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Abstract

Solid state single crystal growth (SSCG) is a promising alternativettgroweth methods

for obtaining single crystals. SSCG has many benefits including cost effectiveness, producing
crystals with no composition gradient and allowing the growth of crystals that are difficult to
obtain due to incongruent melting points. Thisethod is based on the abnormal grain
growth that occurs naturally when only a small amount of liquid phase is introduced upon
sintering. Thereforeas the material does not have to be completely in liquid form the
temperature required is reduced. Abnormgain growth allows a few large grains to grow

at a much higher rate, scavenging the matrix grains. This accelerated growth is only stopped
when the large grains impinge upon one another. Crystal seeds may be used in the place of
abnormal grains and if alenmal grain growth in the matrix is prevented the crystal may

grow without impingement for the time allowed.

An optical micrograph taken at 1.5 x magnification showing a large twinned grain impinging

upon a single crystal grown via the solid state metho

Here, the results of both grain growth and crystal growth experiments using BaTiO
(Ba,Ca1)(Ti,Zk1 )Os and Ba(TkiZk1)Os are presented. BaTiO3 single crystals have been
successfully grown and crystal growth has bebserved inNBa,Ca1)(Ti,Zk-1 )0z, Ba(T4Zk.

1)Os and in preliminary experiments using Phii-1)Os.
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Chapter 1 Introduction

1.1 Background and Motivation

Relaxorbased piezoelectric single crystals are gaining popularity in a range of applications
and have already replaced PPDbZix TikOs) in medical imaging. This increase in popularity

is due to their exceptionally high piezoelectric coefficient, which isoufive times larger

than that of PZT, as well as their very high coupling coeffi¢igntThese materials also
display a broader bandwidth and resolution leading to higher sensitivity. Their properties

mean a smaller size of material is needed and power consumption is refRjced

These materials do however have their drawbacks these include costly growth methods,
such methods still result in a composition gradient throughout the crystal. Such growth
methods involve freezing a @tal from the melt which involves very high temperatures, a

long period of time in order to produce one crystal and expensive platinum crucibles.
Platinum crucible®ften cannot be reused as they must be cut open to free the crystal.

Titanium concentratioris also an issue as its segregation coefficient is low, leading to a
concentration gradient and varying piezoelectric properties throughout the crystal. Efforts
have been made to improve uniformity such as continuous top feeding, however this still

only results in two thirds of a grown crystal having uniform properf]s

There is however an alternative method of crystal growth that is much pdreavoids
compositional gradients throughout crystals grown, enables the growth of crystals that are
difficult to grow from the melt due to incongruent melting and allows the growth of net
shaped crystals using preformed ceramics. This promising alteena melt growth
techniques is known as solid state crystal growth or SSCG. SSCG is based on the abnormal
grain growth (AGG) that occurs naturally upon sintering. Therefore, as the material does not
have to be completely in liquid form the temperaturequéred is reduced to typical ceramic
sintering temperatures. AGG allows a few large grains to grow at a much higher rate,
scavenging the matrix grains. This accelerated growth is only stopped when the large grains
impinge upon one another. Crystal seedsyn& used in the place of abnormal grains and if
AGG in the matrix is prevented the crystal may grow without impingement for the time
allowed[2]. Previous research of this method has been undertaken in South Korea leading

to the development of Ceraconif], a company that produces single crystals via this



method. However, not enough information has been published in orderepiicate the

process and there is no generally accepted method.

1.2Aims and Objectives

A reproducible method for obtaining single crystals via the solid state would be invaluable,
therefore this work will initially focus on understanding grain growth asiisstate crystal
growth in barium titanate BaTi#O BaTi@ has been chosen as grain growth and
microstructural characteristics in this material are well documented, there are no volatile
components such as PbO, and the BEQ eutectic at 1320C can be used to introduce
varying amounts of liquid phase by diffegiconcentration of Ti© Various parameters will

be investigated including differing sintering temperatures, sintering times and compositional
differences including dopants. Scanning electron microscopy, optical microscopy and
electron back scatter diffiction will be used to test and observe the aforementioned

parameters.

When a method for SSCG in BaTi&s been developed, the viability of the solid state crystal
growth method will be tested using (Ba,Ca)(Ti,Zax@ Ba(Ti,Zr}$Experiments using thes
materials began with grain growth studies. Again, various parameters were investigated
including varying TiOconcentration, the addition of sintering aids and varying sintering
temperature. After which various crystal growth experiments were perfornoedetermine

the optimum conditions for solid state crystal growth.



Chapter Z; Introduction to Piezoelectricity

The piezoelectric effect was first discovered in 1880 by J Curie and P Curitaurttethat

when certain materials were placed under a mechanical stréssy developed an electric
charge. Soon after it was discovered that the reverse is ind these materials respond to

an applied voltage with a mechanical strain. These two effact now known as the direct
piezoelectric affect and the inverse piezoelectric effect respectively. This effect was firstly
described in some limited materials such as Rochelle salts and Quartz. Since then many
piezoelectric materials have been discowfer a variety of applications, some of which will

be discussed later in this chaptdi.

2.1 History and Applications

The Curie brothers first discovered the direct piezoelectric effect in 1880, the following year

the indirect effect was predicted by Lippman and verified by the Curie brothers. Hovitever,
glayQi dzydAat 22NIR 2FNL GKFG LAST 2SSt SOGNRO
became a need to detect German U boats, therefore Langevin had the idea to use quartz
plates as underwater transducers. Later quartz was replaced by Rochefte salderwater
applications, which was used until the discovery of Badn@® PZT. Quartz found a new role

as a piezoelectric resonator and is still used in clocks today.

Ly GKS mMdpnnQad RdzNA Yy 3;waskliScoverSdiighéndenty bt BS, 4 I NJ . |
Russia and Japan. BaJilas discovered for use in capacitors and is still used today in
multilayer capacitors. In 1947 it was discovered that Bah#d piezoelectric properties.

Research into transducer applications began as BaEfmics were asy to produce and

had a larger electromechanical coupling coefficient than any previously discovered materials
except for Rochelle salt, it is also more stable than Rochelle salt and is not water soluble.
However, BaTithas a low Curie temperature so ander to rectify this researcherat the

time began studying different ion replacements including Ca and Pb. This led to the discovery

2F t¥%¢ YR AlG&a &dzLISNA2NJ LIAST 285t SOGNRO  LINE LI
applications of piezoelectric matats have become apparent. Today piezoelectric materials

are still used as underwater transducers, in medical imaging, as sensors, in inkjet printing,
autofocusing cameras and much more some examples can be seen in Table 2.1. The

development of further matdals and the ability to adjust properties by making

3



compositional changes means that materials can be tailor made for individual applications.
More recently the improved properties of relaxBil, such asPb(Mg;sNb3)Os - PbTiQ
single crystals has lead to the replacement of PZT in applications such as medical imaging

[51[6].



Table 21 Table showing some of the applications of piezoelectric matdiials

Piezoelectric effect used Applications
Direct piezoelectric effect Gas igniter
Sensors

1 Pressure sensor
A Blood pressure monitor
Sound sensor
A Hydrophone
A Piezoelectric microphone
1 Tactile sensor
A Scalpel and grasper for keyhole surgel
1  Vibration sensor
A Accelerometer

A Pacemaker control

Converse piezoelectric effect  Actuators

1 Piezoelectric pump
A Insulin pump
A Fuel injection systems
A Inkjet printer

9 Ultrasonic drill

1  Ultrasonic cleaner

1 Ultrasonic generator

1  Electronic buzzer

Both direct ancconverse effects Quartz resonator

Transducers

1 SONAR
1  Ultrasonic nondestructive testing
1 Medical imaging (ultrasound scanners)

1 Bone density measurements



2.2 Crystallography

2.2.1 Crystal structures

The crystal structures have an important role in determining physical and electrical
properties of crystalline materials. Atoms in such materials are packed together forming
organised structures. The simplest method of describing these structures is byitheell.

A unit cell is the smallest repeating arrangement of atoms. These unit cells are described
using the 7 crystal systems shown in Figure 2.1, these can then be further divided into 14
Bravais lattices[8]. These Bravais lattices can further be divided by their symmetry
characteristics in 32 crystal point groups. Td@sint groups describe the symmetry of the
atoms within the unit cell and have an effect on the properties of the materials as a whole.
Piezoelectric materials are nercentrosymmetric which enables them to develop a
polarisation in the presence of a nfemnical stress and a mechanical strain with an applied
electric field. Of the 32 point groups 21 are moentrosymmetric, of these 20 are
piezoelectric. The exception displays other symmetry elements which align to cancel out
positive and negative charg@sthin the material and thus meaning the piezoelectric effect
can not occur. The 20 piezoelectric point groups include the 10 polar point groups. These
polar point groups are piezoelectric and pyroelectrll polar materials possess a
spontaneous polar&ion, in proelectric materials the polarisation will be changed by
variations in temperature. Some of the pyroelectric materials can also be described as
ferroelectric meaning that a change in polarisation can be indumadl reversedby the
application d¢ an electric field. Pyroelectric and ferroelectric materials do not have
crystallographic differences and the ferroelectric properties of a material must be

determined experimentallys], [9].
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Figure 21 The seven crystal systems and fourteen Bravais laffif¢s

2.2.2 The Pewskite Structure

The perovskite structure (ABQOis demonstrated by the unit cell shown in Figure 2.2. It is
comprised of a cation (A) on the corner sites and a smaller cation (B) in the centre with face
centred oxygen atoms. Most of the commonly use@&zpielectric materials have the
perovskite structure. The perovskite structure is often distorted by the size of the A and B

ions meaning this structure is often not simply cubic as it appears in Figure 2.2 but can be

rhombohedral, tetragonal or orthorhormib.



Figure 22 The perovskite structure of BaEi@bove its Curie temperatufgl].

The Goldschmidt tolerance factor can be used to describe the relationship of the anions and
cations in the perovskite structurd]: where t is the Goldschmidt tolerance factor, R

and R are the ionic radis of the A cation, B cation and O anion respectively.

o —— (2.2.1)

When the tolerance factor (t) is equal to 1 the perovskite structure is cubic, when t is slightly
lower than 1 the structure is distorteghdfor examplerhombohedralstructureis formed a
tolerance factor slightly above 1 indicates the structurgeigsagonal These distortions

(where tis < or >1) can lead terroelectricity[4], [9].

2.3 Electrical properties

2.3.1 Dielectric properties

When placed under an electric field dielectric materials do not conduct electricity and
instead small structural changes take place leading to the creation of a dipole moment i.e.
the material is polarisd. A dipole moment (p) is defined as equal positive and negative

charges (Q) separated by a distance) @s shown in Equation 2.39).

no01 (2.3.1)



Various polarisation processes occur these include atomic, ionic, dipolar and space charge
polarisation. Atomic polarisation is a process that occurs in all materials as the negatively
charged electrons within an atom are displaced relative to its nucleusc polarisation
occurs when negative anions and positive cations are displaced veitmiaterial. Dipolar
materials, as the name suggests, have a permanent dipole moment. These dipoles are
randomly oriented with charges cancelling each other out in niaterial. When these
materials are placed under an electric field the dipoles are orientated and thus the material
becomes polarised. Finally, space charge polarisation occurs when charge accumulates on
either side of a barrier such as a grain boundamgsg processes are demonstrated in Figure
2.3[9].

E —>
Polarization Unpolanzed Polanzed
process state state
> ST
/ \\
P -
Atomic \ + ]
N -/
b 4
+ - + - + - e
-+ - 4+ - + - +- +- o+
lonic + - + - + - +- = -
-+ - + - + - + - +- 4+
+ - + - + - + - - 4=

Dipolar

Space charge
or diffusional

Figure 23 The various polarisation process¢3.

Relative permittivity is a ratio of the charged stored on parallel plate capacitor containing a
dielectric material tdhat stored ontwo identical parallel plates separated by vacuurhgw
both are brought to a given voltage. Figuredzhows a comparison of these two scenarios

9



where U is the applied potential difference, E is the electric field, P is polarisation, h is the
distance between the plates, A is the area of the plates ‘ardthe dharge density on the
plates. In Figure 2(b) ", is the charge density on the dielectric material arts the charge

density on the plate§9], [12].

A
o u
vo |-t | o
+or| —o |+op —oy
—» E
—»P
+ - + -
u u
(a) (b)

Figure 24 Demonstrating parallel plate capacitors separated by a vacuum (a) and a
dielectric (b)9].

As polarisation occurs in the dielectric, the charge on the dielectric opposes the charge on
the parallel plates therefore the charge density of the system is reduced iBhi

demonstrated by Equation 2.3.2:

o — (2.32)

Wheretyis the permittivity of free space and is 8.854 x'4B m.

When the plates are separated by a vacuum capacitance (C) can be calculated by:

5 — p @ - - (2.33)
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Where x is electric susceptibility and«@ the total charge on the plates. When a dielectric

material is present then the capacitance is by the permittivity of the dielettsibere:

- - p B (2.34)

So capacitance in thiscenario can be calculated by:

6 p ®-- -- (2.35)
And:

- p W — (2.36)
Wheret, is the relative permittivity[9]

In reality some conduction occurs as well as otheergy losses due to the rotation of

charges or atoms. The effect of these losses is accounted for by the introduction of complex
relative permittivity. Wheres,p A& (G KS O2 YLX SE NS tiIKISA 488 | LIS NI AN
the lossy imaginary paend jis ~ p [9].

o) (2.37)

The dissipation or loss factor is given by the ratio of the imaginary and real components of

the relative permittivity[9]:

oG] — (2.38)

2.3.2 Piezoelectric Properties

Piezoelectric materials are defined as materials that react to the application of meahani
stress or of an electric field, by producing a polarisation or mechanical strain respectively.
The production of polarisation by application of mechanical stress is known as the direct
piezoelectric effect and the production of mechanical strain byliaption of an electric field

is known as the converse effef@]. Figure & illustrates these effects, 8.(a) shows a
11



compressive force causing the material to become polarised. Polarisation will also occur if a
tensile stress is applied.2(b) shows a mechanical strain caused by thespnce of an
electric field. Contraction or expansion can occur depending on the orientation of the electric
field [9].

+++|+++

= { [=C3
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Figure 25 Demonstrating the direct (a) and converse (b) piezoelectric efld&s

The equations that describe the piezoelectric effects are shown below. Equatidh 2.3.
defines the direct effect. Where P is polarisation, d is the piezoelectric charge coefficient, X
is applied stresst*is the dielectric permittivity at constant stress and E is electric field.
Equation 2.3L0 defines theindirect effect. Where x referto strain produced andFis the

elastic compliance at constant figlti2].
0 Ag R (2.39)

X = SEX + dE (2.310)

2.3.2.1 Piezoelectric charge coefficient (d)

A high piezoelectric charge coefficient (d) is often desirable and is useful in applications that

require motion such as sonar. The charge coefficient can be related to the direct or indirect

12



effect and has units of pC/N when describing the direct effiect pm/V when describing the

indirect effect. However, the numerical value for both the direct and converse effect remains

the same.
Two subscripts are used to describe the direction of the electric field and the mechanical
strain. Convention dictates tihahe direction of polarisation is defined as the 3 axis.
Therefore, for exampleslis the coefficient used when electric field is parallel to the polar

axis and mechanical strain is perpendicular to it. This example along a#&hddds can be

seen inFigure 26 [9], [12].

(a) (b) (@ ﬁ

Figure 26 Demonstrating the longitudinal (a), transverse (b) and shear (c) piezoelectric

modes.

2.3.2.2 The ectromechanical coupling factor (k)

The electromechanical coupling coefficienti§dn important measure of the strength of the
piezoelectric effect in a material. It measures the amount of energy which can be converted

to electrical or mechanical engrdpy the material. This relationship can be seen in Equation
2.311in terms of K. As complete conversion of energy is not possible, some of the energy

will always be stored as mechanical energy then k &ndlkalways be less than[12].

13



or

0 (2.311)

The electromechanical coupling coefficient can also be described in terms of the

piezoelectric charge coefficient, the elastic compliance and dielectric permifthaty

k2=d2/sERX (2.312)

2.3.3 Ferroelectric properties

2.3.3.1 Phase Transitions

Piezoelectric perovskites have temperature dependant polymorphic forms and undergo
phase transitions due to temperature. This is important in application as above a
piezoelectric materials Curie temperaturec(The material becomes cubic, as discussed
previously symmetrical crystal structures do not allow for a dipole moment and any
piezoelectric properties are lost. Other phase transitions also occur due to temperature.
BaTiQfor example (Figure 2) is cubic at temperatures above its Curie temperature of ~
130°C. When it is cooled below this temperature it adopts a tetragonal stractuhnich
transitions to an orthorhombic structure at *@ and again to a rhombohedral form at ~
90°C. In the tetragonal, orthorhombic and rhombohedral forms the direction of polarisation

will be parallelto the elongation of the unit ce[#], [9].
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Figure 27 The polymorphic phase transitions of Bal[9).

