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Abstract

Most of the dielectric materials developed in this thesis were relaxor
dielectrics with very broad, frequency dependpetks in relative permittivity
t emp er @ tTuploss., In sbme cases, platdike permittivity plots with very
wide temperature ranges of stable permittixigrying by no more thasal5 % were
obtained through compositional engineeringhd relaxor base material using high

levels oflattice substitution of cations of different charge and size to the host lattice

The solid solution series {(&)Nag sBiosTiO3 T XBaggCay2TiO3 [(11X)NBTI
xBCT] was studied initiallyit showed little evidencef temperaturestable relative
permittivity. However, 0.85NBT 0.15BCT ceramics modified by BiMgTio sOs,
[BMT], were more promising. The series, TK)[0.85NaBigsliO3 i
0.15Ba sCa,TiO3] | XBiMgosTiosOs, X = 0,.-~31720 ¢ a5/ %, inlthe
temper ature range 120 to 450 UC, and | ow
the slightly narrower temperature range, 150 to 360 °C. Thus an upper operating
temperature > 30C was demonstrated but without also achieving-zero

temperatureapability.

Similarly, the system {X)[0.85N&sBiosTiO3 T 0.15Bg¢Ca,TiO5] 1
xLiNbO3 abbreviated(1i x)[NBT1 BCT]i xLN] g a v, e 2680 + 15 % from 50 °C
to 410 UC, and tant O 0.02 from 120 UC
incorporation of NaNb@[NN] in place of LiINbGQ achieved the desired sualero
temperature capability in relative permittivigndwith an upper temperature limit
slightly above 200C. Examplegnclude(1i x)[INBT T BCT] 1 xXNN compositionx =

0.3 with § = 1400 + 15 % from-50t0 240AC and tanluU O 0.02 fr



°C: forx = 0.4, = 1300+ 15 % from-70t0 210AC and t an 0« to0 . 0 2

210 °C.

In terms of the project goal of achieving a temperature range of stable
permittivity combined with a low loss extending from temperature$95C (to
meet the Electronic Industry Allianeeilitary specificationup to 300°C, the binary
solid solution gstem (IXx)BayeSt.4Zro2T10803 T XBiMgosTipsOs [(11X)BSZTT
xBMT] was most promising. However there was a wafflen that permittivity
values were lower than the foregoing systems. The&)BSZT i xBMT sample
composition x = 0.2 gavid ~ 500 + 15%, in the temperature ran@é to 300 °C and
tanli O 0. 02-60 td 300 °C.hThis system glesely matches the target
temperaturgange of the project, but the volumetric efficiency of a capacitor made
from this dielectric would be comprosad due its moderate relative permittivity
values. Slightly higher values of relative permittivity were obtained for x = 0.3 in the
(1i X)BSZTi xBMT serieswith () ~ 590 + 15%, acroghe temperature rang0 to
340 °C, but in this case the temperatmenrge of | ow di el ectric
was restricted t610 to 280 °CPiezoelectric properties of selected samples have

also been investigated in the thesis
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Chapter 1

1.1 Introduction

Currently there is strong impetus to develop {&aé dielectrics, which can
operate at high temperatures (T > 200 °C) for use in capacitors for power electronics
and electronic systems located in harsh environn{€tisen et al., 201,%Zeb et al.,

2014). Pushing the temperature envelope to a much higher level is required due to

the increased integration of power electronics and associated heat dissipation issues

Applications for new high temperatucentrol and sensing systems operating
in harsh environments include automotive engines, aerospace applications,

electrically powered cars, defence and ddwite drilling (Dittmer et al., 2012a

Traditional barium titanate based high relative permittivity dielectrics are
limited to upper working temperatures 5 °C, 150 °C and 175 °C f&7R, X8R

and X9R capacitors respectivéBeb et al., 2014 The demand is to reach 300.

Although leadbased perovskite dielectrics can operate to higher temperatures (~
250 °C) than barium titanate, concerns over the toxicity of lead oxide prompted

current research into ledrke alternatives.

A number of leadree ceramics with temperatuséable permittivity have been
explored. These are mostly based omerovskite relaxor dielectrics. Examples
include: NasKosNbO; 1 LiTaOz i BiScO; (Zhu et al., 201 KosBigsliO3 i
BiScO; (Kruealn et al., 2012 BaysCa TiO3 T BiMgosTiposOs (Zeb and Milne,
20139, BaysCa2TiO3 1T BiMgosTiosOs I NaNbG; (Zeb and Milne, 2013kzeb et
al.,, 2014, BaTiO; i Bi(MgosZros)Os (Zeb and Milne, 2013cZeb and Milne,

2014b, K0_5Bi0.5TiO3 T Ba(Tiolgzr0.2)03 (Zeb and Milne, 2013& Bngo.sTiolsog T



BaTiOs (Zhang et al., 2011Xiong et al., 201}, BiZnysTios03 1 BaTiOs; (Huang
and Cann, 2008BaTiO; 1 LiTaO3; (Wang et al., 2003 BaTiO; i Ko sNagsNbOs 1
Li, Ti, Si, O (Hu et al.,, 2018 NaysBipsliO3 i KosBipslO3 T KgsNaysNbOs
(Dittmer et al., 201p BiScO; 1 BaTiOsT Ko sBigsliO3 (Lim et al., 2009, BaTiOs 1
BiScO; T BiZngsTips03 (Raengthon et al., 201Pluang et al., 2007 Nay sBip 57103
T BaTiO; T KosNaysNbOs; (Dittmer et al., 2010a BaTiO; i BiZngsligsOs3 1

Nay sNbO; (Raengthon et al., 201Bb

The challege remains to maintain stablithin £ 15 %) relative permittivity
from high (0300°C) to low (55 °C) temperatures in a single material, allied to low

dielectric losses.

The thesis also considers piezoelectric properties. Efforts have been made
globally to develop leaftee ceramics as afteatives to lead zirconate titanate.
Much of the past leafiee piezoelectric research has been focussed on barium

titanate, BaTiQ@(BT) and sodium bismuth titanate, ¢NBiosTiO3 (NBT) families.

In this group, work on ceramic compositiori XJNBT i xBT [NBT i BT] has
so far received the most attention because of excellent dielectric and piezoelectric
properties near a MPB at around x ~ 0.06. Takenaka et al. reported a piezoelectric
constant g5 ~ 125 pC/N, room temperatureelative permittivity, ) ~ 58Q
electromechanical coupling factossk~ 55 %, di el e0.03randc | o0s
maximum dielectric temperatyrd,, ~ 288 °C nearthe morphotrophic phase
boundary (MPB) composition at x = 0.§Rodel et al., 2009 However, despite
relatively good properties, a number of issues were highlighted, for example a
relatively low depolarization temperature 180 °C) and problems in the control of

volatile species during thermal processing.



1.2 Aims andObjectives

The focus of this study wase

1 Developnovel leadfree temperaturstable dielectrics for high temperature
(> 200 °C)capacitorsand also understand the factors controlling the phase
formation during fabrication.

1 Modify a weltkknown NasBipsliO3 T BaTiO; [NBT i BT] system by
incorporating C&* with a view to improve itsproperties to a more
temperaturestable dielectrics

1 Study the effect ofBi,O3 excesson the properties oNaysBigsTiO3 T
Bay sCapTiO3 [NBT i BCT].

1 Modify, NBT 1T BCT with LiNbO;, BiMgosTio 503 and NaNbQ respectively
and also fabricate binary solid solutions B2t 4Zro 2TiO3 T BiMQosTios03
[BSZT 1 BMT], assessing forhigh performancetemperaturestable
materials

1 Examinethe phase formation of tHabricatedceramicsusing Xray powder
diffraction, U(T) plots, Scanning Electron Microscopy(SEM) and
TransmissiorkElectronMicroscopy(TEM) techniques

1 Investigate polarizatioin electric field (PE) and bipolar strain electric field
respons€S-E) of selectecceramics.

1 Study theelectricalresistivity of the fabricated ceramics.



Chapter 2
Background scienceand literature review

2.1 Dielectrics

Dielectrics are the special class of nonconductive materials that can be
polarized when subjected to an external electric figldulson and Herbert, 2003
Dielectrics of high relative pmittivity, good temperature stability, low dielectric
loss(Dittmer et al., 2011,8Du et al., 2008 andhigh resistivity find applicéons in
high temperature capacitors where high charge storage density is re@iitetbr
et al., 2011p Porosity levels, chemical inhomogenity, lattice defects, strongly affect
the performance of dielectri¢sloulson and Herbert, 2003

Relative permittivity ofa dielectrics is describely Equation 2.1, as the ratio
between the magnitude of charge stored on either surface of electroded dielectrics
when an external electric field is applied, to the charge stored on a set of similar
electrodes separated by vacuum.

U= §HCWCa=1+céééééééééééééééééEquation 2.
0 = permittivity of the medi um.
Up = permittivity of free space (8.85x1OF/m).
Cgie = Capacitance of parallel plate capacitor separateddsiectric.
C.ac = Capacitance of parallel plate capacitor separated by vacuum.
Ge =Electric susceptibility of dielectric.
Rel ative permittivity and dielectric
temperature can be utilized as one of the most useful tools for the identification of

phase transitions (ferroelectfierroelectric, ferroelectriantiferroelectric and



ferroelectricparaelectric) in ceramics. In addition, frequency dispersiorthef

dielectricplot helps to identify the relaxdrehaviourof ferroelectricgJaffe, 1971

2.1.1 Dielectric |l oss or tantu

When a dielectric is subjected to an alternating voltage (ac), it has both real
(in phase or restive leakage) and imaginary (out of phase or dielectric absorption)
componentsthe phase difference between the two is the cause of powgFigsse
2.1. In an ideal case, power loss in dielectrics will be zero if the phase change
between the voltagend the current (V and I) is 9QRishino, 1996.

The loss tangent a n (the rafiosof the out of phase componémtthe in
phase component of amltage,depends upon temperature and frequency of the

applied field(Jaffe, 197) Equation 2.2

""""""""""""

whereU s the imaginary part of complex permittivity = - U" n(p =and U
is the real permittivity.

Dielectric loss plotted as a function tdmperature helps to identify the
depolarization temperatur@@phase transition in ceramigkaffe, 197

If a dielectric material is placed in at field, then the current, leads the
voltage V, if the two are exactly out of phase by’3fien the power loss is zero
(ideal case)Figure 2.1a. Whenever the voltage increases, the current decreases and
drops to zero when the capacitorfudly charged. The capacitor starts discharging
when voltagebegins to drop, whereas in response the current increases. For ideal
case, the power |l oss P = V.I = Vlicosd i ¢
and | is always less than Ofor most real dielectrics, giving dielectric loss due to

resistive leakageurrent Figure 2.1b.
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Figure 2.1 Phasor diagram of(a) ideal and (b) real capacitor. Modified as

(Moulson, 2003 Wolfe, 201p

2.1.2 Dipole moment ¢

Two equal but opposite point charges separated by small abstdn
comprises an electric dipole, Figure 2.2. The dipole mo@eéstgiven by Equation
2.3.

/////////////////////////

where g is the magnitude of either of the two charges (+vesedrand d is
the separation between the two charges. Polarization, P, is defined as the dipole per

unit volume (Ponnusamy, 2007).

Figure 2.2 Schematic representation of dipole moment.



Themeasure of extent of how easily a dielectric material can be polarized by
an applied electric field 1.9 whichrsneed t h
constant of proportionality and determines the electrical permittivity of the material.

