/(Enm = 80 kV/cm) was observed for
compositionx = 0.1. It was also found that compositigr= 0.1 exhibited a bipolar

strain of ~ 0.18% (kax= 80 kV/cm) andavalue of coupling factor,k= 0.18.

2.7.5.4K0BiosTiO3-BiFeOs

The solid solution of (K)Ko.sBiosTiO3-xBiFeO: was studied by a number of
research groupsKim et al. (2010)investigated the dielectric and piezoelectric
properties in binary system -{KosBiosTiOs-xBiFeQs. It was shown that relative
permittivit y+-T plots displayed broad peaks for 0.6. The piezoelectric constantz d
increased from 31 pC/N at= 0 to a peak value of 64 pC/N far= 0.06 Kim et al.

(2010). Matsuo et al. (2010)eported a large remanent polarisationsP 52 % C/ ¢ m
(Emax= 100 kV/cm) in (1x)Ko.5Bio.5TiO3-xBiFeQs for the BiFeQ; rich region k = 0.6).
There are also some reports about large electric field induced bipolar strain ~ 0.18%

(Emax= 50 kV/cm) for compositiont = 0.25 Morozov et al. (2012)
2.7.5.5K05BiosT103-BiScOs

KBT modified with BiScQ, (1-X)Ko.5Bio.5TiO3-xBiSOs was studied byHruea
In et al. (2012) Incorporation of BiSc® effectively induced relaxor behaviour thi
strong fr equ e ATcplots.@ampogiteonss=i 0dFandk 1 0.20presented

a flat O-T response: for example = 0.15 exhibited a +3% variation in relative
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per mi tti vi=t 3880 atrass the téinperature range 227 °C to 427 °C.
Independetly, Martin-Arias et al.,reported a similar temperature stable dielectric

response for composition= 0.2 Martin-Arias et al. (2013)
2.7.5.6K05Bio5Ti03-(Ko.5Bios)ZrO 3

The structural and electrical properties of kBibdified with KosBiosZrOs
(KBZ) were investigated bfengagi et al. (2012)XRD data revealed a single phase
ove the entire compositional range, changing from tetragonal to pseudocubie at
0.05. Addition of KBZ r eslplbts. €d re@orted ealuea x o r
of piezoelectric constantzgiwas 31 pC/N fox = 0 and decreased t@sd- 2 pC/N for

compositiorx = 0.1.
2.7.5.7K5BiosTiO3-Bi(NiosTios)Os

Zhao and Zuo studied KBT modified with the Bi§NTio.5)O3 [Zhao and Zuo
(2013]. In this binary (3x)Ko.sBio.s5TiO3-xBi(NiosTio5)Os ceramic system, a single
phase solid solution was obtained up to 20 mol% of BKNb.5)Os. Based on the XRD
data, a coexistence of tetragonal and rhombathgzhases (MPB) was identified at
compositional range of= 0.050.07.

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

displayed a high piezoelectric constant with valueseEdl26 pC/N and k= 0.18.
2.7.5.8Ko.5BiosTiO3-LINDO 3

Zuo et al. (2013pynthesised the relaxor solid solution 0fx}Ko.sBio.sTiO3-
XLINbO3z. A MPB between the tetragonal KBT and rhombohedral LipW@&s found in

the compositional range at 0.015x< 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 KBXE 0) we r €increasing to £rhaximum value

of ~7.1e C/ “atm= 0.015 (Bax= 60 kV/cm). It was also shown that composition

0.015 exhibited enhanced piezoelectric propertiesf @5 pC/N and k= 0.18.
2.7.5.9K5BigsTiO3-(BiosNags)ZrO s

The solid solution (&)Ko.sBiosTiOz-x(BiosNans)ZrOs was fabicated by
Wefring et al. (2014)who studied the dielectric and ferroelectric properties. It was
reported that the end member KBdH 0) was tetragonal and changed to pseudocubic
atx = 0.1. The ceramic system exhibited relaxor dielectric behaviour evident from the
broad dielectric peaks and frequency dispersion belawFfom polarisatiorelectric
field response, a maximum electric field induced remanent polarisation, 2.6

¢ C/ “Hwax= 60 kV/cm) and bipolar strain of ~ 0.08% was reporteckfo0.1.
2.75.10 Ko.sBiosTliO3-Bi(MgosTo.5)O0s-BiFeOs

The ternary KBThased ceramic system,o iBiosTi103-Bi(Mgo.5T0.5)O3-BiFeOs
was studied byKamei 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/icm wa ~ 0.113% for 0.45KB-D.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 06t e mpertad vanakility sntcaphcitaacg orrredativa t e s
per mi t twithin #1% (fo) Rtype) 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 tergiure ot55 °C is represented
by X; the upper temperature is represented by a number. For example, existing high
volumetricefficiency capacitors based on ferroelectric barium titanate, such as X7R,
X8R, X9R are specified to operate at temperatures fhro +125 °C, +150 °C and
+175 °C respectivelyZeb and Milne 2015]).

Numerous compositional systems have been reported to displaflateatative
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 dependentrelaxor peak is
thought to originate from temperatelependent changes in the length scales and
coupling dynamics of polar nanoregioish e  d i fefaxorspeak tan be further
broadened and suppressed hididonal cation substitutions on A and B sites to
develop a temperatuien s e n T plateaue U

This section focusses on different Ifagle polycrystalline ceramic compositional
systems that offer promise as high volumetric efficiency Class Il dapanaterials.

Rel ati ve perlnoistst itvantgyenst tanda, el ectrical
and capacitive time constant (RC) are described and compared. A comparison of
temperature range of Nd®dd toanlb edtental 03t &
temperature stable dielectrics are presented in TaBlenda bar plot, Figure 11.10

[Chapter 11]
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2.8.1 BaTiOz-based dielectrics

2.8.1.1BaTiO3-BiScOs

Ogihara et alstudied the binary system-{BaTiOs:-xBiScQs: samples were
prepared with 3 mol% excessBk [Ogihara et al. (2009b)The Curie peak fox = 0
(BaTiOs) at ~ 130 °C became diffuse a&sincreased to 0.02 and at= 0.05 an
additional lower temperature frequerdgpendent peak appeared, associated with core
shell microstructures. The shell region of the grains was enricheBiScQ; and
considered to be responsible for the frequency dependent dielectric anAnsaigle,
very diffuse relaxon-T peak occurred around= 0.2. This gave rise to neatablely
values, 80AL000; over a wide temperature 380 °C (estimated). A similar dielectric
behaviour had previously been reported for thin film samplasbgrg and Trolier
McKinstry (2007]). A & value of ~ 1000 from 0 to 300 °C was found for sample
compositionx = 0.3 with high electrical resistivity of 3#6q c¢cm at 250 UC.
density of bulk and tapeast thick filmx = 0.03 samples was investigated. A 15 um
dielectric layer has a rootemperature energy density of 6.1 J@tiv30 kv/cm (just
below the breakdown field). Reasonably stable energy densities3od/@? were

observed from 0 to 300 °C (bias fields E =48DkV/cm).
2.8.1.ZBaTi03-Bi(Mg o,5Tio,5)O3

A solid solution in the binary sysin (1:x)BaTiOz-xBi(Mgo.5Tio.5)O3, (1-X)BT-
xBMT was studied by a number of research grolpsda et al. focussed on the
piezoelectric properties, but noted a changeover from ferroelectric to relaxor
characteristics occurred at 0.1BMA. plot of 4-T at 1 MHz showed a very diffuse
dielectric response for compositions 0.2BMT and 0.3BMT, wittalues of 6061000
at temperatures from approximately 25 to 400 °C. Dielectric loss tangent at 100 Hz was

in the range 0.09.1 [Wada et al. (2010)
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Zhang et al.,, provided a detailed account of the temperature stability of

dielectric propertiesZhang et al. (201]) Compositionsx = 0.5BMT and 0.6BMT

displayed a plateau iin-T response: fox = 0.5, values ofr ~ 2400+15% (1 kHz) were

observd f or temperatures 167 to 400 UC, wit

238400 °C. Forx = 0.4, ~ 2200+15% at temperatures of 175 to 400 °C; low losses

occurred over most of this t epOeC (attlQdDr e r

kHz).

Choli et al., investigated {§)BT-xBMT bulk ceramics and multilayer capacitors
(20x129 um layers)CQhoi et al. (2013) They found the solubility limit of BMT to
occur aound x = 0.40.5. Highly diffuse relaxalike behaviour was observed for
compositionsx = 0.1 to 0.4. Different compositions displayed distinctive temperature
ranges of stabla)y values, depending on themTfor each specific composition
However temperature ranges over whithvaried within £15% were not commented

upon in detail.

Xiong et al., examined the effect of WbBs and Ce@Os co-dopants on the
properties of (&X)BT-xBMT: similar dopants are incorporated into BT to develop-core
shell structures and X7R temperatgtable performanceXjong et al. (2012)Xiong et
al. (2011) Hao et al. (2012) These authors reported that composition 0.15BMT
doped with 2 wt% NEDs producedlr ~ 1000+15% over the temperature rar§g to
+155 UC: tant = 0.09 at room temperatur e

coreshell characteristics.
2.8.1.3BaTiO3-Bi(Mg2/3Nb1/3)O3

Wang et al., examined the solid solution-x{BaTiOz-xBi(Mg23Nb1/3)Os,
reporting basic dielectric properties and energy storage capabiWesg et al.

(2014). Compositionx = 0.2 exhibited temperatiet abl e di el ectri c |
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varying from 628787 in the temperature rangg 0 t o +300 UC: tand
temperature range- 060 °C (estimated). Valued dc resistivity were of 7.4x10q ¢ m

at room temperature and an energy density of 0.74°JEmx = 160 kV/cm) was
recorded fox = 0.2. However, all compositions of this system showed a sharp increase

in dielectric |l oss €angent at temperatur
2.8.1.4BaTiO3-Bi(Mg23Taws)0s

Ma et al., studied the dielectric properties of the&)@aTiOz-xBi(Mg2/3Taw3)O3
ceramic systemMa et al. (2015) Compositionx = 0.1 exhibited dielectric stability
across the temperature rmaxFgé@&238:toaht&o0O0OU
the temperature range 30 °C to 195 °C. There was a sharp rise in dielectric loss tangent

at a temperature of O 200 UC.
2.8.1.5BaTiO3-Bi(ZnosTios)O3

The (:x)BaTiOz-xBi(ZnosTios)Os system, (IX)BT-xBZT, was studied by
Huang and Cann at Oregon State University, who determined the solid solution limit to
occur atx = 0.33BZT Huang and Cann (2008)The crystal system changed from
tetragonal forx < 0.1 compositions to mixed tetragonal and rhombadieairx ~ 0.1.

The ferroelectric Curie peak became broax=ai.05, T decreased relative to BT, and
the | ower discampneitiea due to ¢etragoraithorhombierhombohedral
polymorphic phase transitions disappeared. Further increases in the BZT content
caused dielectric peaks to become increasingly diffuse,ralagor behaviour was
reported ak = 0.2BZT.

A subsequent study by Raengthon and Cann investigated the effect of
introducing Ba vacancies 4 mol%) into 0.8BT0.2BZT ceramics Raengthon and
Cann (2011) Compositios with 2 mol% Badeficiency were claimed to give

i mproved t emp e r,aithuarnearlydlat eegponkei frorg temperatuses of
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100 °C to 350 °C. Designing compositions with Ba vacancies also increased electrical
resistivity: for the optimunx = 0.2BZT composition (2 mol% Ba deficient) resistivity
was of the orderof ~7x10q c¢cm at 270 UC, °de ccrne aasti n3g3 5t
and with a RC time constant of 1.47 s (335 °C). The same research group have
proceeded to further characterise -BZT ceranics. They studied the effects of
incorporating Zr and Mn excess into the -BEZT based system, but found no
significant improvements in temperature stabiliRagngthon and Cann (2011The
group also reported the -§3[0.5BaTiQs-0.5Bi(Zno.sTi0.5)03]-XKo.5Bio.sTiO3 system: a
relatively stable dielectric response was found for compositior 0.6KBT.
Approximate values (estimae d by i nter pol atmico240081%5%inli agr
the temperature range from 150 -3600°C 450

[Prasatkhetrgarn et al. (2012)
2.8.1.6BaTiO3-Bi(Zno.sZr 0.5)O3

The dielectric properties of ()BaTiOs:-xBi(Zno.sZro.5)Oz [(1-X)BT-xBZZ]
were studied byYiliang Wang et al. (2013)Increasing the BZZ content induced
rel axor behapiotus, i wi Oh s up Geod empmEratwea | u e
st abi Iwadrgportechfoxs O . 6 ;mig WL0A0HL5% from 200 to 450 °C, with

tanld O 0.25 from r oagctimatede mper ature to 300
2.8.1.7BaTiO3z-BiAIO 3

Liu et al., fabricated the binary )BaTiOz-xBIAIO 3 ceramic system by solid
state and segel processing routesMengying Liu et al. (2013) The temperature
st abi |ATtplpts increasdd with increases in the BiAl@ontent. The best
t emper at ur e, wastdarbonstrated yor deramic (bamples fabricated using
powders prepared by a sg¢l method. Atx = 0.3BiAIOs,  mkl= 660+15% wer the

temperature range5 5 to 440 Uuc: tant ~ 0.012 at
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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 permittivityhéor t

solid state route for composition= 0 . 3, =w358+156h across the temperature
range,-55 to 124 °C. These researchers also studied the effect of Nb incorporation to
0.8BaTiQ-0.2BiAlOs (x = 0.2) to try to extend the working temperature range. A
sanqpl e composition cont at=,i251H% FomdDtb Y48 Nb d

UC, and tanit ~ 0. 0O0201t0i200°Q (bstmated).mper at ur e |
2.8.1.8BaTiO3-BiScOs-Bi(ZnosTio5)03

The incorporation of BiSc® into the BaTiQ-Bi(ZnosTios)Oz (BT-BZT)
sysem f urt her(Tfrésponseaengthon ¢t al. (AD12)The solid solution
composition, 50BaiD3-25Bi(Zno.sTio.5)03-25BiScQ, compositionally engineered to
have 2 mol% Bal e f i ci e n c y~ 1400 Hrombd0 ttoe580 °@ (estimated from
published plot) with a tempersrd82uppne®Ccoef
[ TCD Ani{OthUor2)] [Raengthon et al. (20IR2which corresponds to 5%
variation (estimated). Dielectric dhosses
electrical resistivity was reported by Raengthon et fak,this temperature stable
composition: 4.1x10q c¢cm at 335 UC. However, a disa

the very high costs of 303 [Raengthon et al. (201]2)

2.8.1.9NaNbOs-doped BaTiOs-Bi(Zno.s5Tios) O3

Raengthon et al., found that incorporation of small amounts of NaNti®
BaTiOz-Bi(ZnosTio5)O3 (BT-BZT) according to a compositional formula expressed in
mol% terms as, 70BaT#X30-y)Bi(ZnosTios)Osz-yNaNbG, y = 525 shifted T to
| ower temperatures, thereby decr,¢al®3 ng t
°C from a value of ~ IM°C without NaNb® modification [Raengthon et al. (201,.3)

Huang and Cann (2008). Di el ect T ptots)were ghavn frorise °C o U
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+200 ©°C: a number of NaNBO modified compositions e.g. 70BaT4O

5Bi(ZnosTios)0s-25NaNbQd i s pl ayed a t e mp e beterthan ¥9Rr an g ¢
(55175 UC). T Wauesdell fomagl&00 th BBZT to O 700 f

NaNbQ modified compositions with the best leemperature performance.

