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On, On and Onwards

| am maddened with cares, and tired of searching
Il s that not what | am here for? |
But on, o, and onwards | go, ever onwards,
Towards a destiny | will one day reach;

And whatever comes on the way, night or day,

| revel in light
But do not fear the dark.
Ghani Khan

(Translation byraimur Khan
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Abstract

In the quest ofleadfree ceramics with stable electromechanical strains at higher
temperatures, the ternary systenx-yBiFeO:-xREFeQ-yRE23TiO3 (RE = La, Nd)
B(RE)FT and pseudbinary solid slutions (:x)K1/2Bi1TiO3-x(0.8BiFeO:s-

0.19 aFeG-0.05La/3TiO3), KBT-BLFT, (1-X)K 1/2Bi1/2TiO3-x(0.8 BiFes-0.1NdFe Q-
0.03Nd3TiOsz, KBT-BNFT and (3x)Ko.sANao.sNbOs- x(BiFeOs) KNN-BF, were studied.
Unlike undoped BiFe&B(RE)FT,ceramics in the termaseries can sustalarge electric
fields up to &V/mm but no ferroelectric/antiferroelectric switching is observed indicating
that the coercive fields are very high and thereforsetberamics are not likely to be used

for actuator applications.

The pseudéinary solid solubtns KBT-BLFT and KBT-BNFT offer opportunities of
fabricating ceramics ranging from conventional ferroelectrics to pure electrostrictors.
With increase in BLFT/BNFT concentratigrisrroelectric order is disrupted and relaxor

like behaviour igpromoted. Promotion of relaxdike behaviour is accompanied lay
increase in positive strain and decrease in hysteresis of these ceramics. Electromechanical
strain up to 0.16 % at 6 kV/mm can be achieved. The optimum strains are prediyminan
electrostrictive and exhibfiatigue resistant behaviour. More importantly the optimised
electromechanical strains are stable up to a temperature 6€3®aking them superior

to PZT-based ceramics in terms of temperature stability. The ceramidcedabricated

into a multilayer structure by tape casting technique as demonstrated by a prototype

multilayer actuator.

The binary solid solution KNMNBF is very limited and dense ceramics could not be
fabricated withx > 0.01. Withinthe limited range stiied, ceramicyield a strain of 0.05

% (2kV/mm) but theoperating window is strongly hampered by the ferroelectric to
ferroelectric phase transition which is close-1®0°C. With Li doping the strain values
could beenhancedo 0.12 % (3 kV/mm), howevénhe room temperature phase is strongly
polymorphic in nature and a monotonic decay in properties is observed with increase in

temperatureénaking these ceramics unsuitafde high temperature applications
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Chapter 1: Introduction

1.1 Introduction

Piezoelectric materials are indispensable in many areas such as automotive electronics,
medical technology, industrial systems and consipratucts and arebiquitous in our

lives. A piezoelectric component can work as a sensor, actuator or a transducer and hence
encompasses a whole range of applications from devices operating in deep sea to those in
aerospacepplications[1]. The focus of this project i® seek performant Pbfdee

actuator materials Therefore, m addition to conventional ferroelectrics, relaxor
ferroelectris are also of interest because of their ability to produce klegrostrictive
strains[2].

A piezoelectric or electrostrictive @m@ator converts an electrical signal into a precisely
controlled mechanical strain. The ability to control physical displacements with high
precision is vital for applications such eameras, phones, microscopes, fuel injectors,
micro-pumps, ink cdridges and medical instrumen{8]. Pb(ZrTi)Oz (PZT)based
piezoelectric and Pb(MgNb3)O3 (PMN)-based electrostrictive ceramics are most
widely used in actuator devices due to their large electromechanical coupling coefficients
[4]. A major concern is hower, that both PZT and PMiontainmore than 60 % PbO

by weight. The toxic effects of lead are well known. The median lethal dose (MLD50) of
Pb is 450 mg/Kg and that of PbO is 4300 mg/Kg. MLD50 refers to the quantity of a
substance which is enough to kililf of the tested paulation. In Europe legislatiasuch

as, Restriction of the Use of Certain Hazardous Substances in Electrical and Electronic
Equipment (RoHS) and Registration, Evaluation, Authorisation and Restriction of
Chemical Substances (REACH)gtdates the use, production and import of hazardous
substances. At the momeaheuse of lead ipiezoelectric materials is exempt fraimese
regulationsdue to unavailability of appropriate lefi@e materialsBut legislation(both

in Europe and other catries)against use of lead getting morestrict with time, which

has triggered an intense researclead free alternativein piezoelectrics. As a result of
more than a decade of active research worldwide three faofiliesdfree materials have
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emerged as potential candidates feplacingleadbased piezoelectricsrémising lead

free families are those based BaTiOs (BT), Nay2Bi12TiO3 (NBT) and (K,Na)NbQ@
(KNN). The properties in these materials are good enough to start replacidgaB&d
materials for applications operating near room temperdtireHowever many harsh
environments including oil well drilling, aerospace, automobile and power plant engines
require actuators to sustain electromechanical strains at el¢eatpdraturefs]. Which

is big challenge for all prominent ledicte materials.

For sake of comparisons it is important to mention that commercially usettdsad
materials have their own limitations at higher temperatltks:tromechanical strain in
Pb(Mg13Nb23)Oz-based ceramics is not stable due to notable temperdapendence of
polarisation above the permittivity maximuri¥]. For example.90Pb(Mg1/3Nb2/3)Oz-
0.10PbTiQ loses about ~40 % of its room temperature electromechanical strain, when
temperature is incread from RT to 80 °(8,9]. In the case ofonventional PZIbased
piezoelectricshe operating range is limited by Curie temperattieg hich ranges from
300400 °C and allows operational ranges up to ~17B.0C e.g. PZT4 has & of ~250

°C [11], andcan provide tmperature stable strains up-+@60 °C,assuming 156 of
variation fromthe room temperature value as acceptd®. Other materials such as
Bi4Tiz012, LINDO3z and AIN have verhigh Tc but the piezoelectric coefficients are too
small to becompared with PZ®ased ceramid4.3]. Hence development of materials for
high temperature actuator applications on its own is an active field of research regardless

of the toxicity of lead.

However motivation behind this project is to compositionalliotdeadfree materials

which are comparable to PA¥ased ceramics in both performance and temperature
stability. BiFeQ is a perovskite material well known for its room temperature multiferroic
properties. Luckily, it has a very higit (~825 °C) and cabe a potential candidate for

high temperature piezoelectric applications but has not received a lot of attention due to
problems in processing and the associated high conductivities which hinders application
of high electric field414]. Thereforethe premise of the thesis wae address the core

issues in BiFe@through cedoping initially and then form solid solutions with other lead
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free highTc perovskites, to achieve appreciable electromechanical strains. The project is
completed in three phases.

Phas 1 The first part of the projecims to control processing and conductivittly
BiFe®: by codoping rare earths (La,Ndand Tt into the perovskite structure. The
resulting phase transitions are studied and the viability of these ceramics for actuator

applications are explored.

Phase 2 In PZT-based ceramics high performance is achieved through formation of a
morphotropic phase boundary between the rhombohedral and tetragonal phases. BiFeO
has rhombohedral symmetry so it can be used an endmember théth leadfree
perovskites of different symmetries to form phase boundaries which can result in
enhanced electromechanical properties. Similarly the derivatives of Baeefnics with

low loss and antiferroelectric order obtained in ghds can be alsoebused as
endnembers. Therefore solid solutions between Bgefied endmembers with
K12Bi12TiO3 are fabricated and thedectromechanical propertistudied as a function of

temperature.

Phase 3Ceramics require very high voltage for achieving usatsbn, therefore actuator
technologiesoften relyon multilayer structures to form devices that can operate with
manageable voltages. Therefdte third part of the project is to demonstrate a-feael

prototype nultilayer actuator based aptimised omposition.
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Chapter 2: Basic Theory and Literature Review

2 Introduction

The first part of the chapter will discusasic theoryf piezoelectric and electrostrictive
materials followed by a brief discussion on general g@$e to enhance

electromechanical coupling. In the second part,-feae materials studied in this project
l.e. BiFeQ, Ki2Bi12TiOzand (KNa)NbG will be reviewed with focus on their possible

applications in actuators.

2.1 Basic theory
2.1.1 Piezoeeéctricity

The name piezoelectri ci tpezeids wde rcihv ence afnrso m
or t o s geleektommearsng dmbeér, describing substances that (like amber) can
attract other matter when rubbed. Piezoelectricity thus literally snpgessure induced

electricity.

The phenomenon was discovered in 1880 by the brothers Pierre and Jacques Curies. They
observed that certain crystals such as quartz, Rochelle salt, tourmaline and cane sugar
were able to generate charge on certain positdribeir surfaces when squeezed in a
certain direction. Which is now known as the direct piezoelectric effect. In 1881, inverse
phenomenon, (strain developed in a material in response to an applied electric field) was
predicted by French Physicist Gabrigbpmann, which was experimentally proved by

the Curie brothers in the same year. This phenomenon is now known as the indirect,
inverse or converse piezoelectric effect. Thus a piezoelectric material can be defined as,
Afa materi al h a nvernngechanica enargyitol eledtrigal enevgy and vice

v e r Baaa niaterial to show piezoelectric behavior, the material should be dielectric and

lack a centreof symmetry[1].
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2.1.2 Dielectrics

The wa@ad di ®m di el ectrics i snedarsi WedhrfougmoGioe
Thus dielectrics refer to materials which allow passage of electric field but not particles.
Therefore, an ideal dielectric should be a perfect insulator, which does not permit passage

of any kind of charged particles incladgi electrons. Thus, application of an external

electric field €) can only distort the charge distribution of atoms or molecules in
dielectrics by either stretching or rotating. The stretching and/or rotations will result in an

array of small dipoles in ehdirection of electric field. Figure 2.1 illustrates a schematic

of the phenomenon. The charges in the yellow box will effectively cancel each other out

and leave only opposite charges on each surface resulting in a field opposing the original

field. Thematerial is now considered polarised.

———)- Fxternal Field (E)

E SHYEECR E
E pd-
H ([SEE SR
E S "

Field due to P Gr—

Figure 2.1:Polarisation of a dielectric material under static electric field

The net macroscopic polarisatid?) (s related to relative permittivity/dielectraonstant
(£,) through equation 2.01.

F £ F & EF Equation 2.01

where £ is permittivity of free space (8.854118 x 1OF.m') andF &, is

dielectric susceptibility. The macroscopic polarisation can also be expressed as a
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summation of all polarisationsigmating at the microscopic level. A dielectric can have

one or more of the following five types of microscopic polarisations.

1) Electronic polarisation is displacement of electron cloud with respect to positive

nuclei upon application of external field.

2) Atomic/ionic/vibrational polarisation is displacement of ions in a polyatomic

molecule with respect to each other upon application of external field.

3) Dipolar or orientational polarisation is only present in dielectrics with permanent
dipole moments. Applation of an external field rerients these dipoles in the

direction of applied field.

4) Spontaneous or domain wall polarisation is present only in ferroelectrics.
Application of an electric field results in movement of boundaries that separate

different donains. Ferroelectrics will be discussed in detail in section.2.1.4

5) Interface or space charge polarisation is present in dielectrics with high
concentration of charge carriers. Application of electric field results in a

polarisation due to migration of treesharge carriers.

Electronic and atomic polarisations originate from the lattice and are thus termed as
intrinsic. Dipolar, domain walind interface polarisations are not directly related to lattice
and hence termed as extrinsic. When the externalieléieid is removed, a polarised
dielectric material will tend to go back to its original equilibrium state. Going back to
depolarised state is not instantaneous but require a finite time, sometime known as
relaxation time. Relaxation time in case of @lecic and atomic polarisation is generally
very short (~132sec) but in case of orientational and interface polarisation, relaxation
time can be quite long and varies in a wide range depending on dielectric system. Due to
different relaxation times, ddrent microscopic polarisations can be distinguished from
each other by looking at response of dielectric material in an oscillating electric field.
Resonance of a vibrating system occurs when the driving frequency of oscillating electric
field becomes agpl to natural frequency of the system. A schematic of frequency

dependence of different polarisations is depicted in Figure 2.2.
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Figure 2.2: Frequency response of dielectric mechanisms (redrawn aftgt]).

If the time period of oscillating field is mch smaller than the relaxation time of
polarisation then the polarisation will not be ablekeep up with oscillatindrequency.

In other words energy is absorbed by materials dissipated as heat known as dielectric loss
due to relaxation. In an idealddectric, there are no free charges and phase difference
between current and voltage is 90° and relative permittivity will be entirely real. In real
dielectrics a finite number of free charges are always present and hence the phase

difference between cumé and voltage is less than 90&. (90°0 ) , which resul

complex relative permittivity(, depicted in Figure 2.3.
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Figure 2.3: Argand diagram of complex permittivity (£}, 8Real part isrepresented

by (£, and imaginary part is represented by £, (redrawn after [3]).

From Figure 2.3, tan U can bkg tadreafpartfgd as t
and is often used to quantify |l osses in d
relaxation and conductidB,4].

2.1.3 Classification of delectrics

All crystalline materials can be represented by 32 crystallographic point groups. 11 out of
these point groups are centrosymmetric. All centrosymmetric materials are non
piezoelectric as application of stress does not raaudny net polarisation due to
symmetric displacement of ions. Howevagoplication of electric field can result in a ron
linear electromechanical strain. The phenomenon is known as electrostriction and is a
property of all dielectrics. Electrostriction Mvibe discussed in section 2.1.6. The
remaining 21 point groups are roantrosymmetric. 20 out of 21 n@entrosymmetric
classes show piezoelectricity. The only exception is class 432, which does not show
piezoelectricity because the existing symmetrynelets combine to cancel out any
changes in the dipole moment. Out of these 21 point groups 10 classes are polar and the
remaining 11 are nepolar. Nonpolar point groups do not have any spontaneous

polarisation but can be polarised with application ofessir due to their nen
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centrosymmetric nature with the exception of class 432. Polar point groups have a

spontaneous polarisation and show pyroelectricity. In pyroelectrics the spontaneous

polarisation cannot be reversed at known experimental electric .fiéldsvever

pyroelectrics are not relevant to this work and the focus will be on &lasb of

pyroelectrics known as ferroelectrics, where the spontaneous polarisation can be reversed

by an electric field of magnitude less than the dielectric breakdowd. fiehe

classification of 32 point groups is illustrated in Figure[2]4

Crystal Symmetry Point

Polar
(10 classes)
Piezoelectric
Pyroelectric

Spontaneous Polarisation

Groups
(32 classes)
<~
Non-centrosymmetric Centrosymmetric Groups
Groups (11 classes)
(21 classes) Non-piezoelectric
Non-polar
(11 classes)

/\

|

Ferroelectrics
Spontaneous Polarisation which
can be switched

Piezoelectric
(10 classes)

Polarised under mechanical stress

Non-piezoelectric
(1 class)

Figure 2.4. Classification of crystals, showing the classes with piezoelectric,

pyroelectric and ferroelectric effects(redrawn after [4]).

2.1.4 Ferroelectrics

The

Therefore

t he

predboxi ofeerroelectric 1is

wor d

der i

ved

fror

0f er r orenlie oot essentidl fomay b

ferroelectricity Ferroelectric is rather an analogy of ferromagnetic due to many

similarities of feroelectrics with ferromagnetic&erroelectric materials are defined as

materials with spontaneopslarisation that arswitchabé by an electric field5]. Most
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ferroelectric materials will go through a phase change from polar ferroelectric state to a
non-polar paraelectric state at a particular temperature knovuias temperaturélc).

The symmetry of polar state is always lower than symmetry of paraelectric phase. This
transition is accompanied by strong anomalies in dielectric, thermal and ptaptcties.

In the paraelectric phase, ferroelectrics obey the GAfgess law given in equation 2.02.

- p — Equation 202,
whereC is Curie constanandT, is CurieWeisstemperature In ferroelectris,- 1 p,
hence- p - andthe CurieWeiss law can be approximated to a direct relation

between— and temperature Y. A schematic representation eof, — and spontaneous

polarisationPs for first order transition as a function of temperature is shown in Figure
2.5.

Ferroelectric Paraelectric

Piezoelectric Electrostrictive

T, Tc Temperature

Figure 2.5. Schematic ot,, —and |-yvs.q| for a first order transition.
>
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To can be obtained from-itercept by extrapolating the trend in pldt - vs. T. Note

that To < Tc for first order phasdransitions, whileT, = Tc for second order phase
transition. In a first order phase transition there is a sudden change in order parameter at
Tc. In this case order parametePis which dropdiscontinuously aTc and the material

loses all ferroelectricity and hence piezoelectriffity].

Ceramic ferroelectricsan be classified into four sub groups on the basis of their unit cell
structure, namely: (1) the perovskites (2) the tungbtenzs (3) the pyrochlores, and (4)

the bismuth layered structures. Of these, perovskites are by far the most important in terms
of applications and is focus of this stuB}. Perovskites have an AB®pe unit cell

where A and B are metallic cations and @ tixygen anion. An ideal perovskite structure

is introduced in Figure 2.6.

Figure 2.6. Ideal perovskite structurewith a) B cation at thecenter; b) A cation at
the center.The A and Bsite catiors are coordinated to 12 and 6xygensyespectively,
while oxygen is coordinated to 4 A and 2 Bations[9].
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In 1926 Goldschmidt introduced an empirical relation given in equation 2.03 to describe ideal

perovskite structure based on the packing of ions as rigid spheres.
Y Y WY Y Equation 2.03

where,Y ,’Y and’Y are radii of Asite, Bsite and O anion, respectively. However, this
ideal relationship is rarely satisfied and thus to explain deviation from the ideal relation
Goldschmidt defined the tolerance factr équation 2.0410].

0O —— Equation 2.04

Compounds in the perovskite family are found to exist over the range 0<8.685[11].