The expresion for a linear dielectric, where polarization is proportional to
the electric field is given biquation 2.4
G= B BééééééééééééééééééééééEquation2s
Wh e r .@s,electric susceptibility of material, P is electric polarization, and E is the
applied field.
The dielectric displacement D is given by
D=Q/A(Slunit=C/i) éééééééééééééééééHyuation?2s

where Q is the charge stored on the capacitor of electrode area A. It can be
expressed in terms of electric polarization (P), dielecdrioc si pt @hkandl i t y
electric field intensity (E)(Jaffe, 1971
D s Ot FP+cQEBQE(1+c)=QUE éééééééééEquation 2.
The permittivity of the dielectria), is defined by
0= o(fHG) €éééééééééééééééééééééééEquation 2
Where, 14c.=Jand hence r el adgequaled p@r mi tti vity |

2.1.3 Capacitors

A charge storage capacitor consists of an insulating material between two
electrodes. High relative permittivity ceramics can offer large capacitance with
compact size. Ferroelectric materials are often used as thetdiela capacitors
because of the wide ranging values of relative permitt{distmer et al., 2011a

Dielectrics are used between the plates of capacitor to increase its

capacitance, relative to a nfiled capacitor, Figure 2.3. For a parallel plate



capacitor of crossection area A separated by distance d, connected to a potential
difference source of voltage V, the charge Q stored on either plate of capacitor is .
Q=CV(C= Q/V ) ¢eééecéécéécéécééeecééeeéEquatio
andC= Adb 6 6 6 C 66 CEEEEEEEEEEE66A
This is the capacitance of the capacitor in presence of free space or vacuum
between the plates of capacitors.
When a dielectric of permittivity U
capacitors, Figure 2.3, then
Cie=AU/ d Gt dACY U0p B ééééééééééééEquation 2
Thus Cge > C b y ,, this is because the netfiEld (Enet = Eappl i Ediel

decreased due to the opposing dielectric field (V = EdGaad)/V) (Prakash, 2008

09).
A
pm— p— .
// I /// // | //
y //// 4 y //////
S e e o e e ( // o / //
. __ W i V
, FEEEE & .
= Vacuum = 3 000-
SeREss-~~~-- -2 +3¥ -1 +i3+-0 2
v y Q' 0 : y .
// /// " + * B /,/
a7 LTRSS /s
[ | Dielectric
material

Figure 2.3 Schematic diagram o#ir filled and dielectric filled capacitor.(Levi,

2009

2.2 Electric Polarization

As stated above, polarization P is the dipole moment per unit volume of a

dielectric material, which is either caused by an electric field (or applied stress).



Pdarization is the net effect dhe dipole moment in each unit cell of a
crystal and is a measure of ferroelectricity in a material, and can be calculated from
P-E hysteresis loop measuremer{tiaffe, 1971 Kingery, 1976 Moulson and

Herbert, 2008 It can be categorized into four types which are listed below.
2.2.1 Space charge polarization

Spae charge polarization is the effect of charges that either stick to the
interfaces of grain boundaries or are trapped at dielectric surfaces and cannot
discharge through electrodes on interaction with applied electric fieddre 2.4
Such charge polarion involves limited mobility of charge carrier, until stopped at
the grain boundaries.

It loses its response to the applied electric field beyordHOresulting in a
decrease in the value of relative permittiyifigure 2.8(Moulson and Herbert,

2003 Jaffe, 197}

Unpolarized Polarized

Space charge 7§
or diffusional

Figure 2.4 Space charge polarizationM odified after (Moulson and Herbert,
2003
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2.2.2 Dipolar or orientational polarization

A slight twist or torque is produced in dipoldae to applied electric field
Figure 2.5. It is common in liquids and gases in nature. The direction of dipole (E
field frequency dependent), can be changed by application-feglcE Dipoles
cannot follow the changing highcarequency quidly, but rathe lag behind the a
field, this effect is called relaxation.

Dipolar polarization loses its response to the frequency of electric field
beyond 16° Hz, which results in the further decrease of relative permittivity of

material(Moulson and Herbert, 2003affe, 197}, Figure 2.8.

Figure 2.5 Dipolar polarization mechanism Modified as (DolTPoMS, Access

date 19th Sep 201b
2.2.3 lonic polarization

lonic polarization is due to a small relative drift of cations (+ve charge) and
anions {ve charge) in ionic crystals. In the unstrained conditions,cémdresof

positive and negative charges coincide and hence the net ptdarigazero. When
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ionic crystals are brought under stress, or exposed to electric field, the charges drift
slightly relative to one another and hence the crystal is polarized, Figure 2.6.

lonic polarization is attributed to the phenomena of resonandesds its
response to applied electric field beyond a frequency bf H®, which causes a
further decrease in relative permittivitfFigure 2.8 (Jaffe, 1971 Moulson and

Herbert, 2008

OO. 00‘
000—000

-+

000 000
C O Q@ @

Figure 2.6 lonic polarization mechanismModified as (DolTPoMS, Access date

19th Sep 2015%
2.2.4 Electronicpolarization or atomic polarization

When an electric fields applied to an atom, there is a relative displacement
of electrons cloud with respect to the nucleus and hence the atom gets polarized
Figure 2.7.

Atomic polarization exists in all materials and is attributed to the phenomena
of resonance. It loses itesponse to electric field at a frequency beyontf Hz

(Moulson and Herbert, 2003affe, 1971Lines and Glass, 20D IFigure 2.8
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Unpolarized state polarized state

[ " E

| - + E\ .‘

- - +

Figure 2.7 Electronic polarization in the unstressed and stressed conditians
Modified as (DolTPoMS, Access datel 9th Sep 201b
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T lonic :
Dipolar Atomic
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Figure 2.8 Variation in relative permittivity with a.c frequency. Modified as

(Moulson and Herbert, 2003

2.3 Ferroelectricity

Ferroelectricity was first discovered in a single crystal Rochelle salt in 1921
and polycrystalline BaTi®in 1940. Ferroelectrics are a special class of dielectrics.
They are nofcentrosymmetric crystals which possess a property of spontaneous
polarization, the direction of which can be reversed by application of an electric

field (Haertling, 1999Elissalde and Ravez, 20Qliles, 200}, Figure 2.9.
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Out of the four general groups of ferroelectrics (tungsten bronze, oxygen
octahedral ABQ@ perovskite, pyrochlore, and bismuth layerell§ perovskite group
ABO;s; is the most important category. Barium titanate, lead zirconate titanate, lead
titanate, and sodium potassium niobate belong to this dkagrtling, 1999

Spontaneous polarization exists in ferroelectrics even at zémdEas the
centresof positive and negative charges do not coincide with each other below the
Curie point .. Spontaneous polarization and electric field reversible polarization is
the basic criteria for ferroelectriciiMegaw, 1952Jaffe, 197).

The performance of ferroelectric materials is strongly affected by external

factorslike temperature and applied electric field fregay (Elissalde and Ravez,

2009

—
m

Unpolarized ABO; pervoskite unit cell

polarized upward

~ .‘)

N

polarized downward

Figure 2.9 Polarization mechanism in ABQ Perovskite unit cell.
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2.4 Perovskites ABQ

The origin offerroelectricity lie in ion displacements in the unit cell. This
can best be explained by reference to the crystal structure of perovskites, of general
formula ABG; for example BaTi@ The polarization mechanism in ABO
ferroelectric perovskite unit ce ishown in Figure 2.9.

The perovskite cubic unit cell is neferroelectric (paraelectric) and

contains A cations @fold co-ordination number) oeach corner, B cations-(6ld
co-ordination number) at itsentreand anion O (6old co-ordination umber) at
each of its six face@affe, 197) Figure 2.10.

The structure can be considered as being based on a cubic close packing
arrangement of A and O ionswithBigngi t h a quarter of octa
occupied by smaller B site ions. In cubic Ba7i@e Ti ions lie at theentreof the
cube forming TiG; octahedrarepresented by the shadedlume There is no net

charge displacement in the unit cell and hence no spontaneous polarization.

Figure 2.10 Cubic pepvskite ABO; structure unit cell. Modified as (Rodel et

al., 2009. The shaded volume represents oxygesttahedra
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The perovskite structure is very flexible and can accommodate cations of
different valance number easily, for exampEBY'0%5, A*'B*'0%; or A**B¥*0%.
The structure toleranckctor t, of perovskite which is the ratiathat governs the
relationship between the ionic radii of the unit cedin be changed due to different
radii (Ra, Rs and Ry)) of cations and anionfVegaw, 1957, Goldschmidt, 1926)

Equation 2.11

t = (Ra+Ro)/V¢(Re+Ro) Equation 2.11
The perovskite structure is stable i
perovskite structures t a 1.0. Larger

crystallization of the ampound, in the form of AB@perovskite structure.

The BaTiQ structure is cubic and paraelectric above ~ 130 °C. Below ~130
°C, the structure changes from cubic to tetragonal crystal systems, with the Ti ion
moving off centretoward one of the apical oxgg that make up the Ti®ctahedra
This creates a net displacement of negative and positive charge in the unit cell,
giving a permanent unit cell dipole and spontaneous polarization characteristic of a
ferroelectric. For example, the polarization mechanis BaTiO; unit cell during
phase transition from high temperature cubic phase to low temperature tetragonal
phase with off centred Ton is shown inFigure 2.11The off centred Fion creates
elongation in any of the six possible crystallographic directions towards corner
oxygen ions and hence creates a dipole. If all themAs are displaced along one
particular direction then the unit cell is unstable and geas electrostatic and
mechanical stresses. The regions of crystal have different unit celi®nTi
displacements to minimize electrostatic and mechanical sresdience domains
are generated. Domains are the local regions in crystal with common dipole

orientation.
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=3 Phase transition on cooling

Tetragonal (Ti off centre)
Corner sharing TiO;4 octahedra

Figure 2.11Unit cells of Cubic and Tetragonal BaTiQ showing the corner
sharing TiOg octahedraand off centred Ti ion. (Taken from StevenJ.
Milne Lecture PEME1730)

The cubic to tetragonal phase transition can result in six possible directions
dipole moment associated with Ti being displaced toward any one of the 6 oxygen
ions. These displacement directions are the <100> directions in crystallographic
notation.

At lower temperatures other polymorphs form. The primary cell alters to
monoclinic (unit cell is larger than the primary cell and is orthorhombic) with Ti
moving in <110> directions below around°G and at even lower temperatures a

rhombohedral unitell formswith Ti displacements along <111>, Figure 2.12.
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Cubic Tetragonal Orthorhombic/ monoclinic Rhombohedral
0 -90°C
130°C 0°c
c —> ) —
b

Figure 2.12 Unit cell phase transformations in barium titanate. Modified as
(Jaffe, 1972

It is noted that the perovskite unit cell has a simple lattice type, with a lattice
point (repeat motif in structure) corresponding to the formula ung. Tfhpossible
combinations of unit cell shape (crystal system) and lattice types which cover all

possible crystal structures are shown in Figure 2.13.

55 o7

Simple Face-centered Body-centered
cubic cubic cubic
Simple Body-centered Hexagonal
tetragonal tetragonal
Simple Body-centered Base-centered Face-centered
orthorhombic orthorhombic orthorhombic orthorhombic
iﬂ Simple Base-centered Triclinic

Rhombohedral Monoclinic monoclinic

Figure 2.13 The seven crystal systems and fourteen Bravias latticéBietrovito
LA, 2015
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2.5 Feroelectric domains andpolarisation-electric field response
(P-E)

The homogeneous regions of the ferroelectric crystal, where all the dipoles
are oriented along one particular direction, constitute domains. In a single crystal all
the domains are oriented along one particular direction, whereas in polycrystalline
materids they are directed in different directions.

In tetragonal BaTi@ 90 domains, form on cooling from the paraelectric
phase to minimize mechanical stress whereas d8Mains form @ minimize
electrostatic stregdaffe, 1971Haertling, 1999Cao and Randall, 1996treiffer et
al., 199§. Figure 2.14, show a schematapresentations of 90° and 180° domains.

% P
A X \Lg— 180° boundary

90" boundary

Figure 2.14 A schematic representations of 90° and 180° domaifigloulson
and Herbert, 2003

The walls separating domains are called domain Wkitgel, 1957, which
exits between Qdomains, as well as 18domaingMerz, 1954.
Ferroelectricity in materials can be directly evidenced from polarization

electric field hysteresis loo@affe, 1971Xu et al., 201
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For example, a normal ferroelectric likeEPhysteresis loop is shown in
Figure 2.15. The vertical axes represents polarization and the horizontal axes
represents the applied electric fi¢ldffe, 1971

Under normal conditions the net electpolarization is nearly zero due to
random orientation of domain dipolefigure 2.15 (1) These dipoles orient
themselves in particular direction in accordance with the applied static electric field,
until the saturation poir(#, B), at which the polarizeon reaches its peak values|P
Figure 2.15

The direction of domain dipoles in poled ferroelectrics can be reversed when
the direction of applied electric field is reverqddffe, 197) The materiaktars to
depolarize gradually on reversal of direction of applied field. When tfieldE
becomes zero, there still exists a spontaneous polarization in ferroelectrics, called
remanent polarization (P= OE), Figure 2.152). On further decreasing thefleld
the material is completely depolarized at a certain value, called coercive field E
(points C and D, Figure 2.15(Haertling, 1999 Jaffe, 197). At a certain negative
maximum of electric field, the material is completely polarized in opposite direction

Figure 2.15 (4).
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Figure 2.15A typical ferroelectric polarization-electric field hysteresis loop
(Taken from Stevend. Milne lecture PEME 1710)

Single crystals show strong ferroelectricity in onetipakar direction,
whereas polgrystalline materials show weak ferroelectricity in the unstrained
conditions. Domains in ferroelectrics can be switched along any particular allowed
crystallographic direction by application of electric fi¢tthertling, 1999.