2.8.2 NapsBiosTiO3-based temperature table dielectrics

2.8.2.1NapsBiosTiO 3-NaNbOs

The system (K)NaosBiosTiOz-xNaNbQ (NBT-NN) was investigated for
NaNbQ contents up tx = 0.08 Li et al. (2004). The NBT endmember is a relaxor
di el ectr i cpeakath 308°Chancdsaddt at’~ 180 °C. Incorporation of
NaNbQ in the rangex = 0.0%£0.03 shifts the peak and shoulder to lower temperatures;
both features become increasingly diffuse for Nablin@dified samplesLi et al.
(2004). At x = 0. 08, (B pldieaw gethds from ~ 20@&00 °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 (NBTBridger et al. (2008) A variety of
substituents and dopants were used(Mto br
shoulder and main peak. Example of minor substituents included Sr, Ca, Ba. A further
flattening of the dielectricesponse, 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 dNBiosTiOs and NaNbQ@ was
found to give a nar flat dielectric response over a wide temperature raBgeder et
al. (2008) . Optimum composilODOns agdve abu <

temperature rang&0 to +200 °C: resiwity was > 16°q m.
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2.8.2.2NapsBiosT103-KTaO3

Kéniget al ., r epolr)t epde atkr e nedrsp eirmapedks o s an
various (Ex)NaosBiosTiO3-xKTaOz binary compositions Konig et al. (2011)
Increasingthe KTac ont ent r e s uTréspodse:ifoncorapoditiant .22 r U
U mia = 2000+15%, in the temperature range380 0 UC (esti mated) w
over a narrower temperature rangepm 200 to 300 °C. For composition= 0.05
annealed at hightem@et ur es, a br 0 a ghax®da7@) frenc 160 to 260 ma X |
UC was reported with tani O 0.02 spann

(estimated).
2.8.2.3NapsBiosTiO3-BaTiO3-KosNagsNbOs

Dittmer et al., Technical University Darmstadt, studied the teragsiem, (1
X)[0.94Na sBio.5T103-0.06BaTiQ]-xKo.sNaosNbOz, (NBT-BT-KNN) for compositions
x O 0. 1 8Ditheéd et[al. (2011) In a similar manner to NBbased materials
reported by Li et al., for the NaBiosTiO3-NaNbQ system, and by Bridger et al., for
complex compositions based on NBIi gt al. (2004) Bridger et al. (2008) Dittmer
et al. (2011)observed ax(T) plateauwhich exhibited two broad humps originating
from shoul depeakia thel basge materidl. Howeverh e  wi dt-h of 1
plateau was greater in the NBIT-KNN system. Optimum properties occurredxat
0.1 8 KNN,=20bil#10%, ftn t emper atures of 43 UC t
from ~ 50 to < 300 °C (estimated from published plot). For)[dBT-BT]-xKNN at x
= 0.18, electric®l m eagi s3t0iOv iLtCy, vaansd JRC= t i
For x = 0.15, the reported propesie w ersoe 2349310% from 49 to 313 °C, with

tanli O 0. 0-308°Cf(estonated) (150 6 Bid temperatuigble 2.4
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2.8.2.4Nap sBio5T10 3-K 0.5Bio.5TIO 3-Ko.sNagsNbO3

The Darmstadt group subsequently studied-x)[A.6NasBio.sTiO3-
0.4Ko.sBiosTiO3]-XxKosNaosNbOs;, x=0.080 . 015 cer ami=<X67£10% por t
from 54 to 400 °C for the best composition= 0.15KNN. Compositions with the
wi dest temper at ur ¢ nameayx g @.12 arid 0.85KMNoaxHibited y 1 n
taniu < 0. 025 tappeatkdta he a oarrem temypdrature span, 2300
°C (estimated)Dittmer et al. (2013)

It appears that dielectric losses show a greater temperatureaflontin NBT-

KBT-KNN than for the leading BaTi&Bi(Mgo.sTio.s)O3 or BaTis-Bi(Zno.sTio.5)O3
based dielectric ceramics. In NBIBT-KNN low loss occurs over a significantly
narrower temperatur e r anrgkteat. Hangewarkimgg f u |

temperature ranges may be mogstabilitydagat ri ct e

2.8.2.5CaZrOs-modified NBT-BT and NBT-BT-KNN

The effect of incorporating CaZgOnto NBT-BT and NBTFBT-KNN was to
decrease the | ower operat i nvglues fcosiaetralat ur e
(2012) Zang et al. (2014) The ceramic materialg/ere fabricated according to the
solid solution formula: (&)[0.94NasBiosTiO3-0.06BaTiQ]-xCaZr® and (%
X)[0.82(0.94NasBio.sTiO3-0.06BaTiQ)-0.18Ko sNap sNbOs]-xCaZrQ,  respectively.
Ceramics with different CaZrJCZ] contents exhibited differentocmb i nat i ons
max and plateau temperature ranges. For the #BBICZ compositional series, the
| ower l i mi ti ng t edTpdecreased with incrdasing ansounts bfl a t
CazrQ substitution, from 109 °C at 0.05CZ#y7 °C at 0.2CZ. For NB'BT-KNN-CZ
solid solutions, the variation was froi °C to-69 °C with increasing levels of CazzO
incorporation. Dielectric losses (1 kHz) increased sharply at temperatures abeve 200

300 °C in both NBIBT-CZ and NBFBT-KNN-CZ. The NBFBT-CZ compositiork =



-51-

02CazrQgave theTflaspesse,U with aGRMBE)% con
from-97 to +371 UC, with tani = 0.7% at 30
f r oA plots) increased substantially above 300 °C, suggesting a practical upper
workingtemg r at ur e ( ¢ o mb iand éow loss)rmayobe ~ 300 °€b | e U

Inthe NBEBT-KNN-CZ sy st em, -Ttrespensd dgaintotcerred for U
= 0.2CZ Acosta et al. (2012)In this case, the temperature range of £15% consistency
i n (467 mid) extendedfro’6 9 UC t o +468 UC; diedledtrioc
increased sharply above 300 °C. An electrical resistivity of~g10 m at 300 UC
recorded for the NB-BT-CZ compositionx = 0.2 which had the most stable dielectric
properties. For the NBBT-KNN-CZ compositions, the electrical resistivity was € 10
q m at 300 00U dZor ot her <composiTrésponse wi t

exhibited higher resistity, upto 1dq m ( e -BF-KNNNDBICZ).

2.8.2.6NaosBiosTiO3-BaTiO3-Bio.2Sro7TiO3

Shi et al., reported the electrical properties for thaldicient solid solution
series 0 ( dNBio . Yo.94xBao.oe(Bio2Sio.Ad 0.1)xTiOs0 ( wh er e -site strontiumk
vacang) derived from a NBIBT composition at the morphotropic phase boundary
[Shi et al. (2019) The system demonstrated promising temperature stable dielectric
properties with low loss tangent. A flat dielectric response with very high relative
per mi t t=i4884+1096,wasUeported for consition x = 0.26,y = 0.07 over the
temperature span 50 UC to 270 UC: tanu O
d e c r e aaceurred for talmperatures outside this range. The value of time constant

(RC) was 5.96 s at a temperature of 300 °C.
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stability of

relative

Material system

U mia (T-range, °C)

T-range (°C)
tant020 0.

References

0.7BaTiG®-0.3BiScQ

100G:15% (6300)

50-400

Ogihara et al. (2009a)

0.5BaTiG-0.5Bi(Mgo.5Tios)Os

2400£15% (167400)

238400 (100 kHz)

Zhang et al. (2011)

0.8BaTiQ-0.2Bi(Zmnp.sTio.5)O3 (Ba-deficient)

115Q:15% (106350)

t anut~0 -460%

Raengthon and Cann (201

50BaTiG-25Bi(Zno.5Tio.5)Os-25BiScQ (Ba-deficient)

110G:15% (80500)

~100450

Raengthon et al. (2012)

0.9Na sBigsTiO3-0.1KTag

>2500:15% (86340)

t anu~ 0-300)5

Bridger et al. (2008), (2010

0.82(0.94 Ny sBio.5Ti03-0.06BaTiQ)-0.18Ko sNao. sNbO3

2151+10% (43319)

t anid @0800)0

Dittmer et al. (2011)

0.85[0.6N@.5Bi0.5T103-0.4Ko.5Bi0.5TiO3]-0.15Ko.5Nao.sNbOs

2167:10% (54400)

~100-250

Dittmer et al. (2012)

0.8[0.82(0.8Nay 5Bio sTiO3-0.06BaTiQ)-
0.18Ko.sNap sNbO3]-0.2CazrQ

467£15% (69-+468)

Acosta et al. (2012)

per mi tetrid vi ty
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2.8.2.7BiSc0s-BaTiOs(K12Bi12)TiO3

Lim et al. investigated the ternary-x)[0.4BiScQ-0.6BaTiQ]-xKo.5Bio.sTiO3
series Lim et al. (2009). Thex = 02KBT material displayed a temperatinsensitive
response withy max= 1750, and TG = -800 ppm/°C across the temperature range 200
400 UC: tani < 0.02 for the equivalent t
from 0.3 J/cm at 50 kV/cm to 4.@/cn? at 220 kV/cm. An electrical resistivity of 10

q ¢cm and RC constant of 0.8 s at 300 UC
2.8.2.8KosNapsNbOsz-LiTaO 3

Another approach to achieving widanging temperature stability is not reliant
on relaxor behaviour. Instead ferroelectricgshwhigh Tc offer stable properties with
moderate(» values below 7. This is illustrated by the {£)KosNaosNbOs-xLiTaOs
solid solution series (KNNLT), taking advantage of the high ferroelectric Curie
temperature of KNN (J ~ 420 °C). However, unmodifie KNN displays an
orthorhombic Z tetragonal pol ymorpéic pt
discontinuity which prevents temperature stabilityximalues at T < I This transition
can be shifted to much lower temperatures through appropriatés lef/e iTaOs
incorporation, as demonstrated by Skidmogkifimore (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 @iaf response was
obtained forx = 0.1LiTaQ from temperaturess0 °C to 350 °C withy ~ 480+15%: the
upper temperature limit lies at the onset of the tail to the ferroelectric Curie peak (T
450 °C). For the composition = 0.07, a slightly narrower temperatts&@ble range
occur r e, 630R00415% fidm-15 °C to +300 °C.gkidmore et al. (2009)

Skidmore (2009)
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2.8.2.9K05NapsNbOs-LiTaO 3-BiScOs

Skidmore et al., also studied dielectric and piezoelectric properties iertiaey
compositional system {2)[(Ko.sNao.sNbOz)o.93-(LiTaOs)o.07-xBiScOs [Skidmore et al.
(2010}. Addition of BiScQl ed t o a de c nexérane- 3600 axw@tbue s
~1800atx= 0. 02 and t he cT peak The dieleotrdc respondei f f u
become flatter at = 0.05 with estimated values of ~ 1150+15% from ~ 20 °C to 450
°C, [Skidmore et al. (2010)Skidmore (2009) : t anld revaOBOIOB dor we

temperatures from 2200 °C, decreasing to < 0.025 at Z8D °C Bkidmore (2009)

Zhu et al., studied dielectric and piezoelectric properties in the system, (1

X)[0.98Ko.sNao.sNbO3-0.02BiScQ]-xLiTaOs [Zhu et al. (2011a)Zhu et al. (20118)

V al u ersadecfeaséd from an estimated 7008 at0, to 2600 ak = 0.03LiTaQ.
Compositionx = 0.02LiTa@ showed consisteni(T) response withyx estimated at
1000£15% from @00 °C. Thex = 0.03 samples gave& ~ 700%£15% from
approximately-552 0 0 UC. Values of tanid were ~ 0.
For certain compositions, the broadl response showed two spbaks. Analysis by
TEM-EDX indicated tle origin of the sulpeaks in certain sNaosNbOs-LiTaOs-

BiScO; compositions, e.g. 0.98[0.95KNa0 sNbOz-0.05LiTaG]-0.02BiScQ, was due

to coreshell segregationzhu et al. (2019)

2.8.2.10 KosNagsNbO3-Bi(Zno.78Wo.25)O3

The solid solution (&X)Ko.sNaosNbOz-xBi(Zno.7sWo.25)03, [KNN-BZW] was
synthesised byChen et al. (2015)The crystal structure was identified as having
orthorhombic symmetry with no evidence of secondary phases. PIotd afdicated
two phase transitions above room temperature: orthorhetatsegonal and tetragonal

cubic. These transitions became more diffuse with increasing BZW content.
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Compositionx = 0.01BZW gave temperatustable dielectric behaviour, with ~
1300£15% from tempetaur es o f 150 to 350 UC; tand

range.