Phase changes can also be composition dependant, these transitions are shown by a vertical
line known as a morphotropic phase boundary (MPB) on a phase diggigore 2.8)In
compositions at or near this line different phases coexishanrhaterial which gives rise to
improved piezoelectric properties. In PZT extrinsic contributions due to the motion of
domain walls (extrinsic contributions) are responsible for up to 50% of the piezoelectric
effect. The MPB aids these contributions as nsfrmations between

tetragonal/rhombohedral phases can ocd@i[4].
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1001 . .
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Onthorhombic | {lo:v—tempefalu\:e phase boundary b
1 m} 1 I 1 1 L L 1
1 08 0.6 04 0.2 0
PbZrO, - x PbTiO4

Figure 28 Phase diagram of PZT showing the morphotropic phase bouf@jary
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2.3.3.2 Ferroelectric Domains

As a paraelectric material is cooled through its Curie temperature it undergoes a phase
transition and becomes ferroelectric. During this phase transition areas whicttthagame
direction of polarisation are formed, these areas are called ferroelectric domisimset
polarisation occurs throughout the material as polarisation direction varies between
domains and grains. If a tetragonal ferroelectric is formed upon cp8lihand 180 domains

are formed. A micrograph and schematic of these domains can be seen in Figuagsl 2.
2.10.90° domains are formed to reduce strain due to the mechanical stresses caused by the
deformation of the unit cell during the phase transition. As spontaneous polarisation occurs
in the ferroelectric material surface charge buitdgl causes a depolarisinglfi@¢o form, the
energy associated witthese processeis reduced by the formation of 18@omains In a
rhombohedral ferroelectric 109 71° and 180 occur in order to reduce surface charge and

stresses and no 90° domains are pregémt[12], [14]

N

LEMAS 15.0kV 8.9mm x5.99k PDBSE(CP)

Figure 29 A scanning electron micrograph of BasBere ferroelectric domain patterns

can be seen as the striped regions within grairtgs image was taken as part of this work.
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90° boundary

Figure 210 A schematic diagram showing 180° and 90° domains in a tetragonal

ferroelectric materia[9].

As there is no net polarisation the material isnquezoelectric, in order to create a net

polarisation a sufficiently large electric field must be applied. Upon application of this electric
field domains align with the field. In practice complete poling does not happen due to
intergranular stress andgisses caused by reorientation of 90° domains. Ideally 180° domain
switching should be completed whilst limiting 90° domain switching in order to reduce

mechanical stresses as shown in Figuld P12].

Figure 211 A schematic diagram showing (a) an unpoled ferroelectric showing random
domain orientation and (b) after poling and subsequent 180° domain switching. Please

note the blank grains would contain similar domain patterns and polarisation dire¢@pns

Intrinsic contributions to piezoelectricity are due to the elongation of the unit cell and
resulting displacement of the central atom as it cooled through the Curie temperature.
However, extrinsic conitoutions are also responsible for a large part of the piezoelectric

effect. This extrinsic piezoelectric effect is due to the motion of domain weilsre upon
17



application of an electric fielthe domains aligned with the electric field grow at the

expen® of those that are not aligned with the field. Defects and dopants can interfere with

this domain wall motion and the polarisation within the domains. Acceptor dopants are

dopants with a lower positive charge than those they these dopants are compensated

oxygen vacancies. Defects and oxygen vacancies within the domain wall can pin the domain

walls in place and acceptor dopants or impurities form dipoles with oxygen vacancies.

These dipoles then align themselves in the polarisation direction by moveohéme

oxygen vacancies which provides an internal electric field stabilising the domain walls.

These domain clamping effects can be manufactured with the addition of acceptor dopants
F2NJ SEFYLIXE S Ay (GKS LINRPRAzOGA 2y g#hfahighkrr NRQ t %¢ @
positive charge than those they replace and are compensated by cation vacancies. Both

acceptor and donor dopants supress the vacancies that the other promotes. Hence, donor

doping can also be used to increase domain wall mobility for exampkeiproduction of

Wa2FiQ t%td ¢KA&E AYONBFraSR R2YIFAYy gl ff Y20Af
concentration and therefore a decrease in the concentration of domain stabilising defect

pairs[9].

2.3.3.3 Hysteresis Loops

In order tomeasure the degree of polarisation and thus ferroelectricity D/E hysteresis loops

are obtainewK SNBE 5 A& RAALI FOSYSyld YR 5 F to |y
seen in Figure 22.Before an electric field is applied to an unpoled material tHeneo net
polarisation as domains are randomly orientated. As the electric field increases the domains
begin to reorientate themselves in alignment with the electric fielg:i® reached when

domain reorientation is complete. When the electric fieldlézreased back to zero there is

a remnant polarisation (P in crystals Pcan be equal to & Large Pvalues generally
demonstrate the usability of a piezoelectric material. The coercive fieJdgEhe electric

field needed to revermsthe directionof polarisation causing domains to switch again to align
themselves in the opposite direction. Spontaneous polarisatigrcéih also be extrapolated

from hysteresis loops by following a tangent frogs: Pack to zerd9], [12].
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Figure 212 An example of a typical hysteresis Iddg)].

2.4Piezoelectric Materials

2.4.1 Barium Titanate (Ba)O

Barium Titanate was the first piezoelectric ceramic to be developed and commercialised, for
use as an acoustic generator and ultrasonic detector. Today it is less commonly used due to
the developmenbf materials such as PZT, which has better piezoelectric properties and can
be used over a wider temperature rangelowever, BaTi©is still commonly usedn
multilayer ceramic capacitors due tibs high dielectric constan{12]. The lead free

composition of BaTi§s however beneficial in terms of health, safety and the environment

[9].

The crystal structure and polymorphic transitions of BaEf@ well documented. At
temperatures below pproximately -97°C BaTiPexists in rhombohedral form, as the
temperature is increased to abov87°C the material undergoes a phase transition and the
structure becomes orthorhombic. Another phase transition takes place when the
temperature is increasedot 0°C where barium titanate becomes tetragonal. The Curie
temperature (T) of Barium titanate is 120°C at this temperature there is a tetragonal to cubic
phase transition and the material loses its spontaneous polarisation. Barium titanate can
take stablehexagonal form at high temperature (>1460°C), below this temperature it loses
stability but can exist in a metastable state at room temperature although this is not usual.
Normally the hexagonal form will transition to a cubic perovskite when temperature i

reduced. The hexagonal phase can sometimes be present in ceramics due to impurities or a
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disequilibrium due tdfast sintering and processing techniqud®]. Doping BaTigtan be
useful in order to adjust the propertiesand microstructureto fit with an intended
application. For examplethe Curie temperature can be adjusted by substitution Bf &r

P for B&* (A-site doping) With addition of *the T is reducedand with the addition of

Pb" T. can beincreasedthis means that the peak in perriitity can be brought in line with

the temperature range at which the material is going to be used. Another variafitims
involves the addition of Ca@swhich leads to the development of a ceskell structure The

core and shellegions have differeinCurie temperatureswhich leads to a broadening of the
permittivity peak in aplot of permittivity vs temperatureand thus a larger range of
temperature across which high permittivity can be taken advantagpaain wall pinning

can also be induced vhitthe addition of aceptor dopants such as the addition ©&* in
place of T This reduction in domain wall motion leads to a decrease in the dissipation
factor, which leads to less energy being lost as heat and more consistent properties over
time. Grain growth can also be restricted with the additionceftain donor dopants such as

Nb>*in place of T, at concentrations above 0.5%his increases permittivity below[D].

As a small amount of liquid phase presdrgtween a growing single crystal and the
polycrystalline matrix is seen to have an important role in solid state crystal growth (SSCG),
an important feature of barium titanate is the BaQ eutectic (1320°C) where the melting
point of barium titanate idowered significantly with the addition of TiGs is shown in
Figure 213. This means that the liquid phase present at the crystal/polycrystalline matrix
interface can be controlled by Ti@ddition at temperatures above 1320fC1]. BaTiQalso

forms a eutectic system with Si@hich leads tdiquid formation at 1260°C. Si®@as also

been used as an additive to promote densification in Badid in SSG[15].
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Figure 213 Showing the BadiGQphase diagram.16]

Single crystals of Barium titanate cannot be obtained from melt growth techniques such as

the Bridgman and Czochralski methods. This is due to the hexagonal to cubic phase transition

at 1460°C mentioned previously, whictbelow the temperature at which 8TiQ solidifies

(1618°C). As the hexagonal phase can then exist metastabily at room temperature it is best
avoided. Other methods of crystal growth however have been more successful. The usual
methods for growth of BaTé® A y 3t S ONE a { | fhad of fiIyromtt$lY]&rnd 1 | Q& Y-
{FrariAQa YSGKPRCRS WSYSAPENRYEKKW2R LINRRdJzOSa O
GoAyQ aKFILISd ¢KSaS ONeradlfa FNB GNARIFy3IdzZd F N &
their hypotenuse. The csyals are produced using a small amount (0.2%) of iron oxide mixed

with (30%) BaTigwvhich is placed into a platinum crucible and covered by (69.8%) potassium

fluoride (KF). The mixture is then heated to 11502200°C for 8 hours before being slowly

coded to 850°C 900°C at which point the KF liquid can be carefully removed. Boiling water

can then remove any lefbver KH19]. The method developed by Sasaki takes advantage of

the BaQTiGeutectic shown in Figure 23 Crystals can be produced by tiiethod using a

mixture of 65% Tigand 35% BaTiOThis reduces the melting point to around 1400°C. The

mixture is placed into a platinum crucible which is then heated to 1450°C in order to ensure
complete melting. The crucible is then cooled slowlyrmuad the eutectic temperature, to

enable crystallisation, at which point the cooling can be accelerated. Adjustments to this

method have since been made and include removal of therid®liquid before the cooling

rate is increased and by using top seggfor added control of crystal grow{R0].
21



2.4.2 Lead Zirconate Titanate (PZT)

Lead Titaate (PbTi@or PT) has a large tetragonal distortion and very high Curie

temperature but is difficult to produce as it breaks apart due to internal stresses when

cooled. However, lead zirconate (Pb#© PZ) is orthorhombic with a lower Curie

temperature[9]. When a portion of the titaniunions in PT are replaced with zirconium ions

tetragonality is reduced, in addition to this a ferroelectric rhombohedral phase is produced.

PbZix TiO: or

tetragonal/rhombohedral phase boundary known as the morphotropic phase boundary

(MPB). Which can be seen in Figurg4at around 50 mol % PbTi(12].
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PZT shows very good piezoelectric properties around
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Figure 214 Displaying the possible phases in PZT with variations of mql#hd®? Zand

In PZT extrinsic contributions due to the motion of domain walls (extrinsic contributions) are

temperature[9]

responsible for up to 50% of the piezoelectric effect. THeBVhids these contributions as

transformations between tetragonal/rhombohedral phases can occur. The extrinsic
contributions to the piezoelectric effect can also be enhanced by the addition of donor
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coefficients making it useful for converting mechanical energy into electrical energy such as
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PZT also haslawer dissipation factowhich results inless energyeinglost as heatand
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more consistent properties over timanaking it suitable for other applications such as wave
filters[9].

2.4.3 Leadree Piezoetctrics

Due to the introduction of regulations from 2002, such as the Waste Electrical and Electronic
Equipment (WEEE), the Restriction of Hazardous Substances (RoHS) and the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH) hidebeen an increased
interest in discovering a viable ledigte alternative to P421]¢[24]. Some of the materials
studied in this search include alkaline niobates such as: (K,Na)(@b@XNN), alkaline
bismuth titanates such as (Na,Bi)7i®r NBT) and those based on Bal&dch as
(Ba,Ca)(Ti,Zr¥dor BCTZ). Of these KNN would be one of the most promisingriad
alternatives in terms of piezoelectric properties and temperature stability. However, life
cycle assessments hademonstrated that the environmental impact of this KNN is several
times higher than that of PZT due to the mining and extraction processes necessary to obtain
niobium[25]. NBT based materials have lower piezoelectric coefficients than KNN but still
have good temperature stability. Lifgycle analysis of NBT has demonstrated some
environmental drawbacks with this material dteethe bismuth content. The authors noted

that up to 95% of BOs is the product of lead smelting and there are higher energy costs
associated with obtaining and refining®jas well as recycling when compared to FP26)

BCTZ has a highssdhowever, the Curie temperature is very low (%8% The Curie
temperature is often lower than device mafacturing temperatures therefore #gitu poling

would be necessary, and applications would be limited by temperfite[29]. Barium is

also known to be toxic, but it does not have the same level of human toxicity as lead so could

still be beneficial from a health and safety pointgw.

2.44 PerovskitdRelaxorFerroelectrics

t SNREPGATAGS wSEtFE2NI FSNNE S35 @MONIMGE GokASH KOG AR
KAIKSad @rtSyoS 2F GKS Gg2 FyYyR .Q Aa (KS
Pb(Mg;sNb,3)0s). The materials &ve been found to display unusual properties. These
materials have excellent electrostriction coefficients which are useful for generating
mechanical energy from electrical energy (e.g. for use in actuation). Addition of PT to these

systems introduced moreconventional ferroelectric behaviour as opposed to highly

23



electrostrictive behaviour, as well as an increased Curie temperature. Various compositions
of the PMNPT system have been investigated leading to the discovery of a MPB (Fidire 2.

at which thepiezoelectric properties are amplified, much like in 4T

Relaxos
PhB, B, K0,

Pseuda-cubic
{Rhamba)

/Rhc-mb., Tetragonal
i

PoZrO, MPR-I PBTiO,

MPBE-11

Figure 215 Showing the MPB between a relaxor ferroelectric and PT (labelledINB].

2.45 RelaxoiPT Single Crystals

Attempts have been made to produce PZT single crystals, which has been difficult due to
incongruent melting behaviours. However, rela®F single crystals can be grown with little
difficulty, using Flux growth methodsThese single crystals have incredggezoelectric
coefficients as well as much higher coupling factors, making them very attractive for use in
various applicationsAs an example of the largeezoelectric coefficients observed in these
materials a dssof around 2500 pC/Nk observed irk001> orientated rhombohedral crystals

of PZNPT (Pb(ZmNb3)Os-PbTiQ). This material also hastéghcoupling factor (k) of 0.94

[30]. Due to these crystals having greater piezoelectric propertesulting in higher
sensitivity as well as an increased bandwidth, they have already been coomised as
medical ultrasonic transducers. There are however some drawbacks to single crystals of this
type. The low dand ferroelectric phase transition temperatures of figgneration crystals
posed problems for usage at higher temperature rangewloere heat may be generated.
Reliability is also an issue as problems with polarisation stability have been raised due to the
low electric coercivity measured. Efforts to produce more reliable crystals have been
successful resulting in second generatiamgi crystals such as PMMN.T and PIRMNPT
(Pb(InzNby2)-Pb(MgsNbys)Os-PbTiQ) . These crystals are classified by their ability to
withstand greater temperatures, mechanical stresses and electric fields. There is also a third

generation of single gstals that are a result of doping in order to adjust crystals properties
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to better fit their purpose, as with PZT doping. For example relBdomaterials produced
for use as sonar transducers have been doped with Mn in order to enhance their

electromechanicaproperties[2].

Chapter J Introduction to Single Crystal Growth

As relaxofPT singk crystals have replaced PZT in various applications such as medical
imaging, growth methods that produce good quality crystals that are time and cost efficient
are important. Single crystat&n be obtained from solution, via the solid state or from the

melt. These methods along with their benefits and drawbacks will be outlined here.

3.1 Melt Growth Methods

Crystals can be obtained directly from the melt using methods such as the Czochralski or
Bridgman methods. These methods are not suitable for comgsuhat are incongruently

melting or those which have high temperature phase transitions.

3.1.1 The Czochralski Method

The Czochrak method or crystal pulling is widely used to produce certain crystals, for
example lithium niobate. For this method theaterial to be crystalised is heated until
melting and then held at high temperature. A rotating rod with a seed crystal attached is
then lowered into the melt. The rod is then slowly withdrawn to initiate crystallisation.
Cooling can be aided by controllait flow through the rod9]. It can be difficult to produce
crystals with volatile components such as bismuth or potassium using this méstigd

Figure 3.1 shows a schematic of the€hral&i method experimental arrangement.
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Figure 31 Experimental schematic showing the Czochralski mefBag

3.1.2 TheBridgman Method
The Bridgman method was first described by P. Bridgman in 1924. The starting materials are
placed into a crucible and heated to melting, the crucible is then moved slowly through a

temperature gradient in order to slowly freeze the meltradothe length33].

LdZAfRAY3 2y . NARIYIYQa ¢2N)] {d2010F NBHSNJ SYLJX
vertically h order to create two distinct temperature zones. The top furnace was set above

the melting point and the lower below the freezing point. The crucible could then be slowly
lowered to the bottom furnace enabling controlled crystallisation of the riigd. Due to
Stockbargers work the modern Bridgman method is sometimes referred to as the Bridgman
Stockbarger method or the maodified Bridgman method. Figu2esBows a typical modified

Bridgman experimental set up.

Today specialisefurnaces are commercially available with separate temperature zones
combined with a mechanism to lower the crucible to lower temperature zones at a given
rate. This method is commonly used commercially to produce relBXosingle crystals.
However, this mthod is not without drawbacks for instance it involves very high
temperatures, a long period of time in order to grow one crystal and expensive platinum
crucibles. Such crucibles cannot be reused as they have to be cut open to free the crystal.
Titanium ©ncentration is also an issue as its segregation coefficient is low, leading to a

concentration gradient and varying piezoelectric properties throughout the crystal. Efforts
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have been made to improve uniformity such as continuous top feeding, howevestikhis

only results in two thirds of a grown crystal having uniform propef@¢s[35], [36]

» T/C

» T/C

Lower
winding

Figure 32 A schematic demonstrating a typical Bridgman growth syg&5h

3.2 Solution growth methods

This method is useful for growing crystals that cannot be obtained from the melt due to
factors such as incongruent melting and materials that undergo phase transitions at
temperatures cooler than their melting point. As thame of this method suggests starting
materials are dissolved into a solution. Nucleation is then prompted as the solution becomes

supersaturated which occurs as the solvent evaporates or the solution is carefully cooled.