Ferroelectrics are mainly used as high dielectric constant capacitors,
ultrasonic transducers, pyroelectric security sensors, ultrasonic motors, -electro
opticd light valvesandmany morgKonig et al., 2000

P-E hysteresis loops of different shapes and sizes can be used as a fingerprint
to identify the type of material, for example, a lineatBresponse show a dielectric
capacitor characteristic, a highly nonlinear saturated loop with low coercive field
indicate a memory ferroelectric, a nbmear slim RE loop evidence a relaxor

ferroelectric and a dold P-E loop indicate a nonmemory antiferroelectric materials

(Haertling, 1999 ).
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2.6 Curie Weiss law

Ferroelectricmaterialsretain ferroelectricity below Curie point temperature,
Tc, at which the relative permittivity reaches its maximum value. Above the Curie
point the relative permittivity suddenly decreases due to transformation to

paraelectric phase and follows Curie Weiss (8ekov and Ye, 2007Jaffe, 197],

Equation 2.12,

//////////////////////

U-1=CITTcé éééééééééééééééééééééEquation
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Figure 2.16 Temperature-dependentrelative permittivity plot of single crystal
BaTiOs. (Jaffe, 1971 Moulson and Herbert, 2003
At the Curie point, the crystal structure of ferroelectrics changes from
ferroelectric state to paraelectric state, at which electric polarization drops to zero.
However there also exist some ferroeleeteicoelectric transitiongfor
example, rhombohedratetragonal, orthorhombitetragonal, rhombohedral

orthorhombic)elow Curie point in some ferroelectrighaffe, 197}, Figure 2.16.

2 .
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2.7 Relaxorferroelectrics

Relaxors are a special class of ferroelectrics with haphazardly oriented short
range nanssized domains that can be switchsdthe application of external electric
field. These domains exist down to very low temperafuret al., 2009 Bokov and
Ye, 2007 Ke et al., 200R Majority of relaxors belongs to a family of leddsed
pervoskites, such as Pb(MgNb/3Ta1203), Pb(Se,Tay 203 and (PbLaZrTi)@.

Relaxor ferroelectrics are divided into twoain categories, which are
classical relaxors with only short range ordering, for example RENg0;
(PMN) Figure 2.17, and serulassical relaxor ferroelectrics with both short and
long range ordering (Kumar, 2012). In PMN single crystals, a signtfiddfuse
peakappeas below theBurnstemperature (T <d) on cooling, which was attributed
to the existence of correlated polar nano domains PiWRsh aresmall groups of
electric dipoles in nanometre siz8he size of PNRs increased with decreasing
temperature until freezing temperature, resulting in a diffuse dielectric piggie

2.17.

25
20

15¢

£[107

10

O
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7 [K]
Figure 2.17 The temperature dependence of the real part of the dielectric
permittivity measured at different frequencies for single crystal of relaxor
compoundPb(Mgi/3Nb2303). (Shvartsman, 2012)
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In relaxors, long range ordered symmetry and macrodomains, which exist in
normal ferroelectrics are absent, instead order is restricted to the nanoscale due to
symmetry breaking defects. The origin of symmetry breaélefgct might be charge
disorder due to: offalent cation substitutions and so called random electric fields;
partial B-site lattice substitution of ions that remain at teetreof BOs octahedra
and therefore prevent long range dipole formation; pastistitution of ions of
differing radii, creating stress fields; intermediate scale ordering of octahedral
cations of different radii and char@®stringer et al., 2007

Compared to normal ferroelectrics, relaxor ferroelectrics exhibit unique
properties, such as frequency dispersion of relative permittivity, diffuse relative
permittivity peaks, slim hysteresis loop and no macroscopic symmetry change
associated with the parttivity peak (Smolensky, 1984Lu and Calvarin, 199%Ke
et al., 2009Li et al., 2009 Kreisel et al., 2002 The temperature below which polar
nanoregions, PNRs, begin to form is ternasit he Bur nds gt@mper at
further cooling Neutron diffraction has confirmed the number and size of PNRs
increase and hence total polarization increases. However this is accompanied by an
increase in the energy o@r for PNR reorientation ¢oupling) and at a particular
temperature, J, a peak in relative permittivity is observed, due to the dominant
effect of the energy parameter. As temp:
occurs. Some relaxors transform spontaneously into normal ferroelectrics at T < <
Tm, in other cases polingay induce ferroelectrioehaviourKe et al., 09).

The frequency dependence qf an be considered to arise because of the
dynamics of PNR r@rientation, i.e. r@rientation under an electric field is easier to
achieve at low frequencies, and henggsllower.

Owing to the applications in captws, sensors and actuators, much

attention is given to PbMgNb,,30; based relaxor perovskites. Hovee due to the
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toxicity of leadbased ceramics, researchers change their direction of research
towards lead free relaxor materials like Ba(Ti,gxOBaTiO; 1 BiScO; and
KosNaysTiO3 T SrTiOs (Kruealn et al., 2012

The compositional disorder in ionic crystals is believed to be the origin of

the relaxombehaviourof perovskitegYu and Ye, 2008Uchino, 1994.

2.8 Piezoelectricity

A special group of nogentrosymmetric crystalline materials, discovered by
J.Curie and P.Curie in 1880, that develop charges, when squeezed or stressed, is
piezoelectricity (Haertling, 1999 According to Caddy, piezoelectricity is the
Nfel ectric polarization produced by mech:
classes, the polarizatioreing proportional to the strain and changing sign with it
(Haertling, 1999%.

Charge per unit area (dipole moment) induced on piezoelectric matemals is
linear function of mechanical stress, called direct piezoelectric effect or generator
effect Equation 2.15 and Figure 2.18a.

D=P=Q/A=dT Equation 2.15

Where, d isa piezoelectrichargeconstant, Q being charge and A is a charge
build upon surface and T is applied stress.

Also strain is produced in piezoelectric material when electric field is
applied, which is directly related to the magnitude of applied eldatct (E). This
effect is called converse piezoelectric effect or motor effegure 2.18b.

S=dE Equation 2.16
Where S is strain and d is piezoelecithargeconstant(Haertling, 1999 Jaffe,

197)).
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The piezoelectrichargeconstant d is the ratio of charge stored per unit area
to the applied mechanical stress (direct piezoelectric effect) or the ratio of strain to
the applied electric field (converse piezoelectric effect). It is expressed in the units
of pC/N or pm/V.Sincethe transfer of mechanical energy into electrical energy and
vice versa, as a result of the piezoelectric effect, occurs in all x, y, and z direction,
which gives rise to the use of tensors to denote directions. Thus the piezoelectric
charge constant wilbe different in different directions and hence is a teriédhe
direction of applied stress and electric polarization is the same, the piezoelectric
constant is represented by dnd if at right angle by« For soft mateals its value
is higher, wlereas a converse for hard materials.

Of the 32 crystallographic point groups, 20 show piezoelectricity and of
these 10 are necentrosymmetric and will exhibierroelectricity(Cady, 1946 ).

High dielectric constant, discovery of ferroelectricity in Ba #&nd poling,
are the three basic steps in the discovery and understanding of piezoelectricity
(Jaffe, 197

Commercial piezoelectric ceramics are used mainly for, generation of
voltages, electromechanical actuations, frequency control and generation and

detection of acoustic and ultrasonic eneffgpulson and Herbert, 2003
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(a) Direct piezoelectric effect

(b) Converse piezoelectric effect

+
I
I

Figure 2.18 (a) Direct piezoelectric effect and (b) converse piezoelectric ette

Modified as (Moulson and Herbert, 2003

The electrical energy supplied to the material is partly converted into useful
work and the rest being wasted dissipated inside the materialhis can be
expressed in terms of electromechanical constant k, which is the square root of the
ratio of input electrical energy converted into mechanical energy to the input
electrical energy deito the applied electric fieleconverse piezoelectric effect), or
theratio of the square root of input mechanical energy converted to electrical energy
to the input mecinical energy or stress (direct piezoelectric effect) is called

electromechanical coupling factor($affe, 197}, Equation 2.17,

E Equation 2.17

Typical value ofo Y%s always less than 1, for Rochelle salt k = 0.9 at 24 °C, 0.10 for

quartz and 0.5 to 0.7 for BaTi@laffe, 197)
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2.9 Electrostriction

Electrostriction is the basic electromechanical effect observed in all insulator
or dielectrics in which the electric field/polarizatiorduced strain (S) is a direct
function of the square or even powers of electric field (E)/polarizatio(L{F} al.,

2014 Jaffe, 197}, Equation 2.18,

S = ME'= QP Equation 2.18
where Q and M are electrostrictive efficients, which can be determined from
strairi polarization (SP) and strairelectric field (SE), for materials with high
dielectric response where strain can be measured accytatetyal., 2014.

The strain induced by an electrostrictive effect is generally small and its sign
is independent of the polarity of the electric fieldcontrast to the strain induced in
piezoelectricity, in which the sign of deformation is dependent on the polarity of the
applied electric fieldLi et al., 2013.

More attention on electrostriction was focused in 1980s, during a systematic
study of relaxor ferroelectrics with pervoskite structure, for example
Pb(MgusNb23)O3 (PMN) and Pb(ZpaNby3)Os(PZN) single crystal/ceramics, in
which high electrostrictive effect was observed due to high dielectric resfiorete
al., 2014,

Relaxors are superior to ferroelectric materials in many ways for example,
low hysteresis in & response, neemanent strain, low aging effect and no polling
required.

Comparedo classical ferroelectrics, electrostrictive materials are believed to

be potential candidates for actuator (Iseet al., 2013.
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2.10 Leadzirconate titanate, PZT

A high piezoelectric response in many ceramics, especially PZT is attributed
to the presence of morphotrophic phase boundary (MPB), which separate the regions
of different symmetries (e.g. rhombohedi@tragonal), that can be crossed through
a change in @mposition(Aksel and Jones, 2010At a MPB the polarizability and
piezoelectric properties increase due to mixed phaseexistence (e.g.
rhombohedratetragonalShrout and Zhang, 2007

In the PbZrQ (PZ) and PbTi@ (PT) solid solutionthe most favourable
piezoelectric properties were observed for the MPB composRinf 55T 4503
(PZT) between tetragonal and rhombohedral struct(@affe, 1971 Aksel and
Jones, 2010 MPB is basically a vertical line on the phase diagram separating two
crystal structures, that is only dependent on composition fluctuation, but
independent or nearly independentt@perature as in the PbZrOPbTIO; solid
solution systenfMoulson and Herbert, 2003

To date, there is still a controversy over the MPB in lead zirconate titanate
(PZT), reports indicate an intermediate monoclinic phase, and the presence of a
MPB is not always a necessary component of-feaelreplacement materials for up
grading pieoelectricpropertiegAksel and Jones, 2010
The phase diagram of lead titanate and lead zirconate system is shown in Figure

2.19.
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Figure 2.19 Phase Diagram of th®ZT system (Shrout and Zhang, 2007

2.11 Poling

Pding, a process of aligning a randomly distributed dorean a single crystal or

polycrystalline material into one particular direction when subjected to dc electric

field andwas first discovered in barium titanate by R.B Gray in 1@4&ertling,

1999. The direction of polarization is directed along the direction of applied field

(Jaffe, 197), Figure 2.20
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2.12 Leadzirconate titanate basedpiezoelectrics

Lead zirconate titanat®b(Zr1Tix)Oz (PZT) based ceramics have been
market dominant piezoelectrics over several decades due to their excellent
piezoelectric propertie§Panda, 2009 The high piezoelectric properties of PZT
were attributed to the presence of a morphotrophic phase boundary (MPB) between
tetragonal and rhombohedral symmetries. Near the MPB, the relative permittivity,
piezoelectric coefficients and coupling factors @pémized(Rddel et al., 2009

The dielectric, microstructure and piezoelectric properties of PZT can be
altered by modifying it with either donor dopants of higher charge number than
P, zr** or Ti**, for exampleLa®*, B®* (A-site), Nb>*, Ta’*, Sb* (B-site) or
acceptor dopants of lower charge number thafi, 2** or Ti**, for exampleK**
(A-site) S, Mg*? (B-site) (Qiu and Hng, 2002

The donor dopants act as Osoftener 6,
field, an increase in relative permittivity and piezoelectric constant. In contrast, the
acceptor dopants which act as a O6éharden
and dieletric properties of PZTZhang et al., 1983

The saturation polarizationfemanent polarization and coercive field
reported for Asite Ladoped (donor) PZT (52/48) were25 . 58 % &®.H% m
e C/ “aama 6.0 kV/cm respectivelPrabu et al., 2093 The coercive field observed
for the donor doped PZT (Ni, Sb) was ~ 1 kV/mnd a@manent polarization ~ 40
uClen? (Kounga et al., 2008 A high piezoelectric coefficient ~ 779 pm/V is
reported foy0.02 Sr, K, Nbdoped PZ153/47,(Donnelly et al., 200/