2.9 Conclusions

As mentioned above, a wide variety of compositionally complex perovskite solid
solutions display neestable relative permittivity over wide temperature ranges with
upper tempext ur e | (i+xbSP6tas 300600 °CUThe materials with the widest
temperature range of st abrl~d400®,rodv diblactgch r e |
loss and high electrical resistivity were found in some materials; for example in
BaTiOs-BiZnosTios0s-BiScOs  system exhibited 3 = 1000+15% across the
temperature range &D0 °C However, the lower temperature limit lies above reom
temperature. Moreover, the costly scamnd content in these materials led to the
limitation for commercial applicationddaterials which achieve stability down 65
UC exhibit moder ate r-e500)tandeowlospoeaurmovertai v i t
significantly narrower temperfmateaurHence ange
working temperature ranges maybeme r estr i ct ed t hstabiityat f i
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 gfa 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 fotheir 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 prepdéi@ 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, gnding and electroding.

Drying of Stoichiometric Ball milling Drying on
Raw powders Weighing for24 h reflux 100eC
v
N
Ball milling Sievi _ -
for 24 h eving Calcination Sieving

N

Drying on . Uniaxial Cold isostatic
reflux 1 0 O F C Seeving | pressing | l pressing

—

\
Electrical Silver Firjis(f;_ing, S
characterization electroding grinding intering
(polishing)

Figure 3.1 Flow chart describesthe key steps for powderprocessing including

N

;

shaping, sintering and electroding.
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3.2 Ceramics Fabrication

3.2.1 Powder processing

The raw powders were procesisby 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
K2COs O 99% Sigma Aldrich 584-08-7
BaCQ O 99% Alfa Aeser 513-77-9
CaCQ O 99% Sigma Aldrich 471-34-1
NaCOs O 99. 5%  Sigma Aldrich 497-19-8
Bi20s3 99.9% Sigma Aldrich 130476-3
TiO2 99.9% Sigma Aldrich 131780-2
Nb20Os 99.9% Alfa Aeser 131396-8
Zn0O 99.9% Sigma Aldrich 1314132
ZrO; 99% Sigma Aldrich 1314234
MgO 99.9% Alfa Aeser 1309484

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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3.2.1.1Ball Milling

The mixing of raw powders was performed by conventional ball milling, in a
custom made plastic bottle (0.5 Litre) and ytstabilized zirconia (YSZ) cylindrical
balls ~ 7.3x7.2 mm (length. diameter) as a grinding media. All compositivere
milled for 24 hours using-Bropanol (Sigma Aldrich, purity 99.5%) as the milling
media. The raw powders, grinding media anrgr@anol together filled 2/3 of the
plastic bottle: this was then placed on the horizontal mechanical rollers for 22t hou

with speed of ~ 100 rpm.
3.2.1.2Drying 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, theddpowders were sieved through 300

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

Before shaping and sintering, the milled powders were calcined at certain
temperatures. The main purpose of calcination of thednpowders is to cause
dehydration, removal of carbon in the form of carbon dioxide and thehmmical
reaction to form a desired solid solution. The homogenized milled powders were placed
in covered alumina crucibles with lids (Alsint, Fisher Scientifid, 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 time4 3hours and calcination
temperature in the range of 82000 °C was used for most of comsfimns of different
systems, Figure 3.2 and Table 3.2. After calcination at appropriate temperature, the

powders were passed -miladfa 24chburs 2rtdwvt%cbmdeme s h ,
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was introduced (Ciba Glascol HA4: Ciba speciality Chemicals, Bradidk). To
facilitate compaction and shaping into pelletsmiled powders were sieved again and

stored in air.

1200

1000 +
3 Hours
~ 8004
IU
\é/ N dwell time ‘5\\
5 600+ $ o
© /Q 2.
< %) >
§ 400-
}—
200 +
. . ; , ! . . \ .
0 2 4 6 8 10

Time (hours)

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

cooling rate  Temperature time

(1-x)K0.5Bio.5TiO3-xBi(Mgo.5Tio.5)O3 5 °C/min 850 °C 3h
(1-x)Ko.5BiosTiOz-xBa(Zro.2Tio.g) O3 5 °C/min 850-1000°C 4 h
(1-X)Bao.sCa0 2 TiO3-xBi(Mgo.sTio.5)Os 5°C/min  800-:1100°C 3h
(1-X)Bao.8Ca.2TiO3-XBi(Zno sTio.5)Os 5°C/min 900 °C 3h
(1-x)BaTiOs-xBi(Mgo.5Zr0.5)O3 5 °C/min 900 °C 4 h
0.45Ba eCa.2TiO3-(0.55X)Bi(Mgo.5Ti0.5)Os- 5 °C/min 900 °C 3h
xNaNbQ

(1-x)[0.5K0.5Bi0.5TiO3-0.5Ba(Zp.2Ti0.8) O3] - 5 °C/min 900 °C 3h

XBi(Zn2/aNb1/3)O3
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3.2.1.4Shaping of Powders/Pelletization

The shaping of powders in the form of pellets was carried out by uniaxial
pressing (Apex Construcin 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 twld 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 tc-30R00
MPa for ~ 10 minutes. The ge pellets after isostatic pressing were fired at various

temperatures for sintering.
3.2.1.5Sintering

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

apgications.

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 wesrddad
in Aatmosphereo powders of the same con
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
°Ch 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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sinteing 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)Ko.5Bi0.5TiO3-xBi(Mgo.5T10.5)O3 5 °C/min 105G1100°C 4 h
5 (1-X)Ko,5Bi0,5Ti03-XBa(Zro,2Ti0,8)03 5 °C/min 10631350 °C 4-6 h
6 (1-X)BBO.SC&).ZTiOS-XBi(Mgo.sTiO.s)OS 5 °C/min 10001400°C 3 h
7 (l-X)Bao_sca)_zTiOyXBi(Zno_sTi0_5)03 5 °C/min 10501400°C 6 h
8 (1-x)BaTiO3-xBi(Mgo,5Zro,5)03 5 °C/min 10031350°C 6 h
9 0.45B@ 6Ca5TiOs-(0.55x) 5°C/min  105061150°C 3 h
Bi(Mgo.5Ti0.5)O3-xNaNbQ
10 (1—X)[0.5K0,58i0,5Ti03- 5°C/min 10431100°C 4 h

0.5Ba(Zb.2Tio.8)O3]-xBi(ZNn2/3Nby3)Os

3.2.1.6Finishing 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 GaHl, 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; relativerdties were obtained by comparing these results with the
theoretical densities as estimated from unit cell parameters and the assumed cell

contentqTable 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 papgrehler carbimet Gt 2500) to eliminate

any short circuiting during electrical testing/characterization.

3.3 Characterization

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

used to inestigatemicrostructure
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 mosmmmnly and widely used
characterization technique in material science. The main advantage of XRD technique
is that of the fast, nedestructive testing and small sample size required for the
analysis as compared to other conventional chemical anal@siity 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-ghells electrons, Figure 3.4.

M5

M3
M2 > K K
- M 5
a L3 §
L2 c
L1 -
Kai| Ka2 | KB
. K
Energy(eV)
(b) (©

Figure 3.4 Characteristic X-rays production mechanism (a) electron interaction
(b) electron shell transition and (c) continuous and characteristic Xays spectra

[modified asStevenson (2010Q)

Electrons from the outer shells (L, M, N) make transition to theh&ll vacancies and

high energy Xray photons are emitted, known as characteristiays. The most
probable transition is from outermost shells pama kseries; Krradiation from L

while Ks emission occurs from Mhell respectivelyQullity and Stock (2001) Due to

sub energy levels of-khell, Krconsists of l§1( & ~ 1. 5KoQ(6a j~) la.n5d4 4 3
Since monochromatic radiation is used for diffraction researgls #lteredby Nickel

(Ni) while Kgois striped by Xoépert high score plus s
incident electrons when hitting the metal target, decelerate causing the emission of
another types radiation, known as continuousa¥s. A collimated beam oX-rays

incident on the crystalline material is diffracted by the crystal planes, Figure 3.5.
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AO+OBgdsin +dsin

Figure35Br aggos refl ecti on kuylityamd $teck @d01).] modi f

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 occumwbely

Braggodos | aw is satisf i eCulityanhStogkh(z08lg) gi v el
2dsing =n/ Equation 3.1

where d is the inter planer distancd, is the wavelength of X ay s , d is the
angle andn 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 Xrays (/).

In this study, Xray diffraction facilities wee 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/straitesture effects. The fine powders were then
analysed byusing Xr ay powder di ffractrometer Br ul

Karlsruhe, Germany) with scan speed, 1%amid range of angles from200 U. 2 d
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High temperature XRD analysis was carried out for $jgecompositions at a
scan speed 1°/min over the temperature range 25 °C to 400 °C by using a PANalytical
X6pert Pro MPD diffractrometer (Philips,
oven and TCU 1000 controller (Paar Physidafernal standard veanot used for these
compositional comparisorlhe collected XRD patterns were analysed by using the
PANal yti cal X6pert Highscore Plus softwa
by using WinPlotr (least square refinement method) and peak prbfte f by Xo&p e

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

To study the Curie temperaturecTand characteristics of structural phase
transitions of a material, the temperature dependent relative permittiyjityar(d
dielectric | oss tangent (tantu) i's the co
dielectric | oss tangent (tanu) as a- funcH
1 MHz) were measured by using an Impedance Analy$erAgilent, 4192A ewlett
Packard, Santa Clara, CA) poweredlapVIEW software. The relative permittivity is
usually measured from the capacitance and dimensions of the ceramic discs using the

formula [Cai et al. (2011)

_cet
6 =—,
e’ A

Equation 3.2

whereC 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 disé) @nd e,is permittivity of the free

space/or air (~ 88«10 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 temperaturedo a maximum of 600 °CDifferent limits of high
tempeatures 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 7C°C by using an environmealt chamber (TJR; Tenney
EnvironmentalSPX, 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
tenmperature range from 2% 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 polarisatiorelectric field (RE) and strairelectric field (SE) response were
studied simultaneously by an experimental setup consisting of an optical fibre
displacement sensor (MPI100, Fotonic Instrument, Albany, NY), a 5 kV amplifier
source (Model 5/80, Trek Inc., Medina, NY) and data aqusition hardware (Radiant
Tecmologies Inc.,Albuguerque, 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 collectedd s ampl es of t
mm and area ~ 0.50 érat room temperature for a frequency of 1 Hz. The electric field

was increased with 10 kV/cm steps to a maximum e8®&V/cm.

Polarisatiorelectric field response from 25 °C to 180 °C was also cordifmte
some selected samples at the University of Manchester, using a custom made
polarisation setup. The latterEP> measurements were performed with a temperature

controlled silicone oil bathusing a computecontrolled ThurlbyThandar TG1304
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function gerrator in combination with a HVA1B high voltage (50 kV/cm) amplifier

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

For piezoelectric charge coefficient measuremegistide samples were poled
by using a custm 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 sywtems). The temperature was checked by-typ€ thermocouple before
applying the electric field. An electric field of &D 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 ero for removal of the pellet.

After poling, the piezoelectric charge coefficiens vas 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 fdesge

The electromechanical planar coupling factas;, & 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
depolaisation 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 pding 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 electricroscope 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 phaseSdodhew et al. (200]L)

A scanning electron microgpe 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 acceldradethe specimen with high
energy (330 keV). The condenser lens-g@gnifies the accelerated electrons to
control the beam diameter-{® nm) before striking the sample. Below the condenser,
the objective lens further focuses the electrons on the swfahe sample. SEM also

consists of scanning coils which deflect the beam in opposite directions which allow



-70-
the electrons always to pass through the optical centre of the objective, Figure 3.7. The
electron beam scans the sample when striking the sathpldgeam position on the

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

Electrongun

Condenserlens

\V4
l l Objectivelens

=) = Scan coils
\

1/

e =m—— Aperture

ODetector
-

7

/ /' 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 electrenfrom the atoms of the sample-r&ys and some incident electrons
are bounced back (back scattered electrons) after inelastic scattering from the nucleus
of the sample atom. The secondary, backscattered electrons-exy Xignals are
detected in all mimscopes by 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 Xray detetor 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. (2001L) Whenever highly accelerated electrons hit the sample and
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knock out the inner shell electrons of the samgiems, characteristic -¥ays are
produced as a result of a vacancy filled by higher shell electrons (see Figure 3.4). These
lines of characteristic Xays correspond to particular wavelength depend on the atomic
energy levels of the atom. The EDX (Energisjizrsive Xray spectroscopy) Xay
detector measures the number ofays 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. Samplagere coated with a ~8 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 ZQN&(Hitachi, Japan). The specimen were analysed
by using LEO 1530 GeminFEGSEM (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 k@ kV and a working ditance of ~& 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 athinltra
specimen (O 500 nm). Due to high el ect:
Microscopes (TEMs) enerate magnified and highly resolved images in imaging and
diffraction modes, unlike Scanning Electron Microscopes (SEMS)EM, images are
built up from diffracted electrons (dark fiel8 TEM) and undiffracted electrons (bright

field electrons) due telemental differences. The contrast of dark and bright fields
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gives the details of elemental differences and sample microstru€reslemental

mapping, EDX is used witBTEM.

In this work, the sintered ceramic samples were cut down to ~ 3 mm in diameter
by using a Disc Cutter (Model 601, Gat an
15 and 5 em grits. For el ectron transpar
further at the centre by using Dimple Grinder (Model 656, Gatan, USA) with alumina
susp@si on polishing paste (~ 0.05 em). The
using a Precision lon Beam Polishing System (PIPS, Model 691, Gatan, WSA).
Philips CM200 Field Emission Gun Transmission electron microscope (FEGTEM) was
used to study micrdsicture 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 KsBiosTiO3-Bi(MgosTios)Os Ceramic

System

4.1 Summary

This chapter deals with theBelectric, ferroelectric and piezoelectric properties of
the relaxor (IX)Ko.sBio.sTiO3-xBi(MgosTios)Osz ceramic system, abbreviated - (1
X)KBT-xBMT.