Whent = 1, a centrosymmetr cubic structure is favoured and is therefore -non
ferroelectric. A typical example is SrTiOwheret = 1.002 at room temperatur®E2]. For

t > 1, perovskites generally optimise their coordination environment by off centring the
B-site cation resultingni ferroelectric order, as in case of Ba3iThis happen because

the Bsite cation is too small to coordinate with neighbouring ions in the cubic [ii&]se

Here, it is important to mention that ferroelectric distortion can also arise from lone pair
activity of the A-site cation such as occurs in BiFeBoth mechanisms can also occur at

the same time. For example, in the case of PpTGth Pb and Ti ions contribute to
ferroelectric distortiof14]. Fort < 1, the coordination environment of thesiie @tion

is optimised by octahedral rotatifiiB8] often called the Glazer Tilt systems. During tilting

of the octahedral, corner sharing connectivity is retained and the octahedra are largely
undistorted. These rotations do not cause ferroelectricity in qésimvskites because
rotation of octahedra in one direction induces a rotation of the same magnitude in the
opposite direction, as shown in Figure 2.7. Hence, centrosymmetry is retained and the

materialis nonferroelectric[5].
Figure 6 in referencéb]

Figure 2.7. Tilting of the oxygen octahedra in cubic perovskite§&Schematic) Notice
that when the central octahedron rotates clockwise, its neighbours in the plane are
required to rotate anticlockwise in order to maintain connectivity. As a result final

structure is non polar [5].
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2141 Ferroelectric domains and hysteresis

Ferroelectric domains are the regions of @algsin which spontaneous polai®n is
uniformly oriented. The space separating two domains is known as a domaimheall.
width of domain walls in ferroelectrics is as smaHl32unit cells. Hence, change in
polarisation from one domain to another is very ste&pthe onset of the paraelectric
ferroelectric phase transition, a depolarisation field gives rise to electrostatic engrgy an
mechanical constraints give rise elastic energy and hence energetically a single domain
state is not favourable. Domains are formed to minimise these energies. The regions
separating different orientations of spontaneous strain tensor and/or polansation

are known as ferroelectric (separating only regions of differing polarisation vector) and
ferroelastic/ferroelectric (separating different strain tensor and polarisation vector
regions) domain walls. The types of domain wall that form in a fectrelematerial
depend on symmetry of both ferroelectric and-femoelectric phases of the underlying
crystal structure. For example in case of tetragonal Piihépolarisation is along the ¢

axis of tetragonal unit cell. This gives six possible diogi along the -axis of
paraelectric cubic unit cell as shown in Figure @)8 Electrostatic and elastic energies

are minimised by formation of complex domain structure with many 180° and 90° domain
walls shown schematically in Figure 2@®). In case ofrhombohedral phase of
Pb(zr, Ti)3; and BaTiQ, the direction of polarisation is along the body diagonal <111>

of the paraelectric cubic unit cell. This gives eight possible directions with 180°, 109° and
71° domain wallg7].

Adopted from Figure 6.5in reference [15]

Figure 2.8. (a) Six possible variants of cubito-tetragonal phase transformation.
Arrows indi cate direction of polarisation and b) shematic of 180° and 90Yomain
walls [15].

A random distribution of ferroelectric domains result in zeropodarisation, a result of

which polycrystalline materials do not exhibit piezoelectricity. HoweVesadomains
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can be reoriented in a specific direction by applying a strong electricgi@iddg, 10-100

kV cm?) usually at high temperatures. Whempaling field is removed, a ferroelectric
material retains some of the macroscopic polarisation known as remanent polarisation, as
shown in Figure 2.9The magnitude of remanent polarisation depends on many factors
including available domain states, eleatexhanical boundary conditions at the sample

surface and grain boundaries, and the presence of defects in the material.
Figure 7 in reference [7]

Figure 2.9.A polycrystalline ferroelectric with random orientation of grains before

and after poling. Note that polarisation is nonzero after poling[7].

The most distinguishing feature of a ferroelectric material is switching of the polarisation
state by application of an electric field. Hysteresis is an important consequence of domain
wall switching in ferrokectrics. Bipolar hysteresis loops of polarisation vs. electric field

(P-E) and strain vs. electric fiel &E) are shown in Figure 2.10.

(a) (b) P

[/] i :

Figure 2.1Q (a) P-E hysteresis loop for apolycrystalline ferroelectric. Rectangles

with arrows indicate the polaisation state of material at key points; (b)
Corresponding S-E loop of the same material The actual loops were measured on
(K Na)NbOs-based material studied in this project. The symbol used in the figure are

explained in text.
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In Figure 2.10 p i n t refeés@dorigin of the plot with zero electric field. At this point

net polarisation is zero due to random distribution of domains as indicated by two arrows

of the same magnitude but opposite direction. When an electric field is applied, the
polarisationmcreases. The response is linear at low field but becomes stronglyeem

when the field becomes high enough, so that the domains reorient in direction of the
applied field. At point 6éad all possible d
achieved by the material is represented by the maximum polarisatigh At this point

the material will be expanded as well, giving a maximum st&ig)( An important figure

of merit for actuators commonly known as large signal piezoelectraffiment dzs can

be defined, and is given by equation 2.05.

w b Equation 2.0%
o4 e
where,Emax is the field at which strain is maximuByax At point O0bdé, when

field decreases to zero, some of the domains will switch back but an overakmonet
polarisation is rained known as remanent polarisati¥).(Similarly residual strain that

may be retained at zero field is known as aamt strain Gem). The field required to

achieve the initial state of zero net polarisation is known as coerciveEig)difdicatel

by point 6cbo. N ot &eg tn hhes regio t(bc),ebecausei the fieldasg at i v
opposite to the direction of spontaneous polarisation, which results in compression. At the
coercive field, the domains switch again and hence applied fieldnescparallel to the
spontaneous polarisation and the strain becomes positive. A hysteric loop is completed
when the field is further increased to max
decreased to zer o ( poR-mandSkEegsheresis lodpnaret he i
completely symmetric and therefor&«= -Ecand : = -P;. However symmetries of the

loops can be disturbed by many factors including the presence of charged defects,

preparation conditions, mechanical stresses and thermal tregfihe

Nooooo0oO0OO0O0D0D0O0DOO0O0DO0DODODOO0DO0DODOOODO0ODOLO0OODODOO0OODOO0O0O0DO0DODO0O00ODODO0O0DODO0O0O0O0D0OD0O0O0O00OO0OO

$ Some times in the literatuddsis used for small signal piezoelectric coefficient defined

in equation 2.08. However in thiskteby daz the author mear{%'only.
M+ e
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2.1.4.2 Relaxor ferroelectrics

As discussed in the preceding section, ferroelectric phases transform to a paraelectric
phase afc, above which the Cur#/eiss law is obeyed. However, in some perovskites,
unlike the sharp paelectricto-ferroelectric transition in normal ferroelectrics, a diffuse
phase transition (DPT) is observed. The point where permittivity is maximum is usually
represented by¥m and is strongly frequency dependent. These type of perovskites are
normally dassed as relaxor ferroelectrics or simply relaxd&d. Early realization of the
importance of relaxors came with the observance of large electrostrictive strains in
Pb(MawsNb23)Oz (PMN) by Smolenskii grougl7]. Compositional disorder (mixed
cations & different valence distributed randomly amongst equivalent lattice sites) is a
common feature of all relaxors. In addition to PMN other typical examples are Pb
xLazaxZriyTiyOs, Pb(Sa/sTap3)Os and (Ex)Pb(MgusNb23)OsxPbTiOs. Relaxors usually

have hgh dielectric and electromechanical properties in vicinity of DPT, making them
attractive materials for applications in capacitors and actuators. An additional advantage

of DPT is the ability to retain properties in a wide range of tempergt8fe

Relaxors havea high temperature negpolar paraelectric phase similar to thatrafrmal
ferroelectrics where CurieWNeiss law is obeyed. On cooling from PE state, relaxors
transform to ergodic (ER) phase at a temperature called the Burns temp&gafline
transition from PE to ER does not involve any change in crystal structure at macroscopic
or mesoscopic scale and is usually not considered as structural phase transition. However,
the ER phase is completely different in terms of physical properties to setel in the

PE phase. This peculiar behavior in the ER state is associated to the development of nano
scale regions (typically -20 nm), known as polar nafmegions (PNRs), which are
dynamic neaiTs. The word ergodic refers to the dynamic nature of tiddBRs.As the
materials are cooled, the dynamic behavior of PNRs slows down. Upon further cooling
down the transition depends on the type of relaxor. -boronical relaxor can
spontaneously transform to FE phase from ER phase at certain temperaturecafadlly

the Curie temperatufi: in analogy to that of normal ferroelectrics. In canonical relaxors,
PNRs completed freeze at a temperature (usually hundreds degre@ bklmwn as the

freezing point;Tr). The relaxor is now known to be in the rergodc (NER) phase. The
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PNRs are randomly oriented and hence the macroscopic state in NER phaspaknon
However with application of a high electric field, the NER phase can be transformed
irreversibly to FE phaspgl9, 20]. A prototypical dielectric respse of canonical relaxor

is shown in Figure 2.11.

Ergodic

o JERRETETI R

J1p0313-UON

Figure 2.11: Prototypical response o& canonical relaxor

The microscopic origins of PNRs are still not understood, though several M2HeB]

have been proposed. Details of these models is out sttipe of this work but in general
models are based on two different approaches. The first considers PNRs as local
frustrations embeddedito a cubic matrix (Figure 2.1@)). The second approach is to
consider PNRs as nattmmains separated by domain heahd not by regions of cubic

symmetry as shown in Figure 2.12 [bY].
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Figure 2.12: (a) PNRs embedded in a cubic matrjXb) nano-domains separated by

domain walls. Arrows indicate polarisation directions(redrawn after [19]).

2.1.5 Basic tensor prgerties of piezoelectric materials

The @plication of stress onneelasticobject results in strain, which in linear region can

be approxi mated by H®ROKSs | aw given in equ

T Equation 2.06

where galastic compliancels a fourth rank tensor that relates second rank tensor

train) andéﬁ «(Stress). In piezoelectric materials, in addition to strain, the applied

stresscan result in a charge density (D), which is called the direct effect and can be

expressed by the lineeglationship given below.

Equation 2.07

Similarly the inverse phenomenon, where an electric fi€)ddsuts in strain X) can be

expressed by the linear relationship,

Equation 2.08

W _@C/N) in equation 2.07 aMg . (pm/v) in equation 2.08 are third rank tensors known

as piezoelectric cefficients[7]. Geneally speaking, a tensor of order n hd@ments.
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Thereforethe 39 rank tensod in this case should have 27 elements as shown in the arrays

below.

0¢
0¢

Both stress and strain are symmetric tensorsi™

= therefore the number of
elements are reduced to 18. However the tensor notation introduced in eg|@a®and
2.07 are rarely used and the suffixes are reduced by introducing matrix notations given in

table2.1[6].

Table 2.1: Conversion of full tensor notation to reduced (36) matrix notations
Tensor Notation 11 22 33 23,32 31,13 12,21

Matrix Notaion 1 2 3 4 5 6

The number N=18 refer to the case of triclinic symmetry with point group 1. N can be
significantly reduced as we go to high symmetry crystals following Neumann principle,

whi c h tlsetsyanmetry elefinents of any physical property ofstad must include all

the symmetry el ement s o £g. inbase optetragonal 4gm,o u p ¢
there are only three independent fm@mo piezoelectric charge components as shown in

the array belovy30].

In matrix notation, the first subscript correspond to the direction of electrical
field/displacement, while the second refers to direction of stress or [@tirDirection

3 by conventiond considered as the poling direction. Hedgerelates field along the
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polar axis to the strain produced perpendicular. In cadg,ddtrain is measured along the
polar axis. In case alis the field perpendicular to polar axis is related to a sheanstr
The d co-efficients introduced in equation 2.06 and 2.07 can be proved to be
thermodynamically equal {gkct = dnversey @and is an important figure of merit for

piezoelectric materials commonly known as small signal piezoelectafficeent[32].

2.1.6 Electrostrictors

A phenomenon closely related to piezoelectric effect is electrostriction. Electrostriction
can be defined as mechanical deformation of a material under application of electric field,
where the induced strainvaries proportional tthe square of polarisation/electric field

(P/E) as expressed in the following equations.

hw- Equation 2.09

Eilr Equation 2.10

- gie fourth rank tensors of electrostrictive coeffici¢8. Similar

to piezoelectric cefficients, electrostrictive eefficients are also commonly written in

matrix notation, introduced in the preceding section. Note that the effect is quadratic and

not linear as in case of piezoelectric effect (equation 2.08). Though, in the literature
sametimes, I e titl e fipi €xoeélsecusdd fcoerr amot h pi
electrostrictive ceramics but the differences between both effects are well Kjwn
Electrostriction has no corresponding direct effect and hence can be only used for

convesion of electrical energy to mechanical energy.

U U U U U U D S S S S T T T T T T s S e

NO0O0O0OO0OO0DO0D0D0D0O0DO0DODODODODODOOODOOOOODODODODLODODODODODODODODODODOLOOOO

*In this thesis, if not explicitly menti

piezoelectric and electrostrictive matesial
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Figure 2.13: Typical electrostrictiveS-E responseof a PMN-based ceramic.

redrawn after [6]

This phenomenon is not constrained by crystallographic symmetry and can be observed
in all dielectrics. The induced strain does not depend on polaritysaadiays positive
regardless the direction of electric fil¢82]. Typical SE response in electrostrictive
material is shown in Figure 2.18lagnitude of electrostrictive strain is usually very small

as compare to piezoelectric straimowever in relaxo ferroelectricssuch as PMN,
electrostrictive strains can be sufficientygeto be utilized for commercial applications.

In situations where excellent displacement accuracy is required, electrostrictive materials
are preferred befromhgsterest$dBlely additom édctrostrigtivd e
cerami cs don anmt strainvaed henoeythe dexioes fabricated from these
materials will have no substantial residual stress, which is a problem in piezoelectric
materialg35].
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2.2 Strategies to enhance electromechanical coupling

Enhancement of electromechanical response in piezoelectric materials is either achieved
via structural engineering or via compositional engineering. Structural engineering
focuses on optimisation of structure at micand/or nano level without changing
composition of the materia]36]. Significant enhancements in electromechanical
responses have been achieved through structural engineering techniques such as domain
engineering [37,38], grain size optimisation[39] and texturing [40]. However
traditionally, compositional engineering has been more popular for enhancement of
electromechanical responses and is the subject of this study. Compositional engineering
means, optimising the properties of a solid solution bgirfig the composition near to a
structural instability such as morphotropic phase boundary (MPB) or polymorphic phase
transition (PPT). MPB is compositionally driven phase boundary and is almost
temperature independent, while PPT is driven by thermodyneaaniables and hence
significantly dependent on temperature. A schematic diagram showing MPB and PPT

between two perovskites A and B is shown in Figure 2.14.

Figure 1 in reference [36]

Figure 2.14 Characteristic (hypothetical) phase diagrams for perovske solid
solutions exhibiting either a (a) morghotropic phase boundary (MPB); (b)
orthorhombic to tetragonal (OiT) polymorphic phase transition (PPT). The
resulting temperature dependence of the piezoelectric coefficie(d) for hypothetical
MPB and PPT maerials with the same roomtemperature piezoelectric coefficiat
and same Curie temperature Tc), where dotted trend lines indicate degradation of

piezoelectric properties due to depolarization at temperatures nearoiT and Tc [36].

Enhancement in ettromechanical responses at interferroelecpimse boundaries is
attributed to (i)the existence of large number efjuivalentpolarisation directions due to
the coexistenceof phases with different symmetries, which facilitates alignment of
ferroelectric danains and (ii) softening of the crystal lattice at the phase bouf@&y

Crystal softening refers to a phenomenon, where frequency of a phonon approaches to
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zero at the transition point. Consequently, restoring force is reduced which allows the ions
to condense into a lower symmetry accompanied by enhancement in dielectric and
piezoelectric propertiggll]. Though enhancement in properties can be achieved in both
PPT and MPB, the latter is more attractive for technological applications due to its
temper&ure independent behavior as in case of Pb(Zral{fZT). PZTrefers to solid
solution between antiferroelectric Pb4r®Z) and ferroelectric PbTEXPT) A MPB

exist at 48 % PT as shown in the phase diagram in Figuréa).[B31].

(a) Figure 7.1in reference[34] and (b) Figure 6 in reference [42]

Figure 2.15: (a) Phase diagram of PZTsystem Paraelectric cubic phase (P),
ferroelectric high temperature R phase (lrt1)), ferroelectric low temperature R
phase (Frw)), Antiferroelectric orthorhombic phase (Ao), ferroelectric T phase (F)
[34]; (b) New PZT phase diagram. Diagonal lines represent monoclinic (M) region.
Horizontal lines superimposed on diagonal lines represents tetragoraionoclinic
(M+T) coexistence region, cubic phasgC), high temperature R phase (Rit), low
temperature R phase (Rr) [42].

Noheda et al[42] reportedthat an intermediatenonoclinic phaseexist between the
rhombohedral (R) and tetragonal phase (T) at low temperatures as illustraigdran F
2.15(b). A monoclinic phase has Zssible polarisation directions and will hence allow
easy reorientation of polarisation vector leading to enhancement in piezoelectric
properties. Researchers are therefore trying to mimic the MPB in PZT in lead free

ceramics by testg solid solutiondbetween enghembers of different symmetries.
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2.3 Lit erature review

2.3.1 Piezoelectric materials

The first practical application of piezoelectrics came in the First World War (1917) when
Paul Lengvin used Quartz as a transducer to send and receivenidtk@aees in sonars.
However natural materials did not find many further applications because of their low
piezoelectric properties. During WW I, the discovery of ferroelectric ceramic BaTiO
(BT) opened a new window for piezoelectric materials to be ursethny applications

for sensing and actuation. About 10 years later Pb(Zr; TB@T)was discovered which
virtually replaced BT for all piezoelectric applicatigi$. To date, PZibased ceramics

are the most popular materials for piezoelectric apgdca because of their high
piezoelectric ceefficients, low cost and ease of reproducibility but growing legislation
against use of toxic lead in electron[d8,44] has triggered intensive research to find
alternatives to PZT. In addition to PZT othertarals which are of significant interest to
practical applications are those exhibiting high electrostrictive strains. Unfortunately
materials such as Pb(MgNb2/3)O3i PbTiOs also contain a significant amount of |448].
Research in leaftee piezoeletrics and electrostrictors is therefore of great scientific and

potentially commercial interest.