Undoubtedly PZT and modified PZT ceramics have shown superior
dielectric and piezoelectric properties, however there have been concerns of

European Union (EU) environmental legislation of waste electrical and electronic
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equipment (WEEE) directive and thestriction of hazardous substance (RoHS)
over the toxicity of lead oxide (PbO) during thermal processing and waste disposal
(Qiao et al., 2012R6del et al., 2009Directive, 2003.This has turned the focus of
research from leabdased materials towards environmental friendly 4eed
ferroelectric{Ro6del et al., 2009

Among leadfree ferroelectrics, BaTi® (BT), NasBigsliO3 (NBT),
Ko.sBiosTiO3 (KBT) and KysNagsNbO; (KNN) have been researched intensively
(Panda, 2009Leontsev and Eitel, 201@ksel and Jones, 20100f these BaTi®
based ceramic are widely used in capacitors and piezoelectric materials for

commercial purposgZhang et al., 2011

2.13 Bariumtitanate - based compositions

Barium titanate based solid solutions offer variety of properties (dielectric,
piezoelectric and ferroelectric), for example a range of piezoelectric coefficignt (d
values are reported, subject to different sintering teatpess, domain engineering
of fine grained BT ceramics with high 90° domain wall densities and [110]-grain
oriented BT: vales range from 491 to 788 pC/N(Wada et al., 2010Gao et al.,

201]). However its low Curie temperature (~ 130 °C), limits its dielectric and
piezoelectric aplications to temperature well below 130 ®anda, 2000

Electronic systems used as control units, for example in deep oil well
exploration, aerospace, electric automabiend nuclear reactors are required to
operate under harsh envi r(Dittrmarcetdl.a2012 c ond i
Dielectric capacitors are essential parts of the electronic devices used in these
systems. The B-based X7Ri X9R commercial dielectric materials operate well
below 200 °C, but are unsuitable for the new applications in harsh environments

(Buttay et al., 20111



32

Dielectric capacitors, operating und
growing research topic. New capacitor materials must be found which sustain high
and stable rel,a&tl5 %)edo >20® °PQrand itleially tot>300 Q)
Efforts are underway to discover ceramics with high performance for harsh
operating conditions. Different dopants/modifications have been incorporated into
BT to develop new ceramics of desired properties.

The modificationof BT with different compounds/ceramics resulted in good
temperaturestable dielectricpiezoelectric and ferroelectric properties. For example
nanocompositesf BaTiO; I Ko sNaysNbO3; doped with 0.7 wt.% Li TiT SiiT O
sintering flux resulted in relative permittivity 3960 at 25 °C, a long range
temperature stable plateau of relative permittivity freBb to 150 °C with
temperature coefficient of capacitance no more than 12 %, whwhinterest with
reference to X8R capacit@du et al., 2013

A stable rehitive permittivity (~15007 300 0) with tanid <
temperature range 2007 400 °C varying no more than £15 %, was observed for
the system BiMgsTios03 1 XxBaTiO; ceramicgZhang et al., 2001

Xiong et al. report ed ~ $00Q®,blucteating noe | e ct
more than £13%, in the temperature rangé0 i 160 °C for niobium doped (1
X)BiMgo.sTips03 1 XxBaTiO; system(Xiong et al., 2011

Zeb et al. reported an extended flat plateau of relative permittivity (~835 +
40) in the temperature range 6550 °C for the ceramic system B#&a TiO3 T
BiMgo.sTios0s (50/50) Fi g u r e~ 950 2 10 % fdy, 0.45BaCa,TiO3i (0.55
T X) BiMgosTiosOs T XxNaNbG; (x = 0) in temperature range 80600 °C Figure
2 . 22 ,-al03d + 1B% in the temperatumange 25 400 °C for BagCay sTiO3 i
XBiZnosTips03 (x = 0.3) Figure 2.23.(Zeb and Milne, 2013bZeb and Milne,

2013d ZebandMilne, 20143.
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Figure 2.21 Temperaturedependent relative permittivity at frequencies 1 kHz
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Figure 2.23Temperature-dependentr el at i ve per mattti vity
frequencies 1 kHZi 1 MHz for Bag gCap 2TiO 31 XBiZngsTios03, (X = 0.3)

Raengthon et al. reported a ternary compound BaTi®iZngsTios0s T
NaNbGwi t h extended temperatur e ~480d P enden
+ 15%) in the temperature gradient}00i 200 °C, that makes it feasible for X9R
capacitor applicatiofRaengthon et al., 2018d&igure 2.24.

Ogihara et al. reported that the ceramic 0.7BgTi0.3BiScQ might be a
potential candidate for high energy storage capacitor maintaining relatively good
relaive permittivity, nearly independent of temperature over a wide range of
temperature (~ 50 400 °C) (Ogihara et al., 20Q9 Figure 2.25. Furthermore,
Raengthon et al. reported ceramics BaliD BiZnoslos03 i BiScO; with
temperature st abl e 1000) mthectemparatue rapge 0 P08 r t i e ¢

500 °C(Raengthon et al., 20 Figure 2.26.
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2.14 Sodium bismuth titanate based solid solutions

Sodium bismuth titanate NBiosTiO3[NBT], was discovered by Smolensky
et al,in 1960. At room temperature, a rhombohedral R3c space group is reported by
Jones and Thomas in 200%ksel and Jones, 20)1.0

Rietveld neutron diffraction powder analysis of the compoMBT were
carried out by Jones et al. in the temperature ra2gfi 540 °C to study the phase
transition temperatures of compound NBT. The sequence of phase transition
temperature have shown a rhombohedral structure in the temperature2@®ge

255 °C a mixed rhombohedral tetragonal phases in the temperature rarigei 2
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400 °C, a tetragonal phase from 400 °C to 500 °C, a mixed tetragm®aldocubic
phases in the temperature range 50 °C and a prototype cubic phase beyond
540 °C(Jones and Thomas, 2002

A high resolution transmission electron microscopy (TEM) study on NBT
have shown a complex structure with the formatiomahometresize tetragonal
platelets, which are homogeneously distributed within the rhombohedral R3c matrix
(Dorcet and Trolliard, 2008 In addition than situ TEM study performed on NBT,
revealed a destabilization of R3c rhombohedral phase near 200 °C and a modulated
phase, which isuk to the intergrowth of orthorhombic sheets within rhombohedral
R3c matrix in the temperature range ~ 23300 °C. The orthorhombic sheets,
which act as twin boundaries between two R3c ferroelectric domains increases with
increasing temperature due tocna twining process until 300 °C, after which they
switched immediately into a tetragonal phdBmrcet et al., 2008Trolliard and
Dorcet, 2008Dorcet et al., 2009

In addition a high resolution powdesray diffraction patterns of NBT have
shown a monoclinic phase from ~ 25 °C 850 °C(Aksel et al., 201).

A high Curie temperature T~ 320 °C),remanent polarization (P~ 38
uC/ent) (Panda, 2009and relatively good piezoelectric constast 6 73 pC/N
(Aksel and Jones, 2010nake NBT a promising leaflee piezoelectric. However
NBT in its pure form has some drawbacks, for example a high coercive field (Ec ~
7.3 kV/mm), high electricalanductivity due to volatility of bismuth oxide during
processing, difficulty in poling, low depolarization temperature and relatively high
sintering temperatures(Panda, 2009Rddel et al., 2000 There have been still
controversies and complexity about the crystal structure of NBT, research is still in

progress to further investigate its structure.
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The incorporation of different additives reduces the coercive field of NBT
and improves the piezoelectric properties. NBT hasixaure of Bi® and N&ions
on the Asite. The cedoping with Li* and K, on Asite increasedsgto 146 pCIN,
coupling factor k to 36 % but reduced 6 3.7 kV/mm(Aksel and Jones, 2010
Different dopants have different effects on the properties of NBT, for example, 6
mol % LaOsincreased g from ~ 64 to 92 pC/N, and 2 mol % NaNp® 88 pC/N
(Panda, 209).

NBT is now used in binary solid solutions, for example, 8 sTiO3 T
Ko.sBiosTiO3 [NBT T KBT], NapsBigsTiOz1 BaTiOs [NBTT BT], NagsBigsTiO3 i
Ko.sNagsNbO; [NBT - KNN], Nag sBigsTiO3 1 BiFeG; [NBT i BFO], and ternary
solid solutions N@sBiosTiO3 1 BaTiOs T KNaNbO; [NBT i BT 17 KNN], to get
desired piezoelectric and ferroelectric proper{idksel and Jones, 2010Figure

2.27, shows a pervoskite unit cell of NBT.

Figure 2.27 NBT Pewroskite pseudecubic structure, Oxygen (O) at each six
edges of octahedra, not shown for clear view of-Bation). (Aksel., 2010
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Takenaka et al. observed a morphotrophic phase boundary between a
rhombohedral NBT and a tetragonal BT sadiolution at 61 7 mol% BT, with
enhanced room temper at t 58, etectrenteehanical i c
coupling coefficient (s~ 55 %)(R0odel et al., 200%nd piezoelectric constaniza
125 pC/N (Leontsev and Eitel, 2010 The piezoelectric constant of this MPB
composition was further improved t@sd 208 pC/Nby lithium modification. The
MPB composition has relatively high-Df ~ 288 °C and depolarization temperature
Ty~ 150 °C(Leontsev and Eitel, 20).0

A high piezoelectric coefficientzg ~ 192 pC/N is repaed for the MPB
composition ofNay sBipsTiO3 1T XBigsKosTiO3 (1671 20 %) (Aksel and Jones, 2010
Leontsev and Eitel, 201@hang et al., 200§bThe MPB composition has hight ¥
28071 300 °C and low depolarizationy 7 140 °C(Leontsev and Eitel, 2010The
ds3, kp, P values reported for 22 mol% of KBT composition, were 192 pC/N, 32.5
%, 19 . 5 respectivalyfAksel and Jones, 2010According to these authors,
sintering conditions of theolid solution of NBTi KBT play an important role in its
piezoelectric properties. The volatility of bismuth, potassium and sodium limits its
sintering temperature.

Zhang et al. reported an increase g ftom 155 pC/N to 192 pC/N, when
the sinteringtemperature was increased from 1110 °C to 1150 ° at an MPB
composition(Aksel andJones, 201,(Zhang et al., 2009bThe addition of 4 at.% Li
to the MPB composition enhancegstb ~176 pC/N and 4 to 60 %(Rdodel et al.,
2009. A mixed orthorhombici tetragonal phasesiobserved in the ceramics
Ko.sNapsNbO; T XNay sBigsT103 (x = 0.02 and x = 0.03), resulting in highse 195
pC/N and electromechanical coupling factor of 48%4sel and Jones, 2010

Dittmer et al. reported a temperature stable relative permittivity fré® te

319 °C (A0 % tolerance) for the ternary ceramics NBD.0O6BT T XKNN (x =
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0.18). A high r,eRIbd at 150 °Cpaad high tedistivityiof the U

orderof1§q m was obser vedx$®l8Ditnteeet at, OMIH0 S i t i «
Figure 2.28.
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Nag sBigsTiO3T 0.06BaTiO;] T XK sNagsNbO3 (a) x =0.09(b) x =0.12 (c)
x = 0.15 and (d)x = 0.18(Dittmer 2011)

Temperaturestabledielectric properties were reported for ceramics NBT
0.4BKT 71 xKNN) with x = 0.15 at less than 10 % variation in relative permittivity of
about 2100 in the temperature rangeé4-°Ci 400 °C which can be used for

capacitor application@ittmer et al., 201p Figure 2.29.
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2.15 Summary

There have been many developments indieéectricmaterial over the past
few decades. Many ledidee material systems have been investigated of which some
displayed comparable properties to PZT, however there is still no single system with
versatile applications similar to PZT. The historically significBT continued to be
a fundamental system of research, but its properties are limited to a temperature
below 130 °C, which makes it inferior to PZT. A high Curie temperature compound,
sodium bismuth titanate (NBT), lacks enough high piezoelectric prepaitie to
low depolarization temperature (below 200 °C). However, modifications to BT and
NBT resulted in better piezoelectric and dielectric properties in many cases, for
exampleNBT i BT, NBT 1 KBT.

The dielectric and piezoelectric properties of mégdfree ceramics are
limited to a temperature well below 200 °C. There is a requirement for current
growing modern technology to explore a novel @@ ceramics that can operate at
temperatures well above 200 °C without any degradation to its dielectd
piezoelectric properties.