Compositional disorder and the formation of polar nanoregions are the basis for
most models of relaxoriglectric behaviour where mixed ion valence and size
occupancy on A and/or B sites of the perovskite ABfftice 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 singlease perovskite for
compositionsx < 0.1, but precise phase analysis proved difficult. The interpretation
reached from standard XRD data is that compositiodds 0. 025 wer e tetr é
0.025 <x < 0.03 there was a phase boundary between tetragonal and mixed
tetragonal+cubic (or pseuddaua) phase fields. The highk limit of the mixed phase
field occurred ax ~ 0. 0 8. Uncertainty surrounds t
phase, it may be globally cubic but randomly oriented localisedcantrosymetric
regions may exist and be responsilidr its ferroelectric character (as evidenced for
ferroelectric behaviour im = 0.0§ which was predominantly cubic with a very minor
level of ceexisting tetragonal phase. Future high resolutiomay)X and neutron

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

The compositional position of the tetragonal/mixed phase boundary \aniged
slightly with temperature up to the temperature of the transition to atérigpberature
cubic singlephase (~ 28@60 °C forx = 0.030.04). Hencgthe boundary approximates
to a morphotropic phase boundary, MPB, but in this case the boundary wizeblgr
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, fhiezoelectric charge coefficientzzdwas 150
pC/N for compositiorx = 0.03. Large bipolar electromechanical strains- @30% at
fields of 50 kV/cm were recorded, withssd (SmalEmay) values of ~ 760 pm/V for
compositionx = 0.04. Roortemperature unipolar strains at fields of 80 kV/cm were
0.30% forx = 0.03 andx = 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 sucbnihat
0.18% at 185 °C for the MPB compositions.

The systemods di stinctive high depol ar
alternative PHree piezoelectric ceramics) was confirmed by thermally stimulated
charge decay measurements, and piezoelectrigplingu coefficient k versus
temperature measurements, both techniques indicated a depolarisation (P = 0)
temperature J~ 220 °C. At room temperature, values piere ~ 0.16 for KBT X =
0), increasing to a peak value of ~0.18%0¢r 0. 03. X0Ge 00063 m®dt er
sustained polarisation at low electric fields at re@mperature (no constriction being
observed in FE loops), with remnant polarisation ~ 18 pCfcior x = 0.04 and 0.06;

the coercive fields were 28 kV/cm and 23 kV/cmxer 0.04 and.06 respectively. On



-75-
heating to maximum test temperatures of 180 %€, ddnstriction became evidentxn

=0.04 at 180 °C.

4.2 Results and Discussion

4.2.1 Phase Relations

Figure 4.1 shows Xay diffraction patterns obtained at rodgemperature for
crushed sintek pellets. XRD patterns indicated thatX)KBT-xBMT compositions
wi t hx<®.03were tetragonal. F&r= 0.04, comparisons of the peak profiles in the
~ 4547 °21 range (002/200r) indicated a third peak was present between the
tetragonal doublet, Figure 4.2. The third peak became more prominemicasased 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 conckQOsO0Ood8iwertdami x¢
tetragonal and cubic (there was only a hint of tetragonal i th8.08 pattern). Close
inspection ofx = 0.03, showed evidence of a shoulder consistent with the peesén

cubic phase coexisting with tetragonal phdsgure 4.2(b)

A minor amount of secondary bismuth titanates{BO12) phase, along with a
cubic KBT-BMT phase was evident for the= 0.1 and 0.12 sample compositions
(Figure Al, Appendix), implying tle solid solution limit was ak < 0.1, but the
equilibrium solid solution limit was not studied in detail as the best piezoelectric

properties were found at= 0.03 and 0.04.

The variation in lattice parameters for different samples is shown in Fidlire 4.
For KBT (x = 0), the tetragonal lattice parameters were 3.907+0.002 A and =

3.979+0.003 A changing = 3.94+0.003 A andc = 3.972+0.001 A atx = 0.03. The
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contraction in tetragonal/a ratio with addition of BMT content into the solid solution
is shown in Figure 4.3 (inseffor KBT c/a~ 1.02, decreasing to 1.015xat 0.03. The
observation that lattice parameters vary across the two phase region shows the region is
not a typical equilibrium twgohase zone. Instead it implies the compositioheach

phase change progressively.

The classic relaxor Pb(MgNb2/3)O3 (PMN) also diffracts as cubic (in PMN the
space group is Pm3m). Randomly oriented polar nanoregions form by cation
displacements from standard crystallographic positioBenfieau et al. (1989)

Bonneau et al. (199]1)

(a) § secondary phase (b)
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Figure 4.1(a) Room temperatue XRD patterns for (1-xX)KBT-xBMT ceramic
system; (b) highlighted {111} and {200} reflections (arrows indicate the cubic

phase coexisting with tetragonal phase).
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0.03; (c)x = 0.04; (d)x = 0.06 (e)x = 0.07 (f) x = 008 (without profile fit)

(highlighted {111} and {200} reflections).
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4.2.2 High Temperature XRD and Phase Diagram

High temperature Xay powder diffraction data are presented oregpanded
scale for {111} and {200} reflections inthe 388 U2d r ange in Figur
were used to construct a phase stability diagram, as shown in Figure 4.6. The variation
of unit cell parameters and theita ratios for compositiong = 0-0.07 measured over

the temperature range-200 °C are shown in Figure 4.5.

The temperature variable XRD was conducted orPthiéps X 6 p e r t Pro N
diffractrometey while the roomtemperature data reported in Section 4.2.1 on the
Bruker D8. Comparisonsindied an of fset of ~ 0.15 U2d
Internal standards were not used: key samples should-tm nesing a standard in
future to obtain highly accurate lattice parameters. However, the existing data is

considered sufficient to highligitends 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 boundar yforgemperaturesofrom 268Ct0 308 by
°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 differentapsation directions, as in PZT, since
the (EX)KBT-xBMT system may show eexistence of two different relaxor phases,
one which diffracts as tetragonal, the other showing no deviation from cubic diffraction
patterngthe other boundary between mixed aodbic 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 structiranalysis (nanoscale) is required. For
whatever reason, experimentally it is demonstrated that-femol piezoelectric
properties are enhanced near the KBNMIT MPB, showing that the specific local
structure or ceexistence of two different local strucés (one diffracting as tetragonal,
the other cubic) enhances the polarisability of the bulk strucliure.thought this is
because of the beneficial effects in reducing coercive field by reductioria mtio
from 1.02 i n KEBTD.03t(swendlyy harriérd té dipmle switching are
reduced) as well as easieramentation 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 KBk € 0) was tetragonal at room temperature and
retained i ts tetragonal symmetry up t o

tetragonal +cubic appeared at temperature
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Compositionx = 0.02 remained singlphase tetragonal fronoom temperature up to

300 °C above which single phase cubic patterns appe&echpositionx = 0.03

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

transforming to single phased cubic at ~ 280 @@mpositionx = 0.04 exhibied a

mixed phase from room temperature to 240 °C, above which it existed as single phase
cubic. The mixed phase temperature span reduced-22@5C aix = 0.06 and 28.60

°C forx=0.07.

A significant variation in the tetragonal lattice parametarand 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= 0) the lattice parameters wease= 3.907 A
andc = 3.979 A at room temperature, decreasimgalues ofa = 3.928 A andc =
3.944 A at a temperature of 300 °C. A similar trend occurred for composit0s02
and 0.03, where the tetragonal lattice parameters converged to cubic at a temperature of

300 °C and 260 °Qespectively.
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Figure 4.5 Variation of estimated lattice parameters versus temperature for (1
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002/200 peaks (tetragonalhence error statistics are not available.
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Figure 4.6 Phase diagram for (2x)KBT -xBMT ceramic system based on high

temperature XRD data.

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

following sections is given in Table 4.2 (pabE?).
4.2.3 Dielectric properties

Plots of temperaturd e pendent rel aandel pesmfactor
different frequencies are ggented in Figure 4.7. The dielectric response of unmodified
KBT, with peak temperaturenl~ 380 °C (1 kHz) is shown in Figure 4.7(a). The (1
X)KBT-xBMT solid solutions also exhibited broad frequenttcg pendent peaks
T plots and datBp & rcearacteristid of a relaxor.UFor-xJKBT -
xBMT, the dielectric peak temperature @ecreased from ~ 380 °C for KBX £ 0) to
~330°G340 UC for compositixoOnsO.iOMB.t hHfener @an
correlation between Jvalues and the bodary temperature of the high temperature

cubic phase fox < 0.08 in the phase diagram (Figure 4.6).
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A discontinuity or inflectiomTplats O 26
of KBT unpoled (onset tempature on heating), Figure 4aj, but not inthe BMT-
modified samples. A similar inflection to unpoled KBT exists in alternative-fiesa
piezoelectric NasBiosTiO3-BaTiOz (NBT-BT), where samples of NBBT near the
MPB (6 mol% BT) haveu(T) inflections in the range 9005 °C; the inflection
tempeature is reported to correspond to the depolarisation temperat[R&del et al.
(2009].

Pl ot s gavé a deamdigation of a discontinuity belownlin the unpoled
KBT- a broad peak onset temperatw@ s s i mi }irflection temperdtuze; the
peak centre was ~ 3080C (1 kHz which may signify the end of any atom
rearrangementha cause the dielectridiscontinuity in KBT, Figire4.8. A correlation
exists between the temper at usferKBIfandtthee di
cubic boundary temperatures on the phase diagram exist (this aspect is considered

further in Setion 4.2.7, Figure 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 @rrow indicates the onset temperature of the inflection in KBT).

The temperature of dielectric inflections in polE®@T shifted by ~ 50 °C

toward lower temperatures ~ 200, with tani

peak

Figure 4.8 In KBT-BMT unpoled sampleshte r e

a t50 ¥@onyoled BT 2

wa s no

nfdTect i

discontinuity appeared in poled samples. For paled).03, there was a discontinuity

at 180200 °C (1 kHz data), Figure 4.8

o
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For (:X)KBT-xBMT ceramic samples, values of
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 chges to defect chemistry, resulting in ionic or electronic conduction
which gives rise to high measured values of dielectric |&&njan and Dviwedi
(2005 . A similar sharp rise | n-BfaathaMPBal ue:
conposition (6 mol % BT), where tanu > 0.2

[Wang et al. (2003)
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4.2.4 Ferroelectric Properties

4.2.4.1Room Temperature Ferroelectric Properties

Figure 49 shows the FE response for the {)KBT-xBMT system measured at
room temperature ggx O 50 kV/ cm, 1s rdzchear evildneeroé wa
ferroelectric switching in KBTX = 0) or in singlephase tetragonal = 0.02 ceramics.
The ellipsoid loops were typical of a lossy dielectric. Howeverxfor 0. 03 s amp| e

shape of the fE loops indicated ferroelectric behavipEigure 49.

Values of remnant polarisation were-P 1 4 %fd€ ¥ =003, increasing to
~ 18 ZfoEx =014, with coercive fields ~ 25 kV/cm and 28 kV/aespectively.
In the example of th& = 0.06 composition, the remnant polarisatiop, Was ~ 18
uC/cn? and coercive field, £ 23 kV/cm. One possible explanation for the evolution
of ferroelectric PE loops with increasing BMT content is that the coercive field of the
tetragonal phase (eexisting with cubic) decreases with increasing BMTiteat due to
a contraction in the/a ratio (Figure 4.3 inset). Howevethe reason may be more
complicated as the true, or local symmetry, of the-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 #£E measurements. But many relaxors including lead magnesium
niobate (PMN), diffract as cubic despite containing polar (and non polar) regions due to
the shor polar length scales. Thus KEBMT may be similar in this regard. Others
have reported that o6tailsé on diffractio
polar nanoregions, arising from disordering of catidsnneau et al. (1989Bonneau

et al. (1991)
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Figure 4.9 Roomtemperature polarisation-electric field hysteresis loops for (1

X)KBT-xBMT: (a) xO 0. 03 x@nad. Q&) (at 1 Hz).

4.2.4.2Effect of Temperature on RE Response

Polarisatiorelectric field response was also studied as a function of temperature

(50, 100, 150, 180 °C in a silicone oil bath) for selddamplesx = 0, 0.03, 0.04 and

0.06, Figure40. These high temperature experi mert

help at Manchester University.
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For KBT (x = 0), there was no ferroelectric switching at 50 °GafE 50
kV/cm), but at 100 °€180 °C, ypical ceramic ferroelectric-E loops were observed,
with P~ 14 uC/cdand EO 2 0 lat\MLOO@nFigure 410(a). Compositiorx =
0.03 displayed standard ferroelectrideRoops up to 180 °C; loops became narrower
(less lossy) as the temperature increased in this range consistent with easier
nanodomain mobility/reorientation asmperature rises. For compositian= 0.03,
values of remanent polarisation,viere ~ 14 uC/crhat 25 °C increasing to 18 uC/ém

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

Possibly KBT is a ferroelectric below thiginflection temperature but coercive
field at < 100 °C is too high to show ferroelectri&Roops ¢/a~ 1.02 at 25 °C) but as
temperature rises to ~ 100 °C ald decreases to ~ 1.015 switching is possible under
the measurement conditionne= 50 kV/ ¢ m) . -T Thiteetionemperature is 260
300 °C for KBTF possibly above this temperature thd=Roops would constrict (see
below for KBT-BMT). It is noted that 260C-300 °C corresponds to a narrow mixed

phase tetragonal+cubic region for KBT on thagddiagram.