3.2.1 Flux Method

The Flux methd is a type of solution growth in which the starting composition along with a
flux are placed into a platinum crucible within a sealed alumina crucible in order to minimise
loss of volatile components. Some variations of this set up can also be usedentord
provide a nucleation point at the bottom of the platinum crucible. These variations include
the use of an alumina rod (Figure 3.3) or the introduction of oxygen gas flowing to the bottom
of the crucible, both of which cause a temperature variatiorichlinduces nucleation and
allows for larger size crystals to be groy8i7] The crucibles are placed into a furnace and

heated to a suitable temperature. The furnace isrtheeld at this temperature for several
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hours to ensure complete melting before being slowly cooled. During this cooling process
crystallisation occurs. Once crystal growth is complete cooling is allowed to occur at a faster
rate down to room temperature. ce removed from the furnace the flux is removed using

an acid solution such as nitric a¢].

Heating

< __~element

R

Alumina
bubbles

AN

i
H .

Sealed

L~

—

| <-——— alumina
<

crucible

Sealed Pt

Insulating bricks

crucible

«_T i n
Crystal
it

alumina tube I_ alumina supporting

[ Oxygen

Figure 33 Showirg an experimental set up for the flux method which uses an oxygen gas

cooling systenf2]

This method has the advantage of allowiogystal growth to occur at a relatively low
temperature when compared to melt growth techniques. However, this method is
unsuitable for commercialisation due to small crystal size, nucleation occurring at multiple
points, variations in dopant distributiaihroughout the crystal and impurities due to solvent
inclusion in the resulting crystal. This method also requires platinum crucibles which are
expensive and casometimes nobe reuseddue to thecrucible having to be cut to free the

crystalmaking thisa less economical methdd], [2].

3.2.2 The FluBridgman method

As the name suggests the FBxidgman method is a combination of the two previously
described crystal growth methods. The experimental procedure for this metimaalvies
placing starting materials and flux into a Pt crucible which is subsequently placed into an
alumina crucible containing additional alumina packing powder for additional stability and in

order to inhibit the loss of PbO in Pb containing materiale the flux method this flux
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Bridgman method also utilises an additional cooling mechanism such as a coolj&§]rad
oxygen gas flow beneath the crucible to initiate nucleaf@jn Analogous with the Bridgman
method the crucible is placed into a furnace with various temperature zones and moved

slowly from high to low temperature.

3.2.2 Top seeded solution growth method

Top seeded solution growth (TSS@)olves melting the starting materials and flux in a Pt
crucible and placing a seed crystal on the top of the molten mixture. The seed crystal is
suspended via a Pt wire from an alumina rod as shown in Fighir&l8s methodsalso using

a temperature gadient at the surface of the melt to induce crystallisat[88] This method
offers some advantages in terms of preventing compositisegregation and enabling
control of crystallographic growth direction. However, large boule shaped crystals cannot be
obtained by this method, the growth rate is slow and again this method is costly requiring a

specialised furnace, high temperatures dpidcrucibleg1].

Al,O; Rod Windows
2Us _— -

ALO; Tube [

Heater \\O
PZNT Seed (=] . Pt Wire
|

) o > Thermo-
Pt Crucible /

{ U Couple
%/ & /

o

A

IZl

Figure 34 Showing a typical set upsed for the TSSG meth{#b]

3.3 Solid State Crystal growth

Theoretically solid state crystal growth (SSCG) takes advantage of athrgyeim growth in
a polycrystal. A single crystal seed is placed onto the body of a polycrystal. When annealed

this seed crystal then acts as a large abnormal grain, which grows at the expense of-the fine
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grained matrix. This method of grain growth hasbeaised for several different materials

and has the advantage of being compatible with incongruently melting materials. This
method is also a cosffective choice when growing single crystals as it is simply an
adaptation of traditional ceramic processinbhere are however some difficulties related to

this processing route. The largest difficulty being microstructure control. In order for the
seed crystal to be able to grow to a relatively large size its growth has to be exaggerated
whilst growth in the est of the matrix must be kept normal and minimal to allow the seed

to scavenge as many grains as possible. Figlres & low magnification photograph of a
seeded single crystal that has grown by scavenging surrounding grains. Abnormal grains can
be seerbelow the single crystal, these grains eventually halt crystal growth by impingement

therefore their growth must be controlled.

SINGLE e
CRYSTALT

Figure 35 Showing an SSCG arrangement, with a single crystal grown from a seed crystal
[19]

This method has several advantages over conventional crystal production methods such as
melt growth (Bridgman and Czochralski) and solution growth methods. It is difficult to grow
crystals via melt growth if the material has volatile components, highingeftoints, have
phase transitions at high temperatures, are particularly reactive or have incongruent melting
points. As SSCG uses temperatures that are usual to the production of polycrystalline
ceramics these problems are minimised or eliminated. THatism growth method has
addressed some of the problems with the melt growth method and is suitable for materials
with volatile components or phase transitions at high temperature however this is at the cost
of crystal size and purity. Growing crystalstirthe melt also requires more costly equipment

whereas solution growth of crystals and SSCG d¢4@pt
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3.3.1 Microstructure and Grain Growth

Upon annealing a polycrystal, changes in microstructure can occur as a result of grain growth.
There are two types of grain growth, the first is normal ggiaowth (NGG)when grain
growth occurs without a large change in the distribution of grain sizes it is said to be normal.
The second type of grain growth is abnormal grain growth (AGG). When some larger grains
grow at an accelerated rate in comparison b&tsurrounding matrix of fine grainasshown

in Figure 3.6As there are variety of variables which can affect grain growth mechanjsms

predicting behaviour and controlling the microstructure can be complex.

Figure 36 A scanning electron microscopy image of BaWiith 2 mol% excess Ti sintered

at 1300Cproduced during this workshowing an example of abnormal grain growth

resulting in bimodal grain distribution.

Grain growth occurs in order to enable a reduction in grain boundary energy of the
polycrystal, this occurs as the grain boundary area throughout the polycrystal is reduced as

the total number of grains are reduced. This is demonstrated by Eq. 3.3.1where A & (K S
reduction in free energy that occurs when atoms diffuse across boundaries (causing grain
ANRBSGKO 2N a RNRA FA Y Is the graidkhundarg dnerdy Nid #nd AaNE 6 (0 K =

the final and initial total grain boundary areas respectively]

YO . Q6 16 6
(3.3.1)
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3.3.1.1Normal grain growth

Normal grain growth is dependenipon the curvature of the grain boundarie&rain
boundaries that are curved tend to move toward their centre of curvature driverthe
difference in free energy of the two grains in question. This means that when viewed in two
dimensions the direction of growth and subsequent disappearance of neighbouring grains
can be predicted from the location of the centre of curvature of th@mgboundary(Figure

3.7). Grains with a larger number of sides (>6) have boundaries that are curved inwards
towards the centre of the grain (convex in relation to the centre). These are the grains that
are likely to grow and eliminate neighbour graingh#ewer sides (whose centre of curvature

is towards the centre of the grain).

/
!

\ /

Figure 37 A two-dimensional schematic of a polycrystalline matrix, showing how grain
boundary curvature varies depending on the number of sides. Arrows indicate the direction

of grain growth.

The boundary velocity (V) is therefore determined by the driving foesulting from

boundary curvature (F) and boundary mobility (M) as shown i3 B [14]
V = MF (3.3.2)

The parabolic law of normal grain growth is shown in3E8j3where g is grain sizey i grain

size att=0 and t is time.

" Qo (3.3.3)
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Not all NGG follows this kinetic law however, this can be for a number of reasons such as
changes in grain mobility with grain size or thea being a large difference between the

grain size at t=0 and the final graiaes[14]

Normal or intrinsic grain growth occurs when the diffusion of atoms is the rate limiting step
of grain growth; however various impurities such as solutes and pores or the presence of a
liquid film within the matrix can influence this. Abnormal grain growth is much more

common as most ceramics contain some impurifiey.

3.3.1.2 Solute drag

Solute drag has been found to be a reason for the occurrence of AGG. Solute drag occurs
when there are interactions between a solute and a movigngooundary. The interactions
present cause the solute to be moved along with the boundary, as the solutes cannot migrate
as easily as the boundary this causes a drag force on grain boundary mo\é#ietitsuch
solutesor impurities are not homogenously spread throughout the grains thislead to

the development of AGG, dke growth of only some of the grains is slowed.

3.3.1.3 Pore and second phase inclusion drag

Pore and second phase inclusion drag also slows grain growth leading to AGG. Some
inclusions can be considerathtionary, therefore as the boundaries mgikey come into
contact with these inclusions. The inclusion then exerts an opposing force on the moving
boundary. This opposing force can only be overcome if the driving force for grain growth is
larger than tle opposing force exerted by the inclusion, if this is the case the inclusion will
be left behind. Zener analysis is shown in¥E§.4 where R is the limiting grain size, r is the
radius of the inclusion and; s the inclusion volume fraction. From thiguetion it can be

seen that grain growth is limited by inclusion volufid].

- (3.3.4)
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During annealing of ceramics, pores shrink as densification occurs. Initially, pore volume will
be large; fom Eq.3.3.4 it would be thought that grain growth would be restricted whilst the
pores are relatively large. Grain growth in this scenario is determined by the rate at which
the material densifies and pore shrinkage occurs, this phenomena is knowneapipong.
Approximations can only be made from Eg. 3.3.4, as to assume second phase particles are
immobile is a large simplification especially as the most inclusions in ceramics are pores,
which are not entirely spherical or immobile. Mobile pores candmee attached to grain
boundaries. This can exert a drag force on grain boundaries that opposes the driving force of
grain growth. If pore mobility is low then more of a drag force is exerted and when pore
mobility is high the grain growth is less resteidt Pores have a maximum velocity of which
they cannot surpassf the grain boundanand attached poresurpass this velocity then the

pore will detach. Pore size also plays a role in pore drag as smaller pores are more mobile
and exert less drafprce and larger pores exert a larger drag force. As the size of pores
change during grain growth the limits placed on grain growth can change throughout the
process. Inclusions can also become concentrated at intersections if they do not become free
of the boundary[14].

3.3.1.4 Liquid film dranced AGG

The presence of a liquid film has also been thought to aid AGG, this is said to occur by a
solution segregation process. The larger grains were shown to be less soluble leading to the
smaller grains being dissolved. Material dissolved fromllemgrains are then thought to
diffuse through the liquid layer and deposit on the larger grains due to the lower solubility

displayed by the larger graif41].

3.3.1.5 Mixed control mechanism

Recent investigations discussed by Kang, Ko and Moon propose that grain growth is not

governed purely by diffusion but can also be controlled by interfacdicea@?2]. It has been

suggested that abnormal grain growth only occurs intilegeystems. The migration kinetics

and driving force of grain growth in faceted systems was studied and the presence of a critical

RNAGAYy3I F2NOS 02y FAN)Y Swsshowith Be re@atddi tdithe@egtee R NRA G A
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of faceting in the system. ttan be deduced from this that grains behave in a similar way to
single crystals during growth. Single crystals grown from melts or vapour are known to follow
different growth kinetics depending on their morphology. Single crystals that are spherical,
i.e. have disordered surface structure and surface defects have growth rates determined by
diffusion. This is because the disorder and energy differences at the surface give rise to rapid
interface reactions. This type of growth is comparable to normal graowthy in a
polycrystal. In faceted single crystals however surface structure is much more ordered and
therefore interface reactions are much slower. This results in alimear plot of growth rate

vs driving force and is known as the step growth mechanigne growth of faceted single
crystals has been shown to be comparable to the abnormal grain growth of faceted grains.
Another important aspect of this mechanism is the maximum driving force for grain growth,
N 7 as different grains in a polycrystaMeadifferent driving forces with the largest crystal
having largest driving force, the maximum driving force of the complete system is dependent
on grain size distribution and average grain size. It follows that grain growth behaviour can
then be predictedd @ 20 ASNIWAY I (i KS RV EBLA (dzRSa 2F n 3
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Chapter4 - Literature Review

4.1Barium Titanate (BaT§0

4.1.1 Previous investigations of grain growth behavio(BaTi®)

It is well known that abnormal grain growth occurs inzlé&cess containing Baki@bove

and below the eutectic temperature (Figudel). This abnormal grain growth occurs more
readily above the eutectic temperatufd3]. Barium titanate is usually sintered al®othe
eutectic temperature with excesiQ, despite this excess being associated with AGG, as the
liquid formed at this temperature aids densification which, without the liquid, is very slow.

Different types of grain growth are reported for temperaturdsge and below the eutectic.
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Figure 41 Showing the Ba&liO2phase diagrafd4].

A study by Hennings, Janssen and Reynen, in a8 feported that below the eutectic
temperature twinned crystals appear and grow abnormally, with the addition of th&D
growth of these twinned crystals is exaggerated arfiew sintered for long periods the
barium titanate is made up entirely of these large twinned grains. Above the eutectic not all
of the abnormal grains are twinned as demonstrated at lower temperatures therefore these
twins are not thought to be necessargrfthe abnormal grain growth observed in the

presence of a liquid phase. When more than 2 mol % excesssTadded the larger liquid
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phase causes a reduction in grain growth rates. 2 mol % exceswd3@ound to have the
largest corresponding growtht&in this study, this is likely to be because at this excess more
grains are in contact with a relatively thin liquid film. This study reported that the abnormal
grain growth in barium titanate was likely due to liquid phase enhanced AGG. Grains that
grew rapidly were found to be faceted. The finer grains that are dissolved in this process

were found to have spherical characteristjd4].

Grain growth behaviour has been found to be dependent on grain boundary structure in a
number of studies such dke one conducted by Lee, Chung and Kgitd. This studyas
performed below the eutectic temperature (1250°C) and found that grain boundaries can be
defaceted when sintered in a reducing ltmosphere. The defaceting of the grain
boundaries led to normal grain growth and therefore suggests that the abnormal gra
growth is dependent on faceting which is enhanced by the presence of twinned crystals. It
was also found that in the reducing atmosphere the double twins began to grow isotropically
rather than elongating further, this is despite the presence of {1W/ijried crystals. Further
studies by Jung, Choi and Kang confirmed this behaM6ilir[47] In 2003 the authors found
that sintering in only air, with no prior sintering in an atmosphere of reduced oxygen patrtial
pressure, led to AGG irrespective of whether the sintering terajpee was above or below
the BaO/TiQ eutectic. Presintering in a reducing hydrogen rich atmosphere however
affected grain growth mechanisms when subsequently sintering in air at temperatures of
1250°C or 1350°C (below or above the eutectic temperatdreg. effect of the hydrogen
pre-sinter depended on its length; samples that were sintered in hydrogen for only 30
minutes displayed different types of abnormal grain growth when sintered in air. The
samples sintered in air below the eutectic temperatureptfiyed elongated abnormal grains
with the sample sintered above the eutectic displaying approximately equal amounts of
growth in all directions. When the hydrogen psimter was prolonged for 10 hours, no AGG
occurred when sintered in air at either 125@5CL350°C. Normal grain growth also appeared
to be stunted in these conditions. The 2006 study used 4 different types of sintering
atmosphere chosen for their variety of oxygen partial pressures. Air was used to study effects
of grain growth in high oxygepartial pressures (0.2 atm), a mixture of CO andfGQan
oxygen partial pressure of above <#tatm followed by a mixture of Hand N which
reduced oxygen partial pressure to below <118tm and finally using increasing amounts H
in the H / N> mixture which reduced the oxygen partial pressure to “1&m. Different
concentration combinations of the gases described were used so a broad range of oxygen
partial pressures could be created. Samples were all sintered at 1250°C (below the eutectic
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temperature). As described previously when sintered in air, at this temperature, AGG
assisted by {111} twins occurred. All of the grain boundaries observed after sintering in air
were found to be faceted. As the oxygen partial pressure was reduced {11 lfptwiation

was reduced and eventually stopped. At the same time the grain boundaries were defaceted.
At an oxygen partial pressure of ~#0o 10* twin formation was stopped and some
boundaries were defaceted, this led to stagnant grain growth. Wheneyxpartial pressure

was reduced again abnormal grain growth resumed however, twin formation was still not
present and more of the boundaries were rough. Finally at the lowest oxygen partial
pressures, a significant amount of grain boundaries were defa@gtddhormal grain growth
began. Leading to the deduction that increased oxygen vacancy concentration at boundaries
leads to roughening and thus inhibits AGG. The authors thought this change in grain growth
behaviour was due to the frentrant edge mechanispwhich states that twin planes provide
edges for fast atom attachment in BaTig&low the eutectic temperature, being promoted

or suppressed by faceting or defacetif]. The twin plane rentrant edge mechanism
(TPRE) howeveras disputed by Eibl, Pongratz and Skalicky in 1987 as the existence of twins
does not always equate to AG[29] It was noted that grains grew quickly parallel to the
twins in undoped Ba®l; however these twins were present in Nb doped Ba®idl did not

grow abnormally.