2.3.2 Lead-free piezoelectric materials

More than a decade of active research in-fea@d piezoelectrics has initiated some
interesting results. Amongst theany systeminvestigated BT, NgBi1/2TiOz (NBT) and
(K,Na)NbOs (KNN)-based systems are the most promiseagtfree ceramics.n 2009
Liu et al.[46] reporteddss = 620 pC/N and strain of 0.057 % at 0.5 kV/mrdzg= 1140
pm/V) in pseudebinary systemBa(Tio.sZro.2)Osl (Bao.7Ca.3)TiOs (BZT-BCT). BZT-
BCT ceramicsconsistof highly stableoxidesand requiresignificantly higher sintering
temperature§~1500°C) butthe absenc®f volatile elementsnakesthemcomparatively
easierto bereproducedn largerscalesThesematerials howevercannotbe usedin high
temperatureegimesdueto theirlow Tc (< 100°C). NonethelesBZT-BCT hasattracted

a lot of attentionbecauseof its potentialto replacePZT-basedceramicsin devices
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operatingnearroom temperaturéRT). Interestin NBT-basedceramicswas stimulated,
whenZhanget al. (2007)[47] reporteda giant strainof 0.45% at 8 kV/mm dz3 = 562

pm/V in the ternarysystemof (0.94-x)Bio.sNao.sTiO3-0.06BaTiQ-xKo.sNao.sNbOz. The
giantstrainis very attractivefor actuateo applicationsutthedownsideof thesematerials

is thelargehysteresisandhigh driving field. The giantstrainsweresubsequentlghown

to betemperaturelependentyhichimpedegheuseof thesematerialsn hightemperature
applicationg48]. Reseech in KNN-basedceramicswastriggeredby Saitoet al. (2004)

[49], whentheyreporteda dss = 416 pC/N andastrainof 0.15% at 2 kV/mm (dzz= 750

pm/v) in textured (I§.44Nao.52-10.04)(Nbo.s6T@0.10Skn.09O3. A complex texturing process

was used by St et al. to achieve these properties; however many subsequent studies
showed high piezoelectric properties can also be achieved through conventional solid state
methodg50-52]. Despite many issues (discussed in section 2.3.5.3) KNN is still widely
consicered as a possible replacement of PZT. As discussed in chapter 1 the inspiration of
this study was to develop lead free materials for high temperature applications, therefore
for this study, we selected higl perovskites BF, KBT and KNN, which are reviesvin

subsequent sections.

2.3.3 Bismuth ferrite (BF)
2.3.3.1 Structure of BF

BF is a rhombohedrally distorted perovskite (AB®/pe structure (space groR3c). At
room temperature, the lattice paramstare a = 5.6343A and U = 59.438 with
ferroeledric polarisaation along the [111] axg¢S3]. The unit cell can also be expressed in
hexagonal settingwith the hexagonal-axis [001]nexagonaiparallel to the diagonal [111]
pseudocubicAXiS, With lattice parametess= 5.58 A andc = 13.90 A. B#*is ona 12 co
ordinated cubooctahedral A site and Edies on 6 ceordinated octahedral B sit&4,55].
The tolerance factor calculated for BF using Shannon®risdd.88[56]. We recall that
for t < | the oxygen octahedra has to tilt in order to fit il wnit cell. The tilt system for
BF is aaa indicating an antiphase rotation of Fre@@tahedra along [11}h}eudocubi@Xis,

schematically shown in Figure 2.16.
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Adopted from Figure 1 in reference [57].

Figure 2.16 Schematic diagram of BF crystal stricture, with polarisation along
[111] axisindicated by bold arrow [57].
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$ionic radii of 8fold coordination is used for 8i(12-fold values are not reported). For
Fe** ionic radii of 6fold with high spin is used
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2.3.3.2 Processing of BF

Processing single phase BF is notoriously difficult and the final ceramic is often
accompanied by secondary phases sudilasite BiosFeQso (Bi:Fe = 25:1) and mullite
Bi-FesO9 (Bi:Fe = 1:2)[58]. In addition to conventional solid state sintering many other
processing methods have been tried to achieve a single phase BF. These processing
methods includepark plasma sinterin9], hydrothermal synthesi€0], precipitation
method[61], soli gel synthesi$62], combustion synthes[§3], high-pressure synthesis

[64] and mechanochemical synthefib]. Some of these methods have successfully
produced single phase BF ceramics. However only solid state synthesis is relevant to this
work andother methods will not be discussed. Though difficulties of processing BF into
single phase still prevail, significant advancement has been made to understand the origins
of secondary phases formed during processing of B&bach et al.[66] used
thermognamic data reported Byhapaleet al.[67] and showed that Gibbs free energy

Y -"% for BF is slightly higher than zero between temperatures from 447 to 767 °C
as shown in Figure 2.17 (a). This means that parasitic phases (sillenitelai&) muhis

region are thermodynamically more stable than the perovskite phase. These results were
in agreement with experimental data shown in Figure 2.17 (b). Secondary phases clearly
appear, when a BF ceramic with small amount of secondary phasesnesed at 700

°C. The BF phase starts to reappear when the ceramics are annealed at higher temperatures
775 and 850 °C as illustrated in Figure 2.17 (b). In addition to thermodynamics, kinetics
of Bi2Os-FeOz reaction are also addressed in the litemtdiffusion behaviour of the

binary system BOsz-FeOs, studied through the technique called diffusion coupling
revealed that the diffusion of Biis activated before B&ions and hence it was proposed

that formation of BF phase is governed by diffusiéBi®* ion into the FgOs grains[68].
Bernardoet al.[68] proposed a model (Figure 2.18) to explain the reaction path ways in
solid state synthesis of BF. According to the model, a perovskite phase is initially formed
between the sillenite (bismuthch) and mullite (bismuth poor) phases. In hypothetical
conditions, the bismuth rich and bismuth poor phases should decompose and form entirely
a single BF phase; however in reality this process does not occur. Crystallisation of the
mullite phase blocks ehdiffusion process and hence results irekistence of three

different phases in the final ceramic. Onset of densification in BF is ~ 8(EBfChence
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calcination temperatures should be lower to avoid coarsening of powders. So the
calcination step willsually fall in the thermodynamically unstable region (Figufie 2

(a)) of BF. Another important issue is the volatility of bismuth. The peritectic point of the
sillenite phase is ~ 790 °[69], which is even lower than melting point for8; (~ 825

°C) [70], and hence the decomposition of this phase may result in uncontrolled loss of
Bi-Os. Processing undoped BF into a single phase dense ceramic via ordinary solid state
method is therefore extremely difficult. However with suitable dopants, not omlthea
properties and structure of BF be tailored but obtaining single phase, dense ceramics

becomes more feasible.

Figure 1 in reference [58]

Figure 2.17 (a) Calculated temperature dependence of the Gibbs
free energy Y, ﬂ% of the equilibrium reaction between BiFeQ and the B and
Fe-rich phases[58]; (b) X-ray diffraction (XRD) patterns of BiFeOs at room
temperature (25°C) and afer isothermal annealing at 700°C, 775°C, and 850°C,
showing firstly the decomposition of BiFeQ@ into Bi2sFeOsg and Bi2Fe4Oy at 700°C,
followed by the disappearance of these secondary phases (i.e., the reappearance of
BiFeOs) at T[66]. 775

Figure 6 in reference [68]

Figure 2.18 Schematic diagram of the reaction paths in the solid state synthesis of
BiFeO3. (a) Hypothetical end of reactiorand (b) experimental situation[68].

2.3.3.3 Properties of BF

BF is one ofthe mat extensively researcheérpvskite compounds becausets room
temperature mulfierroic properties. It is simulteeously ferroelectric (FE) with B ~825
°C [71] and amiferromagnetic (AFM) with a Neel temperatur®) of 370°C [72]. The
magneticordering is Gtype with a weak canting moment with a 62nm spin cydiod].
As a room temperature multiferroic, B& an obvious choice for applications such as

multiple state memory elements, electric field controlled magnetic resonancesgdanide
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transdweers with magnetially modulated piezoelectricify4]. The polarigtion of BFis
reported to be very large (cai9®0 pC/cn¥) [75,76], and hence it has attracted
considerable attention for potential use in next geieréeadfree ferroelectric memories

[55]. However, relevant to this work are piezoelectric properties of BF, which will be
addressed in detail. Three main properties make BF an interesting candidate for
piezoelectric applications. The very first reason of interest in BF is thorenbehaior

of the heavy metal bismuth; a likely replacement for lead due to similar electronic
structure. The second eye catching property for piezoelectric community is thichigh
(825°C), which makes it very attractive for high temperature applicationsdlyhthe
rhombohedral symmetryf BF makes it an important em&mber for constructing MPB
similar to that ofPZT by combining it with an emdember of tetragonal symmetry, such

as PT, BT and KBT. Thdss values of undoped BF reported in literature rangenfd
pC/N[59] to 45pC/N[77]. This variation in values can be attributed to insufficient poling
due to high conductivities in BF ceramics. High conductivities in BF ceramics are usually
linked to (i) the presence of secondary phd#8s (ii) the redudon of F€*ion to Fé*

during processing79]. In most of the literature unsaturat®dE loops are reported
because the breakdown strength of the processed ceramics is usually smaller than the
coercive fields. In some cases pincliel loops are reporteff8,8081]. The pinching
behavior is attributed to domain wall pinning arising due to def86}s The unfortunate
combination of high coercive fields10 kV/mm) with high conductivities has therefore
resulted in poor documentation of the piezoelegraperties in undoped BF. However,

in some nicely processed ceramics, where high fields were applied, BF has shown the
potential to be considered as a Kk candidate. E.g. Rojac et @2] reported a high

strain of 0.36 % (peak to peak) at low freqog of 0.1 Hz and a high driving field of 14
kV/mm in mechanochemically synthesized BF shown in Figure 2.19. The high strain was

attributed to the switching of non 188omain walls.

Figure 1in reference [82]

Figure 2.19:S-E hysteresis loop of BiFe@measured at 0.1 Hz aneklectric field
amplitude of 14 kV/mm [82].
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2.3.3.3.1 Doped BF

Difficulties in processing and high conductivities are largely been addresses by doping BF
on both A and B sites. Amongst thesite isovalent dopants, rare earth (RE) eeta
have attracted the greatest attention. Ts&®&is usually doped with a donor ion to control

the high conductivities.

2.3.3.3.1.1 A-site doping in BF

Partal substitution of REons on A site has been extensively studied by many research
groups Most of these studies are driven by the multiferroic nature of BF but within this
study the magnetic properties of BF will not be addresEbdre is a general agreement

that doping RE ions like 24[83-86], Nd®*[87,88] and Sm* [89], GA&®* [90] eliminates

the secondary phases and single phase ceramics can be processed via conventional solid
state synthesidmprovement in dielectri§83] and piezoelectric propertig91], along

with reduction in leakage curref@6] arealso reported for L3 doped compours] Ncf*

doped compounds are reported to have large piezoelectric coeffi@8n=C/N) and
reduced leakage currg®®]. Large piezoelectric coefficief29 pC/N)and high reranent
polarisations(15 pc/cnt) are reported for Stidoped compound®3]. Apart from REs

other dopants are also uded partial replacement of BMishraet al.[94] investigated

Y3* (nonrareearth but similar in size) as-#ite dopant and reported structural changes
followed by reduction in secondary phased amprovement of feoelectric andlielectric
properties of BFSubstitution of Asite ion by another ion of same valence but different
size induces a chemical pressure on the crystal lattice and may result in crystal phase
transition. Transformation from rhombohedral phasenat of orthoferrite with doping of

RE is well known, reported in early phase diagrams feklBikFeQ by Polomskeaet al.

[95]. Karimi et al.[96,97] reportedan antipolar PbZre(PZ)like structure(Pbarm)
stabilised between the ferroelectrie3¢) and paraelectric Pnmg for RE doped BF

illustrated in Figure 2.20.
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Figure 16 in reference [97]

Figure 2.2Q Preliminary phase diagrams for RE doped BA.0Ox derived using
combination of XRD, DSC, Raman and TEMdata [97].

2.3.3.3.1.2 B-site doping in BF

Although Asite dopants have reduced secondary phases and impmledtric and
piezoelectric propertieshey do not significantly decrease the leakage curfsweral
authors have proposed that high conductivities in BF arise due to reducfief ain

into FE*, which results in formation of oxygen vacancies according to the equation
Bi*'Fe**1.,Fe,Osy. In such a case, it is intuitive to deplete oxygen vacancies by doping
the B-site of BF with donor dopant of suitable size such 4§ Wb>* and V*°. Kumar et

al. [98] reportedanincrease in electric resistivity by six ordd@rmagnitude andecrease

i n tan 0 i 8imil&arlyJud et @l[@9%irepBried an increase in resistivity by six
orders of magnitude by doping Nb in BF despite the presehsecondary phases present

in their processed ceramid¢&azutomoet al.[100] reported effectiveeduction in leakage
current by doping St, Zr** and T on B-site of BF. Benfang et g101] reported that

| eakage current afahd V" aodopéd BikdasF@ avsOeabx i n L a
increased from 0 to 0.Kalantari et al[102] investigated BijssNdo.15-€1yTiyOs( 0 y QD

0.1) ceramics anteported PAike structure fory O0.05.Ti doping effectively reduced

t a fromi> 0.3 to < 0.04deceased bulk conductivifyomD 1 mS cmi!t o < 1S ¢
Laccompanied by an increasebinlk activationenergy for conductiofrom 0.29 to >1

eV. At low concentrations (Ti < 3%) the decrease in conduction was attributed to
elimination of oxygen vacanciés/ donor dopant Tf, however the mechanism for Ti >

3% was unclear because afrdinear relationship betwe€ty and Ti concentration. The
authorsassumed that the compensation mechanism in higher concentrations could be
related to formation ob based on analogy withh formation in Pb based perovskites
[103]. In a subsequent study Reaney et[&04] investigated BjsiNdo.15-e.9Ti0.103
ceramicsa clarify the ionic compensation mechangsmhigher concentratiofTi > 3%)

using aberration corrected scanning transmission electron micrastbpeauthorsound

periodic distribution of Nefich precipitates in lattice, concluding that Ti donor doping is
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compensated by instead of® andw . Theysuggested two ionic compensation

mechanisms to explain the change in condugtamd norlinear behaviour ofY with Ti

concentration. At lower concentrations'Tieplaces F& resulting in-@ and at higher

concentrations (when &@fe* ions are compensated)*Tieplaces F& resulting in- @

Based on the findingsf Reaney et al. we suggest that homogenous and electrically
resistive ceramics could be fabricatedha solid solution BiFe®RE23TiOs. Exploration

of these solid solutions for possible piezoelectric applications is the subject of chapter 5.
We also note that the problem of high conductivity persist irb&ed solid solutions,
such as BT [105,106] and BFKBT [107]. We therefore suggest that the gmund
BiFeOs-REx3TiOzcan also serve as a useful eranbers to form solid solutions with low

conductivities.
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2.3.4 K12Bi12TiO3 (KBT) *
2.34.1 Structure of KBT

KBT was first fabricated in1959 by Smolenskii et [d7]. It is a typical ABQ type
materal with K* and B#* on A site and T on B site. X-ray analysis on KBT by Ivanova
et al. [108] showed thathe crystal structure of KBT is tetragonaP4mn) at room
temperature with c/a = ~1.018hey further reported that KBT transforms #o
pseudocubistructure around 270C and beconmsecompletely cubic®mom) around 410

~C as shown in Figure 2.21.

Figure 1 in reference [111]

Figure 2.21 Temperature dependence of lattice constan{s andc), and volume (V)
of (KBT=BKT) ceramics reported by Ivanovaet al. [108].

In-situ TEM analysis byDt o naet dl.[A09] showed that some regions starts to transform

to cubic phase at ~280 °C, while in others, the domain structure persists until ~ 400 °C,
confirming that the pseudocubic phase identified by Ivoreival. is actually the region
where tetragonal and cubic phaseesasts The dielectric profile of KBT shows a
frequency dependent broad maximum ~ 380[2C0], indicative of weakrelaxation
behavior. The observed relaxation behaisaattributed to comgsitional disorder of K

and BP* cations on the Asite[111,112].
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% note that KBT is a stoichiometric compound and not a solid soluEon sake of
differentiation the subscript is wréth as whole fractions (1/2) instead of decimal number

(0.5) and the same format will be used throughout the text.
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2.34.2 Processing of KBT

Processing KBT into a single phase dense ceramic is very challenging. Low densities and
secondary phases, suchkadi6013[113], K4Tis0s [114] andK2Ti4Oe [115] are reported

to exist in ceramics fabricated via conventional solid state route. Investigatdniy

et al.[115] revealed that KTisOe forms during calcination at temperatures < 100

which transformgo K>TisO13 during sintering at > 1000C. Generally, the difficulties in
processing are attributed to volatility of bota@Os [116] and BpOs [112] during high
temperature treatment. Hiruma el H13] reported that KBT melts at 107 but
according ® Konig et al.[115] the melting point is 1040C. The low melting point of

KBT limits the sintering window and hence the sintering temperature needs to be very
carefully selected and then performed in accurately controlled furnaces. Another issue is
the hygroscopic nature of €03, The content of moisture in raw material can affect the
stoichiometry, which can dramatically influence the electrical propeflig]. The
transformation oKTisO9 to K2TisO13 duringsinteringis accompanied by formation of
potassium rich phag&18], which is responsible for the highly hygroscopic nature of KBT
ceramics. Recentli{onig et al.[119] showed that the potassium rich phase in the final
ceramic can be suppressed by-480 h prolonged sinteringDue to difficulties n

processing, studies on tKBT are scarcén comparison to theodium analogue.