Compositionsx = 0.04 and 0.06 each exhibited normal @saturated)
ferroelectric loops to temperatures of 150 °C, but the 180 °C loops=fér04 showed
pinching or constriction, Fig 40(c), (d), suggesting proximity to the onset tempagat
of depolarisation. The reason this was more obvious=rD.04 than 0.06 is not clear
(Ta values ofx = 0.06 were not recorded) but experimental variations in the oil bath

temperatures close tq may be responsible.
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Figure 4.10 Polarisation-electric field loops as a function of temperature for: (ax

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

4.2.5 Electromechanical Properties

4.2.5.1Strain-Feld Response

Bipolar strainrelectric field, SE, loops for the (EX)KBT-xBMT system
measured at room temperature are presented in FigureFbd unmodified KBT the
maximum electric fieldnduced bipolar strain values were < 0.05% (50 kV/cm, 1 Hz),
and for x = 0.02 BMT, $ax ~ 0.07% (from electroconstriction). Berfly loops
showing positive and negative strains of a piezoelectric were recorded>f@.02.
Strains (positive strains) were ~ 0.25% %or 0.03; ~ 0.35% fok = 0.04 and ~ 0.30%
for x = 0.06. Peako-peak strains were up to ~ 0.45%, FigureldThe cks* (SmadEmax)

values from bipolar & loops were ~ 760 pm/V and 660 pm/V for 0.04 andx =
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0.06 respectively. The = 0.08 which was neaingle phase cubic also gave a strong
piezoelectric &£ response, Figure 4.1

These strain values at moderalrive fields are comparable to the best NBIT
MPB compositions Guo et al. (201Q) and ternary N@sBiosTiO3-Ko.sBios5TiOsz-
Bi (oMis)Os systems HHiruma et al. (2007h) Ma et al. (201Q) Maurya et al.
(2013) . But | ower t han 40.A880 dévegldpedn80 &V/icesmt50ai n s
mHz) in NasBiosliO3-BaTiOs-KosNapsNbOz and  Na.sBiosT103-Ko.sBio.sTiOs-
Ko.sNao.sNbOs ceramics, which arise from an electield-induced phase transition that

gives a different shape ofESloop [Zhang et al. (2007)
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;\3
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Figure 4.11 Electromechanical bipolar strain versus electric field for (Ex)KBT -

XBMT ceramic system.

Unipolar straindield plots for compositionsx = 0-0.06 at progressively
increasing fields (fax) from 10 kV/cm to 80 kV/cm are shown in Figure2dnd 4.8
(different presentaonal styles). The maximum strain obtainedxer O was ~ 0.15% at

80 kV/cm, 1 Hz. For compositior = 0.03and 0.04 the strain level was ~ 0.30% at
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fields of ~ 80 kV/cm, Figure 43[b) and (c).In all cases standard deviation calculated
from 10 repeain-situ measurements was ~ 0.02% (without removing the sample from
the sample holder). In another set of experiment, unipolar strak=@.03 was tested
by removing the pellet from the rig and placing back, themeasuring 3 times. The
variation in naximum unipolar strain was about ~ 0.03%; the lowest strain in the set of
three was ~ 0.14%. Hence, the relative error was ~ 25%, Figute 4He
corresponding g* values (@afEmay from unipolar SE loops were from 370

280pm/V forx = 0.03 (see Figuré.16 and Table 4.2).

Unipolar strains at 50 kV/cm were in the range €14 % forx = 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 ,geigacke 4.25

The unipolar & loops were relatively narrow, with hysteresis of ~ 7% at 20
kV/icm and 13% at 50 kV/cm (% hysteresis defined as width atnd/2Bvided by
Snaxx100%) [Zhang et al2008)]. Independent researchers have commented that strain
hysteresis of > 60% occuifor ternary NBIBT-K NN &6 gi ant 6 <hengai n
and Zuo (2019) Selfheating leading to possible depolarisation may result from wide

hysteretic SE response.

The low SE hysteresis values ame some ways similar to hard PZTHapter
11) which has low dielectric losses but for KEBMT, 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 d&Hz ard strain at 1 Hz. Future work should include
the study of frequency effectEhe variation in roostemperature strains in-{KBT -
XBMT, x= 0.03 versus drive field (O 8p kV/

suggesting a discontinuity at E O 60 KkV/
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Figure 4.15 Variation of unipolar strain (x = 0.03) by repeating measurement 3

times under the same conditions but by taking out the sample from the rig and

placing back.
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4.2.6 Measurementof Piezoelectric Charge Coefficient (gb)

The measurement of piezoelectric charge coefficiegtwhs carried out using
the Berlincourt method. The poling conditions (electric field and temperature) were
optimized for compositionx = 0.03, Table 4.1. Thesamples 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 0 and 0.02 which were poled at ~ 40 kV/cm due
their breakdown at higher fields. For poling, the pelletsewseated 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.

Samplex = 0 had a piezoelectric charge coefficieng af 44 pC/N (poled at 40
kV/cm); x = 0.02 was similar. Values otgreached a maximum of 150 pC/N for
0.03 (poling field, 60 kV/cm). Compositions with high BMT content had a
piezoelectric charge coefficientgadof 133 pC/N forx = 0.04 and 100 pC/N fox =
0.06. A progressive decrease #3@as observed with the further addition of BMT. The
effective ds values (ds’) for the converse piezoelectric effect, determinednagBnax
(bipolar and unipolar) are also presented in Figur® 4rid Table 4.2HKjpolar and

unipolar data).
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Figure 4.16 Variation of piezoelectric charge coefficient, et and effective s’
(bipolar, Smax’Emax) and dss* (unipolar, Smax’Emax) versusxBMT for the (1-x)KBT -

XBMT system.

Table 4.1 Optimum poling conditions for compositionx = 0.03.

Temperature dzz(pC/N) d33(pC/N) d33(pC/N) d33(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 leadfree piezoelectric systems with interesting properties at room

temperature undergo a severe degradation in piezoelectric properties on heating, for



-08-
example (Ba,Ca)(Zr,Ti)©with high &z ~ 620 pC/N is reported to undergo thermal
depolarisation at temperatures below 100 XG¢ et al. (20118) The MPB displayed
by (1-X)KBT-xBMT system (Figure 4.6) suggests that cetesit ferroelectric and
piezoelectric performance may be possible over a relatively wide temperature range.
The high temperature-B loops (Figure 4.0) were evidence that polarisation without
loss of remnance was retained to ~ 180 °Gfo10.03. Systemsuch as NBIBT show

PPE constriction |inked to depolarisation
4.2.7.1 Coupling coefficient k, versus temperature

Both KBT (x = 0) andx = 0.03 andk = 0.04 (:x)KBT-xBMT exhibited similar
trends in kas a function of temperature, Figure 4.Resarcher at Tokyo University
have selected KBT for development of Idagke actuators, despite its modest strain,

due to its T value being higher than alternative materidlagata et al. (201B)

At room temperature, values of were: ~ 0.16 for KBT X = 0); 0.18 forx =
0.03; and 0.15 fox = 0.04. On heating all samples exhibited similar trends rakies,
with a slight increase up to ~ 100 °C, Figure74Above 100 °C, kbegan to decrease,
the rate of decrease increasing above 150 °C. Values approached zero-220 200
(signifying Ty) Figure 4.% for all three samples. The similarity iy To KBT is very
promising for the KBIBMT system, since strains are up to -3 2imes higher than

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

A rapid drop in k values in the NBIBT system (6 mol% BT) was reported to
take place below 100 °X{i et al. (2008) The values of kat room temperature for
= 0.030.06 are comparable to a number of other KigiEed ceramics d¢Bio.5TiO3-
Bi(Nio.sTio.5)Os3 and KosBiosTiO3-LINbO3 (kp = 0.18) Zhao and Zuo (2013Yuo et al.

(2013}, but lower than for 94NaBio.sTiO3-6BaTiOs (kp ~ 0.36) Ku et al. (2009),
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80Na.5Bio.sTi03-20Ko sBiosTiOs  (kp ~ 0.27) [Yoshii et al. (20049) and

93Na.sBiosTiO3-5BaTiO-2KNN (kp ~ 0.27) [Zhang et §R0083, Rddel et al. (2009)
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Figure 4.17 Variation of electromechanical coupling factor, k vs temperature for

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

Thethermal charge decay data (obtained at Manchester University)}-for03
and 0.04 are shown in Figure 8.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 pot€@l03
sampe had lost all polarisation by ~ 220 °CgfTForx = 0.04, the §value was slightly
lower, ~ 200 °C, in agreement with trends ip data. The maximum rate of
temperaturenduced depolarisationdP/dT, forx = 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 thermgdali@g occurred at ~ 170

oC for samplex = 0.04. In contrast, the 94NBGBT sample, had lost its polarisation at
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a temperatre ~ 60 °C, Figure 49] although k-T data from other laboratories suggest

Tq could be ~ 100 °C{u 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 temperature).
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Figure 4.19 Differential plots of polarisation versus temperature for 94NBF6BT
indicating maximum rate of depolarisation at ~ 60 °C [Courtesy D.A Hall and Ge

Wang, University of Mancheger).

Depolarisation temperatureg€@ an al so be derived«-from

T pl ot s (pbakteropsrattrd), althdiligh this method of determiniraai led

to an overestimateédnton et al. (2011) There was no inflection in unpolé&BT-BMT
sampl es ( Fi gur eT décontiuity agpeated ia poledasamptes, Kigure
4.20. Forx = 0.03, there is some suggestion of a discontinuity8&t200 °C (1 kHz

data), but it is difficult to accurately determine the onset temperature. A sprofde

occurred for polea = 0.04. A weltdefined inflection has been reported in the literature

i n-T plots for the NBTBT ceramic system at a temperatures ~ 100 °C for MPB

compositions Xu et al. (2008)

A corresponding di sconti nui & gf palan t an

materials. For KBIBMT this proved more useful, and temperatures of the loss
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anomaly below | were in general agreement withy Values from thermal charge
decay measurements. Comparm@ | e dT ptots to wnpoled plots, the poled plots
for x = 0.03 showed a hump, Wia maximum at ~ 200 °C (1 kHZjhex = 0.04 plot
gave a lesslefined hump, around the same temperaturex as 0.04. The start
temperature of t he &®RLEOPE I(lykHz). ¢-drtbemanéalysis wa s

appears in Appendix, Figure A7.

The start temperaturTe (odn theainbectogp)d ahnuc
approximate to the to the onset of a rapid decreasg (fFigure 4.7) and the onset of

the-dP/dT peakKigure 4.B).

There are also correlations between the dielectric discontinuity temperatures
and the onset of constriction inBPloops & = 0.04, 180 °C and predicted constriction
in x=0.03 at just above 180 °C, big4.10). Hence, a common mechanismkié these
effects presumably atoms rearrange and the samples lpséarisation (long range
ferroelectric) at these temperatures and becomes a relaxor (short range polar order) at

t emper at ur @nflectmrband/FE pirictiing onBetq(= 0.030.04).

The phase diagrashows a correlation to the dielectric anomignperatures
in unpoled KBT at ~ 260 °CGrigure 48 (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 notusbtikewise 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 °Cxr+ 0.030.04 but no phase boundary is locatear

this temperatur¢he cubic boundary occurs at 2880 °C forx = 0.030.04).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 §( PY0) of KBT was nottheteevard ed b
problems with this sampleds connections
future). However from k-T data the KBT poled inflection occurred at ~ 200 °C and T
from ky, appeared similar in temperaturexte 0.030.04 ~ 220 °CFor KBT-BMT the
onset inflectirandt éempér ®f ot ss wiemobtdined i g ht

from k, and charge decay data.

Reference to the phase diagram shows that the depolarisation temperatxres for
= 0.03 and 0.04 are ~ 100 °C lower than thage boundary temperature between
mixed and high temperature cubic phase. Reasons are not understood but mechanisms
may be different, e speciraveré gnly sbsenvedeafter n f | e

poling KBT-BMT in contrast to strong inflections in KBInhpoled.
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4.2.8 Piezoelectric Measurements: Temperature Effects

The thermal stability of piezoelectric properties was first of all studied by
measuring ¢k before and after heat treatment (annealing) sampigpasitionsx = 0.03
and 0.04, Figure 4.21Pellets were annealed in a box furnace for 20 min at 25 °C
increments. The percentage loss iavhlues was ~ 10% up to a temperature of ~ 150
°C, and ~ 20% from 25 °C to 190 °C. On increasing temperature fartt@d °C, e
decreased sharply. The observation of:a-d70 pC/N at 225 °C is inconsistent with T
measurement, as is the modest but fingtevdlue after heating to 275 °C. This implies
reversibility in polarisation on cooling. Howevet is noted hat 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 insitu SE measurements at Tsinghua University, Chinartesy of Dr F JY

Zhu and Prof<F Li.

160
140 -
120 -
100 -

80 -

60 +

d; (PCIN)

40 -

20

O v 1 v 1 v 1 v 1 v 1 v 1
0 50 100 150 200 250 300
T(C)
Figure 4.21 Variation of piezoelectric charge coefficient, & versus temperature

after thermal depoling for x = 0.03 and 0.04.
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Unipolar electric field induced straiourves were examineds a function of
temperaturat 50 kV/cm (1 Hz) for poled sampl&s= 0.03 andx = 0.04 (fabricated in
Leeds) in the temperature range from185 °C are shown in Figure22. At room
temperature, both samples had similar values gfalar strain ~ 0.1%, but this is
slightly lower than equivalent value obtained at remperature in Leeds, ~ @%
(Figure 4.2, 4.13). The results fox = 0.03 indicate strains increase in a linear manner
between temperatures of 25 0150 °C (&ax~ 0.11% at 25 °C and 0.15% at 150 °C),
increasing more steeply above 150 °C, reaching 0.18% at 185 °C, Fige(a 4uzd
4.23(a). The variation in correspondingstlis shown in Figure 4&b), along with

values normalised against rogemperature.

Low S-E hysteresis was retained across the full temperature range, but evidence
of differences irstrainfield behaviouwe r e observed at4alfH0 UC
°C and 185 °C teatrop SE loops with curvature at high fields wearbservedbut with
relatively low hysteresis, Figure 4.2This type of SE loop, albeit usually with much
greater hysteresis, has been obséiin NBT- based piezoelectrics and is attributed of a
field induced phase change. In KBBMT at 175 °C and 185 ¢Qt is assumed to
represent a relaxor (low field) to ferroelectric (high field transition): the dielectric
anomaly and fE pinching temperatr es wer e ~ 160 UC and O 1
in temperature measurements in different tests this seemsoaslftent findings.
Presumably the 175 °C and 185 °¢E Sest samples were above the changeover

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

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

phase occurs in ()KBT-xBMT, x= 0. 03 at t emper ateasines O
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field. The thinking is that applied field aligns dipoles to form longer range domains

similar to a ferroelectric.