4.1.2 Solid state crystal growith (BaTiG)

Growth ofbariumtitanate crystals is difficult due to the phase transition at 1460°C, meaning
crystals cannot beroduced from Bridgman growth. Other techniques have been employed

to obtain BaTi@single crystals. Yamamoto and Sakyfif produced a BaTi3ingle crystal

of dimensions 3mm x 3mm x 0.5mm via SSCG. AGG was controlled in the study by limiting
the annaling temperature at which the single crystal was formed. It was found that grain
growth was very slow up to 1300°C after which AGG began. The onset of AGG was found to
be detrimental to the growth of the single crystal seed. At 1300°C abnormal grains were
found to grow in the matrix, when these grains came into contact with the single crystal its
growth was supressed. A lower temperature would slow the growth of the abnormal grains
however this would result in slowing the growth of the single crystalels Whe authors of

this study found 1300°C to be the best compromise and the crystal of 3mm x 3mm x 0.5mm

dimensions was annealed at this temperature for 30 hours. This crystal however was not
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without impurities, the crystal was translucent due tioe presence ofpores and island
crystals. Suggestions presented in the paper to enhance the purity and size of the crystal
produced were maximising the temperature used without promoting AGG in the
polycrystalline matrix and to optimise the sintering conditiomgroduce very dense BaBO

with small, close to uniformly sized grains.

BaTi@single crystals measuring up to 1.5cm in size were produced by Yo¢lé&l.arhe
method used here took advantage of the exaggerated grain growth of Bafién a liquid
phase is introduced to the matrix, by addition of Si@e type of exagerated grain growth

used here was secondary abnormal grain growth (SAGG) or secondary recrystallization. This
type of accelerated grain growth occurs after primary AGG is completed and the abnormal
grains have impinged on one another, resulting in graa being once again uniforfg0].

In a paper previous to this Yoo, Kim and Kib] observed the effects of the presence of a
liquid phase on the grain growth of BaZi®or these experiments Siénd TiQ were used

to create the tw liquid phases. Each of these additives was placed at the top of asBaTiO
compact, which already contained a small excess of (i@ Ba/Ti ratio was 0.999) and
sintering was performed at 1350°C. It was found that the,8iflich forms a eutectic with
BariQ at 1260°C, promoted the formation of twin lamellas in the top portion of the compact
this then increased the rate of SAGG by what was deduced to be the twin plaméramt

edge mechanism (TPRE). In contrast to this the addition efsli®ed exaggated grain
growth, as the temperature of 1350°C was reached, very soon after the microstructure
appeared uniform. The microstructure of this sample remained uniform even when sintered
for long periods. Yoo et al took advantage of the effects of &idition in order to grow
single crystal§s1]. This was performed by again dropping a small amountdi@ the top

of BaTi@a compact. As Sivas observed to promote the development of twin lamellae,
using only a small amount meant that only a few grains containing lamellae would develop.
The® grains would then act as seeds without impinging on one another. Sintering was
performed at 1370°C for up to 80 hours after which time crystals of 1.5cm were obtained.

All the crystals produced were again not transparent due to the presence of pores.

Lee et al furthered the research undertaken by Yoo g%, [52] As it is not necessary for
SiQ to be present in BaTidn order for {111} double twins to form it only enhances
formation, as statedoreviously. Lee et al found that these twins were present in lower
quantities in BaTigand questionedhe possibility of SAGG occurring by TPRE in pure BaTiO

This was then investigated by sintering BaBa range of temperatures for various times.
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It was found that primary AGG was completed after sintering for 1 hour at 1355°C and when
the BaTi@sample was kept at this temperature for up to 50 hours no significant changes
were observed. Howevewhen the temperature was increased to 1360°C the onset of SAGG
occurred. After 15 hours very large grains could be observed easily and after 50 hours the
grains were approximately 1 cm in size. This effect was even more pronounced at a
temperature of 1368C and after sintering for 50 hours the structure became uniform
consisting of only the grains affected by SAGG. At 1370°C these effects were still notable but
not as pronounced as the effect at 1365°C and at even higher temperatures no evidence of
SAGG waobserved. This demonstrates the temperature dependence of SAGG. As a large
percentage of the abnormal grains were found to have a {111} double twin it was deemed
likely that TPRE was the cause of SAGG. At temperatures higher than 1370°C the grains were
found to be rough and as such prevented SAGG occurring via TPRE and below 1360°C growth
via TPRE, which occurs when material transfer is similarDonBcleation, was negligible.

Lee et al were then able to use the information gathered on SAGG insBapiOduce single
crystals. This was done using a tatep heat treatment. As no SAGG was observed in the
first 5 hours of sintering at any temperature it was assumed that the nuclei of the grains that
became abnormal after a longer period were formed irstlime. As such the first heat
treatment step consisted of heating to 1365°C fe8 thours to allow these nuclei to develop.

As would be expected less nuclei developed after 1 hour than 3 hours. The second heat
treatment step consisted of heating to 1355%€ 20 hours and then 100 hours. In this time

the nuclei developed in the first stage of heat treatment grew and no further secondary
abnormal grains developed. The grains continued to grow for the 100 hours and the length
the heat treatment was used toictate the size of the crystal. The size of the single crystal
obtained was around 2cm. {111} double twins were however present in the single crystals
grown by this method as would be expected. The optical quality of the crystals grown by this
method appeas better than the crystals presented by Yamomoto and Sakuma and Yoo et al
[19], [51}

The work performed by Lee, Chung and Kang and furthered by Jung, Choi and Kang discussed
previously has been of use in the production of Basi@le crystals. A study performed by
Choi, Yoon and Kang 2004 used a Hpre sinter in order to control grain growth in the
matrix in conjunction with a seed cryst@5], [47], [53] This was done by placing single
crystals into BaTipowders prior to pressing. These compacts were thenguméered in a
H. rich environment for 10 hours prior to sintering in air at 1350°C for 5, 200dndurs.
Crystal growth was said to be enabled in this environmasatthe driving force of crystal
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growth was inexcess of a critical value; whilst grain growth is supressed due to a driving
force smaller than a critical value. Growth of the crystal insesl alongside sintering time.
Different excesses of Ti@ere used in the initial powder in order to evaluate the behaviour
of the liquid phase. It was found that liquid film formed at the crystal/matrix boundary, the
reason stated for this was butlap of TiQ segregate. The appearance of the liquid film was
followed by thickening due to redistribution from triple junctions as the crystal grew. As
would be expected the film was thinner at lower levels of,€Xgess and these lower levels
correspond to geater crystal growth. After sintering for 50 hours the largest crystal that
grew in length by 919um was formed at 0.1 mol% excess Ai@igher excesses of Ti@.4
mol% and 1 mol%, the crystals grew by p22 and 5374um respectively.

This method of crystal growth has now been commercialised and the two step heat
treatment method described by Lee et al in 1999 as well as the method described by Choi,
Yoon and Kang are described in a patent assigned to Cerd@rfi6], [52], [54] The patent

also describes a variation on the original work of Lee et al where a seed crystal is embedded
after thefirst heat treatment. The seed crystal will then grow and scavenge the matrix grains.
The patent states that primary and secondary abnormal grain growth is determined by
several factors including the ratio of Ba/Ti used, temperature and any additionstesutes
present in the powder. The temperature required in the first stage of heat treatment can be
reduced with addition of substance soluble in a BaTi@nalogous to the work of Yoo et al
[15], [51]such additives (for example S)@an be used in specific areas to trigger the growth

of secondary abnormal grains, at a lower temperature. Such grainsgitoen freely in the

2"d heat treatment. For the methods described that take advantage of the seed crystal the
patent states that the crystal can be placed onto a powder body or a polycrystal or placed
into loose powder that is subsequently pressed. A terapgne gradient is also said to be
used and the temperature of the seed single crystal is kept higher than that of the polycrystal
or an additive is placed at the seed/polycrystal interface to promote seed growth. The
methods stated that use seed crystadgirer than secondary grains have the advantage of
allowing determination of crystal orientation as the seed crystal can be ground before
placement and the resulting crystal will have the same orientation. As so many methods are
described covering a lot diie work previously done on SSCG in Baiti@ unclear which
method Ceracomp have utilised for commercialisation. As discussed previously a
reproducible method of growing single crystals by SSCG is the objective of this study and

would be a valuable atnative to other more costly crystal growth methods. For this to be
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achieved many of the methods described in this sectionld beexplored, especially as

there is no method that poses more advantages than the others

4.2 Barium Zirconate Titanate (Ba(Tix)Os

4.2.1 Previous investigations of grain growth behaviaiBa(Zs, Ti-x)Os.

A study performed by Mahesh, Bhanu Prasaad James investigated the effect of sintering
temperature on the microstructure and electrical properties of Badero.15)0s. The
prepared ceramics were sintered at temperatures ranging from i3G50 1450C for 5
hours. The authors concluded thatgnm size increased with increasing sintering temperature
due to enhanced grain boundary mobility. It was noted that at the sintering temperature of
1450°C grain boundaries were not as prominent in the micrographs the authors theorised
that this was likelydue to 1450C being more than 90% of the melting temperature of BZT
and that small areas around the grain boundaries had liquified during sintering. It was
concluded that although grain size and density were increased with increasing temperature
this resuted in reduced piezoelectric properties and it was therefore suggested that®C350
was the optimum sintering temperatur®5]. A study performed by Sun et al came to the
same conclusion after performing similar expnents on Ba(dkZhs)Os. In these
experiments samples were sintered for 4 hours at I'8251350C, 1378C and 140%C.
Average grain sizes in these ceramics were found to pen230um, 47um, 7Qum with size

increasing with sintering temperature.

Exgeriments into the effect of sintering time on the resulting grain size in BaZkis)Os
were performed by Cai et al. Here, samples were all sintered at°C3t&0 0.5, 2, 4 and 8
hours. Carse microstructures were developed with grain simereasing with time were

developed. Reported average grain sizes wengn25qum, 45um and 8@um[56].

Investigations into the additions of varioustgring aids to BZT have also been performed.
One study performed by Zheng et al investigated the effects of CuO addition to
Ba(Zb.0373 Thes290s. Two samples were produced for these investigations one was pure
Ba(Zt.0373 Th.os290s and the other waBa(Zs.0377 Th.6290: with 1mol% CuO addition. The
sample with no CuO additions was sintered at T@5@or 2 hours in line with previous
literature [57] and the sample containing 1 mol% CuO was sintered at°C3@fy 2 hours.

The microstructure of the pure Bagész Th.os290s was found to display bimodal grain
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growth with large grains having a size of pgband small grains measuringr. Whereas

the CuO modified sample had a fine grained microstructure with average grain sigaof 2
[58]. Another study continued this work and produced samples of B&(Zk.95)Oswith CuO
additions ranging from 0 to 4 mol% CuO. Sintering was performed at temperatureagangi
from 1200C to 1350C and the sample with no CuO addition was sintered at X2@dly.
This study found that when sintering at low temperatures with up to 0.2 mol% CuO addition
the microstructure was very fine grained and porous as the sintering psogess
incomplete. Howeveras CuO concentration was increasdenser ceramics were obtained.

4 mol% CuO addition produced veryarsegrains that were of a similar size to grains in the
0% CuGample that was sintered at 1480. The authors also noted that AGG occurred in
the samples sintered at 1280 and below, however at higher temperatures AGG was
complete and these large grains had proliferated at the expense of all the smaller grains

within the matrix[59].

4.2.2 Solid state crystal growth in (Ba(Wix)Os)

Rehrig et al have investigated SSCG in Ba{£)0s, various composibns were studied in
these experiments where x = 0.04,0.05 or 0.085. 3 mol% exceswds@lso added to each
of these compositions in order to facilitate growth by the introduction of an intergranular
liquid phase. Experiments began by sintering theseusitions at 13035C°C for 2 hours.
Grain sizes in the sintered pellets were then examined and found to jpe Ibthe 4 and 5
mol% Zr samples and @& in the sample containing 8.5 mol% Zr. After this initial sintering
one side of the pellets was polisthi and an (001) BaTi©@rystal seed was placed on top of
the pellets with no pressure. The seed crystals and pellets were then annealed &C1850

8 ¢ 30 hours. Single crystal growth had occurred in all of the samples but details of only the
5 mol% Zr ample were included in the literature. In this sampdesingle crystal with a
maximum growth length of 826n and a growth rate o27.5um/hr had grown. Matrix
porosity had however been transferred to the crystal during growth. Figu2esdows a

micrographof the grown crystal57].
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Figure 42 A scanning electron micrograph showing a Balé@plate crystal and a grown

Ba(Z.05 Th.os)Os crystal.[57]

4.3 Barium calcium zirconate titanatBa(ZTi-x)Os)

4.3.1 Previous investigations of grain growth behaviour in barium calcium zirconate

titanate

Barium calcium zirconate titante (BCTZ) is a promising alternative to lead based ceramics. Lui
and Ren discovered that (&aCa.15)(Tb.ooZl.10)Os had a high ¢ of ~620 pC/N in 200850].

Since then there has been an expanding amount of research into this material, although
much of this research is focused @tudying the effect of varying compaosition on
piezoelectric propertieg§22], [61] There is currently much less literature regarding the

microstructure and grain growth of this material.

Sun et al conducted a study looking at the correlation between grain size and piezoelectric
properties in (BassCa.15)(Tb.00Zl0.10)0s [62]. Experiments were conducted over a range of
sintering temperatures from 1320°C to 1560°C, the researchers also varied thangjnter
times at both 1360°C and 1480°C. It was found that samples had decreased density with
visible porosity and small grain size in SEM images when sintering temperatures were below
1400°C. The grain size and density increased with increasing sinteringregomg up to
1480°C, at this temperature average grain size was 20.57um this then decreased with further
increase in temperature down to 17.81um at 1560°C. This decrease in grain size was
theorised to be due to the appearance of a small amount of sectradgthat appeared in

the XRD spectra at sintering temperatures over 1520°. The authors then chose to investigate
the effectsof sintering time on the microstructure, they chose to carry out these further

experiments at 1360°C and 1480°C. The average gjzarin the samples sintered at 1360°C
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were found to steadily increase from 8.91um to 18.38um at sintering times of 2 hours and
22 hours respectively. Howeveat 1480°C there was no obvious increase in grain size with
increasing time. The aforementionegcondary phase was also reported when dwell time
was increased above 8 hours in the samples sintered at 1360°C and 16 hours for the samples
sintered at 1480°C.

In contrast to the reports of Sun et al, an earlier investigation performed by Wu et al found
that the optimal sintering @mperaturefor (Ba.ssCa.15)(Tb.00Zlo.10)0s ceramics was 1440°C

[63]. In these experimnts samples were sintered for 2 hours at temperatures ranging from
1300°C to 1500°C. Wu et al found that the samples sintered at 1440°C displayed improved
piezoelectric properties whereas Sun et al found that the sintering temperature of 1480°C
produced eramics with the best properties. Both papers attributed the enhanced electrical
properties to the increased density and grain size in their respective samples. Wu et al stated
that grain size increased with increasing sintering temperature from 5.2urf.tugh, with

the largest average grain size reported at 1410°C after which there is a small decrease in
average grain size with increasing temperature to slightly under 20um. The increase in
piezoelectric properties in the samples sintered at 1440°C wastduthese samples
RAALX F@Ay3d LISKH] aL}X AddAay3azr Ay GKS - w5 NBad

signifies the presence ohaMPB between the tetragonal and rhombohedral phases.

A third study[23] into the effects ofsintering and microstructure on the piezoelectric
properties of (BassCa.15)(Tb.ooZlo.10Osreports a larger ¢ of 650 pC/N, compared to the two
previously mentioned articles which reporteds@neasurements of 416 pC/[$2] and 442
pC/N[63]. This large g occurred in ceramics sintered at 1540°C and made from powders
calcined at 1300°C. These experiments investigated the effects of different calcining
temperatures on grain growth and found that grain growth was poted with increasing
calcination temperature due to a narrowing of the grain boundary. Treffarts were
reported to be small but grain size measurements were not given. Sintering was performed
at temperatures ranging from 1500°C to 1550°C for 2 hourstage grain size was said to
increase with increasing temperatures, although measurements were only given for the
samples calcined at 1200°C. These averages sizes have a maximum of ~14.5um so are smaller

than those reported at lower sintering temperaturéthe same calcination temperature.

Due to the addition of zirconia the sintering temperature of BCTZ is significantly higher than
that of barium titanate and temperatures of above 1400°C are needed for effective sintering.

This has led to research inintering aids and thus some studies reporting their effects on
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the microstructure are available. In one such study performed by Shin af@gfly@nO was

added to (BassCa.15)(Th.01oZr0.0850Osin amounts ranging from § 0.4 wt%. These ceramics

were sintered for 5 hours at 1360°C. Results stated that grain size increased With Zn
addition up to 0.2 wt% and then decreased with further addition. The largest reported
average grain size in these experiments was 2.09um. This grain size also corresponds to the
best piezoelectric properties of the samples produced in this study dirig $mall compared

to the literature discussed previously, which is likely due to the low sintering temperature.
However, the density was improved with increasing ZnO content and porosity was reduced

suggesting that ZnO is a viable sintering aid in BCTZ.

Other experiments have been performed by Lee ef6al, for these Si@was added to
(Ba.9sCa.04)(Th.ssZl0.15)0s. As described earlier Sibas been shown to encourage grain
growth in BaTi@due to the formation of a eutectic liquid at 1260°C. The addition of\8&3

found to reduce the feasible sintering temperaguto 1220°C in a reducing atmosphere
which was followed by annealing at 1000°C. Various concentrations efw®i®@ used
ranging from 0.075 mol % up to 3 mol %. The results showed that when the amount of SiO
increased above 1% there was a detectable 8i&¥second phase. The grain size increased
with SiQconcentration and there was a notable difference between the sample with no SiO
and just 0.15 mol %. The pure BCTZ sample was very porous and ineffectively sintered. With
increasing amounts of Si@rain size was significantly increased from 3um in the sample
containing 0.3 mol% to 21um in the 5 mol % sample. No bimodal grain growth was reported
in this study this could be due to being sintered in a reducing atmosphere as described earlier
for BaTiQ.