For the ceramic system BiMglipsO3 I xBaTiO;, the temperaturstable
relati ve p-e1500i 3000) & 15% phserved in the temperature range
~20071 400 °C. For Nkdoped, (1x)BiMgosTiosOs i xBaTiOs,  ~(1000 + 15%
from -70 t0160 °C. For 0.5BaCa-TiO3 1 0.5BiMgosTiosO, r ~ 835 + 40 in the
temperature range 65550 °C. For BggCaysTiOs 1 BiMgosTiosO 1 xNaNbQ, , ~U
950 + 10 % from 80 to 600 °C. For B&a ;TiO3 1T XxBiZngsTipsOs ( X = (8. 3) ,
1030 + 15% in the temperature range 300 °C and for NBT 0.06BTi1 XKNN

( x = ,621508+)10 %W in the temperature range + &39 °C.
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In this study efforts will be made to develop ldegke ceramics with relatively
good dielectric and piezadtric properties, which are temperature independent over
an extended region well beyond 200 °C. Furthermore, the effects of Bi excess will

also be studied on some of the NBased solid solutions.
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2.16 Background science to processing and characterization

techniques

2.16.1 Calcination

Calcinaton is a heat treatment process a ceramic powder below its
mel ting point and i s used to promote di
form a compound and remove volatile materials, fagbarbonates. Diffusion takes

place due to the movement of ions within the material.

The key factors that allow diffusion of atoms or ions or molecules within the
material are lattice vacancies in the vicinityngighbouringatoms and the supply of
sufficient energy to break bonds witieighbouringatoms. When the temperature
increases the vibrational energy of atoms or ions or molecules starts to increase,

resulting in more rapid diffusion.

The minimum energy required to start a chemical reactionngmntbe
constituentodos atoms/ions/ molecul es, to f«
In calcination a chemical reaction will take ptabeyond its activation energy

(Callister, 2000.

2.16.2 Sintering

Sintering is used for densification otampactegowder pelletgreen pellet
) to form a dense ceramic composed of interlocking gréinsintering mechanisms
mass transport phenomena take place through surface diffusion, volume diffusion,
grain boundary diffusion, and grain growth, evaporation anddeusation

(Shimosaka et al., 20p&igure 2.30 (a) & (b).
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Figure 2.30 (a) A schematic diagram showing three spherical particles and the
various mass transport paths that provide neck growth and in some cases

pore shrinkage (b) neck femation in spherical particles (German, 2010

The process of sintering is strongly dependent upon the nature of the
material, its melting point, particle size and other processing variables. Sintering
produces a contraction (shrinkage), where the densificatioongb&ct powder takes
place, leading to strengthening. Sintering reduces surface energy by replacing solid
gas interfaces with lower energy sefidlid grain boundary interfaces.

Coarsening, or grain growtlajso occurs during sinteringGérman, 2010
Large grain sizes can be the result of secondary grain growth, where smaller
particles inter diffuse with larger particles.

The key factor for coarsening and densification is the magnitude of pore to
particle size ratio and its change during densificatSurface diffusion is one of the
main mass transport mechanisms during the intermediate stage of sintering, whereas
boundary and volume diffusion contributes mainly at the final stage of sintering

(Shi,1999)
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2.16.3 Xray diffraction

X-rays, are highlyenergetic electromagnetic radiations of wavelength of the
order ~1 A, lying between ultraviolet and gamma rays in the electromagnetic
spectrum and were discovered by a German physicisigRonn 1895 Cullity and
Stock, 2001 In crystallographyX-ray diffraction is one of the powerful tools for
phase identification of minerals, ceramics, chemical compounds, engineering
materials and identification of crystal structures of known materials. Inter planer d
pacing, theoretical density, and crystallite siz&n ke determined from XRD
patterns Cullity and Stock, 2001Hammond, 20009

X-rays can either be generated by the deceleration of highly energetic
charges (electrons), or from the inner shell transitions of electrons of complex atoms
Figure 2.31 (a) &1). The former are called white or continuousays, and the
later, a characteristicrays(West, 1999, Cullity and Stock, 2001

Monochromatic Xrays are more often used for diffraction purpose. A high
energy beams (E O 30 mor¥ diten cepper,iard &rocked me t
out some Kshell electrons, produce vacancies. These vacancies in-shelKare
filled by a jump of electrons from either higher shellsNL,Né) by | osi ng e
equal to the energy diff=erhefnc=e HH&/t wee e)n it
of X-rays Figure 2.31 (a). The jump of-ghell electron to kshell, generates K
characteristics X ays (& = 1. 541 8-shel)electrennadkshall, j u mp
produces K characteristic x ay s ( & =Kgladi&@i®n2aPe mprg intense
compared to Kradiations, and are used in diffraction resegfogure 2.31 (b).

Since the transition has a slightly different energies for the two possible spin
states of kshell electron which makes the transition, relative to the splt-shell

vacant orbital existsindoublets ,( &= ~ 1. 5495 & +)1. &Ad3 K |
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The Ky 20n right half of diffraction peak is striped out by softwarg@ett high score

plus. Nickel (Ni) filter is used to eliminate pKradiation and obtain near

monochromatic & X-rays for diffraction (West, 2013
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Figure 2.31 (a) Generation of Xrays (Poppe et al., 200, (b) Characteristic X-
rays generation Seibert, 2004 and (c) Intensity V.s wavelength ofX-rays
(Moulson and Herbert, 2003

X-ray peaks are due to the diffraction of in phase waves. Light waves travel
straight in air, and bend when they strike an obstacle or aperture comparable to the
size of wavelength of light, which we call diffraction phenomena of wavesthe

superposition of two or more similar type of waves that either result in maxima (in

phase waves) or minima (out of phase wavégure 2.32.
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X-rays cannot be diffracted by a standard optical diffracgiating due to
their small wavkengths, comared to interspacing between the lines of a diffraction
grating. Xrays can be diffracted by crystal lattice because of cambpadspacing
between atoms (<1l A) to the wave length of X ay s . Braggos d
mathematical relation to find int@laner spcing and Miller indices, from theray

diffraction pattern of the samp{€ullity and Stock, 2001

Constructive & Destructive interference

Figure 2.32 Interference of electromagnetic wavegHorton, 2008)

Bragg approached the diffraction of-rays by treating crystals as the
combination of equally spaced parallel planes which act asts@nsparent mirror.
Some of theX-rays falling on the crystal are reflected such that the angle of
incidence is equal to angle of reflection, whereas the okst-rays are either
transmitted through crystal or absorbed by crystal. The reflestedys either
interfere constructively if in phase (pathi f f er enc=e1l, 2 3 & &) or
destructively if out of phase (pathi f f er ence ==1,2(3né+.1)/.2) Rar tni

destructive interference occurs for intermediate path differences.
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Bragg diffraction can be well understood by considering two parallel in
phase rays 1 and 2 that falls on crystal planes A and B, separated by interplanar

spacing d as shown Figure 2.33.

_ 1 A \\ I’

Incident i Diffracted

beam ~ beam
'\\ 2'

Q-0 @@ —-0—-@----@--

Figure 233 XRay di f fracti on.(Callistdr,2B0Qaggds | aw

The two waves after reflection from crystal planes interfere constructively if
the path difference between the waves i
further a distance SQ + QT than ray 1.
From right angle triangle mPQS
sind = QS/QBQ == d@%$/ndl) (
Similarly, from right angle &PQT,
QT = dsind
Now the total path dierence between the two interfering rays is
SQ + QT = dsdsidnd dsind = 2
Since the two waves are in phase with each other thus for nth order maxima
SQ + QT = na& Equation 2.22

ne = 2dsind
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Whereni s an i nteger, & Xirays,dtstihe interglana | e n gt
spacing generating the diffr acdtbottbare and,
usually measured in angstroms A (1 A ='46).

For first order maximan =1
> = 2dsian/d2d)si nd = Equation
2.24

Sharp peaks in XRD patterns are the ideal condition, however broad or
diffuse peaks are also observed in many cases which might be either due to
incomplete reaction or particle size or lattice strain or inseéntal error. The
Sherrer formula can be used to find crystallize size
t=ke-/ bcosd
Where t = crystallize size.

& = wavelengmys. of incident x

b integral breadth of the peak.

k = shape factor ~ 1.

From equation 2.25, sharp XRD peaks will be possible by using materials with

smaller cell size (nano size particles).
2.16.4 Scanning electron microscopy

SEM is a modern technique for studying surface¢paphy of organic and
inorganic mateals from nano to micro scale (Goldstein, 2003, Wé&899.
Particle/grain size, qualitative or semuantitative chemical analysis, can be
obtained, using high magnification (10i XLO00 x) and high resolution {15 nm)
(Goodhew, 2000

The idea of scanning electron microscopy was floated by H.Stizing in 1927,

while the first image wadeveloped by H.Knoll in 1935 &wkers et al, 2007
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Highly accelerated electrons are focused on the specimen, which magcsoss or
raster the surface of thepecimen to produce its imagéogeph Goldstein, 20P3
This energetic beam of electrons interacts with the specimen, resulting in
backscattered electrons, secondary electrons, Auger electrons, charactendsisc X
and some otler photons of various energies (Joseph Goldst2@93 Pye et
al.,2005)

Using transmission electron microscopygngls generated from SAED
(selected area electron diffraction) of the specimen are used for surface analysis and
crystallographic amlysis. TheX-rays generated yield compositional information.
Back scattered and secondary electrons are of much interest in all the generated
signals, as these are generated as a result of difference in surface topography.

The secondary electrons are passible for the image formation of the
specimen. The characteristiaays generated from the sample gives both qualitative
and quantitative el ement al i nformati on
depthof-field of SEM is used for three dimsional imaging of the specimen
(Joseph Goldstein 2003)

The secondary electron based SEM was developed in New Jersey RCA
laboratories during world war two. The first SEM images of Oatley and his
colleagues, were obtained in 195hdawere commercialized in 195&gerton,

2005.
2.16.4.1 Principle of SEM

The SEM comprises electromagnetic lenses system, electron gun, and
electron collector, visualna recording cathode ray tubdyg et al., 2005 Figure

2.34 (a).
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Electrons generated by means of field emissiothermionic emission are
accelerated towards the specimenly application of high voltage (Reimég98).

The primary beam of electrons, suffers two types of scattering, elastic and inelastic
on interaction with the specimen.

In an elastic scattering the electron interacts with the nucleus without losing
energy, whereas in an inelastic scattering electron loses its energy by emitting
continuousX-rays or ejecting secondary electrons from the specimen. These signals
are collectd by the detector and imagf the specimen is producedyg et al.,

2005.

() ®)

Primary electrons

Figure 2.34 (a) A schematidiagram of electron microscope Atteberry, 2014)
and (b) Interaction of electrons with specimen(Reimer, 1999

The magnification, resolution and depth of focus of SEM, mainly depends
upon the working distance (WD), which is the separation between the sample and
the detector. Depth of focus is increased, whereas resolution is decreased by long
WD, while examining &omplex sample at low magnification. For high resolution a
much smaller specimen is required so that working distance can be minimized

between the sample and the detector. Large size samples are pstally and can
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pollute the acuum of the tube odischargeof gas present inside the por(@atrick
Echlin, 2009)
In all microscopy the limit of resolution, which is the smallest separation

between two points is found, using Rayleigh criterion Equation 2.26.

g = 0.61 &/ esinb Equation 2.26
Wheree = wave | ength associated with elect
e = refractive index of the materi al

b = -anglawif collection from magnifying lenses.

| east observable distance.

a4
I

The resolving poer of microscope is a direct function of wave length

associated wit highly accelerated electrons (Re2d05).
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Chapter 3

Experimental methods

The methods of processing of raw materials into ceramics is a key factor for
determining the final properties. Processing techniques strongly effect the particle
size, density, chemical homogeneity and porosity of the ceramics, whithnin
effects dieletric, ferroelectric and piezoelectric properties of the materials.

The main stages of the conventional fabrication process are: sourcing the
specified raw materialspreparation of the desired composition of precursor
powders; calcination to promote sofithte reaction; powder compaction to form the
desired shape; sintering to induce densification; -pimgéring machining, if
appropriate.

The first part of this chapter is based upon the fabrication methods used for
developing leadree piezelectric cermics, for examplamilling, calcination and
sintering.

The second part of this chapter explains the characterization techniques used
for determination of the properties of the powder and ceramig®aydiffraction,
scanning electron microscopy (SEM), tramssion electron microscopy (TEM)

electrical testing ( dielectric, ferroelectric, piezoelectric measurements).

3.1 Powderfabrication methods

3.1.1 Powders preparation

The starting powders, including details of the supplier and the chemical

purity are shavn in Table 3.1.
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Before weighing, all the raw materials were dried in an oven at 200 °C for 24
h to remove moisture owing to the hygroscopic nature of some precursors and then
cooled to room temperature in desiccators to improve chemical stoichiometey whil

weighing.