For samplex = 0.04, the unipolar straitemperature data showed more scatter
than forx = 0.03. Strain increased from0.1% at 2%°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 lo@@/dT) forx =

0.04 as described above.

This retention of high strainompares well to other Ploee piezoelectrics,

including a number of KNMased materials, as discussed in Chapter 11.

(a) 0.20
x=0.03 185C
1757C
0.16 1
150 C
1257C
100C

= 0.12- _
X 257C
=
© 0.08-
n

0.04 1

0.00 ;
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(b) 0.20 T
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0.16 1 175C 185°C
1257C 150°C
100 C

E’\o, 0.121 i
= 257C
S 0.084
(0]

0.04 -

0.00 T
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Figure 4.22 Unipolar strain curves versus temperature measured at 50 kvV/cm (1

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

Hz), (b) variation of effective s* (SmaxvEmax) and normalized, c3*T/d33*RT

versustemperature for x = 0.03.
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Figure 4.24 Unipolar strain versus temperature forx = 0.03 indicating a teardrop

|l i ke behaviour a€. temperature O 175
4.2.9 Aging Study (room-temperature)

The effect of agindime (roomtemperature in air) was studied by measuring
the unipolar strains fox = 0.03 and 0.04 over the time perioed® days (where O
represents the normal measurement 24 h after poling). For compos#i@03, the
value of unipolar strain was ~ 0%2(50 kV/cm) at uraged condition (O 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 shchapter 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 dimensibohanges. The plots shown in Figure54a2 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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—— after 7 days E o . i
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< 0.12 {— after 30 days 1 = 0124 © E ]
% after 45 days 3:, O
T 0.09 4 | ® 0.09- i
& &
0.06 0.06
0.031 1 0031 I
0.00 A 0.00 T T T T T T T
0 10 20 30 40 50 0 7 14 21 28 35 42 49
E (kVicm) Days
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0.214 x=0.04 -4 x=0.04 ¢
—— unaged 0.21+4 < ' SN
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Figure 4.25 Electric field induced unipolar strain for unaged and aged ceramic

samples: (ab) x = 0.03 and (ed) x = 0.04.
4.2.10XRD of Poled Samples

For this experiment pellets were electroded usingliing 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-gried electrodes. The results are shown iuragt.®.
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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

27 (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 kH2 380 330 334 336 333 308
0 (20 °G 1 kH2) 620 1020 1050 1050 1190 1015
U max (1 kHZ) 4080 5070 5970 6240 5840 5220
tani ,(RH@ UC 0.04 0.07 0.06 0.06 0.07 0.07
Pr (UC/cn?) 4.1 5.5 13.5 18 18 11
Ec (kV/cm) - - 25 28 23 20
dz3 (pC/IN) 44 59 147 133 100 60

Kp 0.16 0.16 0.18 0.15 0.11 -

Ta (°C) from kp-T - 220 200 - -
Bipolar strain(%, 50 kV/cm)  0.04  0.07 0.25 0.35 032 0.23
ds3 (pm/V) 87 137 520 760 660 490
Unipolarstrain(%, 80 kV/cm 0.15 - 0.30 0.32 0.23 -

ds3 (pm/V) unipolar 190 - 370 406 288 -

4.2.11Microstructural analysis

Microstructural iiormation was obtained for polished and thermally etched

samples. The grain size was estimated by the linear intercept method. Figure 4.2

shows the SEM micrographs for samptes 0, 0.04, 0.06 and 0.08. Average grain size

(estimated) increased from ~ Qufn forx = 0 (KBT) to ~ 1 pum for solid solutions O

0.02. The geometric densities were 5.1 ¢/éon KBT, and 5.65.8 g/cni for thex =

0.030.08 samples, Table 4.3, representing -99% of theoretical density (estimate

based on assumed unit cell conseTable 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-{KBT -xBMT

system.
Composition) Ave. gr ai 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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4.2.12Conclusions

The novel solid solution system -KIKBT-xBMT offers very favourable
piezoelectric prperties with high depolarisation temperature. The phase diagram based
on the high temperature XRD revealed a morphotropic phase boundary, MRB; for
0.03, between tetragonal and mixed tetragonal+pseudocubic phase fields.

The highest values of piezoelectcharge coefficient, 4 and electric field
induced strains were found in biphasic compositions located close to the MPB. The
speculative reason for this may be that the contractiatiamatio of the tetragonal
phase (from 1.020 in KBTx = 0 to 1.015for 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 contributioro tpiezoelectric properties. In combination these
factors enhance measureg dnd strain values. At > 0.04 c/a decreases further, as
does the amount of tetragonal phase, so piezoelectric properties decline.

The MPB between tetragonal and biphasic imagt vertical, varying from
0.025 <x < 0.03 (room temperature) and 0.0X < 0.025 at ~ 300 °C. The boundary
between mixed and cubic phase<at 008 is also nearly vertical. Maximumgvalues
were 150 pC/N foxk = 0.03, with bipolar positive straing ©.25% (Enax= 50 kV/cm, 1
Hz), and unipolar strains of 0.30% (LeedsaE= 80 kV/cm, 1 Hz). At 50 kV/cm the
strain was ~ 0.14% (Leeds data) andl®1(Tsinghua). Th& = 0.04 composition gave
d33 =133 pC/N, bipolar strain of 0.35% and unipolar straiin8.30%. These values are
competitive with other leaffee 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

repeatmeasuements Multiple repeatmeasurementsuggested a variation of 25%
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(relative error). The duplicatmeasurements n Tsi nghua were ~ 25
maximum values. Hence, the lowest repeat values from Leeds is quoted as a reliable
value.

The temperature ability of properties was determined using a variety of
techniques. Unipolar strain values of ~ 0.18% were measurecd for0.03 at a
temperature of 185 °C (maximum temperature tested). The depolarisation temperature,
Tq obtained from kT and thermally $iulated charge decay measurements was ~ 220
°C forx = 0.03 and ~ 200 °C for= 0.04. These depolarisation temperatures are ~ 100
°C higher than for the widely cited NBBT morphotropic phase boundary system, and
50 °C higher than NB'KBT leadfree piezaeramics. The high ¢Tand retention of
piezoelectric properties to > 150 °C is potentially useful for-fezel actuator and

sensor devices.
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Chapter S

Dielectric, Ferroelectric and Piezoelectric Properties of the

Ko.sBiosTiO3-Ba(Zro.2Tio.g)Oz Ceramic System

5.1 Summary

This chapter focusses on the dielectric, ferroelectric and piezoelectric properties
in the ceramic system, {Ko.sBiosTiOs-xBa(Zr.2Tio.g)Os. The properties of relaxor
ceramics in the compositional seriesxjKo.sBio.sTiOz-xBa(Zro.2Tio.8)Os, abbrevated
as (EIX)KBT-xBZT have been investigated. Composition 0 was tetragonalchanged
to mixed phase (tetragonal+cubic) a®@®OxO 0. 4 and then singl
compositionsxkO 0. 5.

Values of T, the temperature of maximum relative permittividecreased from
~ 380 °C ak = 0 to below roontemperature;10 °C, forx = 0.8. Compositiong = 0.1
and 0.2 were piezoelectric and ferroelectric. The maximum valuesgfiezoelectric
charge coefficient, 130 pC/N, and bipolar strain, 0.13%, occaired 0.1.

Values of ks were 0.16 at room temperature for compositiors0O and 0.1. The
variation of g versus temperature suggested a depolaristgiomperature ~ 220 °C for
x = 0.1, consistent with results from higgmperature Xay diffraction indcating a

transition to singleohase cubic a250 °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 thk@®T-xBZT
compositional series are shown in Figure 5.1. All studied compositions isotite
solution were single phase perovskites. Composiien0 (KBT) was tetragonal at
room temperatureA close analysis for composition= 0.05 revealed a cubic phase
coexistence with tetragonal pha&er compositions . OxO 0. 4, anonextra
in ~ 45 U2d range si g miofftatragdnal and pubia ghasesc o e x
The ((X)KBT-xBZT solid solution,xOf dr haaphapso snigtlie

cubic.

1) (b)

(200)
(211)

e
(201)

: : %

@ -

~ ] A

= J N

% + J\ﬂ JL“A

£ JJFJL ]

. N N A\
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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-{dKBT-xBZT ceramic system were deduced from

the XRD patterns by least square refinemamdthod are plotted ad3ZT, Figure 5.2.

The tetragonal lattice parameters changed frany 3.907+0.002 A andc =

3.979+0.003 A forx = 0 [Chapter 4] to a = 3.911+0.003 A andc = 3.986+0.002 A for

X = 0.05. Adding B4 content from 10 mol% to 40 mol% led to further decrease#eof

rati os.

linearly from 3.999+0.004 A fox = 0.5 to 4.033+0.002 A for= 1.

CompositionsO olf heauh i lca tatihcreasng pua reg |

o :
c, +
@ 4.00 - boa - L
» ¢¢6 ¢ ¢ b ¥
E > g 1.02] ¢ ¢
= < ©
(¢D)
£ 3.96 5 < O e
g [ i 1.00 o
o 0 0.0 0.1 0.2 0.3 0.4
8 % BZT
% 3.92 {Tetragonal ~ Tetragonal+Cubic Cubic
— 0
1]
3.88 T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
—=XxBZT

Figure 5.2 Variation of room temperature lattice parameters as a function of

XBZT for (1-x)KBT -xBZT ceramic system(inset showc/aratios).
5.2.2 High Temperature XRD and Phase Diagram

Figure 5.3 indicate the high temperatureray diffraction paterns for
compositionsx = 0-0.2. The end member KB& € 0) retained its tetragonal structure
from room temperature up to280 °C, then changed to mixed phase tetragonal+cubic
O 280 UC igare 8.3a)b[as ciscussedin u b i ¢

at temperatur e
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Chapter 4]. Compositionx = 0.05 wasmixed phasetetragonatcubic at room
temperatureand change to cubic at a tempéure© 250 °C. Samples = 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 patternsin384 8 U2 d r axr@@)x=or ( a
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 0-0.2 are

presented in Figure 5.4. The measured lattice parameters forO were a
3.907+0.02 A and ¢ = 3.979+0.003 A at room temperature changedate
3.928+0.003 A,c = 3.944+0.0@ A at 300 °C [as discussed inh&pter 4]. For

composition x = 0.05 the tetragonal lattice parameters converged fram=
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3.926+0.001 A and: = 3.987+0.002 A at roontemperature ta = 3.939+0.003 Aandc
= 3.970+0.001 A at ~ 250 °C. Similar trend was observea fo0.1, with tetragonal

contraction €/a ratio) from ~ 1.02+0.002 at room temperature to ~ 1.006+0.003 at ~
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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 sh@/aratio).

Based on the higtemperature XRD data, phase diagram have been constructed
for (1-x)KBT-xBZT,xO 0. 2. Fi gur e 5 .-compdsitisnmépangencet e mp
phase transitions from tetragonal to mixed phase tetragonal+cubic and then cubic for
compositonsx O 0. 2. sd lransition hfram tetragonal to mixed phase
tetragonal+cubic take place at ~ 280 °C for composkiserD and aroom temperature

for x = 0.05. Other compositiong = 0.1 and 0.2also exhibited mixed phase



-121-
tetragonal+cubic from room temperature up to 8 0. Therefore, the phase boundary
between the tetragonal and mixed phase tetragonal+cubic was nearly vertical and varies
only by 00.05% 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.
42077 ' ' ‘e cCubic
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Figure 5.5 Temperature-compostion dependent phase transitions for (IX)KBT -

XxBZT,xO 0.2 based on high temperature XRD o

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

Pl ots of rel at i vaendpetrammitt tv er $ ysnt tUe mp
frequencies for the ()KBT-xBZT system are shown +In Fig
plot for KBT (x = 0) showed diffuse peaks, withh F 380 °C, (1 kHz) [as discussed in
chapt er & plotforkk 6.05Was similar to KBT, but-fwas slightly lower
370 °C, Figure 5.6(b). A much stronger frequedependence in o values was

observed for compositionsO 0. 1, Figure 5.8. This, toge
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at temperatures aroungh,Tis typical of a relaxor dielectric. The change in frequency
dependence ofJas the BZT constituent increased frorw 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 5.6 Relative permittivity and loss tangent as a function of temperature at
different frequencies for (a)x = 0 (arrow indicate inflection), (b) x = 0.05, (c)x =

0.1, (d)x=0.2, (e)x = 0.3 and (f)x = 0.4 (continued over leaf).
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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, (e)x = 0.9

and(x= 1 (i n s-& trosn -79 PCaan25 ).

Room temperature relativepnittivity was ~ 700 fox = 0.1, and ~ 1000 fax
= 0.2 (1 kHz); wi t h -0t.&n7d ((12 5% HZQ). wa lgthees
0.1, were recordedxd o0. 6c:omploiss ti ®nsdu®. 4

relaxor loss tangent dispersioregk as & decreased. Peak values of relative
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permittivity meke4000e(hldHEtbx®ro@m2,U to ~xB00O
0.5, and the® 0060 HS590Or eat5. 6 andwith. 7.
increasingxBZT was such that i decreaed to-10 °C forx = 0.8, Figure 5.9. Plot of
relative permittivity versus temperature for the BAT=(1) displayed a broad peak at

50 °C with no frequency dispersion; behaves as a diffuse ferroelegti&QrC).