It has been demonstrated by Chen et[@6] that CuO is also an effective sintering aid in
(Ba.ssCa.15)(Th.00Zlo.10)Os ceramics. Average grain size was increased from ~9um to ~17um
with increasing amounts of CuO (from 0 mol % to 3 mol%) when sintered at 1400°C for 2
hours. This is due to the addition of CuO leading to the development of a small amount of
liquid phase whiclas discussed previously accelerates grain growth. Larger grain sizes, in the
samples containing 0.5 mol % CuO, could be obtained by increasing the sintering
temperature up to 1500°C or increasing the sintering time up to 6 hours. Unfortunately no
average grain size measurements were reported for the further sintering time and
temperature experiments as the study was primarily focused on optimisingstizend other
electrical properties alongside reducing sintering temperature. The authors found fhat d

and other electrical properties were reduced with increasing CuO and increased with
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temperature and dwell time. However, if a reduction in sintering temperature is necessary,
a tradeoff of sorts can be made as good piezoelectric properties geds of 403 pC/N)
were displayed with a CuO concentration of 0.5 mol%, sintered at 1400°C with an increased

sintering time of 6 hours.

4.4 Lead zirconate titanate (PbZsTix)Os)

4.4.1 Previous investigations of grain growth behavio(iPb{Zsi-« Tix)Os)

Liquid phase sintering is known to be an important factor in SSCG and the addition of excess
PbO is known to provide this intergranular liquid phase. A study performed by Kingon and
Clark[67] investigated the effects of this liquid phase on the sintering and densification in
Pb(Zt.525Tb.4750s. PbO addition ranged from 19mol% excess down to 1.6 mol% deficiency.
Excess PbO was found to elerate grain growth and densification in the initial stages of
sintering ~4mins at 1200°C. Longer sintering times however showed that the grain growth
rate of the samples containing large amounts of excess PbO (19mol%) were slower than the
samples that wee PbO deficient. It was hypothesised that this initial increase in grain size
was due to the solutiorecipitation mechanism described in chapter 1. As discussed
previously, larger amounts of intergranular liquid phase can itself become rate limiting, as

transfer through the liquid film is slowed which could be the case in this example.

Due to the volatility of PbO, measures need to be taken during sintering of PZT to maintain
O2YLRaAldAz2y YR RSyaiides (KSaS Aw@posaS o dzi
crucible arrangement and the addition of excess PbO into the initial powders as discussed by
Kingon and Clark. Due to this research groups have investigated ways to reduce the sintering
temperature of PZT. One such experiment performed by Wittemd Buchanan in 194a8]

used ¥Gsas a sintering aid. 2X@s was introduced in quantities ranging from 0.1 to 6 wt%.
This was done by introducing the®both before andafter calcination. For pre calcination
additions, calcining temperature was reduced to prevent sintering from 800°C down to
550°C. There was a notable change in the microstructure when additions were made pre
calcine with the appearance of bimodal graistdbution and an overall smaller grain size.

This was due to the reduced calcination temperature causing the initial particle size to be
reduced and because*would have diffused into the lattice upon calcination causing a
reduction of the YOsavailabé to form an intergranular liquid phase and thus reducing grain
size. Both pre and post calcine addition did however cause average grain size to be increased

at a lower temperature when compared to stoichiometric PZT. For exarfaplthe sample
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with a pog calcine YOs addition of 0.25% sintered at 960°C grain size was found to be
~6.5um, whereas stoichiometric PZT sintered at 1100°C for the same time (4 hours) average
grain size was reduced to ~2um. Grain size was found to decrease with incre@seeD\25

wt%) especially for the samples where the addition was made before calcination. Rate of
grain growth was accelerated with post calcination addition #WWhen compared to the

pure PZT samples. These investigations demonstrate t@atduld be usedo introduce an
intergranular liquid that could promote the growth of a seed single crystal in SSCG

experiments.

In 2006 Kim et 469] performed investigations into the grain growth of PZT, in the hope that
AGG could be enhanced to enable the possibility of PZT single crystal growth via the solid
state. This crysil growth would theoretically be performed via a similar method to that used

by Yoo et al in BaTidror these experiments Pb{£sTi.47)O; was used alone and with
additives of mol% excess PbO, 7 mol % PbO with 0.7 mol% MgO and finally 7 mol% excess
PbOwith both 0.7 mol% MgO and 2 mol% Si@ll of these compositions were prepared by
sintering at 1200°C for 1hour. The pure PZT displayed a finely grained microstructure with
uniform average grain size of 2um grains. The ceramics containing MgO and R&Cess
displayed a larger grain size (14.3uiff)e grains in this sample were also all faceted and
angular, which as discussed previously for BgTig&known to encourage grain growth and

thus AGG when only a few grains display this structure. A9sSi@ovn to encourage twin

grain formation in some grains in BaJt@e authors then added Si@s well as MgO and
excess PbO. The S#dldition caused large abnormal twinned grains to form in PZT, this was
due to the twinned structure of these grains providimgh (0 SLJ&a ¢ | & 6 KA OK ydzOf ¢
place as discussed for Ba7ithese large grains were found to be up to 100um in size and
had the structure of so called penetration twins. If solid state crystal growth was successfully
performed using SiOto provide large grains the resulting twins would be difficult to
separate. The formation of abnormal grains in PZT is however promising demonstrating that
conditions could be provided that allow for accelerated growth, a seed crystal would

however be preferable ttarge twinned grains.
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4.5 Other Materials
4.5.1 PMNPT (Pb(MnaNby/3)Os-PbTiQ)

Due to the current expensive growth methods (Bridgman and flux methods) and the strong
piezoelectric properties displayed by PNAN, discussed previously, there is interest in
developing alternative growth methods for this material. Ceracomp is currentigiycing
PMNPT single crystals via S§@Q demonstrating that it is very possible although again
there is not a clear, reproducible method available, which produces crystals of a usable size

and quality.

In 1999 Khan et §¥0] succeeded in growing PMBBPT (35 mol% PT) single crystals using a
seed crystal and PbZs@tmosphere powder. Unlike barium titanate, which has no volatile
components, suitable conditions for controlling the loss, of PbO, from PWMNnust be
devised and a suitable atmosphere powder used. Experiments were also performed using an
atmosphere powder of the same compositidrut these were less successful. It was found
that maximum growth occurred in the <111> direction (1.4mm). The PbZo@der b
thought to have enhanced growth of the seed crystal by enhancing PbO absorption from the
vapour phase, formed due the atmosphere powder. Phdm€reased the vapour pressure

in the surrounding atmosphere more effectively than PSBPT powder. This haddteffect

of creating a liquid PbO phase between boundaries, which in turn enhances exaggerated
growth of the seed crystal by solute segregation as was discussed in relation to barium
titanate with excess Ti#D Howeveythe excess PbO observed was found&responsible

for inclusions in the crystal.

King et al presented a study into the kinetics of RBBYT single crystals grown by SSCG in
2003[71]. This work looked closely at the effects of a PbO liquid phagsedér to find an
optimum amount of PbO excess that would aid in growth of the seed crystal, King et al used
a range of additions from 5 vol% PbO. The additions were this time mixed into the PMN
35PT powders. It was found that when a small amount ¥blS60) of PbO was added the
growth rate of the single crystal is substantially increased where and its growth constant is
increased to ~100 times larger than the growth constant of the matrix grains. The magnitude
difference between the growth constantsrisported to be due to the seed crystal being a
much larger size than the smaller grains. Howeoee issue with this is that if AGG is allowed
and large grains can freely grow in the matrix their growth constants will also increase until

it is comparablewith that of the seed crystal. It was found that crystal growth increased in
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rate with addition of PbO up to 3 vol% displaying liquid phase enhanced grain growth; the
growth rate is limited by atom diffusion through the liquid film. At higher volumes @ Pb
growth rate of the single crystal began to slow. This slowing of growth was more distinct in
the matrix grains than the single crystal. The authors concluded that the growth mechanisms
changed above this point and that single crystal growth became agenfeaction controlled

and the grain growth in the matrix appeared to be diffusion controlled with the liquid layer

too large for fast diffusion.

Another study into SSCG of PNMBBIPT was performed by Kim et al In 2Q08]. This study

used LiO as a dopant as well as varying the amounts of Bkéess, with the hope of
promoting the growth of the seed crystal whilst restricting AGG in the bulk. The additions
used were 8 mol% PbO, 7mol % PbO with 1 mai@® Bmol % PbO with 2 mol%Qiand

4mol % PbO with 4 mol%Qi It was found these compositis displayed different types of
grain growth with AGG initially increasing in the sample with 7mol % PbO and 1 m®I% Li
However this behaviour varied substantially with the 6mol % PbO and 2 me®shmple
which displayed less AGG than the samplelsidicg a higher mol% PbO excess. The sample
with 4mol % PbO and. displayed no AGG. Temperature effects were also studied and the
prevalence of AGG in the various samples. It was found that for the sample containing 8mol
% PbO and the sample containifimol % PbO with 1 mol%Qithe amount of AGG observed
increased alongside sintering temperature. However the sample with 6 mol % PbO and

2 mol% LI AGG actually decreased. The final sample with 4mol % PbO.@rdidplayed

no AGG at any of the thestemperatures (1008C, 1100C or 120C®C). In the latter sample
however,all grains were much coarser when sintering at PEDESCG was then performed
using a barium titanate seed crystal embedded in polycrystals of-BBAN with the same
additions of PbO andAd, used in the previous experiment. It was found that the seed crystal
grew significantly in the sample containing®| % PbO and 2 mol%Qi This was reported

to be due to the reduction of AGG in the matrix however the seed crystal did not grow
significantly in the sample containing the mos_even though no abnormal grains were
observed. This was thought to be dteethe increased amount of coarsening in the matrix
and has previously been observed when grains are mainly rough and spherical. In the two
systems with the largest amounts of PbO the seed crystal did grow but AGG was prevalent
in the matrix. With the se@ crystal being impinged upon in the sample containing additions
of 7mol % PbO and 1 mol%Q@.i This is in agreement with the initial grain growth
experiments where the maximum amount of AGG was observed in this sample. In addition

to this Kim et al invegjated the effects of dislocations on the seed crystal surface. These
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dislocations increased the rate of growth of the seed crystal by providing attachment sites.
The dislocations were produced either by grinding or heat treatment. Grinding produced the
larger number of dislocations and thus the seed crystal grew at a higher rate. This study
displays the various ways in which growth of the seed crystal can be accelerated and

microstructural control can be gained.

Another study into the growing 70PMBOPT cystals performed by Yamada (20(63B]
introduced a liquid PbO layer between the seed cryatal the polycrystal and hypothesised

that this enabled crystal growth by an Oswald ripening mechanism. There was no excess PbO
in the bulk ceramic as PbO liquid is associated with abnormal grain growth. The author
heated the ceramics in air to 800°C bef@intering in pure @at 1000°G 1050°C and finally

using a hot isotactic press in an-@s atmosphere at 1000°C for 2 hours before applying the
seed crystal. This method produced a high density and minimised AGG. These experiments
were successful in pducing single crystals of a few millimetres in size. Further examination

of the crystals via permittivity measurements found them to be comparable to crystals

produced using the Bridgman meth].

4.5.2 Potassium sodium niobate {§Kay.s)NbQ)

Fisher et al performed SSCG experiments aaN#&.s)NbQ or KNN in 200775]. They
performed these experients using a KaDs; crystal seed that was pressed into the KNN
powder. KCuNROs, was used as a sintering aid and to introduce a small amount of
intergranular liquid phase. The first sample was then sintered for 10 hours at 1100°C. Growth
of the seed crystahad occurred with a maximum growth length observed of 160um.
However, a large amount of porosity was visible in the SEM images. It was concluded that
the porosity was due to growth of the crystal boundary occurring a faster rate than
densification causip the pores to become entrapped within the crystal, as discussed in
chapter 1. A second experiment was performed with the sample being prepared in the same
way except hot pressing was performed before sintering. Hot pressing was performed at
1025°C and pssure was maintained at 50MPa.The maximum growth length of this crystal
was reduced significantly (35um). As expecthére was a reduction in porosity, although
there were still some smaller pores present. In 2008 the authors continued with this research
and grew two more KNN single crystals via the SSCG method. One of these crystals was

grown in a box furnace at 1100°C for 100 hours without beingphe$sed. The resulting
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crystal has a maximum growth length of 1650um but again was very porous. Thalsecon
crystal was grown entirely in a hot press using a-st&p regime. Initially the sample was

hot pressed at 975°C and 50MPa for 2 hours to allow densification prior to single crystal
growth. The second step included a maintained pressure of 50MPa buamaacreased
temperature of 1100°C for 100 hours. The maximum growth of this crystal was 1890um.
There was still a small amount of porosity present although this was much improved. A
drawback of this method is that AGG of the matrix grains had occurrdeihot-pressed
sample. Some of these grains were 1000um in size and had impinged upon the growing single
crystal and prevented further growth. A comparison of the crystals grown in these studies

can be seen in Figure3.
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Figure 43 SEM secondary electron images showing the various KNN single crystals grown by
Fisher et al. (a) shows the sample sintered for 10 hours with no hot press treatment. (b)

shows the sample sintered for 10 hours that had undergootegnessing75].
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4.6 Conclusions

This research aims to develop a reproducible method of growing single crystals via the solid
state. From the literature it can be concluded that this is possible although there are various
issues that will need to be overcoméirsty, grain growth in the matrix must be controlled

to allow a single crystal to grow without impingement. Secondly conditions that allow growth
of a seed crystal must be maintained in order to allow single crystals to grow at an
appreciable rate. Problemsithi porosity have also been highlighted and this work attempts

to outline a solution by studying the effects of Ratessing and varying composition on the

single crystals obtained.

The presence of intergranular liquid phase has been concluded to be amtémpfactor in
SSCG therefore this work witlivestigatedifferent sintering aids and additives and their
effects on grain and single crystal growth as well as the absence of any liquid phase.
Temperature and time effects on grain growth will also bed&d in various materials in
order to achieve conditions where single crystal growth is possible. Dopants known to reduce

grain growth will be investigated and used to prevent AGG in the matrix grains.

As there is a large amount of literature availableameting grain growth in BaTi@s well as
several studies demonstrating that SSCG is possible, Bed$@hosen as the initial material
for these investigations. As mentioned previously the presence of alBa@utectic makes

the addition of varying amants of liquid phase relatively simple. Bai@so has the
additional benefit of having no volatile components making the lengthy sintering much

easier than some of the other materials mentioned.
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Chapter5 Experimental Procedures

5.1 Sample Prepation

All powder samples were prepared using the traditional mixed oxide method. This method
was used as it is relatively simple and both cost and time efficient. Other methods of
producing higher purity ceramics exist however they are more expensivetiaraly,
especially to produce large batchdlerefore any results from these experiments may not
be easily reproduced in an industrial segfi2]. Commercially available raw materials were

used thesecan be viewed in Table 5.1.

Table 51 Showinga list ofthe raw materials used in this work

BaC0; Alfa Aesar (99%)

Ti0: Sigma-Aldrich (99.9%)
Nb2Os Sigma-Aldrich (99.9%)
Zr0s Sigma-Aldrich (99%)
CaCoOs; Sigma-Aldrich (99%)
Si0;, Sigma-Aldrich (99.5%)
Zn0 Sigma-Aldrich (99.9%)

5.1.1 Drying and Weighing

The raw materials mentioned in the previosesction were dried initially in a drying oven at
150°C for at least 24 hours to ensure that any water absorbed from the atmosphere was

removed prior to weighing.

Powders were then weighed according to the desired stoichiometry of the products and
placed iro a highdensity polyethylene bottle. Weighing boats were rinsed into the bottle
using isopropyl alcohol (IPA) to ensure all of the starting material required was transferred

to the bottle.
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5.1.2 Ball Milling

Ball milling is necessary in order to thoroughly mix the raw materials and create a
homogenous mixture of uniform particle size. In order to ball mill 9mm yttristabilised
zirconia milling media were added to a container along with IPA and the stantteyials.
The mixture produced had a similar viscosity and appearance to double cream and milling
was ensured by monitoring the bottle on the ball mill, checking for cascading milling media
and ensuring that at no time were the milling media immobiletet bottom of the bottle.

The bottle was placed on the ball mill for 24 hours and removed immediately prior to drying.

5.1.3 Drying and Sieving

After ball milling was completghe bottle was removed and the contents drained into a
container using a colamd. The beads were moved and washed with IPA in order to ensure
that most of the starting materials were recovered. After this the mixture was dried using a
Kenwood KMO80. The Kenwood was initially heated to just und®t 9hilst continually
stirring to emove much of the IPA. When the mixture became the consistency of a paste the
temperature was lowered to 55°C. When the IPA was fully remabedstarting materials

were transferred inb a preweighed glass beaker and weighed again.

The powder was thesieved using 3Qdm mesh before being transferred into an alumina
crucible. The sieving step ensures that any powder agglomerations were removed prior to

the calcination step.