2.3.4.3 Properties of KBT

KBT is ferroelectric material with higfic of ~380 °C. The ds3 values of undoped KBT
reported in literature rangdom 31 pC/N [120] to 120 pCN [119]. This large
inconsistency in piezoelectric coefficients can be attributed to the quality of processed
samples. KBT are hard piezoelectrics with a high coercive field &fkV/mm [119].
Hence, welldefinedP-E loops cannot be obtained in poorlyteired ceramics due to large
conductivity primarily arising from adsorbed moisture. A comparison of two contrasting

P-E loops reported for KBT is shown in Figure 2.22.
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Adopted from Figure 11 in reference[119] (b) Figure 8 in reference [122]

Figure 2.22 (a) saturated P-E loops for undoped KBT reported by[119]; (b)
RoundedP-E loops showing high conductivities for undoped KBT reported by

[122].

Despite challenges in processing KBT has attracted attention because of its Ti¢ high
and (ii) tetragonal symmetry at room temperature. The later allows construction of an
MPB by canbining materials of other symmetries with KBT, especially those with
rhombohedral symmetry such as NBT and BF. The mostly wgletied MPB is the one
that occurs in solid solution ¢dNBT-xKBT at x = 0.18.The NBT rich system has the
disadvantage of loar T4 (<200°C) and will not be discuss¢ti21]. Amongst others, one

of the most important solid solution is-X]IBF-xKBT. Matsuo et al[123] reported the
formation of MPB between rhombohedral and pseudocubic phases ak®@4i3x
Ceramics withk = 0.4 edhibited a k3 of 0.36, which was reported to stable up to 300

At x =0.5 ceramics exhibited a high straiis = 230 pm/V (0 kV/mn?). Studies by
Morozov et al[124,125]revealed that the system{IBF-xKBT exhibits a high straidss

=250 pm/V E =5 kV/mm) atx = 0.75. A large increase48 % in strain was observed

as temperature was increase from RT to ADOPiezoelectric coefficients of KBbased
binary and ternaryystems are summarized in Table 8Xluding those contaimg lead.

The summaryn Table 2.2reveals that KBIbased system do not exhibiéry highdss
co-efficients and in most cases the relaxor behavior asnpted by addition of other
endnembers and an enhancement in strdig) (s often reported. High depolarization
temperature compared to NB-KBT and their ternary derivativg$26] with the potential

to yield high strains makes KBBased materials interesting candidates for high
temperature actuator applications. In this study we intend to combine KBT with low loss
materials @veloped in the systeBiFeO:-REFeQ-RE22TiOs. We expect to have better
control over processing and conduittes using a well behaved emémber from the
systenBiFeOs;-REFeQ-RE22TiOzinstead of the problematic BF. This work is the subject
of chapter 6
00000000000000000000000000000000000000000DO

¥ The value in parenthesis shows the maximum driving electric field
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Table 22: Survey of piezoelectric coefficients in KBFfbased ceramics along with
their temperature stabilities (when reported). Strain values are recorded in
frequency range f r &nr pércedge varmtionliOds Within S

inspectedtemperature range.

K12Bi12TiOs (Hot Pressed) 69.8 pC/N 135 pm/V N/R (not reported) [113]

0.7%K12Bi12TiO3 -0.25BiFeQ N/R 250 pm/V 48 % (RTF100 °C) [125]
0.5K12Bi12TiO3-0.50BiFeQ ~65pm/V 230 pm/V N/R [123]
(prepared from nano-sized

powders)

0.40K12Bi12Ti03-0.60BiFe ~ 130 pn/V 250 pm/V  N/R [123]
(prepared from nano-sized

powders)

0.99K1/2Bi1/2TiO3- 96 pC/N 135 pm/V 58% (40160 °C) [127]
0.01Bi{Mg23Nby/3) O3

0.94K1/2Bi1/2TiO3- N/R 600 pm/V N/R [126]
0.06Bi;2MQ1/2TiO3

0.9 K1/2Bi1/2TiOs- 126 pCIN N/R N/R [128]
0.0&i]_/zNi]_/zTiO3

0.9K1/2Bi12TiO3- N/R 133 pm/V N/R [129]
0.1Biy2Nay/2ZrOs

0.9K1/Bi12TiO3-0.1Ba(Th s N/R 200 pm/V' N/R [130]
Zro2)0Os

0.9K1/2Bi12TiO3- N/R 235 pm/V N/R [131]
O.1Bi(Zn1/2Ti1/2)03

0.05Bi(Zny2Ti12)Osi 0.4 N/R 547 N/R [132]
K1/2Bi1/2TiO3-

0.55(Bi/2Nay2) TiOs
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2.3.5 (K,Na)NbOsz (KNN)
2.35.1 Structure of KNN

(KNN refers to solid solution between KNb@KN) and NaNbQ@ (NN). The fase
diagram of K,Na)NbGOzs is introduced in Figure 2.23.

Figure 2 in reference [133]

Figure 2.23 Phase diagram for the system KNb®NaNbOs. L=liquid, S=solid, Pc=
paraelectric cubic, Prwm = paraelectric tetragonal, FBwm2 = paraelectric
pseudotetrgonal, Prms = paraelectric pseudotetragonal, Bw = paraelectric
orthorhombic, Ao = antiferroelectric orthorhombic, Ft1 = ferroelectric tetragonal
with high potassium, Fr2 = ferroelectric tetragonal, Frm = ferroelectric tetragonal
obtained with additives, Foi=ferroelectric orthorhombic, Foz = ferroelectric
orthorhombic, Fom1 = ferroelectric orthorhombic field enforced in NaNbOs, Fom2 =
ferroelectric orthorhombic, Fr = ferroelectric rhombohedral, Fvon = ferroelectric

monoclinic. Reprinted from reference[133], original data from reference [34].

An MPB is reported to exist between two orthorhombic phasearfdl F2 at x & 0.5
(Ko.sNansNbOs) [134]. Although the MPB is controversigl35], it is unanimously agreed

that a broad maximum in piezoelectric coefficients is observed in vicinity of the
Ko.sNao.sNbOs composition. It should be noted that there are rejp88,137] stressing

that the orthorhombic phase of #fNaosNbOszis actuallymonoclinic, but here we refer to
orthorhombic symmetry throughout the text. From the phase diagram one can clearly see
that Ko.sNao.sNbOs goes through a series of phase transitions as a function of temperature,

more cledly illustrated in Figure 2.24.

Figure 13in reference [138]

Figure 2.24 Structure phase transitions of Ko.sNaosNbOs.re-printed from reference
[138].
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2.3.52 Processing of KNN

KNN can be processed usingnventional solid state routccording to the reaction

below.
KoCOs + NaeCOz + 2 NpOs Y Ko sNapsNbOz + 2COp

The precursrs K:COs and NaeCOs are both hygroscopic, hence ensuring correct
stoichiometry is challenging. However, more of a problem is the volatility of thigeA
alkali metals. Wang et dl139] showed that serious volatility starts at temperatut@00

°C in KNN-based ceramics as shown in Figure 2.25.

Adopted from Figure 6 in reference [139]

Figure 2.25 Weight loss of alkali metals in KNN based ceramics as a function of
sintering temperature [139].

Normally for piezoelectric material it is imperative to get the highest possibldtyle
however studies by Li et gl140] and otherg139,141] have shown that in KNNased
materials highest piezoelectric properties are obtained at densities lower than the optimal
density. The situation was rationalised by proposing that a liquid Ehfmsened at higher
temperature which helps densification but at the same time accelerates volatilizations of
alkali components. The sintering window is very narijd#2143] and temperatures
needs to be carefully adjusted to achieve a decent densitgulvitihiastic volatility.
Volatility is a serious issue and can only be reduced by lowering the sintering
temperatures. Technigues such as (i) reducing particle size of calcined pldwdds]

(i) hot pressind146] (iii) addition of excess alkali carbates[147,148]and (iv) the use
sintering aids such as Cy®49,150], ZnO[151] and MnQ[152,153] are utilized to get
dense stoichiometric compounds in KNN. Spark plasma sintering (SPS) is another
technique, Wich can sinter ceramics lwer temperaturéhan conventional solid state
sintering making them very attractive for KNXe material§154]. Many studie$155

157] have shown superior properties for KNN in comparison to that fabricated by
conventional sintering. However conventional sintering efgred due to ease of large

scale production with low cost in comparison to SPS.
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2.35.3 Properties of KNN

Piezoelectricity inKNN was known since 195(0458], however it was not the focus of
significantly research until recently due to superior props available in PZT. The recent
interest in KNN is stulated by growing legislatioagainst use of ledd3,44]. Undoped
Ko.sNaosNbOz has a higi'c of ~410°C andexhibitsadszsof ~80 pC/N[158] to 125 pC/N
[159]in conventionally sintered ceramic&hough the piezoelectric properties in undoped
Ko.sNan.sNbOs aremoderate, it has beesmown that through compositional engineering
KNN can be tailored to exhibit very highss ranging from 200 pC/jiL60,161] to 490
pC/N [162,163]. On classialssvs. Tc plot KNN is clear winner amongst the top three
candidates for lead free piezoelectrics as shown in Figure KINM6-based materials do
not exhibit giant strains as compared to NiBased ceramics but moderately large strains
can be obtained at very low ding fields.

Figure 7 b in reference [138]

Figure 2.26 ds3vs. Tc for leading lead free materials[138].

Lv et al. reported a large unipolar strain of 0.18 % at a very low field of 1.8 kV/mm
corresponding to dszof ~ 833 pm/V in KNNbased ceramid464]. Low driving field is

a major advantage in actuators where application of high electric fields in not feasible.
Key to easy compositional engineering KbsNaosNbOs is presence of various
polymorphs agmtroduced in Figure 2.2Z&he general strategy is to shift the orthorharnbi
tetragonal transitionTp.t) to room temperature through various dopants. Piezoelectric
properties are enhanced due to the presence dbth@hase boundary, as discussed in
section 2.2. In analogy tdoT, researchergl65167] have also tried to pusthe
rhombohedral to orthorhombi@H.o) phase boundary towards room temperature.TkRhe

oin general has shown inferior piezoelectric properties to thdbefbut nonetheless
enhancements in piezoelectric coefficients were achi€i@s,164. The majorbottle

neck impeding the use of KNbNased ceramics in practical applications is the fact that
both Tot and Tr-o are temperature driven phase boundaries and piezoelectric properties

seriously degrade with increase in temperature as confirmed by many 1684 71].
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To counter the problem, it was proposed that a rhrombohtdragjonal phase boundary
(Tr-1), could be formed by shifting rhombohedral and tetragonal phases simultaneously
towards room temperature via compositional enginedfiig,17351]. The idea was to
mimic the MPB in PZT, which could would solve the issue of temperature stability.
Though the strategy was useful in enhancing the piezoelectric coefficients, the issue of
temperature stability still persists. Wang et[&V4] showed that theo calledTr.t does

not show MPBl i ke behaviour and is temperature
knowledge none of the phase boundary in kbi$éed material has been proved to behave
like a MPB. Whiledss still remains strongly temperature dependsuntcessful efforts

have been made to improve stabilitydas giving hope that KNNoased materials can be
used for high temperature actuators. Saito §#8].showed that temperature stability of
dzscan be improved through texturing. Howewbe conplex process of texturing is not

very attractive for industrial applications. Recently Yao €tl&l5] showed that improved
temperature stability can be achieved in presence of a PPT in ©addified KNN
ceramics. Howeverthis stability is electric fiel dependent and only achieved when

significantly high electric fields are applied as shown in Figure 2.27.
Figure 2 a in reference [175]

Figure 2.27 Temperature dependence oflss* normalized to its room temperature
value dssrt of CazZrO3z modified KNN ceramics under electric fieldsranging from
0.01 to 5 kVinm [175].

The application of large electric fields kills the advantage of fabricating actuators
operating at low voltages. With KNNased materials compromise is required between
temperature stability and enhanced piezoelectréficient. Realizing this fact, we focus

to exploit the large tetragonal region by shifting The to subambient temperatures with
addition ofBiFeOs-REFeQ-REx3TiOzin KNN. ShiftingTo.tto sub ambient temperatures

will result in relative lowerdss but there is a possibility to fabricate a lead free material
capable of yielding a temperature stable strain in a wide range due to absence of phase

transitions from RT tdc.
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Chapter 3: Characterisation Techniques

3.1 Introduction

This chaptewill discuss the techniques used to characterise raw materials, powders

during processing and final fabricdteeramics.

3.2 Particle size analysis

Particle size analysis (PSA) was performed on raw materials, mixed precursors and
calcined powders prior to sintering. A MASTERSIZER 3000 (Malvern Instrument Ltd.)
attached with a Hydro dispersion unit (MAZ3300) wased to study particle size

distributions of the samples.

A suspension of particles was created by stirring a small amount of powder (< 1 g) in
distilled water using Hydro dispersion unit. The suspension was further optimised by
ultarasonication. The equipent measures particle size distribution from angular
variations in intensity of scattered laser beam as it passes through the suspension of

particles.

3.3 Density measurements

331Archi medesd6 density

Archi medes6é densi ti e measréd usng Mettlemr Teledo rmoglel a mi ¢ s
MS104S digital densitometer. The equipment calculates apparent density by comparing

weights in air with weight in water usirggjuation3.1.
" —_— Q Q Equation 3.1,

where,” is density of sampleA isweight of sample in ajiB isweight of sample in water,

" is density of wateat measurement temperature drid censity of air (~ 0.001 gént).

Archi medesd6 method gives very precise resu
dense samptewhich contain open pores, the densitometer shows higher density than
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actual. This happens because water seeps into the sample and hence the volume of pores
filled with water is not taken into account.

3.3.2 Geometric density

Geometric densities were alsalculated for each sample according to equation 3.2.
— Equation3.2,

where6 mé i s ma sdumeaaditiie salmMedMass ef sample was measured using

a digital balance with accuracy ofi#mg.Volume was calculated by finding diameter and
thickness othe sample using a digit&lernierCalliper with an accuracy of £ 0.05 mm

For dense samples the difference between two methods was ~ 2 % and measurement of
densitometer was considered more accurate. For less dense samples this difference can be
> 10 % and hence the density calculated froengeometric method was considered to be

more accurate.

3.3.3 Theoretical density

Theoreticadensities were calculated using the following formula.

g .
day] 77—/ Equation 3.3,

~Tme =
where, is theoretical density (kg/f , M is molecul ar weight
formul a uni t sbispyaume af mit dell (B e lalmgdls A¥dBadro number
(6.022141 x 1& mol. ). The volume of cell was calculated frorar3y diffraction (XRD)

data as discussed in the next section.
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3.4 Structural and microstructural analysis

3.4.1 X-ray diffraction (XRD)

X-rays are high energy electromagnetic radiatidih & wavelength between ultraviolet
and Gamma radiationk laboratory xrays are conventionally producedan evacuated
tube usually called an-ray tube. Within the Xay tube a filament is heated to emit
electrons. These electrons are then accel@radwards a suitable target material by

application of high electric field. A schematic ofrXy tube is shown in Figure 3.1.

Water P
Coolant

Vacuum 30-60 kV

e Metal
p— Target
o—— ;

W filament
Be windows+ ;|

Generator

L
X-rays emitted in all directions;
some pass out through Beryllium windows.

Figure 3.1: Schematic of an Xray tube. (Re-printed from Lecture by Dr. Nek Reeves

Maclaren, University of Sheffield)

Upon ollision with the target material, -xays are generated, however the process is very
inefficient andapproximately 98 % of the kinetic energy of theident electron beam is
converted to into heat and hence a cooling system is requitezl X-rays generad are
of two types (i) continuous Xays and (ii) characteristic-Kays. Continuous Xays arise
from deceleration of electrons while characteristia)s arise from inner shell transitions
and have therefore a specific wavelength. To choose amondstedif kind of
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wavelength, filters are used and hence a monochromatic beam is obtalsadlly,
radiationsare utilisedwhich correspond to a transition fromshell to K shell. Since L

shell can have sub shells and therefore transitions from eaabdhell to K shell are

. However no filters were

slightly different in wavelengthgepresented by

radiations and an average wavelength is considered for calculation

purposes. For Cu target material, the intensit:

ofis twice to that of

The wavelength of xays is comparable to ter planar spacing between the planes of
crystals. Hence a crystal can serve as a diffraction grating for an incidegtrAdiation.
Braggdbs Law given in equation 1 was deriywv

relation between wavelength)( inter planar spacing (d) and angle of diffractig. (
€ _ ¢Qi Q¢ — Equation 3.4;

In an XRD experiment usually a powder sample is exposed to a monochromayic x
radiation. Powders are polycrystalline materials with random orientations, the incident
beam at certain angles will satisfy diffraction ddions for a particular set of planes and

hence a diffraction pattern is obsenj&].

In this study XRD was performedo establisttrystal structure and phase assemblage of

raw materiad, phase formatiomnd assemblagef calcined powders and finaingered

ceramics. Rom temperaturéRT) XRD data wereollected using either Siemens D5000

or Bruker D2 Phaser wit@uKU( & 1.5418A)sourcei n t he range 20 to
at a st e p0.05%rEemtedoaf 40kY and 20enAn-situ XRD was performed for
selectedsamples irthe temperature range 1300 °Cusing a Siemens D5000 HTXRD,

with CuKUsourcen the rang@0to 70dgr ees 2d at a@pemtedapdOld/i ze o
and 30mA

Sinteredsamples were annealed at 500for 6 hto reduce the mechanical stresses

produced during polishing or grinding.

Phase analysis was performed using atowgate data base frothe International Center

for Diffraction Data (ICDD). Lattice parameters were calculated from XRD data using
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WinXpow software, utilizing least square fit method. Before lattice parameter calculations

peak positions of the observed data were corrected &sias a standard.

3.4.2 Raman gectroscopy

Raman speobscopy is sensitive to local structure and is therefore very useful to
understand the short range structural order, invisible to Xfan pectroscopy relies
Raman scattering, which refers to inelastic scattering of light from a matéhil
inelasticscattering causes a shift in the wave length of incident light, which can then be

used to deduce information about the sample.