Table 31 Chemical purity and supplier of raw powders.

Raw powders Suppliers Purity CAS No.
BaCQ Alfa Aesar O 99 % 513779
CaCQ Sigma Aldrich O 99 % 471-34-1
NapCOs Sigma Aldrich O 99.5 9% 497198
Bi»0O3 Aldrich 99.9 % 130476-3
Li,CO; Alfa Aesar 99 % 554-13-2
TiO, Sigma Aldrich 99.9 % 131780-2
Nb,Os Alfa Aesar 99.9 % 131396-8
MgO Alfa Aesar 99.95 % 130948-4
Isopropanal Sigma Aldrich 99.5 % 67-64-1

All powders were then weighed according to #teichiometric ratios for
each batch, using a Sartorius electronic balance within the precision limit of +

0.001g.
3.1.2 Sample preparation methods

A conventional ball milling technique was used throughout this research

work for mixing and removing agglomeges and reduction of particle size.
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3.1.2.1 Conventional ball milling

Conventional/Traditional ball milling is a process which is mainly used for
the reduction of particle size, mixing of components and to break agglomerates
(depending on agglomerate strength). Milling therefore should lead to improved
reaction during calcetion and sinteringJaffe, 197

Different materials may be used as grinding media, including ceramic or
steel balls, or pebbles. The media must be nhamelerthan the materials to be
ground to minimize contamination from wear debris. The particle size achieved by
milling is a direct fustion of the dimensions of the grinding media.

For ultimatecomminutiona series of milling steps using progressively finer
grinding media can be employed. An internal cascading effect reduces the reagent
material to a fine powder. During rotation of thettle the grinding media collide
with one another (fall upon one another) and with the walls of the bottle resulting in
the crushing of coarse powders between them. This in turn will reduce patrticle size,
agglomerations of the powders gmbducea relatvely homogeneous mixture. This
is one of the most common technique used in industries for preparation of large
powderbatches.

The volume of the grinding material should be of the order of one third of the
milling media for efficient actiofiMoulson and Hebert, 2003.

The reagent powders, -3abilized ZrQ grinding media and isopropanol
were placed in a cylindrical container on rotating rods, rotating about a horizontal
axis. The cylindrical plastic bottle (~ 400 Shwas partially filled (one third of
volume of bottle) with Ystabilized ZrQ grinding media (I = 0.719 cm, d = 0.706
cm, V = 0.281 crf); isopropanal (IPA), was placed on rotating rods of the magchine

Figure 3.1. The volume ratio of media to powder was 2:1. Batches of 50 g of
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powders along wi grinding media were added to the bottle and immersed in IPA to

fill 1/2 of the bottle and then milled for 224 h.

Figure 3.1A photograph of ball milling machine and the grinding media.
3.1.2.2 Drying of Milled powder

After milling process the mixtre was poured into Pyrex glass (Fisher
Brand) Figure 3.2. The solvent was removed by distillation (b.pt 280 °C) in

about556 h. The powder was sieved using 30C

Figure 3.2 A photograph of solvent distillation reflux kit.
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3.1.3Calcination

In our experimental work, the milled powders were placed inside a high
purity alumina crucible (Fisher Scientific limited C\ABDO-O90E, Purity 99.8%),
covered with an alumina lid (to minimize the volatility of precursor) and then heated
(calcired) in a box furnace. The powders of the solid solutions discussed in the
following chapters 4, 5, 6, 7 and 8 were calcined at 850 °C for 4 h at a heating and

cooling rate of 300 °C /h.

3.1.4 Shaping of powder into ceramics

The calcined powder were sieved, remilled overnigktt incorporation of 1
T 2wt.% binder (Ciba Glascol HA4), dried and sieved again. The binder helps in
adhesion of particles and gives strength for resisting stresses on removal from the
steel die andluring handling. In the first step a uniaxial press was used to shape the
powder into pellets Figure 3.3 (a), followed by cold isostatic pressing (selected
samples), in which a uniform pressure is exerted by hydraulic fluid from all
directions. Pellets wer enclosed in Fisher Brand medium FB69293 polymers

Figure 3.3 (b).

In this work, powders (0.5 0.9 g) were compacted into green pelletsi(10
15 mm diameter) using pressure 75,00 MPa and then cold isostatic pressed
(Stansted fluid powder isopresg)gure 3.3(b) for uniform compaction and higher

green density of ceramics at 200 MPa (8 min).
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(b) |

Figure 3.3Photographs of(a) Uniaxial press and electronic balance and (b)
Cold isostatic press, Vacuum pump and ceramics in evacuated white

gloves

3.1.5 Sintering

In this study green cerami¢aonsintered pelletsyvere placed in alumina
crucibles with a powdered bed of the calcined powder of same composition (without
binder) and covered with more powder from the top to bury the whole ceramics. The
crucibles were covered with lids and placed in a heating furnacepdweer bed
and the covered crucible prevents the volatilization of elements from the ceramics
and also prevents reaction of elements from outside the ceramics.

The ceramics werbeated slowly (50 °C/h) to 55C (1 h dwell) in the early
stage to removehe binder and minimize the pores development in the ceramics. In
the second stage of sintering the ceramics were heat treated (from 550 °C) at 300
°C/h until the desired temperature and dwelled to the required time. The ceramics
were then cooled to roomngerature at cooling rate of 300 °Clhfferent sintering
temperatures were tried for some compositioAstypical sintering profile of
relatively fine shap&eramics is shown in Figure 3.%he difference between the
dimensionsand weightsof sintered ad green ceramics in future will be beneficial,

especially for weight loss.
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Figure 3.4 Heating profile for sintering ceramicsreported in Chapters, 4 - 8.



61

The sintering temperature ranges and dwell times of the ceramics explored in this

study are displayed in Table 3.2.

Table 3.2 Sintering temperature and dwell times for ceramics discussed in

chapter 4,5,6,7, and 8.

(i X)Nap sBigsTiO 3T XBaggCap 2TiO 3 and 3wt.%Bi ,03-modified

Samples Sintering temperatures/dwell
times

x=0710.2 1160 °C/6 h

x=0.21 0.5 1170 °C/6 h

x =0.51 0.7 1190 °C/6 h

x = 1 (standard) 1400°C /6 h

(1i X)[0.85Na sBiosTiO3 i 0.15BagCaosTiO3] i XBiMgo<TiosOsand 3 wt. % Bi-

modified
x=0.051 0.1 1160°C /4 h
x=0.17 0.5 1100°C /4 h
X =0.61 0.7 1050°C /4 h

(1i X)[0.85Na sBiosTiO3 1 0.15BasCaosTi03] i XLINDO 3

x =0.005 0.15

1070°C /10 h

(1i X)[0.85Na $Bio=TiO3 1 0.15BasCaosTiO3] i XNaNbOs

x =0.027 0.8 1170°C /10 h
(21 x)Bag 6Sro.aZr 021106031 XBiMgo5T10503
x=0 1400°C /6 h

1150-1170°C/10 h




62

3.1.6 Finishing and grinding of ceramics

After sintering process the ceramics were ground using MD Piano 600 and
1200 (stainless steel strips)/Silicon carbide papers (Buehler carbimet Grit 600
1200) and using Motopal 2000 to remove any possibly reacted elements from outer
surfaces of the cerang Figure 3.5.

The pellets were washed with acetone and dried in a furnace at 200 °C for ~
1 h to eliminate the possibility of any moisture absorbed during grinding. Geometric
densities were calculated from masses and dimensions of the pellet. Theoretica
densities were calculatébm refined Xxrays peak positions using a software FPsuit
and a unit cell parametershe formula,} = 1.6@A/V (A = atomic mass number
and V = volume of unit celljvas used for calculation of theoretical densities of the
studied compositiongRelative density was calculated from the ratio of geometrical

density to theoretical density.

Figure 3.5A photograph of grinding/polishing machine Motopal 2000.
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Ceramics pocessing steps are summarizethe flow chart, Figure 3.6

Ball milling Evaporation of

Drying of raw Stoichiometric
=

. Liquid
powders caculations g

Re-drying with Re-ball milling Calcination Sieving powder
hot refluxes after sieving - 2 with mesh - 1

Sieving of Pelletisation of Sintering of Grinding

powders - 3 powders pellets Pollishing

Electroding and Drying pellets
firing in furnace in furnace

Microstructural and electrical

characterisations

Figure 3.6 Flow chart of ceramic processing steps leading to characterizations.
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3.2 Characterization techniques

3.2.1 Xray powder diffraction examinations

In this research XRD wasainly used to identify the possible crystal
structure of ceramics using Bruker D8. Powders of crushed ceramics were scanned
using Culkr adi ation (& ~ 1.5406 ), with r oc
0052d step °Bi'zaeanddand® &ilgles from 20 7072 d .

XRD data was coll ected and anal yzec
PANalytical %/Pert High score plus. This software allowed the analysis of peak
positions and Hanawalt searches, with reference patterns ICDD (internatoimeal
for di ffraction dat a) dat abase. The uni
software - GHFPwSughted ®RiphofRile) ~ 5 %.
of the compositions weremainly pseudocubic(PnBm), tetragonal (P4mm)

rhombohedral (R3¢prthorhombic (Ammz2) or some mixed phases.
3.2.2 Scanning electron microscopy (SEM)

In this study, SEM was used to see grain morphology and grain size from
fractured /polished surfaces of the specimen using LEO 1530 Gemini FEGSEM
(Field Emission Gun Scanning Electron Microscope) and Hitachi SU 8230 cold
FESEM (Field Emission Scanning Electron Microscope) with secondary electron
mode with voltage settings 2 kV 3 kV and a working distance of 3 7 mm.
samples were coated to 5 nm withlFet using AGAR High Resolution Sputter

Coater, to minimize the charging effect of samples.
3.2.3 Transmissionelectron microscopy (TEM)

In Transmission Electron Microscopy (TEM) the focused beam of electrons

transmits through a V),anlike SEMin whictsegteetrons me n



65

are reflected from the specimen surface. Magnification down to atomic scale can be
achieved using either imaging or diffraction modes. Images are developed from
diffracted electrons (dark field) and undiffracted electradmsglt field electrons)

due to elemental or microstructural differences [Chescoe, (1990)].

In this work selected ceramics pellets were ground~t60 em by using
different grits and dimpled at the centre, using Dimple Grinder (Gatan, ,USA)
followed byPrecision lon Beam polishing System (PIPS, Gatan, USA)

A Philips CM200 Field Emission Gun Transmission electron microscope
(FEGTEM) with super twin objective lenses and cryoshielding was used to study
domain structure and chemical segregations. Dr Miked/Va research officer at

LEMAS, University of Leeds conducted all operations of TEM facilities.
3.2.4 Electrical measurements

Ground/polished ceramics, after drying in oven, were silver painted to ~ 0.05
layers (Agar Scientific). The electroded ceramiesre then fired to 550 °C for 10
minutes and cooled to room temperature. The edges of the pellets were cleaned from
the silver paint after firing using carbide papers, to avoid short circuiting of the
ceramics during electrical testing. In this work ciegsukeramics with fine flat
surfaces of thicknessil1.5 mm and diameteri810 mm were used for electrical

testing.
3.2.4.1 Dielectricanalysis

Rel ative permittivity and tantu, of
Agilent HP4192A LF impedance analyz&rgure 3.7 with varying frequenciesand
calculatedusing Equation 3.11

U=C. t § AU Equation 3.11



66

Wh e r;ig thelrelative permittivityC is the capacitance, A is area of crssstion, t

i s thicknes s, (od854xed&/m)iscie peanittivity of free space.

Figure 3.7 Aphotograph of the equipment used for dielectric measurements.

In this research work high temperatumeasurements were made using
Pyrotherm tube furnace from room temperature to 450 °C at 3 °C/min using
Eurotherm 847 programmable controller, whereas low temperature measurements
were made from70 °C to room temperature by using environmental chamber, (TJR
Tenney EnvironmentegBPX, white deer, PA) and an impedance analyzer 4194A
(Hewlett Packard)The U i T plots on cooling is presented in Chapters, & The
normalized relative permittivity was found by using formaaliihic = (CGhax -
Chia)/Chia = (Chin - Chia)/Chia , whereUhax and Ghin are the + deviation from the mid

val wie=s (Jor Gin)2].
3.2.42 Resistivity measurements

The resistance of a wunit area per uni
measured in the temperature range 250 350 °C, at a fixed voltage, 80 V, using

a Keithley 617 programmable electrometer (Cleveland, OH).
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3.2.5 Piezoelectric measurements

Polarizatiorelectric field and bipolar straielectric field were measured at
vol tage O 40 k V, bayalyzers (Radignt tecBnology lecc,i s i o
Albuquerque). These operations were performed by Aurang Zeb, a PhD student in

the same research group, the University of Leeds.
3.2.5.1 Poling

Electrodes (silver paint) were applied to ceramic samples, 1 mm thick and 8
mm diameter. The edges of the samples were abraded with 1200 grit SiC paper to
reduce the risk of dielectric break down. The samples were immersed in a silicone
oil bath to minimize conduction and regulate heat dissipation. To regulate
temperature controlhe silicone oil bath was placed on a hot plate with magnetic
stirrer facility. Care was taken to avoid any possible thermal shock to the materials.