5.1.4 Calcination

The starting materials and alumina crucible were then planeticonventional box furnace

and heated to a temperature that will allow the solid state reaction to take place but not so
high that subsequent baithilling and sieving became too difficult. Initially, upon heating any
volatile components such as €&hdother volatile impurities are lost from the mixture and

the remaining materials react to form the desired products. As a consequence of this reaction

and loss of the volatile starting materialgolume loss is evident upon removal of the
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crucible. All ofthe compositions produced were heated at a rate of E@our and held for
4 hours to allow the reagents to react. The calcination temperatures used for each material

produced are shown below in Talie.

Table 52 Showing thalifferent materials produced and their calcination temperatures.

BaTiO, 1100
Ba(Ti,,Nb,_)O; 1100
(Bay,Cay)(Ti,Zr;,)05 1250
Ba(TiyZr1,)05 1150

5.1.5 Pressing and Sintering

After the powder samples had been removed from the furnace they were weighed and ball
milled again with IPA, this time including 2% PVA bindewgight). After balmilling was
complete the powder was dried and sieved as described in se@&itrB8. The final powder

product was then transferred into a container for storage.

In order to produce sample pellets approximately 0.75g of powder was weighed and
transferred to a 10mm pressing die. Uniaxial pressing at 1 tonne for 20 seconds was then
performed in order to obtain green pellets. The added binder ensures that the green pellets

do nda crumble apart after pressing.

The green pellets were then placed on a zirconia tile and covered with an alumina crucible
before being placed into a box furnace for sintering. Sintering regimes vary throughout this
project but all samples were heated atae of 50C/hour up to 556C and then held for 4
hours, this ensures complete removal of the binder prior to sintering. The samples were then
heated at 306C an hour up to their sample specific sintering temperature and held for a
specified time. The saptes were all then cooled to room temperature at a maximum rate

of 30°C/hour. During sintering grain growth occurs and subsequent densification as pores
close. The grain size of a piezoelectric can affect its properties; when grains are too small and
sufficient sintering has not been performed the ferroelectric polarisation is reduced.
However, if the ceramic has been sintered for too long or at too high of a temperature SAGG

can occur which lead to pores developing and growing which means reduced pdtynitti
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and can cause issues when poljtg]. Various sintering regimes using different times and
temperatures were performed throughout this project imder to determine the best
conditions for SSCG to occur in the various samples prepared and will be discussed in greater

detail in the following chapters.

5.1.6 Solid State Crystal Growth Experiments

In order to perform SSCG experiments 001 BaSii@lecrystals with 1 side polished were
obtained from MaTeck. These seeds were 10mm x 10mm x 1mm therefore they were cut
into 9 sections prior to crystal growth experiments. Initial cutting was done using a diamond
scribe however, this led to some breakage andevenly cut pieces. A precision cutter
(Struers Accotonrd) was subsequently used. Prior to cuttingystals were mounted onto an

aluminium substrate. The blade speed used was 3000rpm and the feed was 0.025mm/s.

The seed crystal was then thoroughly ¢led and placed into a 10mm pressing die and

covered with the desired powder composition before sintering.

After sintering pellets were examined using optical microscopy and then cut using the
Accutom into quarters. This was done so that cross sectiontseofample could be viewed
using optical and scanning electron microscopy. Fiduteillustrates how cross sections
were obtained in order to examine any crystal growth that may have occurred. The cross
sections of these samples were held face side dovih elips before setting in resin ready

to be polished.
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Figure 51 A schematic showing the pellet (blue), crystal seed (green) and the cutting
directions used to obtain cross sections. The red arrows show the faces examined b

microscopy.

5.1.6 Grinding and polishing

In order to prepare the samples for optical microscopy and scanning electron microscopy
(SEM) samples were ground and polishidis ensured that any grain structure or single
crystal growth could be visualisedsily. Samples were placed individually into pots and then

a mixture ofEpothin 2epoxy resin and hardenéobtained from Buehlémwas poured on top,

to ensure the side of the sample to be examined would be exposed. The pots were left
overnight to set and then the resin containing the pellet was removed. The pellet and
surrounding resin was then ground in accordance with the inswuastin Tables.2, this
ensured that the surface was level and there was no epoxy resin obscuring the underside of
the pellet. The resin and pellets were then polished via the route displayed inT.abAdter
polishing pellets displayed a mirror likenish. After polishing pellets were ready to be

examined by microscopy.
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Table 53 Polishing route and products as recommended by Buehler.

Step Surface Abrasive Lubricant Force Time Relative
(per . rotation
sample) (min:sec)

P&00/P400
plane
0.40

2 TexMetP  9um MetaDi dibs 5.00 150 60 Contra

supreme

3 TexMetP  3pm MetaDi dibs 5.00 150 60 Comp

suprems

4 TriDent 1pm MetaDi 4lbs 3.00 150 60 Comp

supreme

5 Chemolet  Masteriet 4ibs 1.20 100 60 Contra

colloidal silica

5.2 Characterisation Techniques

5.2.1 XRay Diffraction

X-ray diffraction (XRD) is an important technique when analysing ceramic materials. It can be
used to determine structure, composition and identify any impurities that are present in
detectable quantities (> 1 wt.%). XRD works by firstly producing a atglinkray beam in

a cathode ray tube. This is done using a heated filament which provides electrons that are
then focused towards a target material. Theay diffractometers used in this case both use
copper as the target material. When the electrons édwilt up enough energynner shell
electrons are lost from the target material. The loss of an inner shell electron from an atom
causes an electron from another shell, of higher energy, to fill the vacancy. As the electron
drops to the lower energy sHebn Xray photon is emitted with energy equal to the
difference in energy between the shellShe Xrays produced have wavelengths
characteristic of the target material (copper) aaceO2 YLJ2 8 SR 2 Fray¥ R X y R Y
rays compris@f two wavelengthd 1 I Y R, Mbhochromators can be used to produaa
incident beam with a narroer range of wavelengtls. Broad band andnarrow band
monochromatorscan be used so onk or Y  respectivelyare allowed to be incident on

the sampleThe Xrays produced are collimated and the beam is focused at the sample. Some
x-rays are reflected back from the surface of the sample and others penetrate the sample

and are reflected back by the various planéatoms described by miller indices (hkl). When
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Braggs law is satisfied the&ys reflected back from successive planes are in phase with each
20KSNJ GKSNBF2NB | LISF]l Ay AyidSpaHdwy 2O03MMR d<
the wavelength othe XNJ @ &= * A & ( K S-raysyrpifigs onlthé sanplela@K 1 K S
d is the spacing between the planes of ato@js [76].

CQi Qe (5.2.1)

Structure of the samples produced was determined by examining peak splitting. For example

AT | &adzmadlyoOoS KFa OdzoAO aGNHZOGdNBE | yR (KS d
i +Tr dnec 0 GKSYy y2 LISIF{ &LX AieBaVTigidknand dzf R 0 S
to have a tetragonal structure, as a tetragonal unit cell is elongated along its ¢ axis the unit
OSttf ESa INB y2 f2y3ISNI Sljdat 66 I 8 r O 0d
between the 001 and 100 peaks, the 110 &id peaks and the 200 and 002 peaks. Often

this splitting is easier to observe between the 200 and 002 péa&do the smaller d spacing

between these fanesleading to the peaks being separated ayhigh angle2' . If the

&0 NUzOG dzNB ¢ SNB r2 NI K2 NKRAYD Ad2 dIff R radS SPARSYy(d o
peaks as the tetragonal unit cell however as triplets displaying the additional 010, 101 and

020 peaks. In a rhombohedral unit cell the axes are of equal length however the angles no

longer equal topnc 6h I i T+  dnec 0O Rdz§ G2 Stz2y3l
changes cause XRD spectra to display the 110 and 011 peaks as a doublet and splitting of the

111 peak.

l 5y . NHzl SNI RAFFNI OG2YSGSNI 2N I tranblysiddfA G A O f
AAYOGSNBR LISffStad . 20K 2F (KSaS RMBremaw OG2YSi

geometry.

5.2.2 Optical Microscopy

Optical microscopy was used in order to check that the microstructure was easily visualised
after polishing. Dued the lower magnification, compared to SEM, this technique was also

useful for measuring any crystal growth that had occurred during the SSCG experiments.

Optical microscopy uses a system of convex lenses to produce a magnified image. Dark field

illumination or polarised light can be used; both of which can make surface features such as
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pores and scratches more apparent by increasing contrast between these features and the

rest of the surfacg77].

For analysis at low magnification a Motic SMEB stereo microscope was used. For higher

magnification images the microscope used was an Olympus BX51.

5.2.3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was also used to lbptigaw the pellets. A greater
degree of magnification can be achieved using SEM therefore more details in surface
topography can be seen. This greater degree of magnification is due to an electron beam
having a shorter wavelength than the visible liglsed in optical microscopy. In order to
produce an image, a scanning electron microscope accelerates an electron beam at the
sample, this beam continuously moves across the sample to gain a complete image. The
electrons fired at the sample are known as paity electrons when these electrons interact

with the sample secondary electrons are released. The secondary electrons are then
detected using a positively charged secondary electron detector and thus an image is
produced. As explained in the previous clapivhen an electron is released from an atom

an Xray photon is also released. Thesea¥s are characteristic of the element they were
produced by meaning they can be used for determination of elemental composition using
energy dispersive-Ky spectroscpy (EDX). Back scattered electrons are also produced via
elastic collisions between the primary electrons and atoms in the sample, these electrons
can be detected using a backscattered electron detector. These backscattered electrons can
be used to view lager atomswith a greater atomic numbeas they incur more of such
collisions. A®lementswith a larger atomic numbeproduce a stronger signéthey can be
viewed as bright areas on images produced by backscattered electron detectors. This can be
useful in detecting a titanium or barium containing second phase between grain boundaries
[8], [78]

SEM images were used to determine average grain size of the prepared ceramics. This was
performed using the linear intercept method. In this method a line of known length is drawn
across the micrograph and eadtcurrence of grain boundaries intercepting the line is
counted. The length of the line is then divided by the number of interceptions and multiplied

by a proportionality constant. A proportionality constant of 1.56 was proposed by
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Mendelson in 1969 to accint for grains being larger than can be seen via microscopy. This
size difference is due to surrounding grains overlapping and obscuring part of the truncated
octahedron shaped grairfg9]. This was repeated using various lines across several parts of

the microstructure and an average calculated.

The scanning electron microscope used for analysis in this casehitchi SU8230 CFEG
SEM (coldield emission gun scanning electron microscop&he detectors used for
secondary electrons were the upper and lower secondary electron detectors (SE(U) and
SE(L)and a plate detector for back scattered electrons (PDBSE). All samples were coated
using with iridium prior to SEM and carbon paint wasdigeprovide a path across the epoxy

resin.

Chapter 6 Results amiscussion

6.1 BaTi®
6.1.1 Xray Diffraction of BaTiO

After sintering for 2 hours both at 1300 and 134%C, the pellets were all analysed using a
t! blF@fAGAOFE - Qt SNI RATTFNI Oloh YusithieSshep gizd of K 8 O y
0.033 at a rate of 0.5s/step.

As mentioned in Chaptes, XRD was used to determine the structure and which, if any,
secondphases were present. All of the spectra were matched to the ICDD (The International

Centre of Diffraction Data) file for tetragonal Badi®ing search match software.

Figure6.1shows the spectra corresponding to the pellets sintered at 2800can beseen

that the XRD spectra all correspond to a tetragonal structure. Although the 002 peak is clearly
visible in all the scarsndthe 111 peak is a wellefined singlet in all of the spectra ruling

out the possibility of rhombohedral structure. Also, niptets are observed in the positions
mentioned previously that would point to an orthorhombic structure. Hence from the XRD
patterns of the powders it can be confirmed that barium titanate with the tetragonal
structure expected at room temperature, was pced. The peak positions and splitting
correspond with tetragonal BaTiOHowever, the200 and 002eaksin Figure 6.1do notall

display the 2:1 ratio expected the spectra of a randomly orientated sampléhis is deemed
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to be due to preferred orientén along the surface of the pellet, this can baused by

domain switching during grindirthe samples prior to XRD.
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Figure 61 Showing the XRD spectra for all of the BaTnpositions after sintering for 2
hours at 1300C. The legend refers to Ba/Ti ratio.

From Figures.1 some small impurity peaks can be seen in some of the spectra. For the
sample with 5 mol% TiQleficiency (Ba/Ti = 1.05) these impurity peaks can be adeiw
Figure6.2. The peaks were identified using search match software and matched with ICDD
files corresponding to Ti{file number 01070-2556) and BaATiQ (file humber 06008
0277).
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Figure 62 Showing the XRD spectrum®mol % Ti@deficient BaTi@sintered at 1300C

for 2 hours with the multiple impurity peaks labelled.

Some evidence of second phase is also visible in the XRD spectrum afvigtiréCl mol %
TiQ deficiency. These peaks have been labelled and cafieeed in Figuré.3. They again
correspond with BaliQ (ICDD file number 6008-0277) and TigXICDD file number 6Q71-
6414)
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Figure 63 Showing the XRD spectrum of 1 mol % @&dicient BaTi@sintered at 1300C

for 2 hours with the multiple impurity peaks labelled.
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Pellets sintered at340°Gvere also analysed usingal b | & f A (i diff@etdmeter @ith S NIi
the same parameters as the pellets sintered at 1300°C. All sample paftéguse 6.4)vere
again matched with existing ICDD data files for tetrag&adliQ.
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Figure 64 Showing the XRD spectra for@lithe BaTi@compositions after sintering for 2
hours at 1346C. The legend refers to Ba/Ti ratio.
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When sintered at 134 there was still some evidence of second phase in the sample with
a 5 mol% Ti@deficiency. The impurity peaks were identifiad BaTiQ, (ICDD file 0D08&
0277) and TieXICDD file 00€14-5355) and can be seen in Figxé.
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Figure 65 Showing the XRD spectrum of 5 mol % @&dicient BaTi@sintered at 1346C

for 2 hours with the multiplémpurity peaks labelled.
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6.1.2 Grain Growth in BaE&iO

6.1.2.1 Grain Growth with Changes in Temperature

Both optical and scanning electron microscopy were performed in ordexémine grain

size and any notable characteristics in the microstructure. The results from this study would
be used in order to determine the optimum conditions for single crystal growth experiments.
As previously discussed, sintering temperature waseeigbove (1348C) or below (130TC)

the BaQTiQ eutectic temperature of 132T. Sintering was performed at both these

temperatures for 2 hours.

Table 61 Showing the sintering temperature and average grain size of the vaBal&l

compositions.

Bal/Tiratio Average grain size (um) Average grain size (pm) Afte
after 2hrs at 1300°C 2hrs at 1340°C

1.02 3.1
1.01 3.4 53
1 9.6 12.7
34 63

1.1 (with large grains ~33uym) 33
0.7 14.81 (with large grains
measuring 39.5um)

The results of the initial grain growth study can be seen in full in Tabldt is clear that
sintering above the eutectic temperature promotes grain growth. ;Téddition also
encourages grain growth. However, grain size decreases wheexd€ss exceeds 1 mol %.
This effect was deemed due to transport through an increased intergranular liquid becoming

the rate limiting step.

Figure6.6 shows scanning electron amographs of the samples sintered at 1300for 2
hours. When sintered below the eutectic temperature the sample containing 1 mol% excess
TiQ had the largest grain size. Bimodal grain growth was evident in the sample containing 2
mol% excess TiWvith sone large grains being surrounded by a fgrained matrix. When

TiQ excess was increased to 5 mol % grain size was reduced. Stochiometric samples and
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those with 1 and 2 mol% Ti@eficiency had a uniformly fingrained microstructure. When
TiQ deficiencywas increased to 5 mol% grains did not grow and samples remained in

powder form.