Usually a monochromatic laser beam is used as light source. Since light is an
electromagnetic wave, the electric field E of ith@dent wave can excite a molecule with
an oscillating dipole moment. When the excited molecule goes back to the its basic

vibration state, a photon is released which can have three different types of frequencies.

1. Rayleigh scattering: The emitted photeas same frequency as that of incident
photon.

2. Stokes Raman scattering: The emitted photon has lesser frequency than of incident
photon.

3. Anti-Stokes Raman scattering: The emitted photon has higher frequency than that

of incident photon.

The situation ischematically shown in Figure 3.2
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Figure 3.2: Energy level diagram showing the states involved in Raman spectra{re

printed from [3])

Only Stokes and Antbtokes scatterings (inelastic) can yield useful information about the
sample under observation. Raigh scattering is completely useless for characterisation
purposes. However, it should be noted that 99.999% of the all incident photons undergo
Rayleigh scattering and therefore special arrangements are made to separate the useful

signal from the intensRayleigh signaj4].

A green LASER with wavelength of 514.5 nm and a power of 20 mW was foousad

~2 & m suppolariseaRardan spectra were excited and recorded in back scattering
geometry usindRenishaw InVia micrdRaman spectrometek. THMS600 stage (Linkam
Scientific Instrument limited England) was used to recorditin Raman spectra. The
tempeature was controlled by a TMS94 temperature controller with an accurady of

C.
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3.4.3 Differential scanning aalorimetry (DSC)

DSC is a thermal analysis technique which works on the principle of heat flow. The
measuring cell of DSC consist of a fureaand two pans with an integrated sensor. One
pan is empty (reference) and the second one contains the sample. The fisubjeeisd

to a controlled temperature prografnthermocouple is connected to sensor area which
can measure difference of temparatbetween the two pans. Since the reference pan is
empty, it heats slightly faster than the sample pan. At constant heat rate both pans will
show a linear increase in temperature unless phase transition occurs in the sample. At the
onset of phase chantgee DSC curve of the sample pan will show an anomaly whilst that

of the reference remains unaffected. As the transition is completed the sample again starts
a linear increase in temperature. DSC curve for the sample is obtained from differential
signal OT) between the two pans. The area of the peak can be used to quantify heat

content of transitiofb].

To invegigate phase transitions in selected sampéd®ut 30 mg of crushed pellet

powdes were analysed using a Netzsh Proteus software controlled N&3€ 404 C
Pegasus at heat i ng/Aumipa crunildes weset used toif thedeO e / mi
measurements. To ensure that there are no anomalies associated with adsorbed volatiles

each measurement was taken twice.

3.4.4 Dilatometry

Dilatometry measurdmear thermal expansion or shrinkages in a sampitang hearing

or cooling. Samples are connected to push rod inside the furride=.push rod is
connected t@n inductive displacement transducer (LVDT system), which measures the
expansions/contractioms the sample as temperature is incredégd Samples prepared

for dilatometry were cylindrical in shape with length of ~6 mm. A NETZSCH DIL 402 C
was used to perform the experimemigatometry was performed on samples between RT
to 700°C with a heatmrate of 10 °C/min.
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3.4.5 Scanning electron nicroscopy (SEM)

In scanning electron eroscope (SEM)a sampleis scanned by #dighly energetic
electron beamElectrons are produced by an electron gun through thermionic emission
which are then acceleratéd vacuum by application of high electric field. When an
electron beam interacts with a specimen, it can give rise to several phenomenon including
secondary electron emissions, back scattering and emission of characteriatis. X
Secondary electrons (SEare electron from the specimen, ejected by primary electrons.
Depending on the type of bonding SEs can be classified into (i) slow SEs (loosely bound)
(i) Fast SEs (strongly bound) and (iii) Auger electrons (outer electrons emitted in place
of charactdstic X-rays). Slow electrons are emitted from regions near the surface and are
very abundant. Almost each primary electron can result in ejection of a secondary
electron. These electrons contain negligible elemental information (not from specific
atom) bu are very useful for high resolution imaging. Typical SEM imaging is done by
utilizing slow SEs and the image is usually referred to as secondary electron image. Fast
electrons are usually not desired as they can travel along way in the specimen and give
rise to emission of further characteristic detrimental to resolution and chemical analysis.

Auger electrons can be used for Auger spectroscopy not relevant to this study.

Primary electrons which are scattered by the nucleus at angles approachirayel80
known as back scattered electrons. The intensity of backscatter electrons is proportional
to the atomic number of the atom. Hence backscatter electrons can be used to study
chemical variation across the sample surface. Since the characternayis Kavespecific
wavelengths, they can be collected to deduce useful elemental information. However, it is
difficult to detect element with low concentration or very low atomic number (below Na)
[2,7]. For reliable chemical or elemental analysis samples ceramiglesrequire high

quality polishing. For revealing feature such as grains and grain boundaries in SE image,

the polished samples need to be etched either chemically or thermally.

In this study a Inspect F microscopmperating at 5 kV at working distano€10 mm was
used to study microstructure of sintered sampldse samples were mounted on
aluminium stub and then gold coated using a sputter coater to avoid accumulation of

charges on surface of sample.
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3.4.6 Transmission electron mcroscopy (TEM)

In transmission electron microscopy (TEM) a thin sample is exposed to an energetic beam
of electrons Electrons can interact in different ways with the sample (as discussed in
preceding section), which can be used for imaging and compositional analysis. The
conventional imaging mode in TEM is bright field imaging, where a high resolution
images can be obtained from the transmittedditfracted) electron beam. In bright field
imaging thicker regions or areas with higher densities will appear darker due ter grea
weakening in the intensity of the transmitted beam. However, the diffracted beam can
also be used for imaging purposes, known as dark field imaging. Since the diffracted beam
has interacted strongly with specimen useful features such as planar detestalking

faults can be observed in a dark field im{&je

In addition, electron diffraction (ED) data can be obtained to study crystal symmetry. ED
data are invaluable to study local structure of crystals especially in case of tilted
perovskite. X ays interacts very poorly with oxygen and thus information from oxygen
sub lattice is limited in XRD. In ED a single crystal can be easily studied and the
sensitivity of electrons to oxygen and short coherent lengths can help in the unambiguous
interpretaibn of crystal symmetri9].

TEM was performed to characterise domain structure and crystal structure for selected
samples. Samples for TEM were prepared by mounting a section of sintered ceramic on
Gatan Disk Grinder and were then mechanically groural ttickness of ~30um using
silicon carbide paper. A(Epoxy resin, Wellingbrough, UK) glue was used to stick the
samplesto 3 mm copper support rings with an aperture of 1 mm. A Gatan DuoMill
(Pleasanton, California, USA) was used to accelerate ArgoraidhkV. The accelerated

ion beam was made incident on the sample &t5F2 The samples weren milled until
perforation. Electron diffraction patterns and images were tagddr. Rebecca Boston
using a JBL-2010F TEM, operating at 200 kV.

74



3.5 Electrical measurements

3.5.1 Capacitance and dielectric loss masurements

Capacitance and dielectric loss @@mersus tempature can be measuradinganLCR

(L=Inductance; C =Capacitance and R = Resistance) nTéterLCR meter used in this

study worksonpi nci pal of

Aautgmatmed hloaloa rsdiong

An amplifier automatically keeps the curren) fpassing through resistep Ehe same to

current (1) passing through device under test (DUT). In diagram Mput voltage and

V2 is autput voltage. The lower potential of DUT (L) is at virtual ground i.e. V = 0.

Virtual Ground

H L R
DUT —o—T—\W——
— —
I 1=l I2
+

v

V3

Figure 3.3: Schematic diagram of Automatic Balancing Bridge.

By measuring Y, impedance can be calculated using the following formula.

&

v —

Equdion 3.5,

At the same time phase angles are also calculated which in combination with the

impedance values are used to determinaltamd capacitance for sample under test and
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are displayed on the scregl]. The computer connected to the LCR meter, nadso
capacitance and tahvalues measured during the experiment. Dielectric constant can be

calculated from capacitance using the following formula

8

- — Equation3.6,

where C is capacitance (F), d is thickness of the sample (m), A is area of face of the pellet
m) , U i's permitti vV¥RAm) and- is felatigeepermipivatycoe , 8 .
dielectric constat.

Capacitance and dielectric loss @amersus temperature was measured at 1 kHz, 10 kHz,
100 kHz, 250 kHz and 1 MHz usira;n LCR (L=Inductance; C =Capacitance and R =
Resistance) meter (Model 4284A, Hewlett Packard) connected to a computer threugh CP
IB interface. The sample was loaded into a conductivity jig and placed in a tube furnace.
An extra thermocouple was present near the sample foraecmeasurement of

temperature

3.5.2 Impedance pectroscopy

Electrical microstructuref a sample can baterpretedby using impedance spectroscopy
over a wide range of frequencies €10 10’ Hz). Impedance spectroscopy can be carried
out using an impedance analyser (LCR meter), which can measure impedance using

automatic balancing bridge, explained in pineceding section.

The obtained complex impedance (Z) can be related to three other complex formalism
namely, admittance (Y), permittivitg)and electric modulus (M) and hence four different
formalisms can be used to analyse impedance spectroscopyTtdatanathematical

relations for these formalisms are given below.

O O @ Equation 3.7,
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—

Where® and ¢ are respectively real and imaginary parts of complex impedar@e,

N p,l ¢“ "6 angular frequency andl is capacitance of vacuum in the measuring
cell.

M or eare can be used to calculated capacitance directly and resistance can be calculated
indirectly from relation 'Y 0 p8Similarly, resistance can be calculated directly from Z

or Y and then capacitancan be calculated indirectly from relation,Y 6 p. A model
equivalent circuit is required to analyse the impedance data. An ideal dielectric can be
modelled electrically as a capacitor. However, all real materials have some leakage current
(long rangeconduction) associated with it, for which a resistor is introduced in parallel.

In Z and M formalism a parallel RC circuit gives a single seingie. Complex plane plot

for a single RC circuit is shown in Figure 3.4.
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Figure 3.4: Possible equivalent cirgit for an electrically homogenous dielectric in

complex plane plot of impedance formalism.

If a material has more than one eleetive parts such as grain and grain boundary, then
another parallel RC circuit can be introduced in se@Gesnplex planelpt for two parallel

RC elements connected in series is shown in Figure 3.5.

R R, Z'

Figure 3.5: Possible equivalent circuit for a dielectric with different responses from
grain and grain boundary in complex plane plot of impedance formalism.

78



where, Ris resisance of the grain ank® resistance of gran bounda@rain boundaries
are generally more resistive than grains due to voids, secondary phases and crystal

anisotropy etc. The total resistance of material in such case is
Y Y Y Equation 3.11,

Since capacitance depends on geometry; its magnitude is generally a good indicator of
differentiating between different electaative regionsFor examplea grain boundary
will have high capacitance because it has very small thickness in comparison to the grain.

Capacitance values and their possible interpretatiorgivaer in Table3.1[11,12].

Table 3.1: Capacitance values and their possible interpretation.

1012 bulk

1011 secondary phase(s)
10117 108 grain boundary

1010-10° bulk ferroelectric

10°71 107 surface layers

107-10° sampleelectrode interface
104 electrochemical reaction

Normally impedance measurements are takeliffarent temperatures which can be used
to determine activation energies of conduction by using Arrhenius equation given below.

Ol Equation3.12
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where,, is conductivity,, is preexponential constantO is activation energy, Ks
Boltzmann constant (8.6173324 x31€V.K 1) and T is temperature.

From equation 30 can be written as
0O O T WYPT C Equation 3.13
where,m is slope of the linear fit obtained by plottihg AC vs.— .

For impedance spectroscopy, samples were loaded into a conductivity jig and placed in a
tube furnace similar to that of LCR measurements. Impedance measurements were taken
at various temperatures ranging from 25 to 75Q8i@g either HR192A (5 Hz13MH2z)

or Agilent E4980A(20 Hz 2 MHz) precision LCR meteiThe gplied voltage was 0.1 V

and data wereorrected for geometry using ZViéWsoftware(Scribner Associates Inc,

USA).

3.5.3 Piezoelectric measurements

Depending on the input signal piezoelecti@@cterisation can be classified into two
categories (i) small signal characterisation (ii) large signal characterisation. Large signal
refers to driving fields large enough in amplitude to switch the ferroelectric domains.
Small signal on the hand refar sub coercive fields where linear relation is observed

between applied electric field and induce strain.

3.5.3.1 Small signal dynamic measurementgResonance method)

All elastic materials show numerous mechanical resonances. Mechanical resonance refers
to a phenomenon in which a vibrating body shows maximum amplitude at a particular
driving frequency. A piezoelectric material has the ability to excite elastic waves
electrically and therefore provides a method of studying electromechanical coefficients.
At resonance, a piezoelectric vibrator can be modelled by an equivalent circuit, which

combines electric components L, C and R in series as shown in Figurep3s. C
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capacitance of the sample in absence of mechanical deformation at resonant frequency
[13].

l

Figure 3.6: Equivalent circuit for a piezoelectric vibrator at the resonancestate[13].

Resistance is frequency independent, while reactance of capacitor and inductor depends

on frequency according to the following equations.

@ ¢ Qb Equation 3.14,

o — Equation 3.15,

Where X and X are respectively reactance of inductor and capacitor.

Dependence of resistance and reactance as a function of frequency is show in Figure 3.7.
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Figure 3.7: Resistance and reactance asdanction of frequency.

The frequency at whicKc = X. is known as resonant frequen¢y. Since Xand X are
out of phase by 180the total reactance ati$ effectively zero leading to a minimum in

impedance.

As the name suggest antiresonance isosipp phenomenon to resonance and hence
correspond to a minimum amplitude for a vibrating body. Therefore, in electrical context
discussed here, it corresponds to maximum in impedance. The above discussion concludes
that resonance and ant antiresonancé&gean be experimentally found by performing
impedance spectroscopy over a wide range of frequency. Typical impedance curve for a

piezoelectric material is shown in Figure 3.8.
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Figure 3.8: Impedance curve for a piezoelectric material.

The values of res@nce and antiresonance frequencies in addition to values of capacitance

and tam can be used to determine piezoelectric, dielectric and elastic constants, if
experimersg are performed on samples of suitable geometry and theory for mode of
operation in thesample is knowre.g.The planar eldacomechanical coupling factokd)

can be estimateflom the resonanci and antiresonandg,)f r equenci es usi n

formula, given below14].

— TP — T X W Equation 3.8,

A complete set of equations and procedures to find various piezoelectric constants can be
found in IEEE standard45]. Standardised geometries for fundamental vibration modes

are shown Figure 3.9.
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Figure 3.9: Fundamental vibration modes for piezoeletric resonators[16].

The values fofa andf; in this studywere measured by usiag Agilent 4294A Impedance
analyzer(40 Hz to 110 MHz). Temperature dependencky,afias measured by placing
the sample between two platinum wires in a conductivitylpggd in a furnace attached
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to the impedance analyser. Similar to the LCR measurements an extra thermocouple was

placed near the sample to get accurate temperature readings.

3.5.3.2 Small signal quasistatic measurementsEerlincourt method)

Piezoelecte charge constant{s) was measured using "Berlincourt” methdidis a

simple test to measure the direct piezoelectric effect. In this type of measurement, a cyclic

stress is applied on the sample by sandwiching it in between two vibrating metal parts. A

piezoelectric material generates electric current due to applied pressure, which charges a
capacitor connected in parallel to it. Measurement of the voltage on capacitor is used to

calculatedss of the sample under tefit7]. The test is performed at lofrequency (< 1

kHz), hence it is also termed as qusisitic measurement. Although the testing frequency

is much lower than resonance method, it is high enough to complete the test within few

seconds. Note thakscan alsdbe measured using equation 2[§8measuring strain at

small signals.

dszin this studywas measured using (Piezotest. Model PM300, London, UK) piezoelectric
meter after DC polingAn optimised poling field was considered to be where a further
increase in electric field did not resuitan increase idszby more than 5 %A dynamic

force of 0.25 N with frequency of 110 Hz was applied to take these measurements.

3.5.3.3 Large signal quaststatic measurements

Polarisation under large signals are conventionally measured using \erJawer

circuit, in which a large integrating capacitance is placed in series with the sample. By
measuring the voltage across capacitor, charge on capacitor can be measured, which is
equivalent of charge on the test sample. However, the system routinely usedtdsring
study determines charge on the sample by detecting c(lyeéhtough the sample by a
feedback method?olarisation(P) is then calculated by first calculatingharge(Q) and

dielectric displacement through following set of equations.
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0 . 0OQo Equation 3.17,

(0] — Equation 3.18,

0 0O -0 Equation 3.19,

where, A is area of the sample and E is applied electric field.

Since polarisation is coupled with stréainerefore strain is routinely measured

simultaneously with polarisation using one of the four techniques listed below.

Capacitance probe
Fiber optic probe

Strain gauges

A

Laser interferometry

In this study laser interferometry was used, which has probhblhighest resolution
amongst all four techniques. This technique mostly relies on Michelson interference in
which the path difference between a reference beam (fixed path) and a beam reflected

from the sample is used to measure the displaceb@&nt

Forpolarisation P) and bipolar straing) vs. electric field ) measurements samples were
thinned to ~ 0.7 mm and then silver electroded on both sides. The measurements were
taken using an abACCT TF2000FE HV ferroelectric test unit (abACCT Inc.,

Germany).

The sample holder has an integrated heating unit and is coupled with a laser beam
interferometer. Hence, suittaneous acquisition of polaaon and electromechanical
strain data over a wide range of temperature can be perfofmeSE andP-E dat with
temperature, samples were given sufficient time to achieve thermal equilibrium within +
0.2 °C.The sample holder was filled with silicon oil to increase range of applied voltage
without any electric arcing. All measurements were taken at a fieedidncy of 1 Hz

using a triangular wave form.
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To study the fatigue behaviour, samples were exposed to a triabgdé&r loading of

~3E: for 1C° cycles at a frequency of B) Hz using the same systeAll measurements

were done at Christian Doppler Labhtory on Advanced Ferroic Oxides, Sheffield
Hallam University (SHU), Sheffield. To validate the results obtained in SHU, room
temperaturéS-E measurement on some samples, under same conditions were performed
by Dr. Dawei Wang at Material Research Instit(MdRI) Penn State University USA
using a modified Sawyer Tower Circuit driven by a lock in amplifier (Stanford Research
system, Sunnyvale, CA, Model SR830).
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Chapter 4. Processing of Materials

4.1 Introduction

All ceramics studkd in this project (listed indble4.1) were fabricated using a solid state
synthesis route. This chapter will explain in dethé processing of ceramickom

characterisation of raw materialsfaricationof thefinal ceramicbody:.