An electric field was applied (3 k¥ 8 kV) to the ceramic samples (for 10
15 minutes), care was takendasure that the current was not so high as to cause
excessive thermal heating of the material near the contacts. The samples were
removed carefully after delay of 5 10 minutes between the time the potential
difference across the sample read zero andisgdhe sample before removal from
the apparatus.

After DC poling, the piezoelectric charge-efiicient t; was analyzed using
Piezotest Piezometer PM300, which provide oscillating force and induces charge per
unit applied force (g), for few selectedamples (chapter 6)

In our work samples were poled at 80 °C and subjected &ppliedelectric
field ~ 307 60 kV/cm at a ramp rate of 50 V/&ll the operations with poling were
made by Aurang Zeb, a PhD student in the same research group, the tnofersi

Leeds.
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Chapter 4
Examination of (1 X)Nag sBigsTiO 31 XxBaggCag »T10 3 ceramics

4.1 Introduction

This chapter examines the dielectric, ferroelectric, piezoelectric, and
microstructural properties of standard as well as 3wt.%98modified ceramics:
(11 X)Nay sBipsT103 T XBag gCa 2TiO3, abbreviated agTix)NBTi1 x BC T ] (0 O x

1.0).

In the first part of this chapter a series of solid solutioing)({ay sBip 57103
i XBaggCasTiOs [(LIXNBTIi x BCT] (0 O x O 1lhy@jixeder e s
oxide route. Ceramics in the systemiXNaysBipsliO3 T XxBaygCa2TiO3
demonstrate a phase boundary between cubic and tetragonal at 0.1 < x < 0.2. All the

ceramics with x O 0.2 have shown tetragec

There was a gradual convergenite the temperatures of a frequency
dependent inflection and peak in relative permittii@ynperature plots with
increasing x, for x = 0.3 0. 5, such that for Oliks O x
behaviour was observeuth no reflection in(Ji T plots Campositions x = 0.8 and
0.9 showed broad i T peaks with no frequency dispersife non relaxor)whilst

x =1 (BagCa2Ti03) gave a sharper peak more typical of a ferroelectric.

Constriction in the polarisatieelectric field hysteresis loops for tiphase
boundary composition x = 0.1 may suggest an electric -ficldced phase

transition, as reported for other \NBipsTiO3 based piezoelectrics. The bipolar
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electromechanical strain was ~ 0.25 % at 40 kV/cm andfregtheffective value of
piezoeletric charge coefficient @* = strain/applied electric field)dss* ~ 640

pm/V for x = 0.1.

The grain size was in the range oR+¥+ 5 € m. TEM micrograp
contrast patterning consistent with a ferroelectric dorstrcture in x = 0.1 and 0.2
(the only samples examined) with no clear evidence of-sloe# segregation. The
dc resistivities were in the range of ~1010°q m i n the temperatu

500°C.
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4.11 Results

The calculated Wi contribution of precurserfor different batches in the

ceramic series {X)Nay sBigsT1O3 T XBay ¢Ca 2TiO3 are shown in Table 4.1.

Table 4.1 The calculated wt.% contribution of precursors in ceramic system
(1i X)Nag sBiosTiO3 7 XBaggCapTiO3,( 0 O x O 1) .

Sample wt.% wt.% wt.% wt.% Bi O3 wt.% TiO 3
BaCO; CaCOs3 Na,COs3
x=0 0 0 1189 5227 35.83
x =0.05 351 045 11.21 4927 3556
x =0.08 5.60 0.71 1080 47.9 3539
x=0.10 7.00 0.89 1054 46.2 3529
x=0.12 8.4 1.06 10.3 4515 3518
x=0.15 1038 1.2 9.87 43.41 35.@
x=0.20 13.72 1.74 9.2 40.% 34.75
x =0.30 20.3 2.60 7.5 34.% 34.23
x =0.40 26.66 3.39 6.71 29.51 33.72
x =0.50 32.8% 4.17 5.51 24.24 33.A4
x =0.60 38.8&% 4.93 4.35 19.11 32.76
x= 0.70 4470 5.67 3.2 14.13 32.30
x =0.80 50.38 6.39 2.09 9.29 3185
x=0.90 5588 7.09 1.4 458 31.4

x=1.0 61.5 7.77 30.98 0 0
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4.12 XRD analysis of (I x)NagsBiosliO31 xBapgCap2liO3

X-ray diffraction patterns of annealed powder of ceramics systém (1

X)Nag sBipsTiO31 XBaggCasTiOssystem (0 O x O 1) are
: T i T : T L
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Figure 4.1 (a) XRD patterns of the ceramic system (X)Nag sBigsTiO3
XxBaggCap,Ti03,( 0 O x O 1).and (b) A broad

the shaded region shows a mixed phasegion (T = Tetragonal and C=

Cubic).

S h«
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The ceramic compositions, x =1i01.0 showed a pure singperovskite
phase with no evidence of secondary phabegure 4.1a, indicating a complete
diffusion of BCT into NBT. From XRD patterns NBT (x = 0) appearadic, but
with slight broadening and asymmetry to the Jdpgak consistent with poorly
resolved peak splitting of a lower symmetry structure: rhombohedral and monoclinic
systems have been reported for N@Kksel et al., 2011l Hereafter the NBT pattern

is referred to as cubic or pseudocubic (pc).

The XRD patterns 2sample Wwas sindilar @SNBT buk *  (
with a sharpening of the 111pc peak and an increasg lattice parameters, Figure
4.2. Close inspection sggsted very faint extra tetragonal peaks at x = Dtk
mixed phase tetragonal + cul§fuc) XRD pattern was more obvious in composition
x = 0.15. For compositions x O 0.2, on
mixed phase region of cubic and tetragiophases is limited to a narrow range of

compositions, 0.1 <x <0.2.

Within the tetragonal phase field, the lattice paramedeasid c increased
linearly with increasing x. The/a ratio was ~1.00871 1.012 and showed little
variation with compositionFigure 4.2. High temperature phase analysis in this
region of the(1ix)NBT i xBCT system would be required before labelling the
region as a true MPB. The morphotrophic phase boundary in tRgNBT i xBT
system occurs at a slightly more NBfich compodion 0.06 x O (Qhend et
al., 2013 than for the present @aodified system. Tetragonal symmetry was

observed for all compositions with x > 0.15 for (iex)NBT i xBCT system.
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Figure 4.2 Variation in lattice parameters of ceramic system {&)NagsBigsTiO3
i xBaggCap,TiO3( 0 O x O 1), the shaded regi

region.

4.13 Dielectric Measurements

Cooling plots of relative permittivity ) and t an del t a (
temperature for (1iX)NBT 7 xBCT,( 0 O x O il MHa fromIoork H z

temperature to 450 °C are shown in Figurel 43%.
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Figure 4.3 Temperaturedepencent r el at i v e,) gneklosstangenti vi t vy
( t aaf (@)X)NagsBiosTiO3T XBaggCap 2TiO3, (&) X =0, (b) x =0.05, (c) x
=0.08, (d)x=0.1, (e) x=0.12 and (f) x = 0.15. (data set continued in
Figure 4.4)
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Figure 4.5 Temperaturedepentent r el at i v e,) gneklossiangenti vi t vy

( t aof (@)X)NagsBiosTiO3T XBaggCap 2TiO3, (a) X =0.8, (b) x =0.9 and
(c)x=1

For the NBT end member (x = Oha n f | e c toccormred at 1 240)°C
(temperature of onset of inflection on heating, 1 ki##h a frequency dispersion
below that temperaturend a broad dielectric peasccurred at- 330 °C, in close
agreement with previous repoftéang et al., 201)1 There is debate as to the origin
of the lower temperature anomaly in the parent NBIT and NBTi KBT systems,
with TEM suggesting a biphasic structuf@orcet et al., 2008Zeb and Milne,
20141. It is noted the inflection is most pronouncedret lower frequencies, which

may be symptomatic of sluggish coupling dynamics between localised dipoles.

The incorporation of BCT at t he |

pronounced frequeneyependent inflection than for NBT, and a decrease of the
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inflection temperature onset (heating) to ~ 100 °C, there was also a decrease in the
main peak temperature, to ~ 160 °C. A progressive convergence in temperatures of
the main peak (J and inflection (I) i i pldlis occurred between x > 0.05 to x

= 0.4 mainly due to a decrease in the temperaturef The main peak, Figure 4.3

4.4, such that a normal relaxor response with broad frequency depanuEak was
observed for samples x = 0.5 and ,OFgure 4.4. The associated frequency

di sper si(am~ T,)wastaBacharacteristic of a relai@haviour(Lee et

al., 200).

A ¢ h a n,gE plots fromUfrequency dependent relaxor to diffuse,-non
frequency dependent peaks occurred at x
peak and a lowering in peak temperature consistent with normal ferroelectric
character as x increased to 1.0. It is presumed that the p(@seQNBT i xBCT
ceramics have a complex-dite cations structure, with distribution ofBi B&",

Cc&*, Na* which leads to disruption of long range ferroelectric domains; instead a
relaxorlike structure of polar nano domains is anticipated, but a detailed TEM study
lay outside the scope of this thesis. Trends in dielectric parameters are summarised
in Table 4.2.Similar type trends in fand T, were observed in NBT modified BT

ceramics systerfTadashi Takenakd991).
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Table 4.2 Summary of dielectric properties of (Lx)NagsBigsliO3z 71

xBag g€Cap 2Ti0 3.
X 0 (25°C)  Unax T, (C) Tz (C) tand
1kHz 1kHz (T-range)
1kHz
0 670 2620 240 330 2101330 °C
0.05 850 5320 130 250 1501320 °C
0.08 1190 3390 110 280 130r370 °C
0.1 1300 4070 140 270 140r410 °C
0.12 1000 6420 130 250 160440 °C
0.15 1190 6120 130 250 170410 °C
0.2 700 6080 110 250 1501450 °C
0.3 1400 5100 100 240 190G/ 400 °C
0.4 520 2920 170 180G/ 370 °C
0.5 350 3090 160 1501 250 °C
0.6 310 2610 --- 150 1301420 °C
0.7 300 2270 --- 170 150r320 °C
0.8 250 2800 --- 170 1601320 °C
0.9 400 2760 --- 170 160240 °C
1 730 10900 130 30i 220 °C

4.13.1 Modified Curie Weiss law

characterised by diffuse ferroelectric phase transition and strong frequency
di spersion

typical ferroelectrics above the paraelectric transition temperature obey the Curie

In this study the typical relaxor behaviour ¢fi x)NBT i xBCT is

wi t h

t

w o

di

el ectri

c anomal

€
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Weisslaw (10 = (T T To)/C, where T is the Curie Weiss temperature and C is the

Curie Weiss constant. A modified expression has been suggested for relaxadrs: (1/

W) =TiT)Y C, (1 O 92 O 2), whereGWetand 2 &
2004 Uchino, 1994. For <cl assical ferroel@ctr 2cs

(Guo et al., 2004Jchino, 1994.

Dielectric data for th€li x)NBT i xBCT samples are considered in terms of
themod fi ed Curie Weiss |l aw in Figure 4.6,
2 for x = 0.1. The substitution of Band C&" for Na* and BF* in the Asite of the

perovskite structure may cause cation ordering due to the large difference in ionic

radii.
2_ * x= 'yl=1.70I I ' I ' l
] o x=04 y=2.10 (1-x)NBT - xBC
0- » x=0.15 y=1.96
* x=02 y=192 .
9] @ x=03 y=186
E | ® x=04 y=178
o @ x=05 y=125
4] e x=06 y-150 i
= 1 =
b 6714
- °
T 8-
=10 -
-12 -
14 -
2 3 5
In(T-T )

Fi gur e 41 &)as afyndtionwof In(Ti T,,) of ceramic serieq(1i
X)Nag sBiosTiO31 XxBapgCap 2TiO3, x =071 1.0

4.14 Ferroelectric and piezoelectric properties

Polarisatiorelectric field loops are shown in Figure 4.7. The NBT end
member x = 0 showed no evidence of ferroelectric domain switching at the fields
tested < 40 kV/cm. The BCT emdember (x = 1) gave a wedhturated ferroelectric

hysteresis loop. Interediate solid solution compositions except x = 0.1 gave broad
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ellipsoid RE loops typical of lossy dielectrics. A n@onventional FE loop similar

to a distinctive pinched-E loop was observed for sample x = 0.1, with a coercive
field ~ +E = 14 kV/cm. Ths composition lies very close to the pseudocubic
tetragonal phase boundary, Figure 4.1.