Y LA —
swod [ O R 0 x=0 A
- SR ¢ "i —© x=0.05]1
U A x=0.1 ]
5ol & v x=0.2 ]

o _

E v X ~ 4 x=0.3 1
i T z P q €04
2004 ¢ <« <« -
| < ]

100 T T T T T ’ ! ) !
0 1 2 3 4 °

log(f) in kHz

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 thKBT-xBZT system
measured at room temperature (60 kV/cm, 1 Hz), Figure 5.10. Sampleand 0.05,
exhibited no polarisation switching at field of 60 kV/cm. Compositiors0.1 and 0.2
were ferroelectric; remanent polarization, P val ues we?fand — 141 2
g C/ “owmith coercive fields, E~ 30 kV/cm and ~ 20 kV/cm respectively, Table 5.1.
CompositixOnB®. ®. &x IDE bbops witl little évidence ©f ferroelectric
character. Linear & response of typical of dextric capacitor was observed for
samplesx = 0.60.9. The BZT x = 1) showed a ¥ response like a pinch shape with

remanent polarisation,P 8 & & ¢toeraive field of 50 kV/cm, Figure 5.10(d).

€
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Figure 5.10 Polarisation-electric field response for (ax = 0-0.2, (b)x = 0.30.5, (c)

x=0.60.9 and (d)x = 1 (BZT).
5.2.5 Electromechanical Properties

Figure 5.11 shows the bipolar electromechanical strain curves for-#ERT -
XBZT ceramic system. Sampke= 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 0.1 and 0.2. Composition= 0.1
had maximum strain value ~ 0.13%, fwvitss ~ 200 pC/N ($a¥Emay) and 0.14%, and
dss ~ 230 pC/N ($aEmay) for x = 0.2, Figure 5.11(a). Negative strains recordedfor
= 0.1 and 0.2 samples, were of the order of ~ 0.07% and 0.05% respectively consistent
with piezoelectric behaviour. Othero mposi t k@ n®. @ . PieaQsectnico n

di spl ayed an electrostrictive behaviour

\
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Figure 5.11 Electromechanical strain response for: (ax = 0-0.2 and(b) x = 0.7-0.8.
5.2.6 Measurement of Piezoelectric Charge Coefficient@)

Samples of the (X)KBT-xBZT 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 (>05°C) led to the breakdown of the samples. Trends in

measured £ values from compositior = 0 tox = 0.5 are shown in Figure 5.12.
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Values of piezoelectric charge coefficients; @ere increased from 44 pC/N
for x=0 (KBT) to a peak of 130 pC/N for= 0.1, Table 5.1For compositiorx = 0.2,
value of piezoelectric charge coefficientz das~ 100 pC/N and then dropped sharply
to O 10 pC/ N f&dr Oc@mpotsdncieoonst he opti mi
piezoelectric properties in {OKBT-xBZT occurredaround the changeover in phase

content from tetragonal to mixed phase (tetragonal+cubic)#$d.1.

140

1 <
120 - \
100 4 / ©
©

d,, (pC/N)

0%0 ©

1
0.5

0.0 0.1 0.2 0.3 0.4
—xBZT
Figure 5.12 Variation of piezoelectric charge coefficient, & versusxBZT (x = O

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

Figure 5.13 shows the electromechanical coupling coefficigras ka function
of temperature for samples= 0, 0.1 and 0.2. Values of &t room temperature were ~
0.16 for sampleg = 0 and 0.1, andpk= 0.12 forx = 0.2. On increasing temperature, a
slight increase in thepkvalues occurred up to temperature of ~ 100 °Gcfer0 and ~
70 °C forx = 0.1, then decreased progressively with increase of temperature reaching

zero at a temperature ~ 220 °C. The variatiorkgofersus 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 -(QKBT-xBMT system [Chapter 4] but had higher
depolarization temperature djTthan Na.sBio.sTiO3-BaTiOz (NBT-BT) (T4 ~ 100 °C)

and NasBiosTiO3-KosBiosTiO3z (NBT-KBT) (Tg ~ 170 °C) MPB composition&Rkpdel

et al. (2009)
0.20
] -0-x=0
3 l:ll:’l] I:,l] 707 x=0.1
0.16 1 Mowo. l].ljl1 A x=02
| OO 1]
0124 A, 0 g
' AAA O\ \[I
J O \
A (R |
> 0.081 /N "\
‘l O 1
A )
0.04 4 A
A
L %
0.00 - nor
0 50 100 150 200 250
T(C)

Figure 5.13 Variation of electromechanical coupling factor k versus temperature

for compositionsx =0, 0.1 and 0.2.



Table 5.1 Dielectric, ferroelectric and piezoelectric properties of the (X)KBT -xBZT ceramic system.
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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 kH2 380 370 310 240 220 160 130 90 30 -10 -50 Tc~55
U (25 °G 1 kH2 620 750 780 1040 1080 1240 1510 1790 1540 1140 450 3150
U max (1 kHz) 4080 4100 4260 4560 3840 3140 3080 2070 1560 1190 482 16200
tanl ,l2H3d 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/cn?) 4.1 5.4 12.3 14.4 4.5 2.5 - - - - - 8

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

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

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

Ta (°C) kp-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)

ds3 (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. he grain size was of t k=0),dguee14, 0 f ~
i ncreased sl igxrt IOy 1t and G.hEne mnfcoreased t
0. 000. 9. However, an average graixm size
1). The denities of sintered ceramic pellets were 3 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 tlermally etched samples for (ax

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

system.

Composition X) Averagegr ai n si z Densi ty3 |

x=0 0.5 4.9
x=0.1 0.7 5.4
x=0.2 1 5.5
x=0.3 1 5.1
x=0.4 1 5.5
x=0.5 1 5.4
x=0.6 1 5.3
x=0.7 1 5.5
x=0.8 1 5.4
x=1 30 5.1

5.2.9 Conclusiors

The solid solution system,-@KBT-xBZT has been invéigated. XRD patterns
at room temperature revealed a tgtmaal structure for compositiox = O.
Compositions @50x0 0. 4 exhi bited a mixed phase t
cubic was obtained for sample® 0. 5. The t empereanitivitye o f
Tm, decreased with increasing levels of BZT, with~T380°C for x = 0, decreasing to
Tm~-10 °C forx = 0.8.

A narrow range of compositiong, = 0.1 and 0.2, were ferroelectric with
remanent P~ 12uC/cn? and ~ 14 pClcrh respectively The maximum piezoelectric
charge coefficient,”d was 130 pC/N with bipolar strain 0.13%&3Emax = 200 pm/V)
for x=0.1. The corresponding values for 0.2 were 100 pC/N and 0.14%3Emax
= 230 pm/V). Values of kwere ~ 0.16 for compositionsO ard x = 0.1. Based on the
ko-T data, the depolarisation occurred at a temperatuye-(Z20 °C for compositior

= 0.1, in contrast to other lediee NBT-BT piezoelectrics (d~ 100 °C).
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Chapter 6
Dielectric and Ferroelectric Properties of the (1x)Bao.sCao.2TiO 3-xBi(Mgo.5Ti0.5)O3

Ceramic System

6.1 Summary

This chapter describes the dielectric and ferroelectric properties of the (1
X)Bao.gCa 2TiO3-xBi(Mgo.sTios)O3 ceramic system, abbreviated asx{BCT-xBMT.
X-ray diffraction data revealed single phase perovslkateems for compositions <
0.6. Compositiong = 0 (BCT) andx = 0.05 were tetragonal; a change to sifgase
cubic X-ray patterns occurred for® 0. 1 . C oxm ® arslx =t 0i0® exIsibited
typical ferroelectric polarisatiealectric field loopswith remanent polarisation, P 12

e C/ %camercive field, E~ 7 kV/cm and ~ 16 kV/cnrespectively.

Dielectric measurements indicated sharp Curie peak atIBO °C forx = 0 and
a broad peak at ~ 110 °C for 0.05. A relaxor behaviour occurred faympositions
O 0. 1. |l ncreasing the BMT <content i mpr o
per mi t tatihigh témperatutés. For compositios 0.5, a near plateau in theT
plot occurred;k = 800+£15%, across the temperature range, 40 °C5@b°k, the
corresponding | oss tangent, tani, was O

°C. Compositiorx = 0.55 gavex = 950+15% over a temperature range from 70 °C to

600 UC and |l oss tangpeet, tantd O 0.02 frol

Values of dc resistitforx=0.5andx=055were~10qg m at a t empe

of 300°C,and~foy m at TBe)(®X)BOI&BMT (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=0.5 and 204+14 kV/cm foc = 0.55.

6.2 Results and discussion

6.2.1 Phase analysis

Room temperature -Xay diffraction patterns for the crushed sintered pellets of
the (:X)BCT-xBMT ceramic system are shown in Figure 6.1. XkeO (BCT) andx
= 0.05 compositions were tetragonal perovskRkerther incorporation of BMT
contentx O 0. 1, i nduced a-pmadeXRypattetnowittcno bleac s i
evidence of {200} peak splitting in the
d-spacings belong to bismuth oxide [ICDD card humbe0280236, Figure A2,

Appendix] began to@pear forx = 0.6 and increased in relative intensity at higher

XBMT content.

(a) § Secondary phase (b)

100
110
111
210

-

(T
——

|

;t%

!L 1
*%%%

Intensity (a.u.)

210 [

e

012
111

!

o

Lo
r’fﬁ

111
= —
E %. 002

200 F‘

20 30 40 50
2q (degree)

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

of (1-x)BCT-xBMT and (b) highlighted 111 and 20Q reflections.



-135-

Lattice parameters are plotted as a functioxB¥IT content in Figure 6.2. It
can be seen from the plot that a slight contraction in tetragomadl increase ia
lattice parameters occurred between0 andx = 0.05, giving overall decresa ofc/a
ratio from 1.0130.003atx = 0 to 1.01&0.003for x = 0.05. For cubic compositions
xO 0.1, a

= 0.1 to 3.9880.003A for x = 0.5 was observed.

4.021 v
' {> ¢ c
¢ > a
< :
®  4.00- b
< - S
3] . B g
s ., b F
T 3.98- >
3
= 0P
8 v
3.96 -
00 01 02 03 04 05 06 07
— ~XBMT

Figure 6.2 Variation of lattice parameters for the (1-x)BCT-xBMT ceramic system
as a function ofxBMT.

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

Pl ots of rel afardiees pteamgent v{tagnu)
various frequencies are shown in Figure 6.3. Compositi® (BCT) showed a sharp
Curie peak, typical of a normal ferroelectric with Curie poirg,~T130 °C, Figure
6 . 3 ( a)peak beltane tdore broad, anddcreased to ~ 110 °C for composition

= 0.05, Figure 6.3(b). A change over to relaxor dielectric behaviour occurred=for

pr ogr e sktice parameatecsrirema3sdER002A atx u b i ¢

ver



-136-
0.1, with a frequencgependent dielectric response below the temperature of peak
permittivity, Tm with Ty at ~ 0 °C. Further incogpation of BMT content, depressed the
peak values of relative permittivity and a gradual decrease in the temperature
sensitivity of relative permittivity at T >, occurred for compositionsO 0. 2, wi t

minimum temperaturdependence focO 0. 5, Figure 6. 3.

For x = 0.5, the relative permittivity values were = 800+15% in the

temperature range 40 °C to 550 ®elative permittivity was found slightly greater

with less variability with teperature for compositox = 0. 55, frer wh i
950+15% over the temperature range 7600 °C.Forx= 0. 6, t hevaluesa X i mu

(at > Tm) were higher, 2270, with an overall consistenty,= 2100+£15%, for
temperatures from 120 °C to 450 °C. The peak| ues of r el anxi ve p
decreased from ~ 2100 fe= 0.1 to 875ak= 0 . 5 ;maxincheasad tdJ~ 2270 for

= 0.6. Values of f increased from ~ 40 °C to ~ 160 °C %ot 0.20.6, Figure 6.4.
6.2.3 Loss Tangent

Values of losstangent (tan) as a f unct i o BOTIXBMTe mp e r
are shown in Figure 6.3. For composition® 0. 1, tand values we
temperature from 25 °C to ~ 250 °C at 1 kHz and then increased sharply above ~ 250
300 UcC. For hi gher eBMTr een@n themt ,| otwa n@ Ov.
temperature from O 50 UC to tempPeRatddur &t
|l ow temperature (O 50 UC) tanu values w¢
peak at ~ . A relatively coasQamt 02nd weow Tt &1
the temperature range ~ 100 °C to 400 °Cxfer0.5 and 1650 °C forx = 0.55. For
compositonk= 0. 6 the | oss tangent, tand O 0.0

to 300 °C at 1 kHz. Above these upper limiting tempet ur e s , tanld rose



manner usually associated with lattice defects arising from loss of bismuth oxide during
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high temperature calcination/sintering.
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Figure 6.3Re |l at i ve per mi drsustempdrayure fon(d)x £ G {)x = v

0.05 (c)x=0.1; (d)x=0.2; (e)x=0.4; (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 relative

permittiv ity versusxBMT.
6.2.4 Ferroelectric Properties

Figure 6.5, shows the polarisatiefectric field response for the ceramic
samplesx = 0-0.5, measured at room temperature (50 kV/cm, 1 Hz). The sarpl@s
and 0.05 exhibited typical ferroelectric behaviour. Ba@bmpositions gave rise to
similar values of remnant polarisation,# 1 1 Zb@ With different coercive fields
(Ec) of ~ 8 kV/cm forx = 0 and ~ 16 kV/cm fox = 0.05. Compositiox = 0.1 exhibited
slim P-E loop with little or no indication of feredectric behaviour. Further addition of
BMT to the solid solution gave a linearBPresponse typical of a low loss dielectric,

Figure 6.5(b).
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Figure 6.5 Polarisation-electric field response for ceramic comositions: (a)x = 0

0.1 and (b)x = 0.20.5.
6.2.5 Piezoelectric Properties

The values of piezoelectric charge coefficiendz Were measured by using
Berlincourt method for compositionsO 0. 3, are presented 1in
ceramic samples were poled for a period of 20 min at an applied electric field of ~ 40

kV/icm at a temperature of 30 °C. Poling at higher fields led to the breakdown of
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ceramic samples. For BCKk € 0), value 6 piezoelectric charge coefficientzdwas
116 pC/N. Incorporation of 5 mol% BMT to the solid solution led to decreasesof d

value to 92 pC/N and then very small values®f@ 10 pC/ N were obt ai

compositionxO 0. 1, Figure 6. 6.