These results are similar to those reported by Hennings, Janssen and R&8in&s can be
seen in Figurd.6, twinned grains are present in the stochiometric, 1 mafa 2 mol %
excess Tigsamples. With abnormal grain growth in these twinned grains being most obvious

in the sample with 2 mol % excess 10
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a) 5 mol% TiO; deficiency b) 2 moi% TiO, deficiency

¢) 1 mol% Ti0, deficiency d) Stochiometric

¢) 1 mol% excess TIO; f) 2 mol% excess THO;

g) 5 mol% excess Ti0;

Figure 66 Showing scanning electron micrographs of the Bgdiidered at 1300C for 2

hours.
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When sintered at the higher temperature (134%) further changes in the microstructure
were apparent as shown in Figu&7. The sample with 5 mol% TiQeficiency again
remained in powder form. The other samples howeverdathonstrated a larger grain size
than those sintered below the eutectic temperature. This change was minor in the samples
with TiQ deficiency as can be seen In Taite The largest grains were found in the sample
with 1 mol% Ti@ At this temperature gains in the pellet with 2 mol% excess Juere

found to be uniform and of an average size equal to that of the abnormal grains when
sintered at the lower temperature. In contrast to the results published by Hennings, Janssen
and Reynaii80] the largest grains in these experiments were not in the 2 mol% excess TiO
samples. In these experiments the thickening of the intragranular liquid phase which begins
to inhibit grain growth occurred between 1 and 2 mol% excess THOwever, in contrast to
whensintered below the eutectic temperature the sample with 5 mol% excessiiEayed
bimodal grain growth with varying grain size. There was also clear evidence of a thick
intergranular liquid phase between the smaller grains which likely contributechéar t
restricted growth. Some evidence of this intergranular phase can also be seen in the sample

with 2 mol % excess THO
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a) 5 mol % TiO, deficiency b) 2 mol % Ti0O, deficiency

e) 1 mol % excess TiO, f) 2 mal % excess TiO,

q) 5 mol % excess Ti0O,

Figure 6.7 Showing scanning electron micrographs of the Bgdiitdered at 134€C for 2
hours Figue awastaken using the upper secondary electron detector, Figure b, f and g
were taken using the lower secondary electron detector and the rest of the figures were

taken with a backscattered electron detector.
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6.1.2.2 Grain Growth witthangesin Sntering Time

In order to further understand grain growth rates samples containing 1 mold&f@iency,
stochiometric and 1 mol % Ti€xcess were compared by sintering at 1330dor different
lengths of time. These samples were all sintered for 0.5, 1, 2add 86 hours. As expected,
the BaTi@containing Ti@excess was much larger across all sintering temperatures followed
by the stochiometric sample and lastly the Tdeficient sample. Figuré.8 shows a plot of
average grain size vs time for thesamples along with additional plots showing the
standard deviation of grain size within these sampld®large standard deviation shown in
the plot for the sample containing excess T&Dows that grain growth in this sample was

pseudenormal and therevasa relatively large variation in grain size.
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100 4 Average grain growth of BaTiO; vs sintering time
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Figure 68 Showing a plot of grain sizgn) vs sintering time (hours) for BatiO
compositions with Ba/Ti ratios of 1.01, 1 and 0.99 sintered at A34the smaller plotslao
showthe same data individually with the addition of error bars to demonstrate the

standard deviation of the grain size measurements taken.
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Figure6.9 shows stoichiometric BaTi€intered at 134€C for differing amounts of time. It is
clear that grain size increased significantly with sintering time. Other microstructural
features however remain the same. Twinned grains were common with this composition

however no bimodal grain growth was observed.

a) Sintered for 0.5 hours b) Sintered for 1 hour

EMAS 15.0kV 10.5n

c) Sintered for 2 hours d) Sintered for 4 hours

MAS 15.0kV 8 X PDBSE

e) Sintered for 8 hours f) Sintered for 16 hours

Figure 69 Scanning electron micrographs of stoichiometric BaWiken sintered at
1340C°C for various amounts of tim&he bright areas in seen in Figure ba&®edue to some

residual polishing material on the sample seda



Figure6.10 shows micrographs of the BaT&mples with 1 mol % Ti@eficiency sintered
for varying amounts of time at 1340. Again, grain size is larger with increasing sintering
time. This composition displayed faceted grains with some twinnirayge abnormal

twinned grains can be seen occasionally as demonstrated by indafeb and e.

b) Sintered for
interex d) Sintered for 4 hot

Figure 610 Scanning electron micrographs of Bas@h a 1 mol% Tigdeficiency sintered

at 1340C for various amounts ¢ifne.
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Figure6.11 shows images of BaTiwith 1 mol% excess TiGintered at 134€C for varying
lengths of time. These samples had the largest grains across all sintering times as clearly the
addition of TiQ and the formation of aBaTh/Os intergranula liquid phasehas an
accelerating effect on grain growth particularly above the eutectic temperatiitee
formation of this liquid phase can lexplained by the Ba®iQ phase diagram (Figurel)
Twinned grains were present as with the previous exampbes, no abnormally large

abnormal grains were noted on inspection.

Figure 611 Scanning electron micrographs showing BaWith 1 mol % excess TiO

sintered at 134€C for varying amounts of time.
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It is clear fronthese results that intergranular liquid phase accelerates grain growth, it was
therefore hypothesised that SSCG experiments would be more successful when using
compositions of BaTiQwith excess TiQParticularly 1 mol% excess as this composition

producedthe largest grains when compared to the other Jiiioh compositions.

6.1.3 Solid State Crystal Growth in BaTiO

6.1.3.1Solid state crystal growih BaTiQ containing 1 mol% excess 710

It was determined from the grain growth experiments thettystal growth would be
insufficient with a Ti@deficient BaTi®although this would eliminate the problem &frge
grains arising and impinging on any growing crystal. Thereforly stoichiometric and 1

mol% excess TiWvere used.

A relatively largerystal was grown using tHgaTiQ containingl mol %excess Tigsintered

at 1340°C for 72 hourghis crystal had grown in various directions and was immediately
visible to the naked eye as is shown in FightE2a. The maximum growth length of the
crystal was found to be approximately 2075pmith a growth rate of 29um/hrHowever, a
few large twinned grains were found to have grown within the edges of the pellet which
impinged on the growing single crystal. One of these grains is shown in Bigdde The
shape of the crystal seed in these imagea result of the seed crystal breaking when cutting

was performed with a diamond scribe as detailed in Chapter 5.
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Figure 612 a (above left) An optical micrograph takena?5x magnification showing the
single crystal grown using BaTiO3 containing 1 mol% exdc@ssihtered at 134€C for 72
hours.Thered lines indicate the growth length of the cryktand5.1.8b (above right taken
at 1.5 x magnification showing a lartwinned grain that has grown within the matrix and

impinged upon the growing crystal.

In order to examine the grown single crystal more closely, the crystal was cut in order to
reveal cross sections and pdlisd as discussed earlier before being examined using SEM. An

example of one of these cross sections is shown in FRj@Be and Figuré.14.

In both these images it can be seen that there is a clear difference in porosity between the
seed crystal and thgrown single crystal. The grown crystal is very porous and an area of
dense porosity can be seen In Figér&3 and6.14, in the optical micrograph this area of

porosity can be seen as a whiter area. A close up of this area can be seen Ii6Eigure
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Figure 613 Shows an optical micrograph of a cross section of the Bami@le crystal

shown in Figure 6.11. This image was taken at 3x magnification

-

LEMAS 20.0kV 11.0mm x80 LM(L) 500um

Figure 614 A scanning electron micrograph of the cross section of the grown single crystal

shown in Figure 6.13.
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LEMAS 20.0kV 10.7mm x416 PDBSE(3D)

Figure 615 A scanning electron micrograph showing a closer image of the porous section

between the seen crystal and grown single crystal

EDX performed on the area shown in Fig@&6 shows that there was no obvious
compositional differences between the seed singlgstal, the grown crystal and the area of
porosity between. The 1 mol % excess, 1800 small of a compositional difference to be

picked up by the detector. The sample was coated with iridium prior to SEM and EDX analysis.
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Figure 616 Showing a scanning electron micrograph of the seed crystal and the single
crystal grown using BaTi@ith 1 mol% excess Ti@nd an elemental map of the same area

produced using EDX.

In order to prove repeatability another crystal waogn using the same composition of
BaTiQ (1 mol% excess Ti(xhis sample was prepared in the same way and sintered for the
same time at the same temperature (72 hours at 1800 The resulting crystal can be seen
in Figure6.17. This crystal was largerdize with a maximum growth length of 2758 and
had grown at a rate of 38n/hour. The larger size if this crystal was due to the fact that no
large grains had grown in the path of crystal growth which led to impingement and restricted
growth in the previois example.

82



A?‘
b
:

Figure 617 An optical micrograph taken &t75< magnification showing the single crystal
grown using BaTiO3 containing 1 mol% excessafidsintered at 1341 for 72 hoursthe
orange arrows indicate thgrowth length of the crystal. The outlined section at the bottom

left of the pellet shows the section of the pellet that is polycrystalline.

A cross section of the second single crystal produced with a 1 mol % excesanTh® seen

in Figure6.18. Thissample has the same issues with porosity as the sample discussed
previously. The grown single crystal was again porous in comparison to the seed crystal and
there was a particular pore dense area between the seed crystal and the grown crystal. This
area @n be seen in Figur@19a. The cross sections taken from this sample were found to

be completely single crystdlar a single small area shown in FigérEb.
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Figure 618 Shows an optical micrograph of a cross section efBaTi@single crystal

shown in Figuré.17. This image was taken at 2x magnification

Figure 619 a (left)and b (right) show bright field optical micrographs of the single crystal

shown in Figure6.17 and6.18. Image a is taken at 10x magnification and image b is taken

at 5x magnification
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6.1.3.2 8lid state crystal growtin stoichiometric BaTiO

SSCG was then attempted using stoichiometric BaTi® conditions were kept the same
as for the previously discussed experiment with sintering taking place at 1340°C for 72 hours.
No single crystal growth was initially apparemten the whole sample was viewed using

optical microscopy as is shown in Figar2Q.

Figure 620 An optical micrograph showing the seeded stochiometric Bafdlldwing
sintering for 72hours at 134Q.
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When the coss sections of the sample were viewed howevesingle crystal was found to
havegrown from the seed slightly into the polycrystals expected, the amount of growth
was much less significant than in the sample containing &i©ess. The growth in this

sample is shown below in Figer&21 a and b the maximum growth length of the crystal

was found to be approximately 550uwith a growth rate of 7um/hr

Figure 621a (above left) and 4b (above right) showbygical micrographs showing a cross
section of seed crystal and the crystal grown using the stoichiometric BéHigDrea is a
dark field image and figurb is a bright field imagéaken using differentialnterference
contrast, both images are of thers@ area and were taken at 5x magnification. The black

line defines the edge of the seed crystal and the red lines border the grown single crystal.

86



This sample was then examined using SEM, as shown in BigdreThe stochiometric
sample appearedo be slightly less porous than the single crystal grown using the
composition with 1 mol % excess T.iGlowever, there will still some obvious issues with
porosity and one area along the edge of the seed crystal with more obvious porosity. Figure

6.22 a ad b show two different areas where the seed crystal meets the grown single crystal.

LEMAS 20.0kV 17.8mm x257 PDBSE(3D) 200pm LEMAS 20.0kV 11.0mm x400 PDBSE(3D) 100pm

Figure 622 a (left) and b (right) showing scanning electron micrographs of the seed crystal

and single crystal grown using a stoichiomeBaTi@
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As expected, upon investigation using EDX there was no obvious compositional difference
between the seed crystal and the grown single crystal. A composition map generated by EDX
can be seen in Figu@23, the sample was also coatecdthwiridium prior to SEM and EDX

analysis.

T
Ti Kal Ba Lal

M Sone
iy Ir Lal

T 1oopm ! T 100pm !

Figure 623 Showing a scanning electron micrograph of the seed crystal and the single
crystal grown using stoichiometric BaT#hd an elemental map of the same area

produced using EDX.
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Further single crystal growth experiments investigated the use of aiffti@layer. This was
done using nanaized TiQ(primary particle size 21nm with a purity of 99.5%) obtained from
Sigma Aldrich. The nargized Ti@was mixed with ipa and dropped on the surface of the
crystal and allowed to dry. This crystal was then covevid stochiometric BaTi¢ghefore

sintering for 72 hours at 134G.

After sintering the sample was analysed using the Motic-38% There appeared to be a

small amount of crystal growth surrounding the crystal seed this can be seen in &gdire

Figue 6.24 Optical micrograph taken at 0.75x magnification of the Ba@igstal seed and

sintered compact after sintering at 132D for 72hours.
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This sample was subsequently cut into cross sections and poliside6.25 shows an
optical microscope image of the polished cross section taken at 5x magnification. Some single
crystal growth was evident, however a large matrix grain had grown and impinged on the
growth, preventing further growth. The maximum growth lengthtlod grown crystal was
found to be ~790m with a growth rate of ~1im/hour. Therefore, the addition of a TiO

had improved the growth rate compared to the stochiometric BaTiO

Figure 625 An optical microscope image taken at 5x magnification in bright field showing

the seed and grown BaTj@ingle crystals. The grown single crystal is outlined with red.
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SEM was then performed on the sample as well as EDX analysis and thereavatence

of a region of Ti@excess as can be seerFigure6.26.

C Kal_. 2 Ir Mal

Figure 626 Compositional map generated by EDX of the seed and grown single crystal. This

sample was coated using iridium.

6.1.3.3Discussion

6.13.1Graingrowth in BaTi®

It is evident that a TiQexcess in BaTi@romotes grain growth with this effect maximised

at 1 mol% excess. In the samples with 1 mol %dri@ns were ~sand~6x larger than their
stochiometric counterparts, at 134G and 1308C respectively. The grains in this sample
were nearly double theize as those with the same composition when sintered above the
eutectic temperature. Promotion of grain growth in the presence of a small amount of liquid

phase suggests a liquid phase enhanced grain growth mechanism. Further evidence of this is
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seen as @in growth slowed when Ti@xcess was increased further. This slowing of grain
growth past a certain TigZoncentration occurs as the intergranular phase thickens and
transport through this liquid becomes rate limiting. Evidence of a thick second phase is
present in the electron micrographs of the sample containing 5 mol% excessin@ded at
1340°C Figureb.7). Bimodal grain growth was also present in this sample, as atoms from the
smaller grains were surrounded by an increased amount of second piasevere not as

easily transported and therefore these smaller grains remained present after sintering.

When the stoichiometric BaTiGilong with 1 mol% excess Tidntaining and 1 mol% TiO
deficient BaTi@were sintered for a range of differing sinteg times at 1348C, grain size in

all the samples increased with sintering time. The 1 mol% excessh&aia coarser
microstructure after sintering for only 30 minutes with average grain size being nearly 5x
that of its stochiometric counterpart. This @lvs that grain growth is rapid in the first 30
minutes of sintering and any abnormal grain growth that had occurred in this sample was
completed in this time. This occurs when the small grains have been dissolved completely
during the liquid phase enhancegtain growth and large grains begin to impinge on each
other. After this initial rapid grain growth the grains in this sample followed a normal grain
growth pattern similar to the stoichiometric and 1 mol% deficient samples. A consequence
of this initialrapid grain growth was that pore entrapment had occurred in this sample as
grain growth occurred at a rate greater than the rate of densification. This meant that
densification was limited in this sample by the presencéntfigranular poresshown in

more detail inFigure6.27

Figure 627 A scanning electron micrograph of Bag$iditered at 1346C for 2 hours

showing intragranular porosity
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There was no significant abnormal grain growth noted in the stochiometric sasegigte

the presence of multiple growth twins. This shows that although abnormal growth is more
likely in this grain it does not always occur. The 1 mol% déficient sample did however
display some evidence of abnormal grain growth in some of the saniple these large
twinned grains were not common throughout the microstructure, with some of these

samples appearing to not have any large grains upon inspection.

6.13.2 Solid state crystal growih BaTi@

The most successful crystal growth experimenterms of crystal size were performed using

1 mol% excess TiOThis is likely due to the rapid grain growth and subsequent grain
impingement in the matrix leading to normal grain growth while allowing the single crystal
to continue to grow like a largabnormal grain. In the second experiment using this
composition crystal growth rate was found to be 96168day, Bridgman grown single
crystab have a growth rate ofiround 4.5mm/day [36]. While the SSCG growth rate is
reduced in comparisqrif this process can be successfully transferred to materials such as
PMNPT then a saving in cost and the possibility of growing several crystals in the same box
furnace would make it worthwhile. In the first SSCG experiment using the exces®mi©
seconday abnormal grain growth was observed in the bulk which can be observed in Figure
6.12. The larggwinned grain imaged here had impeded growth of the single. The prpcess
by which this grain had grown was likely a combination of the twin growdnteant edge
mechanism combined with liquid phase enhanced growth. It was clear that the single crystal
seeds in these experiments utilised the liquid phase enhanced grain growth mechanism as
the experiment performed using stoichiometric Badli€sulted in a muctsmaller amount

of crystal growth. Considerable levels of porosity was observed in all of the Rayétals
grown. A pore dense area around the edge of the crystal seeds was observed in all of the
crystal samples, this is likely due to the initial criygtawth occurring at a faster rate, crystal
growth than begins to slow as the matrix grains increase in size which is evidence by the
porosity gradient observed where pores further away from the crystal seen had coalesced

prior to entrapment.
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6.2. NbOs doped BaTig(Ba(TiNbix)Os)

Due to the fact that large grains had impinged on one of the single crystals grown using
BaTiQ containing 1 mol % excess 7ié@nd the single crystals were all porous, further
investigations into microstructure control conanced. These investigations began by
considering dopants. Niobium was chosen for further experiments as doping wi@®s b
known to restrict grain growth in BaTi@19]It was hoped thathis restriction in grain growth
could be utilised in order to prevent large grains growing in the matrix during solid state
crystal growth and leading to impingement. Further grain growth experiments investigated

how NkGs doping alongside varying condeation of TiQ affects microstructure.

Compositions of BagNbix)O;and Ba.od Tk, Nbix)O; where x = 0.9925, 0.995 and 0.99 were

prepared.

6.2.1 Xray Diffraction oBa(Ti,Nbix)Osand Ba.og( Tk, Nbi-x)Os

After sintering for 2 hours at 134Q, thepellets were all analysed usingBruker D8
diffractometer with scans ranging from 20 to%@ ‘with a step size of 0.033 at a rate of

0.5s/step.

All ofthe spectra were matched to ICDD data files corresponding with tetragonal B&hi©
is due to the dopant amounts not being present in large enough amounts for the
diffractometer to detect. Howevera seond phase of NMDs was detected in two of the

sanples. Figuré.28shows the x ray diffraction spectra of the lbdoped BaTi@samples.

94



T T T T ¥ T ' B, 43 (Tl Mg, )05
By s (Tlyges, N0y 50510

- By 55 (Tlyse s NBusurs) Oy
BalTiy o NBy 0,104
BalTl; g55 MOy 05 )0y
BalTiy gars, M by 202505

(go1)
(110}

111)

(o12)f{o21)/(120)

(001}
(100}
(0o2)
(200)
(112)
(221)

(022)/1220)
(003)f{122)/
(221)/ (300}

(013)/{031)
fi130)
(213)/{131)

Intensity (a.u.)