One other Camodified NBT1 BT composition is reported in the literature,
containing a higher Ca content 30 at%, but these samples showed no such
constriction in PE loops (Yang et al., 2011 However similar FE behaviour is
reported in the parent ($)NBT i yBT system for compositions close to its
morphotrophic phase boundary. Guo et al. observed pinching in-texaperature
P-E loops for a y = 0.07 composition in poled samples, and asdhizetiehaviour
to a coexistence of ferroelectric and #rtiroelectric phase&Guo et al., 2011

Tan et al. subsequently showed by electric figldsitu TEM that phase
stability around the MPB in NBT BT was dependent on applied electric fiélta
etal., 2012

In the NBTT KBT system electric fieldn situ synchrotronX-ray diffraction
demonstrated that the position of the pseudoetdiiagonal phase boundary is
dependent on the magnitude of the applied electric field, as wahdhe rate of
increase in the fiel(Royles et al., 201 Royles et al., 2010

Thus in the preser(ili x)NBT i xBCT system, the constriction in-f loop
for composition x = 0.1 is most likely also to be a consequence of a field induced
phase transition, rather than alternative explanations such as ageing due to pinning
of domain wallgDaniels et al., 20Q9un et al., 2009pbYun et al., 2009

Bipolar strainfield measurements, Figure84.indicated a relatively large
electromechanical strain of ~ 0.25 % for the x = 0.1 samplex E40 kV/cm) with
an effective gs* value (SnafEmay) Of ~ 640 pm/V. Trends in the values of remnant

polarization (B, saturated polarization P coercive field (), maximum strain
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(Smay, maximum electric field (R.) and effective values of 3¢ (SnaEmax,

determined from fE and SE loops are shown in Tab#.3.
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Figure 4.7 P-E hysteresis loop®f (1i X)Nag sBigsTiO 31 xBaggCag2TiO3, (a) X =
071 0.1(b) x=0.12 0.3 and (c) x=0.4 1.0.
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Figure 4.8 Bipolar strain S versus electric fieldof (11 X)Nag sBigsTiO3 i
XxBapgCap 2TiO3, (@) x =01 0.15 and (b) x=0.3 1.
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Table 4.3 Piezoelectric and ferroelectric properties ofli X)Nag sBigsTiO3 T

xBap gCap 2TiO 3 ceramics
Sample P, Ec Ps Shax (%) Emax daz* =
(x) (e CPc (kvicm) (¢ CAc (KV/cm)  Smax/Emax
(pm/V)
0 2 16 5 0.01 48 20
0.05 26 43 28 0.09 50 180
0.08 35 30 37 0.14 44 320
0.1 32 14 31 0.25 39 640
0.12 32 27 35 0.15 33 450
0.15 24 21 25 0.21 39 540
0.2 23 34 24 0.2 49 410
0.3 19 20 23 0.03 39 80
0.4 12 27 14 0.05 38 130
0.5 9 31 11 0.04 41 100
0.6 7 25 10 0.02 38 50
1 12 12 16 0.12 39 308

4.15 Microscopic analysis of ceramics

The microstructure of fractured sintered ceramics samples was analysed
using scanning electron microscopy (SEM). Geometrical densities of the ceramics
are shown in Figure @. Sphericalshaped grains with grain sge 215 e m wer e
observedFigure 410.

The grairs were of spherical like shape for composition® 8.9, with a
slight variations in grairsizes for different compositionsThe variations in grain

size can also affect the dielectric behaviour. A decrease in crystallite size can give
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broad dielectric peaks, whereas an increase in crystallite size gives sharp
permittivity peaks similar to observed in Bagi@d PbTiQ ceramics(Martirena
and Burfoot, 1974 Chattopadhyay et al., 19p5Geometrical densities of the

compositions were in the range 54.8 g/cni (~ 89 - 95 % of theoretical density)

5-8 T T T T T T T T
5.6- )
5.4- 9

5.2 o

p (g/cm3)

5.0 Q

48- ¢

46— T
0.0 0.2 0.4 0.6 0.8 1.0

x mol % BCT

Figure 4.9 Geometrical densities of1i X)Nag sBigsTiO 31 xBaggCap 2TiO 3.



Figure 410 SEM micrographs of standard (1ix)NagsBipsliO3 7
xBap gCap 2TiO3 system (&) x =0, (b) x =0.2, (c) x=0.4,d) x=0.7, () x =
0.8 and (f) x = 1.0.
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4.16 Transmission electron microscopy

Microstructure analysis of ceramics was performed using transmission
electron microscopy (TEM) and energy dispersivea}{ spectroscopy (EDX). TEM
images of the ceramic compositiofi$ x)NBT i xBCT, x = 0.1 and 0.2 are shown
in Figure 4.1. The circled line shows some small grains within the large grain,
indicating some biphasic structure, which was not observed in XRD. This may be

due to incomplete reaction.

Contrast lamellae were observed ompositions x = 0.1 and 0.2. The dark
and light contrast lines might indicate the presence of ferroelectric domains or might
be dueto stressed regions or faults in the sample. When comparing the dark field
image to the corresponding-rdy elemental maps$)o change in the homogeneity
was observed for x = 0.1 and x = 0.2. Hence no core shell segregation was observed

from elemental mappindrigure 4.2 and Figure 4.3

Figure 4.11 TEM images of (1i X)Nag sBip5T10 31 XBag sCap »T10 3.5ystem (ai b)
x =0.1 and(c)x =0.2.
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4.17 Resistivity study

The values of dc resistivity for x = 0, 0.05, 0.1 were recorded as a function of
temperature in the rangd 250 °C i 500 °C at a fixed voltage of 80 V, using a
Keithley 617 programmable electrometer (Cleveland, OHRigure 4.1. The
resistivity dropped from approx. ~1010°q m at 25§ #f@Cat o5Q0
these values lie within the range of resistivity observed by Dittmer et al. and Zeb et

al. (Dittmer et al., 2012Zeb and Milne, 2014dor high temperature dielectrics.

The values of activation energy, Eor the electrical conductivity in the
temperature rang 250500 °C observed from Arrhenius plots, were 0.54>e¥ 0),
0.62 eV (x =0.05) and 0.58 eV (x = 0.1). These values of activation energy might be
attributed to the oxygen ion migration in perovskii@eb and Milne, 2014a

Selvamani et al., 201&lam, 2000Raengthon and Cann, 2012

9

10? ok
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Figure 4.14 Resistivity as a function of inverse absolute temperaturfor (11
X)Nap sBigsTIO3 1 XBaggCap2TiO3 x=0-0.1.
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4.18 Conclusions

Phase analysis of {¥)NaysBigsTiO3 I XBaygCa 2TiO3 ceramics by Xray
powder diffraction demonstrated a phase boundary between pseudocubic and

tetragonal phases, separated by a narrowptMioa s e r egi on at 0.1 <

Dielectric measurements revealed a frequency dependent anomaly at
temperatures below th@ain broad peak ivi T pl ot s f or composi
which merged with the mait peak as the BaCa »TiO3 content increased to x =
0.5, giving a standard relaxor response, which changed to a diffuse brelaoor

response at x = 0.7/0.8.

A congdriction to the PE loop for composition at x = 0.1 at the compositional
phase boundary may be symptomatic of an electric-fireldced phase transition. A
hightfield electromechanical strain of ~ +0.25 % (at 40 kV/cm) was recorded for

composition x = 0.1equivalent to a g* value of ~ 640 pm/V.

A SEM study have showaspherical shape grains, with slight variations in
grain sizeg2 i 5 em) for compositionsx 00.9. TEM analysis indicated a domain
structure in the ceramics x = 0.1 and 0.2 withemimlence of core shell segregation.
The resistivity decreased from ¥1010°q m at 250 UC teniper at |

q m at 500 UC.
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4.2 Effects of bismuth oxide excess on properties of {1

X)Nag sBigsT1O3 1 XBaggCag»T10 3 ceramics

4.2.1 Summary

Few investigations have been made on the effects Gl;®ixcess to NBT
based ceramics. It is known that,B4 vaporizes at elevated temperatures during
sintering due to its low melting point (830 °C). It is commonly used as modifier to
enhance dielectriand piezoelectric properties of ceramics or as a sintering aid to

decrease sintering temperatufgbang et al., 2008a

The study of earlier literature (Xu, 2009, Wang, 2005) has shown complex
effects of ByO3; excess which can be divided into three possible categories: 1) the
compensation for loss of bismuth oxide at elevated temperature, but which has no
effect on piezoelectric properties; 2) excessOBipersists at grain boundaries,
which will degrade the pizoelectric properties due to the presence of- non
ferroelectric phase at grain boundaries; 3) The occupancy-sifeAand oxygen)
vacancies by excess Biz; which will improve the piezoelectric properties due to

facilitation of domain wall movemeilftWang et al., 2005b

The effects of 1wt.%, 1.5wt.%and 5wt.% Bi>Os; excess, on some
compositions were studied, which has no significant influence on the dielectric
propertiesof the ceramicsspecially on loss factor (taph The 5wt.% BiO3; excess
composition resulted in the formation of secondary phases. However significant

effect on tat was observed for 3wt.% ED; compositions.

In this study the effects of 3wt.% £); modification on the rystal structure,
morphology and electric properties of solid solutions xjNagsBigsTiO3 T

XBapgCa,Ti0z (0 O x O 0.9), synthesised by a
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using scanning electron microscopy (SEM)jra¥ diffraction (XRD), dielectric and

ferroelectric testing.

The effects of the addition ofaA8.% excess B3 on the crystal structure of
(i x)NBT i xBCT were examined from XRD patterns, no significant difference was
observed compared to standard XRD patterns, except for slight promotion of mixed
phase region towards higher x (0.12 < x
higher temperatuse was significantly suppressed f@i,Os-modified ceramics

compared to the standard ceramics.

From RE measurements, there was less evidence of loss, and generally
better saturation and sharperEPloops were observed foBi,Os-modified
compositions. Piexelectric parameters were similar (or slightly improved) to

unmodified formulations.

SEM micrographs have shown a significant decrease in grain sizé @ 1
em) compared to the 2§basdhard T Tobempesi tsit @
from ~1¢i ~100qg m at 250 UC teMpematadr & 0do wrC. t
values of resistivity were higher than for stand@tdx)NBT i xBCT ceramics

which were ~10"i ~10°q &t 250 °C.
4.2.2 Compositional analysis

A ceramic fabrication technique reportedsection 4.1.1 of this chapter were
used to prepare a series of solid solutioris)llay sBigsTiO3 I XBay gCa 2TiO3 +
3wt.% BiO; abbreviated agi x)NBT i xBCT+3wt.% BpOs] for 0 O x O
all samples with 3wt % excess,Bk, sintering conditionsvere as for standard non

excess samples i.e for x = 0 to 0.15, 1160 °C for 6 h. For x =0.2to x =0.5,1170 °C

for 6 h, and for x = 0.6 to 0.9, 1190°C ®h. Sample x 4 (BCT ) 1400°C for 6 h.



92

Sinteredpellet densities were ~ 5i65.0 g/cni (~ 9071 95% of theoretical density)

comparable to thetandard samples
4.2.3 Examination of powders of crushed ceramics using XRD

XRD patterns of(1i x)NBT 1 xBCT + 3wt.% Bi,O3; ceramics are given in
Figure 4.5. All the ceramic patterns showed a single perovskite structure with no
evidence of secondary phases, consistent with staftiaNBT 1 xBCT system.
The only difference was a slightly increased extent of the single phase cubic region,
0 O x O 6séd nwe O6pP®W x cé&amisThe nfixed phaset an d a
region was from x = 0.1P 0.2, thereafter single phase tetragonal occuifegure
4.15b. The values o& andc are plotted in Figure 4.16. Tlwevalues were lower than
for standard samples givirgy lowerc/a ratio ~ 1.002i 1.005 for excess samples

compared to ~1.0081.012 for standard samp|ésgure 4.16.
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Figure 4.15 (a) XRD patternsof (1i X)Nag sBigsT1O 3T XBaggCap 2TiO 3 + 3wt.%
Bi,O3 ceramic system and (bA broad view of 111, 002/20XRD peaks
the shaded region showa mixed phase regior(T = Tetragonal and C=

Cubic) (See Figure 4.1& for standard samples)






























































































































































































































































































