Table 4.1: List of compositions studied in this project

BiFeQ (BF}based (Chapter 5)

1 (1-X)BiFe@ XNz TiGy 0, 0.05, 0.10, 0.15

2  (0.97x)BiFeOs-xNdFe@-0.03Nd/;sTiGy 0.05, 0.10, @5

3  (0.95x)BiFe@xLaFe®@0.05LasTiCy 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30
0.35

Ku2Bh2 TiO; (KBT)based (Chapter 6)

4 (1-x)K2Bi2 TIQ ¢ X(0.8BiFe@0.15LaFe® 0, 0.02, 0.04, 0.06, 0.08,10, 0.12,

0.05LasTiQy) 0.15, 0.20, 0.3, 0.4, 0.5, 0.6, 0.7
5  (1-X)Ku2Biv2TiQ ¢ X(0.82BiFeG0.15NdFe@ 0.03, 0.06, 0.09, 0.12, 0.15
0.03Nd,TiQ)

Ko.aNa eNbO; (KNN}Ybased (Chapter B

6 (1-x)Ko0.4Nav.sNbGs ¢ xBiFeQ 0,0.005, 0.0075, 0.01, 0.0125, 0.01¢
0.02, 0.03
7 0.99K 4xLkNay sNbO3 0.01BiFe®@ 0.02, 0.04
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A prototype multilayer actuator was fabricatemsbd on composition in seriesabx =
0.09. Details of multilayer prossing will be given in chapter 7

4.2 Raw materials

Raw materials with pitly > 99% (listed in &ble4.2) were used to fabricate

composition studied in this project.

Table 4.2: List of raw material usedto fabricate ceramics given in Bble4.1

Bi2O3 Acros Organics
2 FeOs 99 + SigmaAldrich
3 Nd203 99.9 Acros Organics
4 TiO> 99.9 Sigma Aldrich
5 LaxOs 99.99 Stanford Materials
6 Nb20s 99.5 Alfa Aesar
7 K2COs 99.9 Fisher Scientific
8 NaCOs 99.9 Fisher Scientific
9 LioCOs 99 + Acros Organics

91



4.2.1 Drying of raw materials

Electrical propelies of ceramics can be hugelifected by imbalance in stoichiometry. A
major source of nostoichiometry could be the amount of adsorbed moisture and/or
carbon dioxide in starting materia[¢]. All raw materials listed in dble 4.2 are
susceptible to take up moisture from air. Amount of moisture in a material depends on
humidity in air, particle size and method of storage. Exact amount of moisture was not
quantified, but all these materials may contain moisture from 0.1 % to greatdr %han
LaxO3, K2COzsand NCGOszare particularly hygroscopic and they may contain a still higher
percentage. Some raw materials, such a®©dean form hydrated oxide by absorbing
moisture from air at room temperature. Some raw materials, sudtd#3, form
neodymium carbonate by absorbing carbon dioxide frorf2é8i. Hence, to ensure the
correct stoichiometry all raw materials were dried s#gmperature high enough to get rid

of adsorbed moisture but well below the decomposition or melting point of ederiad.

The importance of this step is exemplified by comparing XRD traces obtained fs@m La
powders after drying them at 180 °C and 800 °C overnight as shdvigure4.1

101

——La,0, dried 180 °C overnight
—— La,0, dried 800 °C overnight

101

Intensity (a.u)

2 0 (degrees)

Figure 4.1: XRD plot of La20 after drying overnight at 180°C and 800°C.
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XRD trace of as obtained powders dried at 180 °C matched well wi@Hy PDF No.
00-036-1481, while theXRD trace powders dried at 800 Adatched with LsOs PDF No.
00-005-0602.All raw materials were therefore heated to the required drying temperature
overnight and then cooled to 200 °C after which they were transported to sealed
desiccators for cooling to room temperatureschematiof the drying profile isshown

in Figure4.2. The dying temperatures fall raw materials are summarized iable4.3.

Drying Temperature
Overnight

Desiccator cooled ="

Figure 4.2: Drying profile for reagents

Table 4.3: Drying temperatures for raw materials

Bi203, Fe203 500 C
Nd203, TiO2, La203 800 C
Nb20s 900 C
K2CO3 Na2COs3 300 C

Li2COs 180 C
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4.2.2 Phaseanalysis of mw Materials

To confirm the crystal structure and phase assemblage, all raw materials were analysed
using XRD after dryingXRD traces of all raw material from 1 to \@ere in good
agreement with Powder Diffraction Files (PDF) ®ipOs, FeOs, NdOs, TiO: (rutile),

LaxO3, K2CO3, N&2COs and LeCOs respectivelyas shown in Figuré.3 and 44.

. 1. Bi,0, (PDF No. 04-016-8852) s 2. Fe, 0, (PDF No.04-015-9577)
3 3
© s 110
2 2
2 2
K g 3
[ = N E
13
006l 202
20 30 40 50 60 70 20 30 40
2 0 (degrees) 2 0 (degrees)
3.Nd,0, (PDF No. 01-074-1147) 110 4. TiO, rutile (PDF No. 04-015-7316)
011
- 3
E) ©
o &
.é' %. 211
g . é 110
c 100 8 i -
M- 110
103 "Zm 110 0 301
200 | 210 002349
20 30 40 50 60 70 20 30 40 50 60 70
2 0 (degrees) 2 0 (degrees)

Figure 4.3: XRD traces for raw materials S.No. 1-4 matched with PDF No. 04016
8852, 040159577, 010741147 and 040157316 forBi203, Fe2O3, Nd203, TiO2

(rutile) respectively.
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Figure 4.4: XRD traces for raw materials S.No. 59 matched with PDF No. 06005
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0602, 06030-0873, 06049-1093, 06019-1130,04-008-2096 forLa203, Nb20s
K2CO3, Na2COs and Li2COs, respectively.
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4.2.3 Particle size analysis of aw materials

Paticle size distributions of oxide precursa@i® shown in igure 4.5 The mean patrticle

size for all oxides excludinBi-Oz was < gum. Mean particle size fdi-Oswas 8.341m.

Since the laser beam cannot differentiate between a single particle anthergddo the
values of particle size might be affected by agglomeration. However, we expect
agglomeration to bdestroyediuring milling prior to calcination Carbonates used in this
study donodot form a suspensi on Iiocarbonateser b u
are very reactive and are expected to form a homogenous composition when mixed well
with other precursors and hence patrticle size analysis was not performed on as received

carbonates.

0.1 1 10 100 1000
Particle Size (um)

Figure 4.5: Patrticle size distribution of oxide precurrs.
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Table 4.4: Particle diameters of oxide precursors.

Reagents  Dio (um) Dso (um)  Dgo (um)

Bi20Os3 4.63 13.1 34.3
Fex03 1.37 3.82 14.7
Nd203 2.54 8.97 30.1
TiO2 2.94 7.28 19.2
La203 3.13 10.7 43.7
Nb20s 2.96 8.17 37.9

4.3 Processing of eramics

4.3.1 Weighing of powders

Stoichiometric amounts of raw materialsre calculated for batches-@00 g, assuming
all staring materials to be 100 % pure. The actual purity of raw materials (listed in table
4.2) is <100 % and hence all compositions contaitain amount of impurities. All raw
materials were weighed with an accuracy of + 1 mg, immediately after drying to reduce

the chances of moistutgtake. A Precisa digital balance was used for all measurements.

4.3.2 Mixing and milling of p owders

For formation of a compound from raw materials, particles of the raw materials need to
react and diffuse into one another. Hence, all constituents needs to be mixed
homogenously. Further, the time required to complete the reaction is directly proportional
to the square of particle size, hence a lower particle size is preferred for better reactivity.
The reaction can be slowed down if the starting material contains aggregates rather than
individual particles. So ideally the powders before calcination shoulgdieraeratefree.

Hence it is very important to form a homogenous mixture of constituents and/or reduce

the particle size prior to calcinati¢].
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In this study all constituents weestrition milled in isopropanol for 1 hour with 3mm
diameter yttriastablised zirconia(YSZ) media using Union Processes Attritor (Szegvari
Attritor System, Wion Process, Arkon, Ohio, USA) prior to calcination. YSZ has a very
low wear loss but still contamination from the media cannot be excluded. To reduce
contamination aass compositions different sets of media were used, one each for BF,
KBT and KNN-based compounds. The slurries formed after attrition milling weeel

in trays by placing them in &80 °C oven overnightThe dried powdrs were then sieved

through a 35%um mesh to form frelowing powders.

To see the effect of attrition milling, particle size analysis was performed on representative
mixed-milled powders from each major system sadshown in Figurd.6. The mean
particle size prior to calcination was3qum,indicatingthatthe particle size isffectively

reduced during milling and powders are ready for calcination.

7

1 —— Series 2, x=0.15
6'_ ——Series 5, x=0.09
5 | —— Series 6, x = 0.01

-1 ! L | ! L | ! o T
0.1 1 10 100

Particle size (um)

Figure 4.6: Particle size distribution of mixed milled powders.
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4.3.3 Calcination

The aim of calcination is to form a homogenous smijiase compound from constituents
prior to sintering. The desired phase may not be always formed during calcination,
however it is still an important step as the interdiffusion between ions during calcination

reduces the extent of diffusion during simdgrio form a homogenous compoygil

In this study mix-milled powders were ceaihed in alumina crucibles for-@ hours at
optimum temperatures with a heating/cooling rate -&°G/min using a box furnace.
Reaction temperatusewvereoptimizedby trying various temperaturesith a step of 50

°C on 34 g of mixedmilled powders. After each calcination temperature the powder was
tested for phase purity using-rdy diffraction (XRD). The lowest temperature, which
gave XRD trace whose peaks could be indexedh aingle perovskite phase was
considered to be the optimum calcination temperature. Howgveome cases single
phase wasnly obtainedcloseto the sinteringtemperatureCalcined powdesare usually
coarser and harder than mixed milled powders anticfgasize generally increaswith
increase in calcination temperatu@alcination at temperatures closer to sintering results
in partially sintered powders which as#ten too large for the attrition miib break apart
Large particleleads to poor sierability and hencarenot desired.

An example of typical calcination and sintering experiments is shown for composition
0.3K12Bi12TiO3 T 0.7(0.8BiFeQ-0.15LaFe@-0.05L&/3TiO3) in series 4. Figurel.7

shows an XRD trace of calcined powders at 80@ri€ 1020 °C. Powders calcined at 800

°C shows secondary phases labelled by an asterisk (*). When the powders are calcined at

1020 °C, an almost single perovskite phase is evident in the XRD traces.
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—— Calcined 800 2h
—— Calcined 1020 2h
—— Sintered 1060 2h

after 800 2h calcination

[

Intensity (a.u)

20 25 30 35 40 45 50
20 (degrees)

Figure 4.7: XRD traces of (Series 4x = 0.7) calcinedat different temperatures

along with the crushed sintered pellet.

However, the powders calcined at 1020 °C were coarser due to partial sintering. A
comparison between particle size distributions of powders calcined at 800 °C and 1020

°C is shown in Figurd 8.

10

—— Calcined 800 2h
—— Calcined 1020 2h

Volume (%)

0.1 1 10 100 1000
Particle Size (um)

Figure 4.8: Particle size distribution, (Series 4x = 0.7) calcined at different

temperatures.
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The powders calcined at 800 °C, formed a dense compound with an XRD trace indexed
as a single perovskite phase after sintering 2h at 1060 °C, as $indwgure 4.7.
Therefore, optimum calcination temperature was chosen to be the one with the lower

particle size. Calcination temperatures for studiedpmsitions are listed inable4.5.

Table 4.5: Calcination temperatures of the systems studied.

BF-based 750°C 3 H 950°C 3 h
KBT -based 800°C2Hh 850°C4h
KNN -based 800°C2Hh 850°C6h

Calcined powders were attrition milled, dried and sieved again in same manner as mixed
milled powders. Particle siznalysis of representative samples is shown in FigQre

The mean particle size for calcined powders was < 4Representative XRD traces of
calcined powders for key compositions are shown in Figui@
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Figure 4.9: Particle size distribution of calcined powders.

Series 3, x=0.20 Series 4, x=0.10
Calcined 950 3 h Calcined 800 4 h

Intensity (a.u)
Intensity (a.u)

ol b I

T T T T

20 30 40 50 60 70 20 30 40 50 60 70
20 (degrees) 20 (degrees)

Series 5, x = 0.09 Series 6, x = 0.01
Calcined 850 4 h Calcined 850 4 h

- £l

3 8

©

= 2

2 g

2 8

3 c

£ ]

WWM J * L K L:
20 3I0 4I0 Sb 6'0 70 20 310 4'0 5'0 6‘0 70
20 (degrees) 20 (degrees)

Figure 4.10: XRD traces of calcined powders for key compositions. Asterisk (*)

represent secondary phase(s).
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4.3.4 Compaction into green bodies

Calcinedpowderswere pressed into 10 mm diameter anti5 mm thick pellets using a
uniaxial press BFbased calcined powders were successfully presgedpellets by
applying a force of 0.5 tonne for 1 minuteome BFbased powders were pressed into
cylindrical bars with a length of 6 mm for dilatometry measurements. However, KBT and
KNN-basel calcined powdergsieveloped lateral cracks during palletization even at
uniaxial forces as low as 0.1 tonfi® overcome the probler8 wt. % polyvinyl alcohol

(PVA) binder was mixed with calcined powders using a mortar and pestle. The powders
were sievedgain and then successfulyessed intgellets by applying a uniaxial force

of 1 tonne for 1 minute.

4.3.5 Sintering

Sintering is defined as fia process by whic
dense <cer ami c b[4].dHighlyudensencerdomica are neqyiced for most
electrical applications. Ceramics with densitie80<% allow moisture to ingress easily

which can lead high conductivities not desirable in piezoelectric applicalibos, two

important criteria to optimize sinteririgmperature are phase purity and sample density.

All samples characterized in this study were phase pure within the limithotise XRD

after sintering and had relative densities from986%. The samples containing binder

were given a binder burnoueep at 550 C for 3 h.All samples were sintered in alumina

crucibles by firing them in air inside a box furnaBehematis of sintering profiles are

shown in Figuret.11.
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550°C3 h

E) (b)

Figure 4.11: (a) Sintering profile of samples without PVA (b) Sintering profil e of
samples with addition of~3 wt. % PVA.

Some starting materials suchiisOs, K.COs,NaeCOz and LeCOz with melting points (<
900 °C) are susceptible to volatility during high temperature firing K. attempt was
made to compensattor any lossesdue to volatility, however, samples from all

composition were sintered in a bed of their own calcined powders to minimize any

potential losses.

All samples were tested to find out the temperature at which single phase ceramic with
maximum density could é fabricated. Optimised sintering temperatures with
corresponding tative densities are listed irable4.6. Apparent densities were compared
with theoretical densities to find relative densities. Samples with relative densities < 90 %

were dried overnigt at 180 °C before electrical measurements.
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Table 4.6: List of sintering temperatures and corresponding relative densities.

Series 1X=0) 8303 h 85 %
Series 2 980 3h to 1060 3h 95-97%
Series3 910 3h to 950 3h 95-96%

Series 4%=0, 0.02) 1060 2h 9091 %
Series 4 1040 2 hi 1090 2h 9597 %

(excludingx =0, 0.02)

Series 5 1090 2h 96-97 %
Series 6X=0) 1130 6h 91 %
Series 6xX=0.005, 1105 6 hto 1120 6h 94-97 %

0.0075, 0.1)
Series 6(.0125, 1100 6h t01140 6h 88-90 %

0.015, 0.02, 0.08

Series 7 1105 6h 95-97 %

Forth coming chapters will discuss results obtained for fabricated ceramics.
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Chapter 5: RE (La/Nd)- and Ti- co-doped BiFeQ

5.1 Introduction

BiFeQs: (BF) is one ofthe most extensively researchest@vskite compounds becausfe

its room temperature muirroic properties. It is simulteously ferroelectric (FE) with a

Tc 825°C [1] and atiferromagnetic (AFM) with aNéeltemperatureTn) of 370°C [2].
However, our iterest in BF is driven by its higfic making it attractive for high
temperature piezoelectric applications. Two major problems hindering use of BF in
piezoelectric applications are: difficulties in processing single phase dense ceramics and
high conductiities. Rare earth (RE) dopants have shown to supress secondary phases and
improve piezoelectric properti¢3-5]. In 2009, Karimi et al. reportd@,7] an antipolar
PbzZrQ& (PZ)like structure Pbam) stabilised between the ferroelectriR3¢) and
paraelecic (Pnmg for RE doped BFThe authors also noted that though the ceramics
were single phase, conductivities were too high to record radio frequency measurements
representative of intrinsic properties. To counter the problem Kalantari d8]al.
substitute F€* by Ti**in (in a ratio 1:1) and showed that treom temperature bulk
conductivities decreasedflom D 1 mS/cmto < 1 pS/ktm for the composition
Bio.esNdo.15Fen.97Ti0.03 @llowing the ceramics to withstand electric fields as large as 5
kV/mm. The authors further observednartlinear relatonship betweenlc and Ti
concentrationsuggesng that there is ma than one mechanism of charge compensation
for Ti-doping. To clarify the ionic compensation mechanisiReaney et al.[9]
investigated BissNdo.1s-&n.9Ti0.103 ceramicsusing an aberration corrected scanning
transmission electron microscope. The authotmdoperiodic distribution ofNd-rich

precipitates in lattice. It was proposed thatcaver concentrations Ti replaces F&

resultingin -qrg+and at higher concentrations (when aff'Hens are compensated)*Ti

replaces F¥ resulting in- 2 m concluding that Ti donor doping is compensédigd m

instead oﬁT” ;§§§?nd'n'=| _.Based o these findings Reaney et[8l] suggestethe appropriate
tie-line for preparing singlephase compositions shoulbe based on entember

perowskites RE;sTiOs and BiFe@. This study essentially started to fabricate
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stoichiometric compounds BiFeOG:- REx3TiO3 (RE= Nd, La) solid solutions. However
it was quickly realised that the solid solution cannot sustain a large numbesitd A
vacancies. Therefe a third enthember REFe®was introduced to form stable

compounds in ternary system BiFeREFeQ-RE2zTiO3 and the corresponding phase
transitions and electrical properties were studied.