20'30'40‘50.60'70.80
2 Theta (deg)

Figure 628 Showing the XRD spectra for all of the Bad{bi-\)Osand Ba.oo Tk, Nb1x)Os

compositions after sintering for 2 hours HB4C0°C.

From Figures.281t can be seen that there are some small impurity peaks in the spectra of
Ba(Td.9,Nbo.01)Osand Ba oo Th.9925 Nbn.0079 Os. Figures6.29and6.30show these spectra with
labelled impurity peaks.
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Figure6.29is the Xray diffraction spectra of BagksNhy.01)Os. There are some small impurity
peaks at ~ 292' , these peaks correspond with the ICDD data fil®®1313 for NhOs,
The Xray diffraction spectra of BaydTb.o925Nbo.0079 Oz, shown in Figuré.30shows several
impurity peakgwo of which also match the ICDD file forbwith the remaining impurity
peaks matching an ICDD file for F{fde number 04014-5355).
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Figure 629 Showing the XRD spectrumBd(Td.oq,Nky.o1) sintered at 134€C for 2 hours
with the impurity peaks labelled.
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Figure 630 Showing the XRD spectrum ofoB#Tb.9925 Ny 0075 Oz Sintered at 1346C for 2

hours with the impurity peaks labelled.

6.2.2Grain Growth in Ba{Nbi.x)Ozand Ba oo Tk,Nb1-x) Oz

The different composition of N doped BaTi@were sintered at 134% in order to
examine the effect of the eutectic liquich@rain growth. Different sintering times were used

in order to understand the rate of grain growth in these samples. The sintering times used
were 0.5, 12, 4, 8 and 16 hours. Figue31shows a plot of average grain sizes vs sintering
times for all the compositions producedong with plots showing the standard deviatioh

the grain size measurementsrom this plot it can be seen that addition of-Nbrestricts

grain growth and all tb samples produced hadf@me-grainedmicrostructure and average
grain size was found to be inversely proportional te@ixoncentration in the samples. The
addition of excess Tidesulted in larger average grain size than any of the samples with a
Ba/Tiratio of 1.
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Figure 631 Showing a plot of grain sizgn) vs sintering time (hours) for the M doped
BaTiQ compositions with Ba/Ti ratios of 1 and 0.99 sintered at £840he smaller graphs
display the same dataith error bars to show the standard deviation of theingrowth

measurements.
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Figure6.32 shows SEM images of the &b doped samples when sintered for 2 hours at
134C¢°C. From these images it can be seen thatrthierostructures of NfOs doped BaTi®

are considerably finer grained than BadiG\nother important feature of these
microstructures is the absence of intragranular porosity. This is thought to be due to the

slower rate of growth in these samp@eesulting from NhGOs addition inducing the solute

drag effect discussed in Chapter 3.

EMAS 15.0kV 9.0m

a) Ba(Ti, 496 Nby 0] O4 Sintered for 2 hours b) Ba, 4ol Tip 096, ND, 50s) O, Sintered for 2 hours

d) BOy 45( Ty 9936 NDy 0026) O Sintered for 2 hours

) Ba{Ti, 4926, Nb, 0025)O, Sintered for 2 hours

EMAS 15.0kV 1180w

e) Ba(Ti, 4o Nb, ,)0, Sintered for 2 hours e) Ba, o5(Tiy 90 Nb, ;) O, Sintered for 2 hours

Figure 632 Showing the different compositions of Bajioped with NbOs sintered at
134C°C for 2 hours
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Figure6.33shows scanning electron magraphs of the of Ba(dldes Nky.oo5) O Samples across
the various sintering timesall sintered at 134%C. These samples had the third smallest
average grain size across all the sintering times as shown in Bi@dr&he grains are larger
than thecompositions containing higher Wb concentrations but smaller than the samples
containing excess TiOAgain, it is clear the presence of grain twinning does not always

equate to large abnormal grains.

a) Sintered for 0.5 hours b) Sintered for 1 hour

e) Sintered for 8 hours J) Sintered for 16 hours

Figure 633 Shows saaning electron micrographs of Bafdss Nk 005 Oz Sintered at 1346C

for various lengths of time.
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Figure6.34 shows the scanning electron micrographs taken of oB@b.oo5 Ny .005)Os. This

sample had the largest average grain size across the varitesiisi temperatures.

a) Sintered for 0.5 hours [)) Sintered for 1 hour

c) Sintered for 2 hours

V 12 1mm x9.01k PDBSE

e) Sintered for 8 hours f) Sintered for 16 hours

Figure 634 Shows scanning electron micrographd3af oo (Ti.995 Nk .005) Oz sintered at

134C°C for various lengths of time.
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The micrographs dB&(Tb.o925NIb.00790s are shown below in Figur@.35 This sample had

the second smallest average grain size. There is evidence of intergranular porosity in this

sample, although unlike the BaTi®amples there is limited evidence of intragranular

porosity.

b) Sintered for 1 hour

z

d) Sintered for 4 hours

e) Sintered for 8 hours f) Sintered for 16 hours

Figure 635 Shows scanning electron micrographBaf(Tb.9925 Nky.0079Os Sintered at

1340C°C for various lengths of time.
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The sample with the second largest average grain sizeBaas (Tb.0925 Nbb.00750s (Shown
in Figure6.36). This samle had much less porosity than the Xl equivalent sample.

a) Sintered for 0.5 hours b) Sintered for 1 hour

c) Sintered for 2 hours d) Sintered for 4 hours

e) Sintered for 8 hours f) Sintered for 16 hours

Figure 636 Shows scanning electron micrographd3af oo (Tb.9925 NI 0079 Oz Sintered at

1340°C for various lengths of time.
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Figure6.37 Shows micrographs d8a (Tb.os,Nlb.0)Os, this sample has the highest by

concentration and in the absence of excess 1@ smallest average grain size. Some of the

images shown also illustrate some porosity between grain boundaries.

a) Sintered for 0.5 hours b) Sintered for 1 hour

c) Sintered for 2 hours

e) Sintered for 8 hours e) Sintered for 16 hours

Figure 637 Shows scanning electron micrograph®Baf{(Tb.os,Nbv.01)Os sintered at 1346C

for various lengths of time.
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Figure6.38 Shows images taken by SEMB#b.99 (Th.og,NIb.0)Os. As this sample has the
largestconcentration of NBOsalongside a Ba/Ti ratio of 0.99 it has the third largest average
grain size. Grains are larger than in the samples with a Ba/Ti ratio of 1 but smaller than the
samples containing excess 7Dt a smaller NEOs concentration. Agairthe addition of TiQ

correlates with a reduction in intergranular porosity.

a) Sintered for 0.5 hours b) Sintered for 1 hour

¢) Sintered for 2 hours d) Sintered for 4 hours

e) Sintered for 8 hours f) Sintered for 16 hours

Figure 638 Shows scanning electron micrographd$3af oo (Tb.os,Nhbo.01)OsSintered at

134C°C for various lengths of time.
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6.2.3S0lid state crysthgrowthin Ba.oo Tb.995Nb.005)Os

As evidenced by the grain growth studies@paddition caused significant changes to the
microstructure of BaTi® The decrease in grain size and reduction of porosity could be
beneficial during SSCG by preventing large grains developing in the bulk, that could prevent
crystal growth and to reduce porosity in the crystal. One issue with usingdapéu BaTi©
howeva, is that the solute drag mechanism responsible for reducing grain size in the bulk
would also restrict crystal growth. For this reason it was decided that an experiment would
be conducted using a layer Ba7wdth 1 mol% excess TiOn top of NbGs doped BaTiQ.

This would mean that the seed crystal would be pressed IxnrGi®BaTi@and could begin
growth before reaching the Nb layer where grain growth would be reduced. 0.2g of BaTiO
with 1 mol% excess Ti@nd 0.59g of Bad Th.eo5 NIn.005) Oz were used This composition was
chosen as it would likely be the least restrictive to crystal growth whilst still producing a fine
grained microstructure. The seeded pellet was then sintered for 72 hours ar@34be
sample can be viewed in Figuse89and 6.40 and the compositional layers are evident. The
blue/grey layer is the BadTb.o95Nbn.005)Os and the brown/gold layer is the BaTEi@ith

excess Ti®
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Figure 639 Showing the sample containing a seed crystal pressedBaiaQ with 1mol%
excess Tigon top of a layer of By Tb.oesNIy.oos)Os sintered at 134€C for 72 hourshis

image was taken at 0.75x magnification and the pefeeing held in a clip.

Figure 640 Showing a cross section of the sample containing a seed crystal pressed into
BaTiQwith 1mol% excess Ti@On top of a layer of BadTb.oe5 Nk 005 Os sintered at 134€C

for 72 hoursThis image was taken at 5x magnificatéord the pellet$being held in a clip.
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Figure6.41shows microscope images of the same sample. The compositional difference can
be seen clearly here as a drastic difference in grain size. There is evidence of some SSCG in
these images although only a athamount. The crystal has not grown into the.Sdoped

region suggesting the restriction of grain growth has also prevented crystal growth. The
maximum growth legth of this crystal was found to be ~1&& giving it a growth rate of

2.5um/hr.

Figure 641a (left) and b (right) Showing a cross section of the sample containing a seed
crystal pressed into BaTi@ith 1mol% excess Ti@n top of a layer of

Bay.oo Th.o95Nln.005) O Sintered at 1346C for 72 hours. Imagewas taken in bright field at

5x maghnification and image b is taken at 10x magnification in bright field using polarised

light and differential interference contrast.
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6.2.4Discussion

6.2.4.1Grain growthin Ba(TiNbi)O;and Ba oo Tk,Nbi-x) Os.

It is known that Nb doping can affect the grain structure of BayQeducing grain growth

rate [14]. The mechanism by which this occurs is known as solute drag. Solute drag is caused
by the diffusion of impurities of dopants, in this case Nb atoms, toward the grain boundary
region which provides them with a low energy site. This diffusion of solutessata slower

rate than diffusion across the grain boundary. This results in longer range diffusions to
maintain equilibrium concentration distributions and thus becomes the rate limiting step
[81]. Although grain boundary mobility is reduced during this process densification is not
therefore microstructures with ks porosity than in undoped Bagi@ere observed and can

be seen irFigure6.38 The reduction in grain size due to solute drag was evident in all the
Nb doped concentrations with this effect increasing with Nb concentration. The presence of
a TiQ excessdid result in slightly larger grains although the effect of any liquid phase
enhancement on grain growth was minor and the largest observed grain size was 3.5um in

Bav.oo (Th.005 Nbb.009) Oz sintered at 1346C for 16 hours.

6.2.4.2%lid state crystal groth in Ba(Ti,Nbi.,)Osand Ba oo Tik,Nbi)Os

When compositional interlayers of Nb doped Bali@re used for SSCG experiments only a
small amount of crystal growth was observaadd crystal growth stopped when it reached

the Nb doped layer.
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6.3Barium Zirconate Titanate (Ba(Hirx)Os)

After performing grain growth studies oraBiQ and Nb doped BaT#OBZT was the next
material chosen in order tgive perspective on the effect of Zr on the microstructure. The
compositions made were BagdiTbo)Os Ba.odZh.01Tb.o9Os Ba(Zbo2Tobeg)O: and
Bav.oo(Z10.02Th.05) Os. These compositions were chosen so that the effects of both Zn@
TiG could be examined. These samples were sintered at a rangamgddratures(1360°C,
138C°C, 1400C, 1420C,1440T and 146%C) for 8 hours.
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6.3.1X%ray Diffraction of Ba(ZF-»)Oz: and Bas(Zk Th-x)Oz

After sintering at 140TC for 8 hours the pellets were all analysed usingraker D8
diffractometer with scans ranging from 2t 8(° H ‘with a step size of 0.033 at a rate of

0.5s/step.

All of the spectra were matched with ICDD files corresponding with tetragonal Bahi€3e

spectra can be seen in Figused2 No impurity peaks were noted for any of the spectra

produced.
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Figure 642 XRD spectra of all the BZT compositions produced after sintering for 8 hours at
140C°C.
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6.3.2Grain Growth iBa(ZxTh-x)Os

Average grain size at each temperature can be seen in Bdhlom the table it is evident

that both ZrQ and TiQpromote grain growth and that Ze@oesnot cause solute drag and
reduced grain size. The largest grains by a considerable amount were found in
Ba.odZIb.02Tb.9gOs. This composition also produced less porosity than its counterparts.
Another observation is that abnormal grain growth is proerit in the samples containing

no excess TiD

Table 62 Showing the average grain sizes for all of the BZT compositions produced and

sintered for 8 hours.

Ba(Zry 1, Tiy09)0; Ba(Zry g, Tiy 45)05 Bay o921y 1, Tig 99) O3 Bay g5(Z1y 05, Tip05)0;
Sintering Average size of Average size of Average size of Average size of Average grain size Average grain size
Temperature (°C) smaller grains  larger grains smaller grains  larger grains (um) (pm)
{um) (um) (um) (pm)
1360 N/A 103.41 88 N/A 53.9 259
1380 11.89 110.43 10 NIA 73.6 255.2
1400 225 3123 13.1 N/A 93.8 232
1420 17 193.4 75 126 99.3 233
1440 12.7 131 89 104 139.3 237.58
1460 N/A 95 16.4 139 148 258
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As there was no bimodal grain growth in tbempositions containing excess T#plot of
average grain size vs temperature can be seen fesdtcompositions in Figuré.43
Unusually in BavdZb.02,Th.95)Os the sintering temperature had little effect on the grain size.

Where as in BadZh.01 Th.99)Os grain size steadily increased with temperature.

| Average grain growth of BZT vs sintering temperature
300
'E 250
2
N
‘» 200
£
o
(o)
o 150 -
o)
o
2
100 .
< — Bag 9927 01, Tl 09)O3
50 — Ba(Zry 5. Tig 45)O5

| ' | ' | ' | v | ' |
1360 1380 1400 1420 1440 1460
Sintering temperature (°C)

Figure 643 A plot of average grain size vs temperature for the BZT samples containing
excess Tigand sintered for 8 hourdslhe error bars represent the standard deviation of the

measured grain sizes.
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Figure6.44 shows scanning electron micrographs of all the BZT samples when sintered at
146C*CFrom these images it is clear that BZT composition drastically effectesh#ing

microstructure in terms of grain size porosity and grain structure.

a) Ba(Zry s Tiye5)0; b) Ba(Zry 57 Tip55)O;

Figure 644 Scanning electron micrographs of the BZT compositions produced and sintered

at 1460C for 8 hours.
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Micrographs of Ba(d61Tb.o9O:can be seen in Figu&45 From the micrographs it can be
seen that at thefour middle sintering temperatures abnormal grain growth occurs with
normal grain growth at 136C and 146%C. Intragranular porosity is presethroughout this
sample at all temperature and intergranular porosity can be seen between the smaller grains
where bimodal grain growth had occurred. The sintering temperature at which the least

porosity occurred was 1460Q.

a) Sintered at 1360°C

c) Sintered at 1400 d) Sintered at 1420

e) Sintered at 1440°C f) Sintered at 1460°C

Figure 645 Scanning electron micrographs of BagZF b.09)Os sintered for 8 hours
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Ba(Zs.02Tb.9gOs had a fine grained microstructure where no abnormal grain growth had
occurred with a microstructure similar to Ti@eficient BaTi@Porosity within both grains
and grain boundaries was prevalent in this composition at all sintering temperatures. Figure

6.46shows scanning electron micrographs of this composition at the various temperatures.

a) Sintered at 1360°C b) Sintered at 1380

~] € sreord it 14V
c) Sintered at 14007

e) Sintered at 1440°C f) Sintered at 1460°C

Figure 646 Scanning electron micrographs of BagZ¥ b.0g Os sintered for 8 hours at

various sintering temperatures.
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Figure6.47 shows SEM images of BdZ.01Th.o9Os sintered at the different sintering
temperatures. Porosity was again prevalent in this position across the range of sintering

temperatures. Unlike the samples containing no excess gdi@ns in this sample were all

large and of a more uniform size.

a) Sintereag at 1360 ¢ b) Sintered at 138(

c) Sintered at 1400°

§ Cimtorord At 1A4A471°%% ) e
€] Jinterea at 14407°( f) Sintered at 1460

Figure 647 Scanning electron micrographs ofoB&Z1.01.Tb.o9Ossintered for 8 hours at
various sintering temperatures.
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The largest grain sizes along with the least porosity were seenoiy(B@ozTo.05)0s. SEM

images of this composition can be seen in Figuds.

o) Sintered at 1360 b) Sintered at 13807

G srord rnt 14¥)° X
¢} Sintered at 14007( ») Sintered at 14207

f) Sintered at 1460%

Figure 648 Scanning electron micrographs ofoB&Z1.02Tb.0g) Oz sintered for 8 hours at

various temperatures
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6.3.3Solid state crystal growth in Ba(Zii-x\)Os

After conclusion of the grain growth studies solid state crystal graxteriments began.
For these experiments the compositions containing excesswea® initially chosen. After

securing a BaTi3eed crystal these samples were sintered at 2@6for 72 hours.

6.3.3.1Solid state crystal growth in &&(Z6.01.Tb.09Os

After sintering the BawdZIh.01.Tb.99)Os containing the seed crystdhrge grains were visible in
the sample when viewed with the stereo microscope. There was a small area around the
seed crystal where it looked possible that crystal growth had eeduA stereo microscope

image can be seen in Figlsel9,

Figure 649 A microscope image taken at 2x magnification of thesBaIn.01.Ti.99)O:and

BaTiQ@single crystal seed after sintering at 146Cor 72 hours.
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