120 A
0 Q\ O d33
90 - ©
z
2
\-é 60 A
o
30 1
0 L —
0.00 0.05 0.10 0.15 0.20 0.25 0.30
—=XBMT

Figure 6.6 Variation of piezoelectric charge coefficient, e versus xBMT for
compositionsxO 0. 3.
The strairelectric field response for the-{dBCT-xBMT system was recorded
at room temperature (E ~ 50 kV/cmHz%) as presented in Figure 6.7. Typical butterfly
like strainfield loops were observed for compositions 0 and 0.05. The maximum
strain values were ~ 0.12% for= 0 and 0.14% fox = 0.05 at an applied electric field
of 50 kV/cm. SamplesO 0. 1l erdevaena el ectrostrictive be

0.11%.
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Figure 6.7 Electric field induced strain curves for compositionsx = 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 (k)BCT-xBMT ceramic system&O 0. 6 ) .

Measured Parameters x=0 0.05 0.1 0.2 0.3 0.4 0.5 0.55 0.6

Tcor Tm (°C) 130 110 0 40 85 118 135 160 160

U max (1 kHz) 12060 4230 2090 1485 1280 875 1060 2270

P; (uC/cnP) at RT 11 12 - - - ; ] ] ]

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

d33 (PC/N) 116 92 10 8 5 - - - -
Strain(%, 50 kV/cm) 0.12 0.14 0.11 0.08 - - - - -
T-range( OGP, N - - - - - - (40550)  (70-600)  (120-450)

800+15% 95(+15% 2100+15%

T-range( UC) , t ¢- - - - - - 100400 160550  170-300
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6.2.6 Dielectric Breakdown Strength

Dielectric breakdown strength was measured at room temperature for
compositionx=0.5and 0.55Ten pel |l ets of each composi't
em were tested in silicon oil. A high tr
of 500 V/s. The dielectric breakdown strength was recorded by detecting the spike in
current displayed on theathode ray oscilloscope. The estimated average dielectric
breakdown strength with mean standard deviation for composito@.5 was 258+30
kV/icm and 204+14 kV/cm for compositior = 0.55. Details of the estimated
breakdown strength are given in Tabl2.6
Table 6.2 Estimated dielectric breakdown strength for compositionsx = 0.5 andx

= 0.55.

Pellet Estimated dielectric breakdow Estimated dielectric breakdown

Number (kVIcm)x=0.5 (kV/icm) 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 R0 Hz), for compositiong = 0.5 and 0.55 over the temperature
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from 20 °C to 150 °C, Figure 6.8. Composition 0.5 exhibited a nearly temperature
independent linear dielectric response with low loss. However, HBerd3ponse for
compositionx = 0.55 wasdlittle 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 dersiég veere
calculated by integrating the area enclosed by the decreasing field part polarisation
electric field as described in the literatus¥dng et al. (2014Hao (2013). The trend
of increasing energy density for both carsfions 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
Jien? for compositionx = 0.5 and 0.9)/cn? 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

Jien? for x = 0.5 and 0.36 J/chior x = 0.55 at temperature 150 °C.
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Figure 6.8 Temperature dependent polarisatiorelectric 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 20150 °C for: (c)x = 0.5 and (d)x = 0.55.

Figure 6.9, shows the relative permit
of dc bias field forx = 0.55 across the temperature from 20 °C to 150 °C. Values of
relative permitivity and loss tangent were abstracted from the polarisaliectric 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 BaTiQ and NasBiosTiOs-based materialsYu et al. (2002) Spreitzer et al.

(2007]).
Under dc Ims field (40 kV/cm), values of relative permittivity were similar and

temperature dependent as:~030 attrobne tenapbratigen c e
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increased to ~ 1070 at 140 UC and 180 U
high ~ 0.15 atoom temperature and then decreased to ~ 0.003 at 180 °C, Figure 6.9.
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Figure 69 Rel ati ve permittivity and dielectri
fields (20 Hz) over temperature range 250 °C forx = 0.55.
6.2.8 dc resistivity
Values of dc resistivity for temperature stable dielectric composition$.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 tetnperange from 250
°C to 550 °C, Figure 6.10. For compositions 0.5 and 0.55, values of dc resistivity
were~18q m at a temperatbgren @t HTOO® WC, &And

in resistivity was recorded for sampte= 0.6, may be attributed to the charge carriers

concentration rather than different conduction mechanisms compared 5 and

0.55. Theactivation energy abstracted from conductivity dataxfer0.5 and 0.55 was

~ 0.6 eV consistent with an oxygen vacancy migration mechargatvgdmani 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 cheally etched surfaces for samples
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 compositiord, SEM
micrograph revealed a domain structure and estinied age gr ain si ze
decrease in grain size occurred with the
forx= 0.1 andxO- 02 3t.m Tfheer geometri cal densi t
pellets was 5.4 g/crfor x = 0 increased to 6.1 gf¢ 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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LEMAS 0.5kV-D 3.6mm x5.00k SE+BSE(U)

Figure 6.11 SEM micrographs of chemically etched surfaces for: (ay = 0, (b) x

= 0.1, (c)x = 0.2 and (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. grainDensity?d
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=04 2 5.9
x=0.5 2 6.1
x=0.6 2 6.1
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6.2.10SEM-EDX analysis

As a preliminary study, SENEXD was performed for selected samples
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 mappixg-for05. A
domain structure in several grains was evident from the SEM micrograph. A careful
analysis by SEMEDX mapping showed that there was no detectable chemical non

uniformity in the grains for composition= 0.05.

Figure 6.12 lllustration of SEM -EDX elemental mapping for compositionx =

0.05.
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Figure 6.13 and &4, shows the elemental mapping by SEMX for samplex
= 0.1 and 0.2. Examination of compositiwe 0.1 revealed a compositional contrast
in the grains. EDX mapping showed a segregation $faid C&" in several grains.
However, there was little or revidence of M§" nonruniformity in the grains of the
examined sample. Other elements?Band T were uniformly distributed

throughout the grains.

For compositiorx = 0.2, the SEMEDX results demonstrated the existence of
all elements with appropriateoncentration in all grains except for one grain in
which a slight difference in Bi, C&* and Md¢"* proportion was identified, Figure

6.14.

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

Bi®* and C&* for compositionx = 0.1.
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Figure 6.14 SEM-EDX elemental mapping for compositionx = 0.2.

SEM-EDX analysis of the prsintered powders and polished ceramic pellet was
also conducted fox = 0.5. Figure 6.15 shows the SEM micrograph and EDX
elemental mapping for prantered powder for compositior= 0.5. The SEM image
revealed an agglomerated and irregularly shape particles. The examination of
elemental distribution by EDXnapping revaled a slight C& and Md"* 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 sampbe= 0.5. The SEMEDX mapping confirmed little evishce

of Bi®* nonruniformity in the grains. However, unlike the composition 0.1, there
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was no apparent deficiency of £an 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 compositionx = 0.5.
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Figure 6.16 SEM-EDX elemental mapping indicating B#* segregation in the

grains for compositionx = 0.5.
6.2.11TEM/EDX analysis

Compositionx = 0.05 was also examined by TERDX after preparation by
standard method; cutting, grinding, dimpling and ion beam polisiMingrostructural
information was obtained by using transmission electron microscopy (TEMp%hili
CM200) as mentioned in section 3.37. A domain structure was evident from the TEM
micrographs, Figure 6.17. Elemental mappindgsh#zM-EDX confirmed that there was

no detectable elemental variation in the grains, Figure 6.18.
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Figure 6.17 STEM micrographs for: (a) several grains and (b) single grain for

samplex = 0.05, indicating domain structure.

Figure 6.18 STEM-EDX elemental mapping showing no detectabl elemental

variation in grain for composition x = 0.05.
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6.2.12Conclusiors

Ceramics in the system -{BCT-xBMT have been fabricated and analysed.
Singlephase perovskiteype X-ray diffraction patterns were observed %o 0.6, with
tetragonal structure focO 0. 05, changed to sxi<Dg.lFer phas
compositionsx O 0. 05, no frequency dispersion il
althoughx = 0.05 peaks were more diffuse than for a normal ferroelectric.

A change to relaxor dielecttite havi our occurred for th
xO 0. 6. Di f tdepsnelent pérmiivipgeneperatyre plots exhibited near flat
responses in the frequency independent region | foiTcompositionsx = 0.5, 0.55
and 0.6. Forx = 0.5, relative prmittivity (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 wee much higher forx = 0.6, in the range 2100+15% for
temperatures 120 UC to 450 UC. The | o0ss
temperatures 100 2@00 °C for compositior = 0.5 andfrom 166550 °C forx = 0.55
Values of dc resistivities were in the rangel6tq  ma tarhperature of 300 °C, and ~

1°qg m at 500 UC.
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Chapter 7

Dielectric Properties of the NaNbQG-modified (BaogCap2)TiOsz-

Bi(Mgo:sTios5)O3 Ceramic System

7.1 Summary

This chapter deals with the dielectric properties of the 0.¢/&Ba .TiO3-(0.55
X)Bi(Mgo.5Tio.5)O3-xNaNbQ (x < 0.3) system, abbreviated as 0.45BO155x)BMT -
xNN. XRD patterns were indexed as cubic perovskite for all studied compositions.
Compositions in the solid solution system: 0.45BOTB5X)BMT-xNN, displayed a
relaxor character with temperattstable dielectric properties. Ceramics of
compositonkx= 0 [ Chapter 6] h a v e 956+15¢0enVena wide e p e
temperature range from +70 °C to 600 °C. Kkor 0.1, the stability of relative
permittivity, within N15% occurred over |

Modification with NaNbQ, x = 0.2 decreased the lower limiting temperature to
70 UC, but al so decr eased= 60@tLl58tover the per 1
temperature rang&’0 °C to 500 °C. For compositiocn= 0 , =3550+15% occurred
across the t emMple atour3ed Or alhCy ea,n dO t6@ACHO v al u
300 UC. T h i rsllied tb oW lods iodcyrediover avtemperature range that
extends from below the military specification lower temperature limit for a capacitor,
-55 °C, to an upper limit a800 °C, making thex = 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 compogitiod, wae ~ 0.5
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J/cn? at an electric field of ~ 90 kV/cm and ~ 0.2 Jfcamd ~ 0.17 J/cifor x = 0.2

andx = 0.3 respectively. Values of dc resistivity for all samples were of the order of

10 m at

25 WC aand 0DO UC.

7.2 Results and discussion

7.2.1 Phase analysis

X-ray powder diffraction patterns of the crushed sintered ceramics for the

0.45BCT-(0.55x)BMT-xNN system are presented in Figure 7.1. The XRD patterns of

all studied compositionss = 0-0.30, appeared cubic perovskite with no evidence of

{200} peak splitting. Minor seconghase XRD peaks suggested bismuth titanate in

some samples. The unit cell cubic lattice parameter decreased slightlyafrem

3.983+0.001 A fox = 0 toa = 3.9780.003 A forx = 0.3, shown in Figure 7.2.

(@) § Secondary phase | [ 1)
L | i : L
ol IERCT-E I L
‘E J__x=020 §Jk l i L
| I T -
i DTS UN U S | N
W S| I N
20 30 40 50 60 45 46
2q (degree)

Figure 7.1(a) XRD patterns of crushed ceramic pellets for the 0.45BG{0.55

X)BMT-xNNsystemkO 0. 3) and (b) expanded scale

f
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Figure 7.2 Lattice parameters as a function ofxNaNbOs content for 0.45BCT-

(0.55x)BMT -xNN compositionsx O 0 . 3.
7.2.2 Relative Permittivity and Loss Tangent

The temperature dependeartd rled ag i tvaen geel
plotted at various frequencies (1 kHzMHz), Figure 7.3 and 7.4. All compositions
di splayed a strong (fTr)e gpul eont gsandadoirresfpordig i 0 n
disperson i n tanid dat a, typical of a relaxo
relative permittivity, |, was ~ 160 °C foix = 0: adding NN content to the solid
solution resulted in decrease of ™ ~ 0 °C forx = 0.2 and-55 °C forx = 0.3, Figure
7.5 (allvalues in text refer to 1 kHz data, unless otherwise stated).

The least temperatwgependence of relative permittivity occurred for
compositionx=0 (0.45BCF0 . 55 BMT) , £ 3b0+150lovercthe temperature
range 70 °&600 °C. Foix = 0.1, relatie p e r mi, £ 380+4500tinythe temperature

r an g e-55@°C.2Athieving temperatustability down to-55 °C and below was
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accomplished by the incorporation of NaNj&@ a levek O 0. 2 . Forx=compo
0 . 25 600+15% over the temperature rargé °C to 500 °C, thus achieving the goal
of producing a temperatustable relaxor dielectric with the potential to operate in a
range of harsh environments down te556 °C. Modification withx = 0.3, led to the
temperature stability in relative permity i t y ,,= 55%0+16% across the temperature
range-70 °G300 °C.

Forx= 0, values of tant O 0. 0-850°vaedr e i r
40 °C to 420 °C forx = 0.1. Further incorporation of NN content extended the
temperat ur e 02fmorg-20 °O©td 400 °€ foxi= 0Q. FOr compositior =
0. 3, the dispersion in tanu-6Q°C),skcHthata s hi f
combinati on o f=5601% ocCurréd ada®s the tedhperature range,
-60 °C t0 300 °C. Thisoob i nat i on of | ofwr d MW toBEOIL st a
makesx = 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 hig capaci t ance. A sharp ris
500 °C under low field ac signal may be attributed to electrical conduction mechanisms.

A summary of the dielectric properties of all studied 0.458Q@55X)BMT -

XNN compositions are presented in Tablg.
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Figure 73 Temper ature dependent rel atix=0 perm
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).

Figure 74Temper ature dependent rel atxwv®20per mi
and (b) x = 0.3, over the temperature range70 °C to 550 °C (break indicates the

changeover of low and high temperature instruments).
























































































































































































































































































