5.2 The (1-x)BiFeOs-xRE2;5TiO 3 (RE = Nd, La) system

XRD traces obtained focalcined powders fabricated in the systemx)@iFeQs-
XNd23TiO3(x=0, 005, 0.1 and 0.15)a shown in Figure 5.Forx =0, the trace matched
with R3c BiFeQ; (ICDD # 71-2494) along with secondary phase 0fsBeQi (ICDD #
46-416). Withinthe detection limits of WhouseXRD, apparensingle phase perovskite
phasewas achieved fox = 0.05. Fo x = 0.1, the trace showed a hump arising near the
main perovskite peak which developed into an unknown peak @t15.The absence of
phase transformations of the type reported by Kaeirai.[6,7] along with appearance of

the broad hump at= 0.1 siggests that the limdf solid solubility is ~x = 0.05.
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Figure 5.1: XRD traces of (:x)BiFeOs-xNd23TiO3sfor x =0, 0.05, 0.1 and 0.15 (*
correspond to BesFeOsophase), calcined at 870 °C.
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However, compositions witk = 0.05 showed significant amouat Bi-FexOg (ICDD #
741098) secondary phasasshawnenrFigwssi2.mhissimpéed
that within the sintering regimes usdgi,FeiO9 coexists thermodynamically with the
perovskite phase. In an attempt to establish a broader shildligp, Nd** was replaced
by La®*. La®* (1.32A) hasasimilar radius to Bi* (1.35A) andarguably should create less
strain within the structure as it substitutesBot*, allowing the composition to sustain a
greater number of Aite vacancies. Therefore, the composition 0.88-eOs-
0.05L&a/3TiO3 was calcined and sintered thie same temperaturds its Nd analogue
Bi2FexOg secondary phasavereevidentin lower relative intensities thahe 0.98iFeCs-
0.05Nd/3TiO3 compositionasshown in Figure 8. Owing to the limited solubility i1-
X)BiFeGs:-xRE/3TiO3, concentration of emdember REsTiOz was fixed atx = 0.03 for
RE = Nd andk = 0.05 for RE = La but tetabilise theperovskitestructurein preference
to BioFesO9 and expand the range of potehstructural phase transition as function of
composition,a third endnember,REFeQ was introduced to fornthe ternary systems
(0.97x)BiFeOs-xNdFeQ-0.03Nd23TiO3s  (BNFT) and (0.95x)BiFeCs-xLaFeQ-
0.05La/3TiOs (BLFT). Structural phasdransitions and lectrical properties of the
stoichiometric compounds BNFT and BLFT are discussed in following sections.

x =0.05 calcined at 870°C
x = 0.05 sintered at 920°C

*
* *
x| NEER * L * * * *
I

.

35 40 45
20 (degrees)

Intensity (a.u)

20 0

Figure 5.2: XRD traces (1:x)BiFeOs-xNd23TiO3(x=0.05)at 870 a®d 920

correspond to BeFesOg phase).
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x=0.05 calcined at 870° C
x=0.05 sintered at 920° C
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Figure 5.3 XRD traces (1-x)BiFeOs-xLa23TiO3(x=0.05)at 870 a(fmd 920 eC
correspond to BeFesOg phase).
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Important Note: The XRD data in Figure 5.1 to 5.3 was taken on XRDawatibalt
source. All other XRD data in thithesis are taken by XRD wihcopper source. The
large mismatch in peak position in these figures with figure 5.4 onwaadsissequence

of usingradiations of different wavelengths and not effect of composition.
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5.3 The (0.97x)BiFeOz-xNdFe0z-0.03Nd23TiO 3 (BNFT) system
5.3.1 Phase analysis and microstructure

XRD traces from crushed pellets of BNFT (00% O0.15) are shown in Figure 5.4. All
compositionswere indexed according to single phase psiate structure with no
secondry peaksobserved The peaksn compositions withx 00.10 were indexed as a
ferroelectric FE) phase wih rhombohedralR3c) symmetry.Peak splitting was observed

at x = 0.15 This was attributed to the trdosmation from the FEphase to the
antiferroelectric AFE) PbZrQ-like (Pbam) structure reported by Karimi et al. for Nd
doped BiFe@[7]. Secondary electron images BRFT (0.050x 00.15) ceramics are
presented in Figure 5.5. The images shows a dense microstructure with a similar grain size
(< 1um)irrespective of the Nd concentration.
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Figure 5.4: X-ray dif fraction patterns of BNFT (0.050x 00.15).x = 0.05 and 0.15
are, respectively, indexed a8iFeOs-like (R3c), PbZrOs-like (Pbam).
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Figure 5.5: Secondary electron images @dNFT ceramics (a)x = 0.05;(b) x = 0.10
and (c)x =0.15.

5.3.2 Structural phase transitions in BNFT ceramics

DSC curves from crushed pelletsBiflIFT (0.050x O0.15)are presented in Figure 5.6.
The peaks observed in these traces correspoiid, tawhich is a phase transition from
paraelectric (PE) to either FE or AFE phase depending on the composition. A linear
decrease ific is observed with increase in RéQ; concentration. Nt has smaller ionic

radii (1.27 A) and low polarisability (5.012%) as compared to size (1.3%) and
polarisability (6.124%) of Bi** [10,11]. As the concentration of NdFe@® increased both
tolerance factor and averagesfie polaisability is decreasedlhis has the effect of
decreasingc with respect to the emtember BFand also promoting an AFE rather than

FE phasg6]. A weak peak is observed in all ceramics around ¥50which can be

attributed to the paramagnetic to antiéenagnetic transitiompon cooling.Figure 5.7
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shows dilatometry curves obtained from BNFI.05 O x O 0.15) ceramics. A sharp
decrease in volume is observed at the phase transitions consistent with the peaks observed
in DSC curves. The large decreasg ¢ at the PEAFE phase boundary is consistent

with that reported by Kalantari et 2] for Ti-doped BiixNdxFeQ:. Detailed discussion

on the volume changes in these systems can be found in reports by Levih3z14).
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Figure 5.6: DSC curves foBNFT (0.050x 00.15) ceramicsBNFTS5 refer to

compositionx = 0.05 in BNFT series and so on.
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Figure 5.7: Dilatometry curves for BNFT (0.050x 00.15) ceramics BNFT5 refer

to composition atx = 0.05 in BNFT series and so on.

5.3.3 Electrical properties of BNFT ceramics

Relative permitivity vs. temperature data collected for BF and BNFT ceramics is shown
in Figure 5.8. All the ceramics became too conductive to record any reliable dielectric
data at temperatures higher than 800 Therefore transitions above 50D could not be
observed. However the transitions below 5@) corresponded well to the values
observed in DSC and dialotometry curves as shown in Figure 5.8 (c and d). The step like
behaviour for the BNFT15 composition at AEE phase boundary is simil&o that
observed by Kalantari et 4lL2] for Bi1.xNdxFey.97Ti0.0803 compositons. It has also been
shown that AFE PbZréalso show a stepkke behaviour in dielectric data presence of

small impurities[15]. A strong relaxation behaviour is observedalh ceramics at a
temperature around 30C. In BF-based ceramicsuch anomalies have been previously
reported[12,1617] but their underlying cause is not yeily understood. Here, it is
intresting to note that the relaxation in dielectric data isadent with theln of BNFT
ceramics. Anamolies in dielectric data with magnetic ordering are also observed in many

magnetic insulators such &Mn03[18], and CpO3 [19] etc Park et al[20] reported
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strong coupling between magnetic and dielectric @rigs in antiferromagnetBiFe;Oq

single crystalsHence, the effect of magnetic ordering on the dielectric response can not
be excluded in BNFT ceramics. The losses also increase sharply at a temperature of around
300°C and as a result of MaxwalV/agrertype relaxation, which may arise dwespace

charge polarigtion[21].
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Figure 5.8: Relative permittivity vs. temperature for (a) BE (b) BNFT (x = 0.05)
(c) BNFT (x=0.10)} (d) BNFT (x = 0.15). The vertical dotted line shows phase
transition point from FE/AFE to PE.

The electrical microstructure anbdulk conductivitiesof the ceamics were further
investigated using impedance spectrosc@mmplex impedanceZ) plot for BF at 270
°C is shown in Figure 5.&) which gives rise to a sppessed sentircular arc indicative
of two semicircles overlappedhe peak maximum in Mis inversely proportional to

capacitance and the peak maximum ihiZdirectly proportional to resistance. Hence
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combined spectroscopic plots can be used to differentiate tin@orent with low

capacitance (bulk) from the component with high resistance (grain bound@syjatch

between the two peaks (Figure §9) confirm the electrical heterogeneous behaviour of

the sampleWhich means that the grain boundary has a diffeesistance to that of the

grain and the overall resistance is dominated by the grain boundary.
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Figure 5.9: (a) complex impedance spectroscopic plot for BF at 27Q; (b) combined
Z" and M" spectroscopic plot for BF at 270C; (c) complex impedance sp&mscopic
plot for BNFT5 at 358 °C; (d) combined Z' and M" spectroscopic plot for BNFT at
358°C.
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A representative Z* for BNFT5 at 35& is shown in Figure 5.9 (c), which gives rise to

a semicircle that could be melted, to a first approximation, on aguivalent circuit
based on a single parallel ResrsCapacitor (RC) element. Tlassocited capacitance of

the arc was 17 pF/cm, indiaag a bulk (grain) response that dominated the resistivity of
the cerami¢22]. The coincidence in fregency of the pgk maximum in Zand M’ spectra

in Figure 5.9(d) demorstrated the ceramic to be electrically homoger(oasresistance

of grain and graitboundary is almost the same)nd this feature was observed in all
BNFT samples.The bulk resistivity at- 300°C in BNFT ceramics is comparable to that
reported by Kalantari et §B] for Ti doped Bg.ssNdo.1s-e(s and is an order of magnitude
greater than the corresponding bulk conductivity for BF. The activation energies of
conduction (B) associated with bulk werealculated from Arrhenius plots of the bulk
conductivity, = 1/R). A large increase insEfom 0.61 eMor BF to >1 eV was observed

for BNFT compositions as shown in Figure 5.10. This concludes that BNFT ceramics are
electrically insulating, andlthough the conduction mecham is unknown at this stage,

the leaky bdnaviour displayed by undoped Bfas clearly been suppressed in this series

of ceramics.
3.5 BF (E,=0.61 eV)
1 7 BNFT5 (E,= 1.20 eV)
'4'0‘_ BNFT10 (E,= 1.19 eV)
~8 FeMEN . BNFT15 (E,= 1.10 eV)
G -5.0- iy
o | N
b -5.5 1
o) ] B v
(o] \
= .6.0- l'\
-6.5
'7.0 T T T T T T
1.4 1.6 1.8 2.0 22 2.4
1000/T (K™

Figure 5.10: Arrhenius plots for BF and BNFT (0.050x 00.15)
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The insulating nature of BNFT ceramics is also reflected inites temperature plots
shownin Figure 5.11, where the BNFT series show altan< fiom RT3o > 200°C at

100 kHz. Low insulation resistance allows apmaition of high electric fields. A
representative polarisation vs. electric fiedRdE) response at RT for BNFT5 ceramic is
shown in Figure 5.12. The polarisation increased linearly with an increase in applied
electric field and no PEEE/AFE switching was observed despite the large field applied (7
kV/mm) and therefore the ceramics do not yield any practically usable electronoathani
strains. The coercive field for undoped BF is reported te- B® kV/mm [23] and it
appears that the coercive field of BNFT ceramics is of similar order and usually sample
electric break down would often occur before application of electric fieldehtghn 10
kV/mm. For the sake of comparison it is useful to mentionRH&Aloops in undoped BF

could not be obtained due to low densities and high leakage currents.

0.21
| —BF
0.18 4 —— BNFTO05
{ ——BNFT10
0.15{ ——BNFT15
w 0-12-
c ;
S 0.09
0.06
0.03 +
000 T T T T T T v T v T v
0 50 100 150 200 250 300

Temperature (°C)

Figure 5.11: A comparison of tanll vs. temperature between BF and BNFT ceramics

at 100 kHz. BNFT5 refer to compositionx = 0.05 in BNFT series and so on.
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Figure 5.12: Polarisation vs. electric field response for BNFTx(= 0.05) at room
temperature. Same response was observed fo= 0.10 and 0.15.

5.4 The (0.95x)BiFeOs-xLaFe(:-0.03Lax3TiO3 (BLFT) system

5.4.1 Phase analysis and microstructure

XRD tracesfrom crushed pellets @LFT (0.050x O0.35) are shown ifigure5.13.All
compositions could be indexed according to single phase perovskite structure with no
secondary peaks observdthe peaks in compositions witO 0 weleindexed ag FE

phase with rhrombohedréiR3c) symmetry. Pak splittingwasobserved ax = 0.15which
persisted untix O 0. THswasattributed tothe transformation frorthe ferroelectric
phaseto the antiferroelectri®®bZrQs-like (Pban) structurereported byKarimi et al.for
RE-doped BiFe@[6]. At x = 0.3, the splitting disappeadresulting in metricallycubic

XRD patters. SEM images of fractured surfacks x = 0.05 andk = 0.15 ae shown in
Figure 5.14 The microstructure is similar for albmpositionsvith a grain size < um.
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2 0 (degrees)

Figure 5.13: X- ray diffraction patternsof BL F T ( 0 0% .x38.05, 0.15 and
0.35 are respectively indexed as BiFegike (R3c), PbZrOs-like (Pbam and
LaFeOs-like (Pnma).

Figure 5.14 Secondary electron images of a fracture surface for &= 0.05 and b)x
=0.15.
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5.4.2 Structural phase transitions and domain structure in BIFT
ceramics

DSC data for a range of BLFT sampéee shown in Figure 5.18hich reveal anomalies

at ~ 715, ~ 651 and ~ 561 °C, fer= 0.05, 0.10 and 0.15, respectively. As the La
concentration increases, the aradies become broader and less intense and no discrete
peaks were observed fxO ©o®posiTthideambe cwietals
formation of AFE phase can be explained by the same reasoning discussed in section 5.3.2
for BNFT series. However, it important to note that the:- does not decrease at the same

rate as that in BNFT series since the ionic radii and polarisability®{1.82 A 5.5 A%

are greater than those of N1.27 A, 5.01 A3). Hence, to decrease the tolerance factor

and polariability by the same magnitudeyber concentrations of the endmber LaFe®

are requiredA compositionindependent anomaly at ~350 °C is observed in all DSC plots,
indicating a transition from AFM ordering to a paramagnetic phasg (Magnetic
orderingis dominated by the Bite, and hence substituting magnetié¢'fy diamagnetic

Ti**ions results in a lower value @ compared to pure BS].

x =0.05
0.5
0.05<x <035
0.12

0.4 aowym’/
o S .
£ = 0.08 |
S 034 3
£ (2]
= o
O 0.2 200 300 400 500
8 Temperature (°C)

0.1

0.0

200 300 400 500 600 700
Temperature (°C)

Figure 5.15 DSC data for BLFT ceramics showing Curie temperatures fox = 0.05,
0.10 and 0.15. The iset $lowsTn, f or x @ . 00.53 50
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The relative permittivity and taiof s ampl es x @i ® ds3aFuncdob of O
temperature ishown in Figure 36. BLFT ceramics also show a relaxation behaviour

nearTy similar to that observed in BNFT ceramics discussedeearhe dielectric loss at

room temperature is < 0.05 for all compositions but above ~ 300 °C it rises sharply. This

is attributed to an increase in conductivity, which may also account for the anomalies near

Tn. Similar to BNFT ceramics the BLFT ceramalso become too conductive above 500
‘Candhence the transitx®nos. 1lo5b)s eirnv eldS d ocro u(l10d. 0
in dielectric data.However, composition dependent, frequency independesdd peaks

are observed idielectric datdor x> 0.15, which suggests they relate directlynte dnset

of the PEAFE transition but further evidence is required to prove that the dielectric

maxima are coincident with a change in symmetry.
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In-situ XRD data for composition8 . 200 O . 3 0 a rFiguressH Tave)nForix n

= 0.2Q t he peak s plstatisttd dispppeart at 300 °C Sad bécaoines
undetectable by 400 °C. For 0.25, the peak splitting disappears at a lower temperature,
betwesn 250 and 300 °Gand similarly inx = 0.30 the peak splitting (albeit weaker)
vanishes between 25 and 200 A@situ XRD data thus confirms that the broad dielectric
maxima correspond to a changesymmetry consistent with a PAFE transition. The
PEAFE transition forx = 0.20 is coincident with the relaxation behaviour present in all

samples and hence cannot be resolved.
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Figure 5.17 In-situ XRD diffractograms for a) x = 0.20;b) x = 0.25 and c)x =0.30.
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TEM and electron diffraction were used to thar characterise changes in domain
structure and crystal structure for sampleg ©f0.05, 0.20 and 0.35. A dark field image
of x = 0.05, with correspondingp pQrone axisdiffraction patterns (EDPs) inset is

shown in Figure 5.18

111110

A 001 000
4 . A . °
=, - BT

Figure 5.18:Dark field TEM illustrating the domain structure for x = 0.05with
insetd  Orzone axis diffraction patterns from different macrodomains. Reflections
i ndi c aa @al-arsssuperstructure reflections associated with antiphase

rotations of the O-octahedra.

The two patterns are from different macrodomains within thm@nd reveal the variance

of the ¥2¢ ¢ ésuperstructure reflections which appear in 620 @ZADPs for R3c
symmetry &aa’), according to Woodward and Reang@y]. Figure 5.18llustrates two
domain length scales: fine scale ferroelectric/ferrdielasin domains (120 nm) and
larger regions (10@00 nm) which define the domain structure associated with antiphase
tilting. This suggests the local directions of polarisation and strair2@1@m) are

inconsistent with the rhombohedral distortion &k tmacroscopic tilt system and

125



symmetry. To rationalise, the observed macroscopic symnf3g), (macrodorain and
nanodomain structure, it ipropose that each tilt domain (16200 nm) is an
amalgamation of many tens of finer scale ferroelastic/ferrogentins (1620 nm)

whose average polarisation vector and spontaneous strain are consistent with the
symmetry of the macroscopic tilt systeaa(a) but which locally have lower symmetry.

The most likely symmetry based on the diffraction patterns andaiostructure is

monoclinic. This scenario is schatitally illustrated in Figure 5.19

Nanotwins
with lower—
symmetry

[111] average
polarisation
vector

Figure 5.19 Schematic illustrating the hierarchical domain structure observed
within x = 0.05.

A bright field image of a sample with= 0.20 along with <001,><110>, and<111>
ZADPs are shown in Figure 5.2 agreement with Karimét al. [6] anintermediate
phase is observed which is quadrupled according to the BisIn@ture withPbam
symmetry. The quadrupling arises from the antipolar order of tsgeAcatons along
<110> directions. Note however, that thedaé reflections are streaked, indicating some
variation in the cell dimensions in 1D, an effect discussed in detail for doped £bZrO
structured ceramics by Maclaren ef2ab]. In addition, %200} supestructure reflections

are observed, consistent with th8ob tilt system associated with the PbZtlike

structure[26]. Samples withx = 0.20 exhibit a typical lamellar ferroelastic domain
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structure (10200 nm) consistent with previous studies of R/Zstructured ceramics
[27] but there is no evidence of the fine scale twins observee 0.05.

<001> . SOEEN
af ’ 11.0 1.11 .

. .
001 110

000 001
- . - . v
000 010

Figure 5.2Q Bright field TEM showing ferroelastic domains typical of the PZlike
structure. Inset are <100>, <011> and <111> ZADPsaf = %.{hkO} reflections
associated with antipolar order in the PZlike structure. a = Y2{ooo} reflections
associated with antiphase rotations of the octahedra and consistent with atiob- tilt

system.

A bright field image ofk = 0.35 is shown in Figurg.21 along with <001,=<110> and

<111> ZADPs. Very few grains revealed a clear domain structure, suggesting each is
effectively a single domain. Electron diffraction patterns reveal a dominant superstructure
that gives rise to a combination of &g}, ¥2{ eod and Y2{eeq reflections, defining the

likely tilt system asaac* consistent wittPnmasymmetry[24]. Although the dominant
discrete superstructure reflections may be indexed accordindPtonacell, there are
diffuse reflection which lie at ~1/4{pé& positions similar tahose observed for= 0.20.

The appearance of 1/dég reflections and their diffuse character suggests there is still
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some tendency towards quadrupling of the cell in a manner reminiscent of3PHAEO
diffuse reflections imply residual short range,ijpolar clustering of the Aite ions such
that there is simultaneously a strong commensurate doubling of the cell in accordance with

Pnma symmetry &ac’) but also a short range incommensurate modulation with a

wavelength of ~@Pa.

.<001> .
. . .
- 010_110
. o . °
000, 100,
1 af,

<011> ; <111> s
. . . . .

. o 0
011 111

e« 4
B ac 3 . : . . 000
000 100 000 001

Figure 5.21 Bright field image and <<001>, <110, and <111> zone axis diffraction
patterns from compositions withx = 0.35. %2 g g oSuperstructure reflections are
denobddand arise from antiparallel igation
arise from in phase tilting, ¥2{oo0} &) are generated by antiphase tilting. Diffuse

Yi{ooe} @f) reflections arise from antipolar clusters and are highlighted in the

expanded inset.
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5.4.3 Electrical microstructure and P-E loops

Electrical properties of BLFT ceramics alenast identical to those in BNFderamics.

Impedance spectroscopy reveal a single sBroular arc (Figure 5.24a)) with a
capacitance of 16 pFcmt indicating a bulk (grain) response that dominated the resistivity
of the ceramicThe coincidence in frequency of the peak maximuizd lgndM ngpectra

in Figure 5.22b) demonstrated the ceramic to be electrically homogenous and this feature

was observed in all sampléhe calculated activation energies for bulk are > 1 eV for all
compositions. Large electric fields (8 kV/mm) can bpligol to BLFT ceramics as shown
in Figure 5.24, but similar to BNFT no PE to FE/AFE switching nor any measurable

strains were observed.
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Figure 5.22 (a) Z* and (b) a combinedZnj
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Figure 5.23 Arrhenius plots of bulk conductivity for BLFT (0. 0 %X OO 0. 35)
ceramics.
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Figure 5.24 Polarisation vselectric field for BLFT(x = 0.09 at room temperature.
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5.4.4 General dscussionon BLFT ceramics

The discrete structural changes observed by XRD and dielelzstta as a function of
composition and temperature married to the absence of a second arc in the impedance
spectroscopy measurements indicate that the ceramics are structurally and electrically

homogeneous. Presumably, the enhanced homogeneity in campaiith previous
studies of La doped BiFe(b] arises because of the formation eEke vacanciesT(ire

= 1/3VLa ) which enhance diffusion rates. Nonetheless, for the first time in La doped
BiFeO:; compositions, the local and domain structure can be reliably interpreted without
the influence of macroscopic chemical inhomogeneity. Most importantly, the frustration
effects discussed and documented extensively in, e.g. the PZT phase {28jrenthe
vicinity of phase boundaries may be evaluated. In PZT, Woodward[28pteported an
unusual nanodomain structure at the AFE/FE phase boundary witli8rthghase. The
observed nanodomains existed within larger domains and were interpreted as local
monoclinic Pm) regions which amalgamated to give an averB8e structure. For
compositions at the AFE/FE boundary in this contribution a similar situation is observed
but with greater clarity as the domain variants of the antiphase tilt structure are an order
of magnitude greater than the ferroelastic/ferroelectric nanotwins. Levin and R2@hey
observed a similar phenomenon inupBi1/2TiO3 ceramics which they reporteadl ¢ontain

long range antiphase tilt regionsnt) inside which ferroelastic/ferroelectric nanotwins
(10-20 nm) resided.

The observation of short range antipolar order in the PE phase for compositiorswith
0.35 has no parallels with PZT since there is no room temperature PE phase reported in
the asociated phase diagram. Nonetheless, the concept of polar clusters (short range
order) existing above the FEE Tc in ferroelectrics is very well accepted. Polar clusters

are however, effectively invisible to diffraction techniques since there is nocacditi
superstructure generated. If a similar phenomenon were considered aboveriRie RE

then weak, diffusé/{oog would be the natural consequence and are observed in the

present study.
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The BLFT solid solution series may therefore be considered thiexkear aspects of
pseudosymmetry particularly in the vicinity of structural phase transitions. A
pseudosymmetric composition is defined as containing an ubiquitous distribution of
regions whose local symmetry is lower than the average macrosyoproety. The

driving forces for the appearance of pseudosymmetry are nanoscale chemical distributions
whose impact becomes most apparent as phase boundaries are approached and
competition between local regions for the dominant symmetry is enhanced. Levin and co
workers [30] determined aspects of pseudosymmetry across the morphotropic phase
boundary in (Na,Ky)2Bi12TiO3 solid solutions in which similar generic features were
described. Similarly, features of the morphotropic and AFE/FE phase boundaries in the
PZT phase diagrarf28] may be reinterpreted and attributed to the generic phenomenon

of pseudosymmetry.

5.5 Conclusions

In summary, we conclude that solubility limit in the binary system BiFRBPFeQ is

very low and therefore phase transitions and elettpoaperties of two new solid
solutions BNFT and BLFT ceramics were studied. Both series show low losses and bulk
activation energies in excess of 1 eV. The activation energies are comparable to those in
more conventional ferroelectrics such BaTiOz [31]. No apparent piezoelectricity is
observed in both series. Howeyeontrol over processing and low loss in these ceramics
makes them potentially useful em@&mbers for developing lead free piezoelectric
materials. The dielectric data in both series shdvesg relaxation neafn, and Tc was
observed to decrease with an increase in REEeentrations. XRD results for BNFT
revealed a structural phase transition fie8s to Pbamatx = 0.15.The phase transitions

in BNFT ceramics are consistent with preygostudies. Howevethe BLFT ceramics
showed better homogeneity in comparison to previous studies on La doped BF allowing
a better interpretation of the local structure and domain structure in these ceramics by
using TEM. TEM and XRD studies on BLFT reaked a series of structural phase
transitions, fronR3c for samples withx < 0.15 to (0.15 « < 0.30) and macroscopiRnma

phase forx = 0.35 with clusters of antipolar order. The dielectric data showed strong

relaxation nearfTn however this did not impnge upon the broad anomalies which
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correspond to PRAFE and PEFE transitions. These anomalies occurred as a function of

composition and were confirmed usiimgsitu XRD.

The domain structure in the FE phase of BLFT near the AFE boundary was complex with
ferroelastic nanotwin domains present, inconsistent with the macroscopic tilt domain
structure. A model has been proposed where the macroscopic tilt domains are considered
to be an amalgamation of lower symmetry twins in which the average macroscopic
polaiisation vector remains [111], consistent with the average symmetry by XRD. The
presence of diffuse 1/4pg reflections in addition to strong discrete, doubled
superstructure reflections far= 0.35 was considered as evidence that antipolar clusters
wereresidual in thénmaphase adjacent to the AFE/PE boundary. Finally, itis concluded
that aspects of pseudosymmetry may be clearly resolved in BLFT compositions through
detailed TEM and electron diffraction studies in the vicinity of the phase boundaees

the local symmetry invariably appears lower than the average macroscopic symmetry.
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Chapter 6: (1-x)K 12Bi12TiO 3-xBLFT/BNFT Ceramics

6.1 Introduction

K12Bi12TiO3 (KBT) is ferroelectricmaterial with highTc of ~380 °C [1]. Despite
challenges in processingBT has attracted atteomm because of two major reasons: (i)
high Tc and(ii) tetragonal symmetry at room temperatyRel). The ldter potentially
allows construction chn MPB by conbining materials ofhombohedral symmetry with
KBT, such adNay/2Bi12TiO3 (NBT) andBiFeCs (BF). KBT-based systemgenerallydo
not exhibit very higtdszand in most caseglaxor behaviour is promoted Bybstitution

of another endcnember This results imn enhancement in straiiving a high effectivelss
making them attractive for actuator applicatigBst]. Studies on (X)BF-xKBT have
revealed promising properties withs~ 275 pm/V at RT2].

In a previous chapter, the inherent conductivity &f ®as discusse@hich hinders
application of high electric fields to accegstimum electromechanical properties. Our
study showed that low loss materialmy befabricatedin the ternary series BiFe
REFeQ-REx3TiOs (BREFT, RE = La, Nd). Although the acamics werecapable of
sustaining large electric fielddeir electromechanical respona@as poor However the
easy processing and low conductivitatered by BREFTsuggested that they might be
idealasan endnemberof a solid solution within which thie is potential to optimiséss
and/or dzz. Therefore selected compositions (0.80BiFeQ@.15LaFe@-0.05La/3TiOs)
and (0.82BiFe@0.15NdFe@-0.03N@/3TiO3), denoted byBLFT and BNFT hereafter
were used as enmtembers to form a solid solution wikBT. BLFT and BNFT were
shown to have an antiferroelectric structure wibam symmetry similar to that of
PbZrQ. Therefore, KBTBLFT/BNFT imitates Pb(Zr,Ti)@(PZT )where PbZr@and
PbTiO; have antiferroelectric orthorhombic and ferroelectric tetragonal tetas;
respectively.Thus, the overall premise was to imitate the crystal chemistry of PZT and
simultaneously control dielectric losses associated with the reduction®*otoFEe*
during processing at high temperatuxete that(1-x)KBTT xBLFT is studiedin a wide
range(0 Ox 00.70 but(1-X)KBTi xBNFT is studied only in the rang® Ox 00.15) since
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in the former optimumproperties lay close to the endmber KBT. The following
sections discuss both systems together because of similarities in the obtained results.

6.2 Structural analysis

6.2.1 XRD results

Figure 6.1and 6.2 showoom temperature XRD traces for ceramics fabricated in the
system (IX)KBTixBLFT (0 O x O 0.70 and (1-X)KBTixBNFT (0 O x O 0.15),
respectively. All the observed peaks are indexedsingle peroskite stricture. K, Bi*3,
La®*/Nd** andu e _reside on the site, while Tf* and F&" are on the Bsite of the
perovskite structte. Note that the composition astichiometric and donor doping on
the B-site is compensated by tlation vacancy on the-gite. For undopedBT (x =

0), the structure is tetragonalth space group4mm having lattice parameters a = 0.3921
(10) nm and ¢ = 0.3999 (14prresponding to c/a of~1.019 broadly consistent with
previous studieg5]. With the addition of the BLF/BNFT, the tetragoal splitting
disappears and no splitting can be sear»d.03. In (:X)KBT-xBF, a tetragonal structure
similar to KBT is reported to exist up ¥000.25[2]. The region betweexn= 0.250x O

0.5 is not well investigated but based on the optimum properties observed@ap5,
Morzov et al.[2] proposed the existence of a pseudocubic phase in -iheh Kegion
similar to that observed at high temaiires in undoped KBT, i.e. coexistence of
tetragonal and cubic phadé&$. Another pseudocubic structure is reported to exist=at

0.6 [7]. At x > 0.6, a rhombohedral structure similar to BF is reported for the system
[2,78]. The pseudocubic structuaiex = 0.6 is considered to be formed by the coexistence
of polar rhombohedral and nguolar cubic phasef8].The rhombohedral phase in BF
based systems is characterised by splitting in the f&4k[9]. However in our study no
evidence of the formatioof a rhombohedral phase was observed within the studied range.
The lack of the rhombohedral splitting is most likely associated with the incorporation of
RE ions with lower polarizability than Biin cuboctahedral coordination. We note that
RE ions promad antipolar rather than polar order in BF with space gihgm which
manifest as splitting of the 20(eak[10,11]. However, 200 splitting associated with
orthorhombic Pbamn) symmetry was not observed in the studied range for either system.

138



The XRD taces for BLFT/BNFT wittx ©0.04, may be indexed using a cubic structure
with space grougPm3m but P-E loops (discussed in later sections) shows-nenm
remanence up o= 0.30 (BLFT). Therefore, the symmetry for these ceramics cannot be
cubic and ferrelectric order, though supressed or meso/short ranged, still persists at
higher concentrations. It is possible that tetragonality persists until higher concentrations
but deviation from the ideal cubic structure is too small to be detected by XRD. The most
likely scenario is that pseudocubic phase at RT is similar to that observed at higher
temperature in undoped KBT ceramics. To understand the structure further Raman

spectroscopy was performed as a function of composition and temperature.
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Figure 6.1: Room temperature XRD traces for (2x)KBTi xBLFT (0 Ox 00.70)
ceramics.
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Figure 6.2 Room temperature XRD traces for (kxX)KBTi xBNFT (0 Ox 00.15
ceramics.

6.2.2 Raman spectroscopy

Raman spectroscopy was performed to further understand structdugicevof ceramics

in the systenf1-x)KBTi XBLFT (0 Ox 00.70 and(1-x)KBTi xBNFT (0 Ox 00.15). No

attempt is made to assign modes to the observed bands but instead the spectra are used in
a comparative manner to study evolution of the characteristiesnassociated with the
tetragonal phase of KBT. Figure 6.3 shows Raman spectra of KBT as a function of
temperature. Raman bands of KBT are relatively broad, associated witisiteeddsorder

in these ceramics. In KBbased ceramics the presence of alenat 200 cm and the

doublet around 300 ctindicate tetragonal symmetf%2, 13], confirming XRD results

shown in Figure 6.1 and 6.2. On increasing temperature, the 28@veakens and the

300 cm! mode begins to merge into a single pek.300°C, the doublet has complete

merged into a broad singlet and the mode at 200atmost disappears, presumably due
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to the transformation to a cubic/pseudocubic structure consistent with TEM and XRD
studies on KBT by the authors of reffs] and[6].
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Figure 6.3: Raman spectra of KBT ceramics as a function of temperature.

Figure 6.4shows Raman spectra as a function of compositiofLfgyKBTi xBLFT (0 O

x 00.70 andKBTi xBNFT (0 Ox 00.15). The evolution in characteristic tetragonal modes

as a function of composition is similar to that observed in KBT as a function of
temperature. Unlike in XRD studies where the tetragonal splitting disappearQad%, >

the tetragonal mode at 200 ¢ipersists up ta& = 0.15 and thus confirms the existence of

a local tetragonal phase at high concentrations AD.30, the characteristic tetragonal
mode disappears. Exact compositional values at which a strudtarejes occur are open

to interpretation since there is ambiguity in interpretation of the spectra but nonetheless a
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pseudocubic phase is apparent in the solid solution over a wide compositional range, with

the tetragonal phase dominating at compositionsecto KBT.

Figure 6.4: RT Raman spectra for(a) (1-x)KBTixBLFT (0 Ox 00.70)and (b) (1-
X)KBT i xBNFT (0 Ox 00.15 ceramics.

6.3 Microstructure

Figure 6.5shows SEM images of {) KBTi xBLFT (0 Ox 00.20) ceramicsThe grain

size of KBT was 206800 nm but as BLFT concentration increased there was gradual
increase, though the grain size remain®@dl pm in all compositions. Higher
concentrations of BLFTx(> 0.20) (not shown) do not result in any significant effect up
to x = 0.70. Figure 6.6 shows SEimages of(1-x)KBTi xBNFT (0 Ox 00.15) with a
similar trend in grain size and microstructure to that observed i{iLtkgKBT-xBLFT

series.
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